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EDITORIAL NOTE 

NOBLE GASES is based on a symposium which was held in Las Vegas, Nevada, from September 24 
through 28, 1973, and was cosponsored by the U.S. Environmental Protection Agency's National 
Environmental Research Center at Las Vegas and the University of Nevada, Las Vegas. 

The Symposium was attended by approximately 250 scientists, representing 11 countries. The intent of the 
Program Committee was to provide comprehensive coverage of the noble gases, including but not limited to, 
the properties, biokinetics, bioeffects, production and release to the environment, detection techniques, 
standards, and applications. The reader will note that this goal was adequately met, with all the intended 
areas of consideration being comprehensively addressed in this publication. 

Although all the papers have been reviewed by the Editors, the views expressed are entirely the 
responsibility of the individual authors. 
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OPENING ADDRESS 

Stanley M. Greenfield 
Assistant Administrator for Research and Development 

U.S. Environmental Protection Agency 
Washington, DC 20460 

For several reasons, I consider it a personal pleasure to welcome you here, and to present these introductory 
remarks to open this symposium on the Noble Gases. 

Significantly, this symposium and the Tritium Symposium held here two years ago are two major events in 
a long list of cooperative ventures between the University of Nevada at Las Vegas and the Environmental 
Protection Agency. In fact, I am told that several research projects involving the joint efforts of the University 
are currently underway at the EPA's National Environmental Research Center here in Las Vegas. 

At its inception, the EPA had acknowledged that, to attain its objectives, it must draw heavily on every 
source of relevant information. In its less than three years of existence, the EPA has acquired extensive 
operating capabilities in environmental monitoring and surveillance, in field and laboratory research, in 
standards development and implementation, and in design and engineering of control technologies and 
strategies. But these programs, effectual as they are, are not sufficient. In the urgency of the problems at hand, 
the EPA must turn for assistance to universities everywhere, to industrial and other business organizations, 
and to public and private research institutions - as well as to agencies within the various echelons of our own 
governmental structure. The willingness of these entities to make available the fruits of their research and to 
otherwise offer their resources to sustain the mission of the EPA is to me - speaking for the EPA - very much 
appreciated. 

Now more often than not, the EPA is the prime mover in these joint ventures anil, mutual interest programs. 
And while it deposits a fair share into the world bank of knowledge, the EPA, in turn, recognizes certain 
reciprocal obligations to the rr..any who serve in these various branches of inquiry. 

Whatever the EPA does, however, has to be part and parcel of its prime commission to provide strong 
national leadership in identifying and controlling the hazards to health and welfare existent in man's 
physical and biological environment. Mahatma Ghandi once remarked on seeing a crowd of his people 
moving off in the distance, 

"I must hurry and catch up with them for I am their leader . ... " 

So, in its campaign against the environmental hazards to human health and welfare, the EPA must keep 
sharply alert to all developments conducive to that pursuit, especially to the explorations and findings of the 
total scientific community. It is the mounting accumulation of research achievements over the past decade, in 
fact, that has prompted the EPA to intensify its close scrutiny of Noble Gases. And now we are anxious to hear 
your views expressed in these eighty reports to be presented in this Symposium. 

The adverse environmental effects of the Noble Gases are predominantly radiation effects. Hence, pollution 
from the Noble Gases, as from other nuclear materials, does not manifest itself so dramatically as a dead fish 
floatingdownadarkstreamoras a pale yellow cloud hovering over the city park. Nonetheless, concern about 
radiation pollution is well justified on the basis of its potential lasting effects. Radiation pollution is brought 
to the attention of world citizenry by every means from science fiction drama to news articles and stories in 
popular magazines. 

If I appear to be understating public concern about radioactivity, it is only in the context of comparison with 
that of the other forms of pollution. Nor do I mean to infer that environmental protection should be geared to 
popular demand. On the contrary, one cannot wait for the chickens to start squawking before setting out to 
track down the weasel suspected in the neighborhood. We have waited too long as it is. We waited until our 
waters became so befouled that whatever engineering genius we apply, whatever elaborate devices we 
employ, and whatever uncountable monies we expend, we have yet a long wait to reverse the processes of 
water degradation. We waited so long after the skyline of our most beautiful cities disappeared in the gray 
gloom of smog that whatever crash programs we implement and whatever sacrifices we make, we have yet to 
wait a longer time to get one deep lungful of wholesome refreshing air. 

We are confronted with ample reasons to suspect that radiation may very well constitute a growing hazard 
to this and to unborn generations. 

Thus a comprehensive evaluation of the contributions to our total radiation exposure from Noble Gases, 
now and in the future, is clearly indicated. 

On reviewing my notes and other material on what I might include in these opening remarks, I thought 
about the document that will result from this Symposium. I foresee it as a valuable book very much in demand. 
The papers to be presented here provide a comprehensive report on what is known of the Noble Gases to date, 
and will undoubtedly raise a number of intriguing unknowns. The question-and-answer sessions may well 
provide some new challenges for further research and invention. Working scientists will most certainly find 
such a book of great interest, but - even more so - to the legion of aspiring scientists, the students, it will be a 
veritable textbook. 
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With your indulgence I would now like, for a moment, to address a few historical remar~s to re-ori~nt t~'!se 
who - like myself - a short while ago considered the Noble Gases little more than a brief and uninspiring 
lesson in elementary chemistry. . 

Although it was in 1785 that Henry Cavendish discovered the first mysterious footfrint that evidenc_ed the 
presence of a strange element, it was not until 1894 - a century later - that the first member of t_his new 
family was identified by Lord Rayleigh, He named it argon. By 1900, the ot~er_present?y kn_o~n five were 
isolated and characterized - liellum, neon, krypton, xenon, and radon .. Z!Y this· time, radzoactwi~y had been 
discovered by Becquerel, and radon, which had not really been identified as a Noble Gas '!ntil 191~, was 
shown to be a short-lived radioactive isotope that emanates from radium. Most of th~ pro~uctive experzmen~s 
and studies of the Noble Gases during the following half century resulted from con1ur:ictive _developments m 
nuckar research. The findings of Rutherford, Soddy, Moseley, Thomson, and other investigators led to the 
identification of radioactive isotopes of all the other Noble Gases. . . 

Almost simultaneously, the Noble Gases were being put to use. Argon went zn_to light bulbs t'! retard 
filament disintegration and was used to create a neutral field to enhance shielded arc welding, the 
preparation of metallic titanium and the growing of pure crystals for transistors. J:leon, xenon_ and kryP_ton 
went into vapor lamps. Neon and helium mixtures went into gas lasers developed in_ 1960. He?ium went into 
balloons, and all the Noble Gases were put into limited medical usages - radon, especially, unt!l recently, was 
used in cancer therapy. Krypton-85 was used as a remarkably sensitive leak detector and in a number of 
medical applications in differential diagnosis. All usages, however, largely depended on the inertness of these 
elements. And, since the early days after the discovery of the Noble Gases, chemists tried to bring about 
compound formation to extend their possible uses. 

Numberkss experiments had reinforced the growing conviction that the Noble Gases were unquestionably 
inert. Experiments led only to clathrates - the ''false" compounds formed by the entrapment of a Noble Gas 
atom within a structure of molecules of other elements. The matter was all but forgotten as chemists 
everywhere argued that the Noble Gases formed no compounds at all. Experiments became less and less often 
attempted. Possibly their colleagues were even embarrassed for the few philosopher-chemists who held 
doggedly to the tenet that nature would not tolerate a do-nothing element. 

Then, in 1962, "The world of chemistry," in the words of one writer, "was thunderstruck!" It was then that 
Neil Bartlett, then at the University of British Columbia, furnished evidence for the existence of an ionic 
compound of a Noble Gas and consequently formed a solid product with xenon. I am pleased that this 
distinguished scientist is one of the participants of this symposium. His discovery "astounded the chemical 
world. The announcement," wrote another reporter, "was greeted with surprise and in some cases disbelief!" 

Apparently, Howard Claassen, John Malm, and Henry Selig were quick to shake off the shock. At the 
Argonne National Laboratory, in the next few weeks, these three formed a confirming stable compound -
xenon tetrafluoride. Numerous other working scientists were lured back into theoretical and experimental 
researches of these gases which, yesterday, had no chemistry - and in which, at the beginning of the decade, 
few chemists were even interested. In a short while other ionic or covalent bonds with noble gases were formed 
with highly reactive elements, most often with xenon in combination with fluorine. And the investigations 
pursued over the next ten years culminated in this meeting of the minds. 

Lest I usurp material to be presented before this symposium and infringe on your right to discuss your own 
researches and findings and inventions, I shall try to confine my closing remarks to EPA's own interest 
in these Noble Gases and Noble Gas compounds. 

Now, with all that will have been said of the Noble Gases by the end of this week and with all that is yet to be 
learned about them, it can be believed that the Noble Gases - like nuclear energy - are exceedingly more 
beneficial than harmful. Philosophically . .. 

" ... it adds a charm to mix the good a trifle with a little dust of harm." 

But those romantic words of James Whitcomb Riley are not quite acceptable in terms of environmental 
protection. And therein lies the crux of EPA appreciation for the tedious and introspective efforts of all 
scientists, including EPA 's own, who labor in the various fields of environmental concern. Though 
unheralded, rarely making the news headlines, our studies not only bring much to the bank of scientific 
knowledge, they put a few new wrinkles in the environmental impact of these Noble Gases. Our findings make 
it more plainly evident that the "little dust of harm" inherent in the Noble Gases can - if uncontrolled -
encroach most seriously on public health. A case in point is_ the evidence that a high concentration of radon in 
inhaled air may be regarded as an etiologic agent in the cause of lung cancer. 

EPA interest in radon stems from the production of this radioactive gas in uranium mining operations and 
from tailings. One area is already contaminated with this Noble Gas to such a level that corrective actions are 
being taken to protect the people involved. We shall be hearing reports of these activities in the course of this 
symposium. 

EPA interest in krypton-85 results from its high fission yield and ten-year half-life. The large quantities of 
this radionuclide resulting from nuclear detonations and reactor operation have reached a present level of 
about 17 pCilm9 of air. The latest atmospheric inventory of approximately 60 megacuries is double that of ten 
years ago. Although the present concentration represents only a small radiation dose to the individual, at the 
present rate of production, the concentration of krypton-85 in the global atmosphere in the coming decades 
could be hazardous. Hence, there is a need for adequate methods for collecting and storing krypton-85 while 
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investigations into its biological kinetics and effects are pursued, particularly in the area of internal and 
external dose calculation and assessment. There is also an urgent need for methods of predicting the 
quantitative release of krypton-85 to the environment in conjunction with advances in nuclear technology. 

The unfortunate occurrence of radiation damage to uranium miners, before sufficient knowledge was 
available to develop and implement preventive or corrective actions, produced human data in size comparable 
to that of the well-publicized radium-dial painters. It is of fundamental importance to develop accurate 
retroactive dose estimates to relate the occurring effects to the dose. 

In summary, I should like to reiterate the importance of the interchange of information as demonstrated in 
this symposium and the crucial importance of mutual assistance, not only in pursuit of pollution-control 
technology, but also in the general advancement of science. Science in sometimes likened to a great labyrinth 
of mystery with occasional blind alleys. But too many philosopher-scientists disprove that notion. And as the 
story of the discovery of Noble Gas compounds so well illustrates, we must not allow complacency. One alley, 
long considered blind and barricaded, was opened finally by the astounding discovery of Noble Gas 
compounds. And I am confident that the EPA, with the cooperative assistance of all scientists, will one day 
light the way through all those seemingly blind alleys of environmental pollution and its control. 
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I. Atmospheric Levels of Noble Gases 



ATMOSPHERIC CONCENTRATIONS OF FISSION PRODUCT NOBLE GASES 

D. E. Bernhardt, A. A. Moghissi*, and J. A. Cochran 
National Environmental Research Center 
U.S. Environmental Protection Agency 

Las Vegas, Nevada 

Abstract 

Electrical power production by nuclear reactors in addition to other nuclear activities, results in the 
production of radi'?active no?le !Jases. The release 0 j these radioactive gases, at their source of production or 
throu_gh reprocess!ng of the fissile materials, results in radiation exposure to the world popula~ion. 

This paper considers past, present, and future fission-related radioactive noble gas production and releases. 
These re~eases of noble gases are then related to atmospheric concentrations, population exposures, and 
appropriate feasible control technologies. 

Krypton-85, becaus~ of its long half-life and fission yield, presents the greatest potential ;adiation expo~ure 
to the w_orld population. The primary sources of production are nuclear power generation and plutonium 
production rea~tors. Naval propulsion reactors, nuclear weapons testing, and the postu_lated peaceful .uses .of 
nuclear explosives are secondary sources of production. The other releases associated with reactors primarily 
take place during fuel reprocessing. 

INTRODUCTION 

The predominant quantities of radioactive noble gases found in the atmosphere, other than the 
radioisotopes of radon,. result from mans' nuclear activities. The intent of this paper is to review the 
predominant sources of these radionuclides, their atmospheric concentrations, and the health implications of 
the most significant ones. 

Table 1 is a list of the predominant noble gas radionuclides produced by the fission process prepared from 
the data of Lederer, etal., (1968) and Weaver, et al., (1963) with supplementary information on branching 
ratios from Katcoff(l960). The list ofnuclides is not exhaustive, but does include those with the largest fission 
yields and radioactive half-lives. J oo 

The column on the right in Table 1 indicates the product of the integral from time zero to infinity ( 0 e
A,t dt) and the decay energy. Since the human exposure pathway for all noble gases is essentially tlie same; i. 
e., predominantly external exposure to a gaseous cloud; this value is a general indication of the relative 
significance of the various radioactive noble gases. 

Consideration of the data in Table 1 indicates that krypton-85 is the only fission product radioactive noble 
gas nuclide with long-term health implications. Due to its relatively long half-life, it accumulates in the 
environment for many years. Although krypton-85 has a lower fission yield than many of the other 
radionuclides, its half-life more than compensates for this. Furthermore, the fission product noble gas release 
pathways of the predominant fission product p:r:oducing mechanisms today are such that most of the short 
half-life radionuclides undergo significant radioactive decay prior to release. 

Krypton-85 is produced through the natural fission of uranium and the neutron activation of stable krypton 
(Diethron and Stockho, 1972). But, there is general agreement that because most of the krypton-85 from 
natural fission decays prior to being evolved to the earth's surface, the quantities of natural krypton-85 in the 
atmosphere are negligible and essentially zero in comparison to the quantities produced through man's 
activities(Diethom and Stockho, 1972; Pannetier, 1968; and UN, 1971). Although a significant fraction of the 
past and present day atmospheric inventory of krypton-85 resulted from plutonium production reactors and 
nuclear weapons tests, the primary source of production and release today, and projected for the future, is the 
nuclear reactor fuel cycle (Coleman and Liberace, 1966; Pannetier, 1968; Unruh, 1970;·UN, 1971; and Diethorn 
and Stockho, 1972). Griesser and Sittkus (1961) and Ehhalt, et al., (1963) provided strong indications that 
reactor operations contributed a large fraction of the krypton-85 atmosphericinventory. 

Table 2 contains the fission yields ofkrypton-85 (Lederer, et al., 1968; Weaver, et al., 1963; and Katcoff, 1960). 
Many authors have estimated the krypton-85 production from power reactors and nuclear testing, but only 

a limited number of authors have attempted to estimate the production from all sources (Diethorn and 
Stockho, 1972 and Pannetier, 1968). Thus, although the krypton-85 projections for the future may have been 
fairly valid and only limited to the accuracy of energy projections, there has been poor agreement between the 
present atmospheric inventory estimated from samples and the production accounted for in source term 
estimates. Diethom and Stockho (1972) and the UN (1971) accounted for less than 50% of the inventory 
estimate based on atmospheric samples. 

*A. A. Moghissi is currently a visiting professor at the Georgia Institute of Technology on assignment from 
the U.S. Environmental Protection Agency. 

-4-



PRODUCTION AND ATMOSPHERIC INVENTORY OF KRYPTON-85 

The following items describe the sources of krypton-85 production. Several of the items; e. g., plutonium 
production reactors and propulsion reactors, are based on limited and incomplete information. The 
production from Plowshare projects (nuclear stimulation of natural gas) is particularly speculative in that 
their technical, economic, and political feasibilities have not been fully demonstrated. In order to give the best 
possible estimate for krypton-85 production and release to the atmosphere all potential sources have been 
considered in this paper. ' 

1. Commercial Power Reactors. 

The contribution of krypton-85 from nuclear power reactors to the atmospheric inventory became 
significant in the late 1960's. Nucleonics Week's (1966-71) reports of power integrals (MW-h) indicate power 
reactor operations accounted for the production of about 15 MCi by 1970. Correcting for radioactive decay and 
delays in release, we estimate that this produced an atmospheric inventory of7 MCi in 1970. 

The computation of the future worldwide krypton-85 content of the earth's atmosphere is largely a 
projection based upon the energy needs of the world from 1970 to the year 2000. The best estimate of AEC 
(1972b) of the nuclear power capacity for the world is shown in Table 3. The estimate for east block countries 
excludes the People's Republic of China (PRC) because of the scarcity of data. The data for 1970 are based on 
the Nucleonics Week's (1966 and 1971) reports of actual power generated. 

The krypton-85 inventory that is available for contribution to the atmospheric inventory is a function of the 
fission process, thermal power, and holdup time prior to fuel reprocessing and ultimate discharge to the 
atmosphere. Once discharged to the atmosphere, the krypton-85 inventory is a function of radioactive half
life. 

Only about 0.02% of the krypton-85 is released in conjunction with the reactor operations, prior to fuel 
reprocessing (Logston and Chissler, 1970; UN, 1971; and Fowler and Voit, 1969). Fowler and Voit (1969) 
present an extensive review ofreleases associated with reactor operations and fuel reprocessing cycles. 

The light water reactor (LWR), gas cooled reactor (GCR), and the advance gas reactor (AG R) are assumed to 
use uranium-235 (thermal neutron spectrum) as the primary fission process. The high-temperature gas cooled 
reactor (HTGR) will use an initial core with uranium-235 as the :fissile material. Subsequent cores could be 
fueled with uranium-233 fuel. For purposes of krypton-85 projections, it has been assumed that the first five 
years of operation will use uranium-235 thermal fission, and that uranium-233 will be utilized for the 
remainder of plant life. The fast breeder reactor (FBR) will use plutonium-239 as the fissile material and the 
major fission process will be from plutonium-239 fission spectrum neutrons. 

In order to convert the thermal power to curie quantities of krypton-85, the following factors were used in 
Table2. 

Fission yield expressed as MCi/GW-h: 
Uranium-235, thermal= 1.82x10-5 

Uranium-233, thermal= 3.46x10-5 

Plutonium-239, fission= 9. 71 x 10-6 

The power capacities have been broken into reactor types, and the breakdown in electrical units is shown in 
the first five columns of Table 4 (AEC, 1972b). The last four columns of the table show the power projections in 
terms of thermal energy. The thermal listing assumes an 80% load factor for all reactor types. The electrical to 
thermal efficiencies used for the thermal conversion expressed as efficiency of electrical/thermal are as 
follows: 

LWR, GCR 0.345 
AGR, FBR 0.42 
HTGR 0.39 

Table 5 shows the result of the calculations for each reactor type for five year increments from 1970 to 2000. 
The total amount ofkrypton-85 produced in that thirty-year period is projected to be 13,000 megacuries. 

Not all of the krypton-85 produced reaches the atmosphere. The fuel containing the krypton-85 is assumed to 
remain in the reactor core for approximately 12 to 18 months. After removal from the core, the fuel is cooled for 
one year prior to reprocessing. By the time the fuel is processed and the krypton released, some radioactive 
decay has taken place. The overall effect ofholdup due to core life and cooling, as well as radioactive decay, is a 
three-year shift between the production and release of krypton. For example, in 1970, the total krypton-85 
discharge to the atmosphere is essentially the same as the amount produced in the five-year period ending in 
1967. The projected production is given in Table 5. 

The atmospheric accumulation ofkrypton-85 for each five-year period from 1970 to 2000 is shown in Table 6. 
The values were based upon Table 5, corrected for holdup time and decay, and then accumulated. Based on 
this data, the atmospheric inventory ofkrypton-85 from nuclear power is estimated to be 7,500 MOi by 2000. 

The nuclear power generation trend and the projected atmospheric accumulation of krypton-85 for the 30-
year span from 1970 to 2000 are summarized in Figure 1. The contributions from the various reactor types are 
also shown. The U.S. contribution is about one-halfof the total (AEC, 1972b ). 
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2. Plutonium Production Reactors. 

There is only limited unclassified information availabie that can. be used to ~alc~late kript~~!~:re:~!f~ 
from production reactors. Diethorn and Stockho (1972) indicate estimated pr~ uctwn(~~~i)ofor 1954 to 1972 
the United States, based on Hewlett and Anderson (1962) and Hewlett and unci;i~ 65 ' · 
From their information it can be estimated that the krypton-85 inventory wa~ 6 ere~ i~ 1tii £ . 1959 there was 

Testimony before the Joint Committee on Atomic Energy (JCAE)(l959) m i?a t:; a m alue of over 28 x 
roughly 25x107 1(65 million gallons) of high-level waste in the U.S. Upso~ (1~66) :ffiic~t:~ a;. gh-level wastes 
1011 (75 million gallons) for 1966. Testimony before the JCAE. (1959) md~cate a e ~million allons 
stored at Hanford contained 1.3 t? 2.6 Ci/I (5-10 Ci/~al) of stro~trnm-90. Usm~ thefva4I6uMcS7 of krypt;n_85 is 
and an assumed average strontrnm-90 concentrat10n of 5 Ci/gal, a quantity 0 i 
indicated without correcting for differences in decay between strontium-90 and krypton-85. 

75x 106 galx5CiSr x3.7x 1010 dps x fis x 
gar- Ci Sr 0.0577 atom Sr 

1 x 0.00274 atom Kr x 2.043x10-9 s-1 (Kr)x 
7.85x10-10 s-1 Sr fis 

Ci Kr = 46 x 106 Ci ofkrypton-85. 
3.7x 1010 ds 

Using the power profile indicated by Diethorn and Stockho (1972), this is indicative of an inventory of about 
25 MCi in 1966. 

Data from Diethorn and Stockho (1972) indicates a total production reactor power integral of 100,000 MWt
year. Correcting for the decay ofkrypton-85, this is equivalent to a power integral of abo.ut 50,000 M\\'.'t-year as 
of 1965 or 1966 (weighted decay factor of 2). Using their data on estimated ~tmosphenc conc~ntrat~on~, and 
their postulated mixing model (1. 7 pCi/m3 x 3.54 x 1018 m3 = 6 x 1018 pCi), an inventory of 6 MCi was indicated 
asof1965. . . . 

Pannetier (1970) refers to a plutonium production number of some 60 tons as of 1966. He di~ not ide~tify the 
country of origin, but for purposes of the calculation it is assumed to be the U.S. From this an estimate of 
krypton-85 production can be made as follows: 

60tonsPu x Uranium Fission x 9.09x105g x Molex 
0.8PuProduct10n Ton ]Tg' 
(Glasstone, 1955) 

6.023x 102a atoms x MW-h x 0.018 Ci 85Kr = 
mole 1.12 x 1020 fis MW-li 

28x 106 Ciof85Kr. 

Reducing this value by the power profile weighted decay factor of two (estimated from Diethorn and 
Stockho, 1972), gives an estimate for 1966 of14 MCi. 

The average of the above estimates is about 15 MCi ofkrypton-85 as of1966 for the U.S. 
There is even less data on worldwide production reactor operations than on the U.S. operations. Thus, it is 

assumed the Union of Soviet Socialist Republic (USSR) production was similar to that for the U.S., and that 
production for other countries; Great Britain, France, and the People's Republic of China was equivalent to an 
inventory of 15 MCi as of 1970 (roughly 100,000 MWt-h corrected for decay). The value of 15 MCi for other 
countries can also be considered to include some continued production forthe U.S. and USSR. This indicates a 
worldwide inventory from plutonium production reactors of about 38 MCi for 1970. 

It is assumed that plutonium production for weapons and nuclear explosives purposes (plutonium 
production other than from power reactors) for all countries in the world will continue at a rate of about two 
tons per year (AEC, 1972d). This will result in production of 4.7 MCi per five-year period. However, future 
production of plutonium for weapons use may be curtailed in the event of testing or disarmament agreements. 

3. Plowshare - Peaceful Uses of Nuclear Explosives. 

Nuclear explosives have been considered for use in civil engineering projects, recovery of natural resources, 
and waste disposal. To date, most of the U.S. efforts have been related to nuclear stimulation of natural gas 
wells. The technique is applicable to low permability gas bearing formations where the gas cannot be 
economically recovered by conventional well completion techniques. 

The experiments named Gasbuggy, Rulison, and Rio Blanco have indicated the general technical 
feasibility of nuclear stimulation, but there are still uncertainties concerning the environmental 
consequences, competition from other technologies, and general economic feasibility. 

Although nuclear stimulation of natural gas wells is still in the technical and financial feasibility 
evaluation phase, there have been several concepts for subsequent phases of implementing the program. 
Rubin, et al., (1972) present one of the most current concepts. 
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Table 7 indicates a postulated U.S. development schedule and the resulting krypton-85 production. Tritium 
appears to be the limiting radionuclide for nuclear stimulation of natural gas, thus the emphasis is on fission 
versus the!monucl~ar devices (Rubin, et al., 1972 and AEC, 1972a). The Diamond device, using uranium-235 
as the fissile matenal, has been developed to limit tritium production and meet size limitations. Rubin, et al., 
(1972) postulatethatmostofthe stimulation projects will use several 100 kt devices with a yield of about 22 Ci 
of85Kr/kt. If plutonium is used, this value would be reduced to 13 Ci ofB5Kr/kt. 

Although Table 7 only includes a program until 1983, it is postulated the program would continue until 2000. 
Cont~nuing t~e program until 2000 assumes the development of other fields (Rubin, et al., 1972) or could be 
considered to mclude other types of Plowshare technology. This schedule is probably optimistic. 

4. Naval Propulsion Reactors. 

The firsttJ.S. Navy nuclear submarine was started up in 1954 (AEC, 1972c). As of June 1972, there were over 
110 propulsion reactors aboard U.S. Navy ships (several ships, such as the Enterprise, have more than one 
reactor). Twenty-six ships, seven with two reactors each, were being built (AEC, 1972c and d) as of 1972. 

The Nuclear Ship Savannah (operated 1961-1971) had an operating power of 80 MW. Assuming the same 
design technology was used for all of the propulsion units, and that a basic standard design was used for all of 
the reactors to simplify maintenance and stock piling of parts, it is assumed that all the propulsion reactors 
have a nominal power of 80 MW. Pannetier (1968) estimates a power of 50-60 MW. 

Information from AEC (1972c) indicates about 500 reactor-years of operation by 1970 (corrected for decay of 
the krypton-85 inventory). Assuming 50 percent operating time, this is indicative of a krypton-85 inventory of 
about 3 MCi in 1970. It is then assumed that there will be about ten additional propulsion reactors beginning 
operation during each five-year period. The total for the world, after 1970, is assumed to be twice the U.S. total. 

AEC (1972d) indicates increased power levels and core operating times for future ships. The aircraft carrier 
Nimitz will be powered by two reactors (versus eight for the Enterprise) with a 13-year core life. Long core-lives 
will result in decreased releases, due to decay, and additional delays in the release. The krypton-85 releases, 
based on these assumptions, are shown in Table 8. 

5. Nuclear Testing. 

Initial increases in worldwide atmospheric concentrations of krypton-85 were due to nuclear testing. But, 
with the general decrease in nuclear testing and the advent of underground testing, as well as the advent of 
nuclear power generation, nuclear testing now contributes a relatively small (compared to reactors) amount of 
krypton-85 to the atmospheric inventory. 

Diethom and Stockho (1972) present information indicating the 85Kr atmospheric inventoy from nuclear 
testing just prior to 1965 was about (0.8 pCi/m3 x 3.54 x 1018 m3) 2.8 MCi. The UN (1971) estimated the 85Kr 
production from nuclear testing from 90Sr data. They estimated the production as 2.1-3.5 MCi, with the 
amount remaining in 1970 being 1.1-1.7 MCi. Unruh (1970) reports a value of only 0.05 MCi of 85Kr for testing 
through the mid-sixties. 

Unruh's (1970) value appears to be rather low, it accounts for roughly less than 10 Mt of fission products. 
Diethom and Stockho's (1972) estimate is overlapped by the range of the UN (1970) estimate. Thus, a 
production of 3 MCi as of 1965 is used herein. 

Since Limited Test Ban Treaty of 1963, there has been continued underground testing by the U.S., USSR, 
and France; cratering tests by several nations; and above ground tests by France and the People's Republic of 
China. 

The decrease of the 1965 inventory of 3 MCi from radioactive decay is about 0.2 MCi per year. This is 
equivalent to the 85Kr produced by 10-15 Mt of fission per year. 

There is only limited information available on the fission yields for current· nuclear testing. Although some 
U.S. and non-U.S. nuclear tests are publically announced, and the U.S. announces the detection of tests in 
other countries, there is usually only a general indication of the nuclear yield, and no indication of the fission 
yield. Furthermore, there are unannounced nuclear tests in the U.S. and USSR, and possibly other countries. 
Underground nuclear weapons tests carried out by the U.S. and USSR, and certain tests by other countries, 
are associated with limited releases of any fission products. 

The following assumptions were used to estimate 85Kr production from nuclear testing from 1965 to date: 
(1). Nuclear tests announced by the U.S. (Vermillion, 1973) were assumed to be equal to the maximum yield 

of the announced range (i.e., if20-200 kt, the yield was assumed to be 200 kt) and the yield was assumed to be all 
fission. The same assumptions were applied to USSR tests announced as detected by the U.S. The 
conservatism of these assumptions is intended to compensate for unannounced tests. 

(2). Tests by the PRC or France were assumed to be equal to the maximum yield in the range of the 
announced (by the U.S. and/ or respective country) yield, and yield was assumed to be all fission - except for 
several megaton range events which were indicated to be thermonuclear. For a thermonuclear event, the 
fission yield was assumed to be 100 kt, which is probably an overestimate. 

(3). No attempt was made to distinguish between underground, cratering, and surface tests. Cowser, et al., 
(1967) indicates that ssKr releases are reduced through radioactive decay by a factor of about 107 in passing 
through several hundred meters of impermeable formation. 

Using the above assumptions, the total fission yield per year was roughly one-half of the yield necessary to 
compensate for the radioactive decay of the 85Kr inventory from nuclear testing indicated for 1965. 
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Furthermore, the predominant portion of the yearly yield has been due to underground tests. Although tl~e 
as~r produced in underground tests may not be reduced by a factor of 101 before reaching the atmosphere, it 
will _be reduced by several orders of magnitude. · · 

Given th~ above discussion, it is assumed that the inventory as of 1965 (3 MCi) decrea~es due to radioactive 
decay, and is supplemented by the as Kr produced by 1 Mt of fission yield per year (0.02 MC1/year assumes most 
of the fissile material is 235U, rather than 0.012 MCi/yearfor 239Pu). 

6. Miscellaneous Reactors. 

There are numer~us a~ditional research, testing, and development reactors. But, the ~ombin~tio~ of their 
power level.s, operatmg times, core-lives, and delays in fuel reprocessing are such that their contnbution to the 
atmosphenc krypton-85 inventory is insignificant. 

7. Production and Atmospheric Release ofKrypton-85 up to the Year 2000 . 

. Table 8 summarizes production and release ofkrypton-85 from all sources. The total projected atmospheric 
mventory and the contributions from power reactors and other sources are plotted in Figure 2. As a matter of 
convenience, major assumptions relating to these values are also summarized as follows: 

····The "prod'!ction" column indicates the actual production during the five-year period. T~e inven~ry 
numbers are earned forward to the next five-year period after correcting for decay. Apparent d1screpanc1es 
between tot~ls and the sum ofitems are due to rounding off the numbers. . 

The 1970 inventory for power reactors includes the effective release through 1970, thus, the total effective 
release through 1970 is also 7 MCi. The production estimates are based on the actual production during the 
five-year periods. The atmospheric values account for radioactive decay, holdup in the core, and the delay in 
reprocessing the fuel. The indicated values are for the total world. The U.S. accounts for a little less than 50% of 
the indicated values. 

The atmospheric estimates for Pu production reactors are equal to the amount produced in the five-year 
increment, corrected forthree years of decay. The three years of decay account for decay while the fuel is in the 
reactor, the delay in processing, and the decay of the krypton-85 produced in the early years of the five-year 
period. 

The decay in the core of ship propulsion reactors, and from the early years of the five-year period, are 
included in the "production" value. The corrected figure accounts for only a year's delay for fuel reprocessing. 
The world value is assumed to be twice the U.S. valueafter1970. 

The atmospheric values for krypton-85 derived from gas stimulation are based on a year's lag between 
production and release. 

No delay corrections are made for krypton-85 originating from nuclear weapons testing. 

PROJECTED ATMOSPHERIC CONCENTRATIONS AND DOSES 

Coleman and Liberace (1966), Diethorn and Stockho (1972), Whipple (1969), Cowser, et al., (1966), and 
Dunster and Wagner (1970) have assumed that krypton-85 becomes essentially uniformly dispersed in the 
troposphere within a short period of time. Pannetier (1968) postulated a zonal mixing model, dividing the 
atmosphere into northern, southern, and intertropical regions. The northern region, which generally reflected 
the highest concentrations, also contained the major sources of krypton-85 releases. The latitudinal zonal 
distribution results from limited mixing along longitudes. The predominate wind patterns, and thus 
atmospheric transport, are along the latitudes. Global transit is measured in terms of several weeks; whereas 
bterzonal transfer (direction of the poles) is measured in terms of months. Mixing between the troposphere 
and stratosphere approaches a year to years (Pannetier, 1968and1970). 

Pannetier (1968) noted that stratospheric concentrations of krypton-85 were greater than those for the 
troposphere in the late 1960's. Since the stratosphere only accounts for about 25% of the atmospheric mass, 
versus about 75% for the troposphere, any uncertainties of the krypton-85 distribution or delays in mixing 
between these two segments of the atmosphere have a limited affect on long-term concentrations ofkrypton-
85 in the troposphere. Only about0.1 % of the atmospheric mass is above 50 km <Y erniani, 1966). 

Pannetier (1968) relates the high concentrations of krypton-85 in the stratosphere to direct injection of 
krypton-85 from above ground nuclear weapons tests (due to thermal energy) into the stratosphere. He further 
notes that atmospheric thermal currents created by the continents might carry some of the krypton-85 
releases (in addition to nuclear testing) directly to the stratosphere. ' 

Given the uncertainties in estimates ofkrypton-85 production and release, and the long duration ofreleases, 
the uniform atmospheric mixing model is used herein. 

Figure 3 indicates the estimated atmospheric concentrations based on the projected releases from Table 8. It 
has been assumed that krypton-85 becomes uniformly dispersed in the total atmospheric mass of 5.136 x 1021 g 
<Y emiani, 1966) or 3.97x10:8 m3 (standard temp~rature and pressure). 

Figure 3 includes data pomts from atmosphenc measurements of krypton-85. A number of the data points, 
subsequent to 1960, are bas~ on rou~hly six-month averages ofre~ults (ra~ge ofresults indicated by bar). It is 
evident that the concentrations estimated from the calculated mventones correspond very closely to the 
measured data points. 
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The envelope on the curve in Figure 3 indicates the postulated uncertainty of the "best estimate" reflected by 
the line. After about 1980, power reactor operations account for essentially all (over 90%) of the krypton-85 
production, release, and atmospheric inventory. Thus, in general, the uncertainty in the atmospheric 
concentration ofkrypton-85 relates to uncertainties in the projections of nuclear power generation, and the 
radioactive decay ofkrypton-85 prior to its release. There are also the additional uncertainties of delay before 
release and the possibility of removal of krypton-85 from effluent streams. The uncertainties due to dilution 
and dispersion in the atmosphere are not included. 

The indicated uncertainty in the early years, prior to 1970to1980, includes uncertainty in the power reactor 
production and release of krypton-85, but is primarily influenced by the unknowns related to plutonium 
production reactors and the nuclear propulsion of military ships. Although the sum of the estimated values 
correlate with the estimated inventory based on atmospheric samples, the general assumptions used in 
calculating the various releases easily have an uncertainty of50%-especially when U.S. values are projected 
to worldwide values. 

Thus, the correlation of the concentrations estimated from the production values with the measured values 
does not completely verify the production estimates. Rather, the correlation of the estimates may, in part, 
relate to compensating errors in the various calculations and projections. 

Uncertainties in the projections for Plowshare applications and future nuclear testing have little impact on 
the future projections of atmospheric concentrations and dose due to the relatively small krypton-85 
production from these sources. 

Dose estimates for the whole body, basal layer of the skin, and the surface of the skin are indicated in Table 
9. The dose calculations are based on the methods of Dunster and Wagner (1970) and Hendrickson (1970), 
modified for the effective energies recommended by Dillman (1970), and supplemented for the internal dose 
due to krypton-85 dissolved in body tissues after Lassen (1964). 

As a matter of convenience, the factors are based on a dose received as a result of exposure to 1 pCi 
B5Kr/m3 of air on an annual basis. The conversion factors are as follows: 

Whole-body dose: 1.42 x 10-8 rad/year: This includes dose from krypton-85 in the body (Lassen, 1964) and 
external, bremsstrahlung and gamma dose (Dunster and Wagner, 1970). 

Basal layer of skin: 1.04 x 10-6 rad/year: this includes beta dose (Hendrickson, 1970) and gamma and 
bremsstrahlung (Dunster and Wagner, 1970). 

Skin surface: 2.08 x 10-6 rad/year (Dunster and Wagner, 1970. This is similar to the International 
Commission on Radiological Protection, ICRP, {1959) dose model. 

Due to the present controversy concerning the appropriate dose model, the range of dose models (surface of 
the skin to whole body) is presented without concluding which is the appropriate model. 

DISCUSSION 

The data in Table 8 and Figure 2 indicates that the primary source of krypton-85 production has been, and 
will be, nuclear reactors (power generation and plutonium production). However, the actual release ofkrypton-
85 from the reactor fuel cycle occurs during fuel reprocessing. Langston and Chissler (1970), UN (1971), and 
Fowler and Voit (1969) note that only about 0.02 percent is released during normal reactor operations. 

The atmospheric concentration projections of this paper (Figure 3) show excellent agreement with the 
measured atmospheric concentrations for 1970 to 1973. Further, the measured concentrations (Figure 3) from 
1954 to 1973 show a general trend of increase similar to that for the projections. The projections, which were 
only carried out to 2000, projected an average atmospheric concentration of 1,900 pCi/m3 for 2000. This is 
related to yearly doses of 27 microrad for the whole body, and 2 mrad for the skin basal layer cells, and 4 mrad 
for the surface of the skin in accordance with ICRP (1959) model. 

Table 10 presents a comparison of the year 2000 projections from this paper with those of others. The 
various values for the energy production, as well as krypton-85 production and the resulting dose are within a 
factor of two, with the values of this paper, based on recent power projections (AEC, 1972b) generally being 
slightly higherthan previous year 2000 estimates; i.e., Coleman and Liberace {1966), 1,000 pCi/m3; Cowser, et 
al., (1966), 1,000 pCi/m3; Pannetier (1968), 1,400 pCi/m3; and Klement, et al., (1972), 1,400 pCi/m3 • 

The notable difference between this and previous papers is the accounting for the 1970 atmospheric 
inventory of krypton-85 based on analytical results. It is recognized, given the need for many assumptions, 
that the agreement might be due in part to happenstance; i.e., compensating errors in the assumptions. 

The estimated atmospheric concentrations based on inventories from this paper are 13 pCilm3 for 1970 and 
18 pCi/m3for1973 versus averages from analytical results of about 15 pCi/m3. Diethorn and Stockho (1972) 
only accounted for about 2 pCi/m3 in 1971. Pannetier (1968) postulated that the difference between measured 
krypton-85 values and his estimates based on nuclear power and weapons tests was due to plutonium 
production reactors. Our estimates generally concur with this and indicate a small contribution (less than 10 
percent for 1970) from nuclear ship propulsion. 

The UN (1971), with reference to Pannetier (1968), indicates 28. 7 MCi fo krypton-85 was produced in power 
reactors by 1970 (27 MCi if corrected for decay). Our estimate, based on actual reactor operating histories 
reported by Nucleonics Week (1966 and 1971), indicated production of 15 MCi by 1970, correcting for 
radioactive decay and delay for fuel reprocessing, results in an estimate of 7 MCi. It is assumed the differences 
in these estimates are due to the use of projected plant design capacities versus actual operating histories. An 
error of this nature may also be inherently included in our estimates, but, it is assumed that the delay between 
projected and on-line operating times and reduced load factors will be decreased for future plants. The UN 
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(1971) further notes a difference of 7-26 MCi in 1970 between the atmospheric inventory and sources. It 
assumes the difference is due to plutonium production reactors. . h contributed 

Plutonium production reactors, nuclear testing and nuclear ship propuls10n reacthrs ave ·u be 
significantly to the atmospheric inventory of ssK:r. Our projections indicate that t ese sodurc~s WI 1 
important until about 1980, by which time atmospheric releases and inventory will be largedlbbue 0 n(~~~r 
power. Fowler and Voit (1969), Mountain, et al., (1968), Cowser, et al., (1966), Cole~an an . ~race ' 
Dunster and Wagner (1970) and Klement et al (1972) have limited their evaluat10ns pnmaCnl

1
y to powedr 

' ' ·' · h "fr Id " o eman an reactors, and, in most cases, the energy projections for one country or JUSt t e ee wor · . 
Liberace (1966) Klement et al. (1972) and Dunster and Wagner (1970) included the whole world. Dietho.,m 

' ' ' ' I "fr ld") but account 1or and Stockho (1972) include projections of essentially all of the source terms (on Y . ee wor ' . 
only about 20 percent of the inventory in 1970. Their projections are only earned t? 1985. They pro1ect a 
krypton-85 atmospheric concentration for the "free world" of 350 pCi/m3 for 1~85. Smee they .ass~me~ t~e 
instantaneous release of the produced R°Kr, this may be compared t.o our 1988 estim.ate .of350 pC~/m .(built m 
three-year lag) versus our corrected value of250 pCi/m:i for 1985 (Figure 3). The pro1ec.tion.s us.ed m this paper, 
as given in Table 3 (taken from AEC, 1972b), indicate that the "non-free world" contnbut10n m only about 10 
percent for 1985. . . 

The uniform atmospheric mixing model has been used for the projections in this paper. This model is. based 
on 3.97 x 1018 m3 of air (5.136 x 1021;1293 g/m3, STP) according to Verniani (1966). Due to tl~e ~ong penods ?f 
release, the multiple point source type of release, and the 10. 76 year half-life of krypton-85, it IS felt that this 
model is adequate. The most limited atmospheric mixing takes place between the troposphe:e and the 
stratosphere, but the stratosphere accounts for only about 25 percent of the atmosphere. Furt~er, ~t has been 
postulated (Pannetier, 1968) that the continents provide thermal currents which may result m higher.than 
expected transport ofreleases from the continents to the stratosphere. Cowser, et al., (1966) proposed umform 
mixing up to about 13 km (8 miles), or essentially the top of the troposhere and Pannetier (1968) develope? a 
zonal mixing model which indicates an effective dilution of about 15 percent less than the umform mixmg 
model. Given this information, the uniform model appears to be adequate for long-term releases. 

REDUCTION OF KRYPTON-85 RELEASES 

Projections of atmospheric concentrations ofkrypton-85 indicate that the dose to the surface of the skin will 
be several millirad and the whole body dose less than 0.1 millirad by 2000. Additional projections (from this 
paper and Coleman and Liberace, 1966) indicate these doses will increase by more than an order of magnitude 
by the middle of the 21st Century if the use of nuclear power continues, and efforts are not made to reduce 
krypton-85 releases to the atmosphere. The point at which the need for control ofreleases occurs will depend in 
part on social/political decisions, the economics of removal and retention of krypton-85, decisions as to the 
pertinent dose calculation procedures for krypton-85, and the degree of dependence on nuclear power. 
Furthermore, the local doses around a fuel reprocessing plant, about one mrad for the whole body and 50 mrad 
to the skin, may require some type of action before action is indicated for worldwide levels (Klement, et al., 
1972 and Shleien, 1970). 

The krypton-85 doses today are at the microrad level, but krypton-85 releases to the atmosphere are a long
term dose commitment for the future, and fuel reprocessing plants (the actual source of release) being built 
today and tomorrow will be operating decades in the future. Thus, the time is approaching when decisions 
must be made on the need for krypton-85 isolation, and the basic technical information and technology should 
be available. 

Dunster and Wagner (1970) note that removal and storage are basically a process of retention of the effluent 
stream, and removal of the krypton-85 with subsequent storage of a small volume of effluent. The volume of 
krypton-85 projected for production in the decade, 1990-2000, is several thousand cubic meters at one 
atmosphere ur tens of cubic meters at 100 atmospheres. 

Tadmor and Cowser (1967), Reist (1965),Pannetier (1968), and Cowser, et al., (1967) investigated storing 
krypton-85 in underground formations. Cowser, et al., (1967) indicates reduction factors of up to 101 for storage 
in impermeable geological formations. Mecca and Ludwick (1970) investigated entrapping noble gases in 
long-life foam. Keilholtz (1971) and Merriman, et al., (1972) reported on systems for removing krypton from 
effluents. 

Russell (1972) reviewed the status of various technologies and indicated the general feasibility of 
condensing krypton in liquid nitrogen with subsequent fractional distillation adsorption of krypton on 
activated charcoal at cryogenic temperatures, and solvent extraction of krypto~ from effluent streams. He 
noted th::it disposal of the kryptoD; was primarily a management versus a technical problem. Capital costs 
were estimated to be a small fract10n of total plant costs, and operating costs a small fraction (less than 0.1 
percent of power production costs. 

CONCLUSIONS 

The projected krypton-85 inventory for the year 2000 is 7,500 megacuries. Using the uniform distribution 
model forthe atmosphere, the projected concentration is 1,900 pCi/m3 • The associated whole-body dose is less 
than one-tenth millirad, and the skin dose is about four mrad. These values are projected to increase by more 
than an order of magnitude by the middle of the 21st Century unless control techniques are used to isolate 
krypton-85 from the atmosphere. These conclusions are in general agreement with other reviewers; e. g., UN 
(1971), Diethorn and Stockho (1972), Klement, et al., (1972), and Coleman and Liberace (1966). 
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. The estimates ofkrypton-85 production and release up through 1973 account for the estimated atmospheric 
myento~y based on sampling data. Our estimates indicate that the reprocessing of fuel from plutonium 
product10~ reactors has been the primary source of atmospheric krypton-85. The projections indicate that 
reproc:essmg of fuel from power production reactors will be the primary source ofkrypton-85 after about 1975, 
and will account for more than 90 percent of the inventory and production after 1980. . 

;\lth<;>ugh.th~re appears to .he minimal justification for isolation of krypton-85 from the atmosphere today, 
pro1ect1ons md1cate appropnate technology should be developed for the future. A precise estimate cannot be 
given as to when removal practices should be initiated because questions must be answered concerning the 
appropriate dose calculation procedures and the risk-cost-benefit analysis of applying removal techniques. 
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TABLE 1. Predominant Noble Gas Radionuclides Produced 
by the Fission Process. 

Infinite 
Fission Yield Decay Time Integral 

Half-Life 235U Thermal Neutrons Energy TimesMeV 
Radionuclide (Years Atoms per 104 Fissions (MeV) (h-MeV) 

Krypton 
85m 5.lOxl0-4 130 1 7xl0-4 

85 10.76 29.5 0.67 10 
87 1.4xl0-4 250 4 8xl0-4 

88 3.2x10-4 350 3 lxl0-3 

89 3.xl0-4 400 4 4xl0-5 

90 1.0xl0-6 470 3 4xl0-6 

Xenon 
131m 3.xl0-2 2 0.2 9x10-3 

132m 6.2x10-3 16 0.2 2xl0-3 

133 1.4xl0-2 660 0.4 8x10-3 

137 7.4xl0-6 530 4 4xl0-5 

138 3.3x10-5 420 4 2xl0-4 

TABLE 2. Krypton-85 Production as a Result of Fission. 

Fissile Material Atoms 85Kr per Ci per Ci 
Neutron Energy 104 Fissions 1022 Fissions Ci/GWt-h Kiloton Fission 

235U thermal 29.5 1.63 18.2 23.6 
235U fission 27.4 1.51 16.9 22.0 
238U fission 22.6 1.25 13.9 18.1 
239Pu fission 15.8 0.87 9.71 12.6 
239Pu thermal 12.2 0.67 7.49 9.73 
233U thermal 56.2 3.10 34.6 45.0 

TABLE 3. Forecast of Most Likely Power Capacity 
in Giga Watts-Electric (AEC, 1972b and 1972c). 

Year USA Foreign East Block Total 

1970 2 5.5 0.5 8 
1975 54 39 8 101 
1980 132 140 20 292 
1985 280 303 56 639 
1990 508 580 146 1,234 
1995 811 968 318 2,097 
2000 1,200 1,460 600 3,260 
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TABLE 4. Electric and Thermal Capacities by Reactor Types (AEC, 1972b) 
(Giga Watts-Electric Giga Watts-Thermal@ 80% Load Factor). 

GW-Electrical GW-Thermal 

LWR LWR 
Year GCR AGR HTGR FBR GCR AGR HTGR FBR 

1970 8 8 
1975 92 9 213 17 
1980 263 30 608 57 
1985 543 60 36 1,259 114 74 
1990 988 100 110 36 2,291 190 226 69 
1995 1,454 150 225 268 3,372 286 462 510 
2000 1,855 200 330 875 4,301 381 677 1,667 

TABLE 5. Production ofKrypton-85 in Various 
Reactor Types in Each Five-Year Period in MCi. 

Year LWR AGR HTGR FBR Total -
1970 15 15 
1975 170 14 184 
1980 484 46 530 
1985 1,002 91 59 1,152 
1990 1,823 151 233 29 2,236 
1995 2,683 226 531 216 3,656 
2000 3,422 302 873 708 5,305 

TABLE 6. Contribution ofV arious Reactors 
to the Atmospheric Inventory ofKrypton-85. 

Megacuries 

Year LWR AGR HTGR FBR Total -1970 7 7 
1975 55 55 
1980 322 29 356 
1985 910 79 989 
1990 1,960 168 130 2,258 
1995 3,560 305 410 70 4,345 
2000 5,580 495 965 435 7,475 
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TABLE 7. Nuclear Stimulation ofN atural Gas. 
(Rubin, et al., 1972) 

Fiscal Year 

1974-1977 1977 1978 1979 1980 1981 1982 1983 

Number of Wells 
Stimulated 

Green River Basin 
Wyoming 10 30 50 70 70 70 
Piceance Basin 
Colorado 20 20 30 / 30 30 30 30 

Total Wells 3 20 ·30 60 80 100 100 100 

Number of 
Explosives 10 60 100 210 290 370 370 370 

Megacuries 85Kr + 0.02 0.13 0.22 0.46 0.64 0.81 0.81 0.81 

TABLE 8. Production and Atmospheric Release of 
Krypton-85 up to the Year 2000 in MCi. 

Year -70 71-75 76-80 81-85 86-90 91-95 96-00 

Power Reactor 
Carry Over Inventory 5 40 258 717 1,636 3,148 
Production 15 184 530 1,152 2,236 3,656 5,305 
Release 7 50 316 731 1,541 2,709 4,327 
Total Inventory 7 55 356 989 2,258 4,345 7,475 

Pu Production Reactors 
Carry Over Inventory 38 27.5 22.9 19.5 17.0 15.2 13.9 
Production 4.7 4.7 4.7 4.7 4.7 4.7 
Release 4.0 4.0 4.0 4.0 4.0 4.0 
Total Inventory 38 31.5 26.9 23.5 21.0 19.2 17.9 

Ship Propulsion Reactors 
U.S. Navy, Carry Over Inv. 3 2.2 3.8 5.1 6.2 7.2 8.1 
Production 3.2 3.4 3.7 4.0 3.2 4.5 
Release 3.0 3.2 3.5 3.7 4.0 4.2 
Total Inventory 5.2 7.0 8.6 9.9 11.2 12.3 
World Inventory 3 10 14 17 20 22 25 

Natural Gas Stimulation 
Carry Over Stimulation 0.6 2.8 4.5 5.7 
Production 1.5 4.0 4.0 4.0 4.0 
Release 0.8 3.2 3.4 3.4 3.4 
Total 0.8 3.8 6.2 7.9 9.1 

Nuclear Testing (World) 
Carry Over Inventory 2.2 1.63 1.24 0.97 0.76 0.61 0.5 
Production 0.1 0.1 0.1 0.1 0.1 0.1 
Release 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
Total 2.3 1.7 1.3 1.1 0.8 0.7 0.6 

TOTAL IN ATMOSPHERE 50 98 395 1,034 2,306 4,395 7,528 
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TABLE 9. Projected Atmospheric Concentrations ofKrypton-85 
and Resulting Radiation Doses. 

Dose - microrad/year 
Atmospheric Atmospheric 

Inventory Concentration Surface Basal Layer 

Year (Megacuries) pCi/m3 (s.t.p.) Whole Body of Skin of Skin 

1970 50 13 0.18 26 13 

1975 98 25 0.35 51 26 

1980 395 99 1.41 207 103 

1985 1,034 260 3.69 541 271 

1990 2,306 581 8.23 1,207 604 

1995 4,395 1,110 15.7 2,300 1,150 

2000 7,528 1,900 26.9 3,940 1,970 

TABLE 10. Comparison ofKrypton-85 Projections for Year 2000. 

Projected Doses 

Reference 

This Paper 
This Paper 
Klement, et al., (1972) 
Coleman and Liberace (1966) 
Pannetier (1968) 
Unruh (1970) 
Cowser, et al., (1966) 
Dunster and Wagner (1970) 
United Nations (1971) 

Nuclear Power 
GWt 

7,000 
3,000USA 
5,000Total 
4,000Total 
5,000Total 
3,000USA 
3,300 Free World 
6,000Total 
4,260Total 

Atmospheric 
Inventory 

GCi 

7.5 

4.0 
3.6 
3.2 
3.2 

9.4 
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(Millirad) 

Average 
Atmospheric Skin 

Concentration Whole Basal Skin 
(pCi/ma) Body Layer Surface 

1,900 0.027 2 4 

1,400 0.04 2 
1,000 2 
1,400 2 

0.025 2 
1,000 2 

0.04 4 
2,300- 0.03 4 
3,000 
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Abstract 

The measurements of radioactive 85 Kr in atmospheric air hav~ be~n conducted i!L 1:ola'!d during the last 
three years using two different methods, one consisted of the application of large scmtillati?n chambers, and 
the other consisted of gas chromatographic separation with purification of the krypton fraction. . . 

The results obtained are similar to those so far reported for other European countries. They indicate that 
B5Kr does not constitute a significant radiation hazard at the present time, but the tendency towards the 
increase of its atmospheric concentrations makes it one of the radionuclides of concern. 

INTRODUCTION 

The rapidly expanding nuclear power industry has released considerable quantities of fission-produced 
krypton-85 to the atmosphere. This relatively long-lived radioisotope readily diffuses by horizon~al and 
vertical mixing of air masses and has an extremely low rate of depletion (Tadmor, 1973) due to its low
solubility in water and chemical inertness. This has led to the worldwide pollution of the a~mosphere hr this 
radionuclide. The relative uniformness ofits distribution on a global scale is a fact known smce the studies by 
Pannetier (1971). 

Another important aspect of atmospheric contamination with 85Kr is its increasing concentrations 
(Pannetier, 1971; Shuping, et al., and Schroder, et al., 1971) due to the growing nuclear power industry which 
includes nuclear fuel reprocessing, in a number of countries in the Northern Hemisphere. The predictions for 
the future decades indicate that, assuming the present gaseous waste disposal technology is not changed, and 
75 per cent of the produced 85Kr remains in this hemisphere, the average concentration of 100 pCi/m3 will be 
reached as early as 1979 (Klement, et al., 1972). 

For these reasons, we are concerned with this type of radioactive pollution, although Poland is at an early 
stage in the development of nuclear power generation. The radiation doses to the population from this source 
are at present insignificant; however, attention must be paid to this radionuclide in order to get sufficient 
information on existing levels and trends for the future. 

METHODS OF MEASUREMENT 

At first the determinations of 85Kr concentrations in air were carried out using the beta scintillation 
chambers described by Wardaszko, 1969 and Ilari, et al., 1970, with later modifications. This consisted of 
cylindrical chambers with volumes of approximately one liter, fitted with thin plastic scintillators. These 
chambers were filled with enriched samples of atmospheric air and counted in a probe with 2 photomultiplier 
tubes (see Figure 1) connected to two scalers or a multichannel analyzer. Enrichment is made by two-stage 
adsorption on activated carbon at liquid nitrogen temperature with subsequent desorption allowing the 
unnecessary fractions to be vented. . 

As this method requires a rather large air sample, on the order of 5-6 m3, another method was applied which 
is similar to that described by Stevenson and Johns (1971). This consisted of the application of gas 
chromatography for the separation of the krypton fraction of an enriched air sample, and its subsequent 
purification and radioactivity measurement in a liquid scintillation counter. The first stage of this process is 
in pas~ing an air sample through a charcoal trap at liquid nitrogen temperature; then, a part of the adsorbed 
gases is passed through chromatographic columns for separation from other components, and subsequent 
purification accomplished with a platinum :filament controlled by a thermal conductivity detector. A Polish
made gas chromatograph (type ICS0-571) was used for this purpose. The final fraction was introduced into 
the scintillation vial, and counted in a Packard Tri-Carb liquid scintillation counter with a technique 
elaborated by Shuping, et al., (1969). This technique allows the use of a smaller air sample, about 1 m3, without 
affecting the overall accuracy of the measurement. 

The application of gas chromatography to the separation ofradioactive noble gases was first introduced by 
Amadesi and Cervellati (1963), but this method was not used at first by other researchers. Artemenkowa et 
al., (1971) applied frontal chromatography for separating groups of radioactive noble gases in compo~ite 
samples, although not at the trace level. 
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RESULTS 

The results of measurements of 85Kr concentrations in the atmospheric air in Warsaw for 1971 and 1972 
presented in Table 1. At first these samples were measured using the scintillation technique just mentioned, 
whereas in the later samples the gas chromatographic technique was used. The overall error refers to each 
measurement; and is comprised of a 2 sigma counting error, as well as other errors due to manipulations with 
the gas sample. 

As can be seen from this table, the 85Kr concentrations do not vary greatly, but a tendency toward increases 
in concentrations is seen. The mean increase rate is 1.0 pCi/m3 year, which is somewhat lower than that 
reported by Schroder, et al., (1971) which was 1.3 pCi/mS. year. 

The results obtained are compared in temporal sequence to other data available from the literature mainly 
for European countries (see Table 2 and Figure 2). The first measurements of 85Kr in Poland (Ostrowski and 
Jelen, 1965) made were at Cracow in Southern Poland in 1965. These measurements were not included because 
it was difficult to derive comparable values from the published data. 

An apparently low scatter of concentration values is caused rather by incompletness of data than by the 
character of the phenomenon. In fact, a considerable dispersion of single values occurs due to temporal 
variations in 85Kr emissions (Schroder, et al., 1971) and their geographical distribution. 

The data for Eastern Europe are scarce, but they indicate that the observed 85Kr concentrations are similar 
to those encountered elsewhere. This confirms the above mentioned uniformity of radioactive krypton 
concentrations on a global scale. 

At present, the radiation doses to the population from 85Kr at existing concentrations are rather low, the 
order of 20 microrem/ a skin dose, calculated as in Klement, et al., (1971). This is only a small fraction of the 
total dose from the naturally occurring background radiation. 
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TABLE I. Concentrations of 85Kr in Warsaw, Poland. 

Year Number of Mean Sample Mean concentration, Overall Error of 

Determinations Volume, m 3 pCi/m3 Single Determination, % 

1971 3 5 16.0 12 
1972 8 5 17.4 12 
1973 5 1.1 18.0 9 

TABLE 2. Concentrations of 85Kr in Atmospheric Air in the Period 
1966-73 in Some Countries of the Northern Hemisphere. 

Year Country Concentration References 
pCi/m3 

1966 Hungary 11 Csongor (1972) 
1966 Austria 10 Bock and Fleck (1968) 
1967 France 12 Pannetier (1971) 
1969 W. Germany 14.9 Schroder, et al., (1971) 
1971 Hungary 15 Csongor (1972) 
1971* U.S.A. 16.3 Jaquish and Johns (1972) 
1971 Poland 16.0 This Paper 
1972 Poland 17.4 This Paper 
1973 Poland 18.0 This Paper 

*Partly also 1972. 
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Figure 1. Block diagram of counting device with cylindrical scintillation chambers. (1 - Scintillation 
chamber; 2, 3 - PM tubes; 4, 5 - scalers or multichannel analyzer; and 6, 7 - HV supplies.) 
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Figure 2. Temporal variations of the H:-·Kr concentrations: 
6. - Data for Warsaw, Poland. 
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Abstract 

The a1 Ar activity in ground-level air samples from various countries (Switzerland, Denmark, USA, Canada, 
India, Australia, and Argentina) was monitored since 1969. Low-actii;ity values of a?~ut 0:0025 _dpm!l of 
argon were in agreement with the expected production rate by cosmic rays after mixm~ m altitude and 
latitude. However, high-activity values up to 1.8 dpm/ l of Ar were obser.ved sev~ral tim_es .. These were 
attributed to artificial sources, most probably to underground nuclear explosions. ~stimates mdic<:te th°:t 0. 7 
to 2 MCi of 37 Ar must have been released into the atmosphere. Wind transportation. and_ ~ two-dimensw.nal 
multi-box eddy diffusion model were used to interpret the data in terms of atmospheri~ mi:r.;mg. The b~st fl~ to 
the data was obtained with values between 1 and 3 x 1010 cm2s-1 for an average latitudinal eddy diffusion 
coefficient between 20° and 70° N. Minor variations in the 37 Ar activity may be due to 37 Ar released from 
reactors or fuel reprocessing plants. 

INTRODUCTION 

Since 1969, we have continuously monitored the activity of 37 Ar (half-life= 35.1 d) in argon samples collected 
from ground-level air in Bern, Switzerland. In addition, a number of samples from various localities in the 
northern (Europe, USA, Canada, India) and southern (Sidney, Buenos Aires) hemispheres have been 
measured during this period. In the course of this investigation, we observed enormous fluctuations in the 37 Ar 
activity. Intermittently, the activity rose by up to 3 orders of magnitude above the values which are believed to 
be due to cosmic ray production; i.e., mainly from spallation reactions on 40 Ar and to neutron capture by 36A.r 
(Lal and Peters, 1967 and Oeschger, et al., 1970). These excess activities have been attributed to underground 
nuclear blasts (Loosli, et al., 1969 and 1970), where massive amounts of 37 Ar, produced by the reaction 
4°Ca(n,a )37Ar, were thought to be vented into the atmosphere. These findings evidently make 37Ar a very 
useful tracer for studies of atmospheric mixing processes. 

In addition to meteorological methods, global atmospheric mixing can be studied by measurements of the 
atmospheric distributions of ozone, volcanic ash, cosmic ray produced nuclides, radioactive debris from 
nuclear explosions, and other tracers. For most of the conventional tracer isotopes, the geochemical and 
geophysical behavior (attachment to aerosols, scavenging, settling), and the exchange with other reservoirs 
besides the atmosphere, have to be known (e.g., Machta, et al., 1970). Therefore, 37Ar, a noble gas largely 
confined to the atmosphere, is useful in studying atmospheric mixing; also, its half-life corresponds to the 
mixing times involved. When cosmic ray produced 37 Ar activities are investigated, the mixing of a global 
stationary input can be unveiled, whereas bomb-produced 37Ar activities yield information on mixing of a 
local changing-input. Repetitive inputs by nuclear blasts can be studied because, within about 6 months the 
activity has decayed to the level of cosmic ray produced amounts; thus estimates can be made about the time 
required for reaching equilibrium in a given hemisphere. Because Ar is chemically inert, the monitoring of the 
37 Ar activity, in combination with other nuclides, in turn allows the determination of wash-out parameters 
and exchange parameters (Mach ta, et al., 1970). 

EXPERIMENTAL PROCEDURE AND RESULTS 

A detailed description of the experimental procedure of our 37Ar measurements on tropospheric.air samples 
is given by Oeschger (196S) and (1970); Loosli, et al., (1969), (1969), and (1970); and Studer, (1973). 

Most of the samples were measured in a proportional counter made of plexiglass with a volume of 1 I. A 
stainless steel counter with a total volume of 2.8 1 was in use since the spring of 1972. Some characteristics of 
these counters are summarized in Table 1. 

The overall counting efficienc:ies of our counters were determined using new a1Ar standards provided by 
Drs. R. W. Stoenner and R. Davis, Jr. of Brookhaven National Laboratory. The results obtained with these 
stand!'lrds were lower by 10% than the yields determined previously. Therefore, the 37 Ar results given by 
Loosh, et al., (1969) and (1970); Oeschger, et al., (1970); and Machta, et al., (1970) need to be scaled up by a 
factor of 1.12. 

*This work has been supported by the "Schweizerischer Nationalfonds zur Forderung der wissenschaftlichen 
Forschung". 
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The results of the 37 Ar measurements on argon samples collected from near ground-level air for the period 
1969-1973 are presented in Figures 1 to 4. Most of the samples were separated by A. G. Carba of Bern, 
Switzerland; and, for all of them, the actual dates of separation are known. The errors given are within one 
standard deviation. The arrows indicate the dates of nuclear explosions, both underground and in the 
atmosphere, which were obtained from press notices. We believe, that the low values in 37Ar activity (around 
0.0025 dpm/l Ar) as measured, e. g., in the summer of 1970, are representative for the cosmic ray produced 
activity found near ground-level after atmospheric mixing. This is discussed further in a subsequent section of 
this paper. 

The pronounced peaks with high activities found in the autumns of 1969 through 1972 are attributed to 
artificial sources. Most plausibly, the massive 37 Ar excess is due to underground nuclear explosions, because 
each rise in activity was preceeded by an event amounting to about 1 megaton TNT. Figures 5 through 8 
present the activity data from Figures 1 through 4, after corrections for a cosmic ray production contribution 
of0.0025 dpm/l of Ar and for radioactive decay to the most probable date of the nuclear explosion. The reduced 
data were then used forthe discussion of atmospheric mixing presented in a subsequent section of this paper. 

COSMIC RAY PRODUCED 37 Ar ACTIVITY 

The lowest 37Ar activities (around 2.5 x lQ.3 dpm/l Ar) were measured on a series of samples collected from 
air in the summers of 1970 and 1971 (Figures 1 to 4). These data suggest that no pronounced stratospheric or 
man-made input into the troposphere occurred during these periods. Therefore, they may represent the cosmic 
ray produced activity found at ground-level in a mixed atmosphere, after the activities remaining from the 
previous bomb explosions have decayed. Calculations of the weighted average value for the cosmic ray 
produced activity found at ground-level from data collected during the summers of 1970 and 1971 indicated 
(2.3±0.3)x10-3 dpm/l of Ar and (2.8 ± 0.6) x 10-3 dpm/l of Ar, respectively, with a weighted mean of (2.4 ± 0.3) x 
10-3 dpm/lof Ar. Four single measurements (out of 30) being up to a factor of 2 higher, were rejected in the 
evaluation of the above mean value. Their higher activities may be due to small stratospheric inputs by local 
leaks in the tropopause. The stated errors are within one standard deviation, and do not include the 
uncertainty introduced by neglecting possible man-made and stratospheric inputs. 

The experimental results obtained may be compared to the values predicted by various models, combining 
estimated production rates and atmospheric mixing processes. 

Within a mean life of 37 Ar ( = 50 d), the troposphere is rather well mixed. Therefore, assuming a completely 
mixed troposphere and no stratosphericinput, we compared the observed ground-level activity with estimated 
average tropospheric production rates. Lal and Peters (1967) calculated an average tropospheric production 
rate of about 3x10-3 dpm/l of Ar with an estimated uncertainty of a factor of 3. Oeschger, et al., (1970) give an 
average production rate between 200and1,000 g/ cm2 amounting to 7x10-3 dpm/l of Ar. This value is obtained 
for periods of sunspot maximum, and is uncertain up to a factor of 2. It is derived from the spallation reaction 
on 40Ar, and includes a 10% contribution from the reaction 36Ar(n,Y )37Ar. Within the uncertainties, the 
observed and estimated values agree. 

Machta (1973) presents a two-dimensional model for atmospheric mixing, based on the production rates 
given by Lal and Peters (1967), and on average vertical tropospheric eddy diffusion coefficients of 6 to 8 x 104 

cm2s-1• He predicts 37 Ar activity values between 0.0020 and 0.0025 dpm/l of Ar which are compatible with the 
observed data. 

In order to improve the basic knowledge for these calculations, we plan to measure the absolute production 
rate of 37 Ar at mountain altitude by exposure experiments, and to determine the vertical activity distribution 
by collecting samples throughout the troposphere and stratosphere. 

HIGH 37Ar ACTIVITY VALUES 

The high 37 Ar activities, exceeding the cosmic ray produced levels, are not only observed in samples from 
Europe. Correspondingly high activities were measured in samples from North America on December 18, 
1970, in November and December 1971, and on March 23, 1972; and in samples from Bombay, India on 
February 12, 1972 and November 8, 1972, (cf. Figures 1 through 4). A few samples collected and analysed by 
Martin, (1973), seem to confirm the trend in activity variations as observed by us in samples from Bern in the 
period of September to November 1972. It is interesting to note that the high tritium activities observed by 
Oestlund, et al., (1972) in air samples from Fairbanks, Alaska (November 1970 and October 1971) coincide 
with our results in high 37 Ar activities. These facts show that the enhanced 37 Ar activities could not have been 
caused by minor local releases, but that very large quantities of37 Ar must have been released into the northern 
troposphere. Possible sources for massive 37Ar inputs are (1) underground or atmospheric nuclear explosions; 
(2) nuclear reactors; and/ or (3) plants for reprocessing nuclear fuel. 

Sudden influxes of stratospheric air into the troposphere could cause only minor variations ranging to 
about 0.05 dpm/l of Ar (Lal and Peters, 1967), and thus cannot account for the top values measured in the 
autumns of 1969 through 1972. In periods with no indication of strong artificial 37 Ar inputs, sometimes 37 Ar 
activities are observed which are significantly higher than the level attributed to cosmic ray production; this 
was the case in the summer of 1970 (July 28), and in the summer of 1972 (July and August). These higher 
values may be caused by the release of 37 Ar during the reprocessing of nuclear fuel, by stratospheric inputs, or 
by low to intermediate yield underground nuclear explosions. In the following, we first estimate the yield of 
37 Ar by the possible sources, and then we discuss atmospheric mixing. 
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POSSIBLE SOURCES FOR MAN-MADE 37Ar 

1. Reactors. 

Matuszek ( 1973) reported measurements of37 Ar activities released f:om different types ofreactors. He found 
the ratio 37Ar/B5Kr to be as high as 50 in gaseous effluents from a high-te!Ilpera.t~re gas-cool~d reactor (116 
MWt) in the US, and he concluded that the 37 Ar is mainly produced ~rom Ca ~mpunties. From this observation, 
he estimated that this particular reactor released about 6 x 103Ci of 37 Arm 1971. Releases fr?m gas-?ooled 
reactors in France (total of 2,700 MWt), in the United Kingdom (total of 8,000 MWt) a~d y1 Russia are 
unknown. Since we observed high 37 Ar activities only once a year, and afterwards the ~ctiv1ties decreased 
mostly to cosmic ray produced levels, we believe that the release of reactor. P:~duced 37 Ar is the r~ason for the 
minor fluctuations in activity, but does not account for the immense actiVIties ~etected; e. g., m November 
1970, in October 1971, and in September 1972. From our excess values measured m the summers of 1972 and 
1973, we can estimate an upper limit of 300 kCi/ a for a continuous release of37 Ar from reactors. 

2. Nuclear Explosions in the Atmosphere. 

A rough estimate shows that the amount of 37 Ar produced by atmospheric nuclear tests by the reaction 
36 Ar(n, y )37 Ar is too small to account forthe experimental data.Using an upper limit of 10% for the neutrons to 
escape from an event corresponding to 1 megaton of TNT or to 1.4 x 1027 neutrons (Teller, et al., 1968), and 
assuming that 10% of the produced 37Ar activity is found in the tr~po~phere, we calcu!ate an.enha!1ceme!1t ?f 
the 37 Ar activity by 1 x 10-3 dpm/l of Ar in tropospheric air withm 20°N and 70 N. Thi~ estimate is m 
agreement with our data from the period following the Chinese test of 1 to 3 megatons of TNT m June 27, 1973, 
when the a7 Ar activity remained below 0.01 dpm/l of Ar throughoutJ uly 1973. 

3. Underground Nuclear Explosions. 

Smith (1971) reported measurements of 37 Ar activities in the gases released from the cavity created by a 
fission explosion of26 kt TNT (Gas buggy project). These measurements imply a 37 Ar yield of0.57 kCi/kt TNT 
for the particular limestone of the test site. This result, together with the facts that the neutron yield is 4 to 5 
times higher in a fusion event than in a fission event of the same power (Teller, et al., 1968); and that, in 
addition, the spectrum of fusion neutrons is harder, supports the conclusion that underground nuclear 
explosions can easily produce the large amounts of37Arnecessary to explain our measurements. In a different 
approach, Studer (1973) tried to estimate the 37Ar production by underground fusion explosions. In this 
calculation, neutrons with an original energy distribution, as typically obtained in fusion, are followed in 
scattering and reaction processes in a medium with the average chemical composition of the earth's crust in 
order to obtain the production by the reaction 4°Ca(n, a )37 Ar. The cross-section measured by Barnes, et al., 
(1973), and a Ca-content in the soil of 1.9 atom-%, were used. About 2% of the 14.1 MeV fusion produced 
neutrons were found to react with 4°Ca, thus leading to 1.8 x 10s Ci of 37 Ar produced by a fusion event 
equivalent to 1 Mt TNT. Several uncertainties and approximations involved in this investigation (e.g., escape 
probability of neutrons from the bomb device; mean energy of the spectra of escaped neutrons; and escape 
probability of37 Ar from the well) all tend to lower the production of 37 Ar; and; therefore, the above result is not 
in disagreement with our values of up to 1.6x106 Ci of Ar derived from the measurements. These values were 
obtained from the activity data, measured after atmospheric mixing into a large part of the northern 
troposphere is completed (north of20°N and below 200 g/ cm2); i.e., about 2 to 3 months after an input from an 
underground explosion. In Figures 5 through 8, average values for this excess equilibrium activity, as 
established 3 months after the explosions, are shown. In Table 2 the total amounts of37 Ar activities, released 
from the 1969 through 1972 explosions, are listed as calculated from our data under the above assumptions. 

GLOBAL MIXING OF BOMB-PRODUCED a1Ar INPUT 

The data given in Figures 1 through 8 shows that large variations occur within the first 1.5 to 2.5 months 
a~ter th~ assumed dates of the 37 Ar rel.eases. Later on, after 2 to 3 months, the 37 Ar activity generally decreases 
with a time constant comparable to its half-life; i.e., an "equilibrium" activity seems to be reached in most 
parts of the northern troposphere (see Table 2). Also, the relative concentrations are higher during the first 
period than la~er. These ?bservations indicate, that during the first period of mixing, the distribution of37 Ar is 
governed mamly by wmd stream transport according to the actual meteorological situation which is 
discusse~ below. ~n ~he.second p~riod of a large-sc~le ~ixi~g process throughout the northern tropo~phere has 
been achieved; this is discussed m terms of eddy diffusion m the next section of this paper. 

Using meteorol.ogical data from weather maps of the nothern hemisphere, an attempt was made to predict 
the dates for the f1~st or even the second pa~sage of active air through Europe. The dates of the corresponding 
nucle~r blasts, which are thought responsible for the input, are obtained from press information. An input 
durat10n 6. t of one day was a.:;sumed. For the first 4 to 8 days surface winds were considered for the calculation 
~f t~e .transpo~t· whereas afterwards the data on y;inds at a height of 500 mb were used. The area of the 
activity cloud was assurn.ed to enla~ge by 10% dunng transport, and different trajectories were considered if 

necessary. The dates of amval as estimated under the above assumptions are given in Table 3, together with 
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the dates of the actually observed rise in 37 Ar activity. The agreement between the estimated and the observed 
arrival dates is fair, adding support to the assumption that the large 37 Ar inputs are due to underground 
nuclear explosions. 

A moderate activity value obtained in a sample from Ohio on September 9, 1972 (Figure 4) is in agreement 
with the 500 mb wind calculations, namely N ovaja Semlia-Canada-Greenland-Europe for the first passage of 
the"activitycloud". ' 

The estimated arrival date for a possible 37 Ar contribution from the USA explosion in Amchitka (N ovem her 
6, 1971) coincides with an observed activity increase in samples from Bern after November 16 1971 (see Figure 
7). But, an argon sample collected in Vancouver, B.C., Canada, on November 9 1971 did ~ot show such an 
increase, a~thou~h s?rface winds should have reached British Columbia by' this day, according to the 
meteorological s1tuat10n. We, therefore, conclude that by the Amchitka explosion, if any, less than 0.5 MCi of 
37 Ar was released. 

The fluctuations measured in the autumns of 1970 to 1972 indicate a time-span of about 2 weeks for air 
masses to circulate around the world. This is in agreement with generally adopted circulation times and with 
our estimates based on weather maps. An attempt to assay arrival dates for the second passage was not 
successful, because of the enlarged area of the "activity cloud", thus making many trajectories possible. 

DISPERSION OF 37Ar RELEASED FROM UNDERGROUND NUCLEAR EXPLOSIONS BY AN 
EDDY DIFFUSION MODEL 

Atmospheric mixing processes in latitudes between 20° and 70° North and South are successfully explained 
by eddy diffusion models, whereas between 20°N and 20°8 convective processes predominate. We, therefore, 
attempted to explain the dispersion of 37 Ar released from underground nuclear tests by an eddy diffusion 
model, and to derive values for the coefficients of latitudinal eddy diffusion. The diffusion equation is 
approximated by 213 stimultaneous first-order linear differential equations for 213 atmospheric boxes. The 
differential equations were solved numerically by an IBM-370 computer. The following assumptions were 
made: 

(1) Zonal mixing is assumed to be fast. Therefore, the atmosphere is divided into well-mixed torus-shaped 
boxes around the globe, and only mixing in meridional and vertical directions are considered. This 
assumption is supported by the observation, that after the first passage of high-activity air masses, the 
activity does not, in general, decrease by more than a factor of two in the next few weeks. 

(2) Only eddy diffusion is considered; transport along mean wind trajectories is neglected. 
Torus-shaped boxes fill the space from the north pole to 20° South latitude, and from ground-level to an 

altitude of 13 km. Over each 10 degrees of latitude, 10 boxes with a height of 1.3 km each are piled up. 
Additional buffer boxes are used to simulate the exchange with the stratosphere and with the equatorial 
regions. 

Parameters are the coefficients for meridional and vertical diffusion. The coefficients for vertical diffusion 
are adopted from the literature (Bolin, et al., 1963 and 1970; Gudkson, et al., 1968; Machta, et al., 1970; and 
Hartwig, 1971). They vary between 104 and5x105 cm2/s as a function of the altitude. The main computer runs 
are made with vertical diffusion coefficients derived from Newell's (1963) time standard deviations of the 
vertical wind velocities, and the normalization factor given by Newell, et al., (1969). The planned 
measurements of 37 Ar activities in samples from vertical profiles should allow determination of the vertical 
diffusion coefficients. The comparison of the measured and model calculated 37 Ar activities allow conclusions 
for the meridional diffusion coefficients. In the model, the coefficients are kept constant between 20°N and 
70°N. Towards the equator, smaller values for the meridional diffusion coefficient are used in order to reduce 
the flux across the equator. 

In Figure 9 the calculated activities for two latitudes and for two sets of diffusion coefficients are given, 
together with all measured values from Figures 6 to 8. Since all three artificial inputs lead to similar 
equilibrium activities, no adjustment of the measured values seems necessary. Good agreement between the 
measured and the calculated activities cannot be expected during the first 2 months. In the first weeks after an 
input the sp:r;eading of the 37 Ar activity is essentially determined by actual wind patterns, giving rise to 
fluctuations. Also, by then, the assumed zonal mixing has not been totally completed. Only thereafter is the 
random character of the mixing process reached which justifies the application of a diffusion model. Most of 
the samples were measured from air collected between 35° and 50°N. For these latitudes, the equilibrium 
activity, as obtained after about 2 months, does not show pronounced changes when calculated with diffusion 
coefficients between 1and3 x 1010 cm2/s. This was expected because the inflow into these boxes nearly cancels 
the outflow; this is in agreement with the measurements. The increased scattering of the data, as observed 
about 120 to 200 days after an input, is mainly due to growing statistical uncertainties. More pronounced 
variations in activity are expected in samples from around 70°N (decrease) and from 25°N (increase). 

The data from Bombay (20°N), therefore, give the best information about meridional diffusion coefficients. 
As shown in Figure 9, these data range between the activities calculated from the model with a meridional 
diffusion coefficient of 1 and 3 x 1010 cm2/s. These two limits are in agreement with values given by Bolin, et 
al., (1963), Reed, et al., (1965), and Hartwig (1971), and values calculated from the standard deviations of the 
meridional wind velocities in autumn (Newell, et al., 1972). 
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CONCENTRATIONS OF37 Ar IN THE SOUTHERN HEMISPHERE 

If excess 37 Ar activities are monitored in both northern and southern hemispheres, conclusions can be 
drawn about tropospheric mixing across the equator. We could obtain only a few sample~ collected from the 
southern atmosphere (Sidney, Australia and Buenos Aires, Argentina - both 35°8; see Figures 3 and 4). ~n 
upper limit (95% confidence limit) obtained from a sample collected on November. 22, 1972 agr~es with 
expected cosmic ray produced activity levels. The two samples available from Australia a_nd Argentma from 
January 1972 yielded values, which are definitely above these levels, but these data are still much lower than 
those obtained from samples collected in the northern hemisphere on comparable date~. These tw<? samples 
were also measured after enrichment in 37Ar by the thermal-diffusion technique of Cum~ (1973). His results, 
with lower errors, confirm that some excess activity had been introduced. The sparcit~ of data ~om the 
southern hemisphere, and possible disturbances caused by other contributors to the 37 Ar mventory (i. e., the 
French surface explosion input from the stratosphere into the southern troposphere on August 14, 1971), make 
the derivation of a trans-equatorial mixing rate uncertain. From December 1;mtil ~ebruary a larg~ H:idley cell 
dominates the tropical region between 30°N and 10°8 (Newell, et al., 1972), displacmg.troposph~nc air.ma~ses 
in the lower-level troposphere from north to south. Air masses, once released from this cell of circ~lat10n mto 
the southern troposphere, are mixed zonally, and are continuously transported southwards. ProVIded th~t !lo 
other inputs of artificially produced 37 Ar into the southern troposphere occurred, an observed .excess actiVIty 
of0.006 dpm/l of Ar has to be explained. Assuming that the exchange across the equator essentially took place 
between December and the end of January, and that, by then, the mixing was completed into half of the 
southern troposphere, a mean trans-equatorial flux of about 9x1013/ g of air/s would be required. This value in 
comparable to the generally adopted trans-equatorial fluxes at that time of the year - namely 1.15 x l014g/s 
(Newell, et al., 1969) or2.1x1014g/s(Rao, 1964). 

The excess activity might also be due to the French test of August 14, 1971, on Mururoa Island (21°8), where 
a fusion device ofl Mt TNT was detonated at 500 to 600 m above ground-level (press information). If half of the 
fusion produced neutrons escaped from the bomb device into the air, and assuming 40% of the 37Ar was 
consequently produced by the reaction 36Ar(n,Y)37Ar, this 37Ar activity would have mixed into 75% of the 
southern troposphere after re-entering the troposphere in summer; therefore, an upper limit in excess 37Ar of 
0.0011 dpm/l of Ar may be calculated for January 1972. This is well below the measured value of 0.006 dpm/l 
of Ar; consequently additional contributions are required. For example, 20 g of Ca, which might be present in 
the mantle of the device, would necessarily have been converted by the exothermal reaction 4°Ca(n,a )37 Ar. 
Also, if the height of the explosion is correct, it seems possible that enough neutrons could interact with Ca in 
the ground soil of the test site releasing about 0. 7 MCi of 37 Ar (corresponding to the observed excess of 0.006 
dpm/l of Ar from the heated soil into the atmosphere. 

Besides tlfere still remains the possibility of explaining the two high values found in the southern 
hemisphere by the input of stratospheric air into the troposphere, which usually takes place during summer 
time. A stratospheric 37 Ar activity of up to 0.05 dpm/l of Ar is expected according to Lal and Peters (1967). As 
the two samples collected within 14 days show high values, mixing or dilution must be considered. Estimates 
of the 37Ar activity, orginating from the stratosphere, in a well-mixed troposphere range from 0.003 to 0.006 
dpm/l of Ar, depending upon various assumptions. Partially completed mixing would raise these values. 
Therefore, considering the activity values of (0.0078 ± 0.0006 and 0.0084 ±0.0005 dpm/l of Ar measured by 
Currie, 1973), the possibility of stratospheric input cannot be ruled out. 
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Gas mixture 

Gas pressure 

Gas in active 
volume 

Shielding 

Background 
(full 37Ar 
peak region) 

Efficiency of 
37 Ar source in 
total volume 

TABLE 1. Characteristics of37Ar Counters. 

I-liter Plexiglas Counter 2.8-liter Stainless Steel 
with External Anticoinci- Counter with Internal 
dence Anticoincidence 

98% Ar, 2% CH4 

up to 5.2 atm 

5.3-1 Ar STP 

15 m rock, 10 cm Pb 

0.07 cpm 

65.6% 
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90% Ar, 10% CH4 

up to 8 atm 

10.H Ar STP 
(9-1 in anticoincidence 
volume) 

25 cm Pb 

0.25 cpm 

34.6% 



TABLE 2. Total Released 37Ar Activities from Underground 
Explosions in Novaja Semlia. 

Date of Explosion 

October 14, 1969 
October 14, 1970 
September 27, 1971 
August 28, 1972 

TNT Equivalent of Explosion 
(from Press Information) 

(MT) 

0.2 -1 
3-6 
2-4 

1 

Released 37 Ar 
Activity (MCi) 

0.7 
1.6 
1.6 
1.8 

TABLE 3. Measured and Estimated First Arrival Dates of Air Masses with 37Ar Activity. 

Place and Date of 
Underground 
Explosions 

a1 Ar Activities Measured 
in Samples from Bern 

Estimations Based on Weather Maps 

Novaja Semlia 
Oct. 14, 1970 

Novaja Semlia 
Sept. 27, 1971 

Amchitka 
Nov. 6, 1971 

Novaja Semlia 
Aug. 28, 1972 

Reduced 
activity 

(Figures 6-8) 
(dpm/l Ar) 

0.26 

0.46 

0.032 

0.67 

0.81 

2.40 

Assumptions on transporting winds: 

Date of separa
tion of first 
sample showing 
increased acti
vity. 

Oct. 27, 1970 

Nov. 2, 1970 

Oct. 12, 1971 

Oct. 19, 1971 

Nov. 16, 1971 

Sept. 12, 1971 

Arrival Date 

Oct. 24 

Oct. 29 -
Nov.1 

Oct. 13 -
Oct. 15 

Oct. 13 
Oct. 19 

Nov. 13 -
Nov. 15 

Sept. 11 -
Sept. 13 

Sept. 13 

(a) First 4 days by surface winds; afterwards by winds in a height of 500 mb. 
(b) First 8 days by surface winds; afterwards by winds in a height of 500 mb. 
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Trajectory Used Assumptions 

North Pole-Green- (a) 
land 

Japan- USA (a) 

Japan USA/ (a) 
North Pole 

Sibirie-Greenland (b) 
Japan USA 

USA (a) 

Sibirie-Greenland (a) 
(USA only in 
second passage) 

Sibirie · Canada (a) 
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Figures 1 through 4. 37Ar activities measured on argon samples collected at different locations from 

ground-level air for the period 1969 to 1973 are given as a function of collection dates. Large fluctuations are 
observed with peak values in autumns. Low-values around 2.5 x 10-a dpm 37 Ar/I of Ar are representative for 
cosmic ray produced activity found near ground-level after atmospheric mixing. High-activities of up to 1.8 
dpm/l of Ar are due to undergroundnuclearexplosions. The arrows Uength of arrows indicating the power of 
the bombs in a logarithmic scale) show the dates of nuclear explosions in the atmosphere (above the line) and 
underground(belowthe line). 
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Figure 9. All data given in Figures 6 through 8 are summarized, with different symbols denoting the range 
in latitude from which the samples are collected. The activity distribution, as a function of time following a 1.6 
MCi 37Ar input at 75°N, is shown as obtained by the box-model calculation for two latitudes and two sets of 
meridional diffusion coefficients (assumed to be constant between 20°N and 70°N). The meridional diffusion 
coefficients are decreasing from 1 x 1010 cm2s-1 at 20°N to 108 cm2s-1 at the equator. Vertical diffusion 
coefficients are between 1 and 5 x 105 cm2s-1 in the troposphere, decreasing to a value of 4 x 103 cm2s.1 towards 
the stratosphere. The best fits to the experimental data for the time of 2 months after an explosion are obtained 
with average meridional diffusion coefficients between 1 and 3 x 1010 cm2s-1 • 
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Abstract 

A project to determine the cosmic-ray production rate and the natural levels of 35-day half-life 37 Ar in .the 
atmosphere has been underway at the National Bureau of Standards for about the past year. The prime 
objective of this project is to determine the spatial dependence of 37 Ar production in the atmosphere, and the 
spatial distribution of the naturally-produced 37 Ar (observed concentrations). The results of this study are to 
be used, in cooperation with L. Machta (National Oceanographic and Atmospheric Ad~inistration), to derive 
information about atmospheric mixing. The purpose of this communication, however, is to present a general 
description of the various components of the measurement system. 

As the lowest concentrations of interest are but :10-3 dpm (3 7 Ar)ll-Ar, very high sensitivity measurement 
techniques are required. Among the techniques which we have adopted are: quantitative separation of the 
noble gases from about 1 m 3 of air, using a CaC2 reactor; gas chromatographic separation of the argon 
fraction; isotopic enrichment (by a factor of= 100) of purified argon; use of specially selected low-level gas 
proportional counters together with massive shielding and anticoincidence meson cancellation; and the 
application of pulse discrimination based upon both amplitude (energy) and pulse shape. Finally, on-line 
computer techniques are being applied for data acquisition and system control. 

INTRODUCTION AND SUMMARY 

1. Program Aims and Requirements. 

A detailed study of the natural occurrence and production of 37 Ar has been undertaken in our laboratory in 
order to provide experimental data from which atmospheric mixing parameters may be deduced. 37 Ar is a 
most suitable nuclide for the purpose, as it is produced - through the nuclear interactions of cosmic rays with 
atmospheric argon-with a pronounced vertical gradient; its mean life (50.6 days) is quite appropriate for the 
study of atmospheric transport phenomena; and its chemical nobility obviates model complications arising 
from processes such as rainout, fallout, chemical reaction, and exchange among reservoirs. A number of 
excellent discussions of37 Arin the atmosphere and its application to the study of air transport- particularly, 
vertical mixing of the troposphere - may be found in the recent literature (Loosli, et al., le73; Machta, 1973; 
Mach ta, et al., 1970: Oeschger, et al., 1970; Schell, 1970; and Wiest, 1973). 

The quantitative connection between cosmic ray production and atmospheric concentrations of 37 Ar and 
stratospheric and tr?p~spheric mixing process~s, has b~en clearly set forth in the steady-state model of 
Machta (1973). A pnncipal result of the model is that, given the absolute production profile of 37Ar in the 
atmosphere, one can derive important information about tropospheric mixing from the determination of the 
ground-lev61 concentration of the nuclide. The sensitivity and accuracy requirements for the determination of 
this ground-level 37 Ar are those to which our measurement facilities must be matched. The approximate 
magnitude of the nat~rally-produced, ground-level 37Ar concentration(:;: 0.0025 dpm/l-Ar) may be deduced 
from.the data ofLoosh, et al., \197?), based upon experiments which took place during the periods which were 
relatively free from contammatiqn, (Calculated concentrations may be derived from theoretical 37 Ar 
production rates given by Oeschger, et al., [1970), and by Lal and Peters, [1967).) Although the calculated 
values ~re .more or less consis~ent ~th the experiments, the theoretical production rates include quite large 
unce:tamties. The .accuracy with w~ich the gro~nd-le:vel 3'. Ar concentrations ought to be determined ( -10%, 
relative error) obtams fr.om Mach ta .s (1973) vertical diffusion model. This accuracy requirement follows from 
the fac~ that the relative uncertamty of the derived vertical, tropospheric diffusion coefficient will be 
approximately equal to that of the measured ground-level 37 Ar concentration. 
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The few experimental results which have been included (in order to illustrate our measurement process) 
touch upon the major facets of our study. The cosmic ray production rate of 37Ar in the atmosphere may be 
derived from either (1) measured cross sections of the contributing nuclear reactions, or (2) the observed rate of 
production in a captive or non-mixing sample. The 37 Ar sample whose spectrum is shown in Figure 3 
arose in our measurement of the 40 Ar (p, X)37 Ar cross section with 200 Me V protons; whereas the measurement 
of the stratospheric samples (Table 2) may permit us to determine the production rate (at a given point) 
directly. The other aspect of the study - sampling of tropospheric argon to determine the mixed 37 Ar 
concentrations - led to the sample from Brazil (Figure 8) which was involved in our examination of 
individual counting events. (Approximate values obtain~d for the cross section. and the stratospheric and 
surface 37 Ar concentrations were 13 mb, and 0.03 dpm/l -Ar and 0.01 dpm/l -Ar, respectively.) 

2. a1 Ar Measurement System. 

Although our principal concern is with the determination of the absolute cosmic-ray production rate of 37 Ar 
in the atmosphere, as well as the natural concentration variations with altitude, latitude, season and solar 
activity, the present discussion is limited to the measurement system which was devised to determine those 
natural concentrations. As noted above, our measurement system should be capable of determining 37 Ar at a 
level of'!, 0.0025 dpm/l Ar with a relative error of< 10%. A detailed analysis of the sensitivity requirements of 
the overall measurement process has been prepared by Rutherford, et al., (197 4), for a range of counting times 
and counter backgrounds. It is of interest now to carry out a similar analysis for the existing measurement 
system at NBS using the above 37 Ar radioactive concentration (0.0025 dpm/l-Ar), and assuming a counting 
period of one week. (More information concerning notation and the evaluation of detection and quantitation 
limits, is given in Currie [1972).) Using our most sensitive counter (background rate - 0.02 cpm), considering 
only Poisson counting errors, and assuming a delay between sample collection and counting of two weeks, we 
conclude that for quantitation the effective sample volume (Veff = [VI]Q) must be 16.0 liters. (V here refers to 
the final argon volume [STP]; I, to the .37 Ar· isotopic enrichment factor; and the subscript Q, to the fact that the 
measurement is quantitative-i. e., having a relative standard deviation of10%.) 

The foregoing result may now be examined in the light of the enrichment factors actually obtained for us 
during the last several months by the Mound Laboratory (Roos, 1973). Typically, IQ has been approximately 
100, and VQ is therefore -0.16 I. The final volumes available, however, have ranged as high as 0.751, and 
therefore the minimum required effective volume was well exceeded. Despite the consequent improvement in 
counting precision, the overall accuracy may not be better than 10%; the relative uncertainty in the 
enrichment factor, itself, may sometimes be as large as 10%. Assuming ,for example, that Veff =50 l, and 
combining relative errors from counting, and enrichment in quadrature, we calculate an overall uncertainty 
of "\..l l %. It may be noted, in passing, that the volume of the feed material for enrichment by thermal diffusion 
(pre-enrichment volume) has been typically \.200 liters. For high-level argon samples - those not requiring 
enrichment - the calculated quantitative determination limit ( lQ) is found to be 0.044 dpm/l-Ar for our 
particular measurement system. 

In the following text, we discuss the means for separating and purifying atmospheric argon, and the 
instrumentation and computational methods for determining its 37Ar content. The possibility of measuring 
the very low, natural concentrations of ground-level 37 Ar rests upon two factors: (1) the ability to separate from 
the atmosphere and isotopically enrich large volumes of argon; and (2) the availability of stable, low
background proportional counters. The counting requirement is being met through the use of specially 
constructed counters, low-level counting techniques - including pulse-shape analysis, and a stability control 
scheme involving the use of an on-line computer. A convenient chemical method, based upon reactions with 
CaC2, was employed forthe separation of argon from moderate quantities of air ( <:1000 l.). The method, to be 
described in the next section, is attractive in terms of cost, simplicity, speed, and non-fractionation of the 
noble gases. 

ARGON SEPARATION AND PURIFICATION 

The large volumes of argon (some 200 liters) required as feed material for isotopic enrichment are obtained 
from commercial air rectification plants. Sampling from the crude-argon drawoff from the still, or from 
intermediate holding tanks (with volumes small compared to the daily production) insures that the sample's 
date of separation from the tropospheric reservoir is well defined. Samples are air shipped directly to the 
Mound Laboratory for enrichment. 

The enrichment process is described in Rutherford, et al., (1974). A .series-parallel cascade of thermal 
diffusion columns is used, designed for rapid initial transport of the light fraction, and high enrichment 
factors with little holdup in· the product reservoir. Enrichment of 37 Ar specific activity by a factor of > 70 
requires one week, which is acceptably short compared with its half-life. 

In some cases, as with stratospheric samples, the separation of argon from air must be done in the 
laboratory. For this particular case, isotopic enrichment is not necessary, and the sample size required is 10 l 
of argon, or 1 m3 of air. We chose to employ chemical rather than physical means for the separation. Calcium 
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carbide at high temperature has been shown to be an effective reagent for separating noble gases from air on 
this scale of volume (Fischer and Ringe, 1908). The reactions are 

+ 

+ 2Ca0+4C 

Both reactions are exothermic. Atmospheric CO is reduced to C, so all major constituents of dry air form 
nonvolatile solids except for the noble gases. 2 . . 

A diagram of the apparatus is shown in Figure 1. The carbide reactor is constructed of 6-mch (diamete~) 
Inconel tubing welded to an 8-inch (diameter) stainless steel vacuum flange. Most o~ the rest of the s~stem is 
made of copper tubing with bellows-sealed brass valves. The circulating pump is a 113 hp refrigerator 
compressor. 

Air enters slowly from the sample cylinder through a flow meter and molecular sieve dryer, th~n. flows 
downward through a bed of finely-divided CaC2 at 800°C. Effluent gas pass~s through hot CuO !o oxidize H2 
and hydrocarbons. The resulting water is removed downstream with a dry ice trap, beyond wh1c~ the crude 
product passes to a 50-liter buffer volume. After all of the sample has passed once through the carbide reactor, 
the inlet valve is shut off and the gases are circulated through the system by a pump until there are no further 
changes in pressure. 

The processing of a sample of 320 liters of air proceeded as follows: 
A charge of 2.5 kg of carbide was degassed with continuous pumping, while heating the reactor to the 

operating temperature. Large quantities oflow molecular weight gas were evolved. After pumping overnight 
at 800°C the reactor was deemed sufficiently well degassed, and admission of the air sample was begun. 

Both major reactions are exothermic, and the rate of at least the nitrogenation reaction increases with 
temperature. Indeed, in the industrial production of cyanamide, heat is applied only to bring the carbide to 
ignition temperature (Kastens and McBurney, 1951). In order to minimize local overheating, the reaction is 
controlled by admitting the sample at a moderate rate. A reaction of 1 liter of air per minute liberates 350 
watts; thus, 300 liters of sample was bled into the system over a 4-hour period. Although industrial production 
of cyanamide employs a flux of CaF2 or CaC12 mixed with the carbide charge, the finely ground carbide 
employed here (about 13µ m surface-equivalent diameter), results in a reaction rate sufficiently high at 
800°C with no flux. 

The experiment reported here gave a production composition of84% Ar, 8.6% H2, 6.3% N2, and 0.9%02. Since 
the process operates within a closed system, the yield of all the noble gases is quantitative, as was confirmed 
in the present experiment by measurements of the volumes of product and reactant gases. Earlier, smaller
scale experiments gave purities as high as 99.5% Ar. 

The crude noble gas mixture from the carbide system is further purified by ccmtact with titanium cooling 
from 800°C to room temperature. (Momyer, 1960). Hot titanium forms oxide, nitride and carbide with most 
reactive gases, while the hydride forms quantitatively on cooling. (This step is also applied to enriched 
samples, some of which have contained tritium.) The purified mixture of noble gases is then separated by gas 
chromatography on an activated charcoal column at-30°C to -20°C, using He as the carrier gas. 

The pure argon sample from the titanium furnace or the gas chromatograph is collected on a cold trap or 
with an automaticToepler pump, methane is added to make a pressure of0.10 atmosphere in the counter, and 
the gases are transferred to the evacuated counter for measurement. 

MEASUREMENT 0Fa1 Ar 

1. Instrumentation and Detectors. 

Because of the decay mode of37 Ar (electron capture, releasing the 2.82 ke V K-electron-binding energy, and a 
35.1 day half-life), and because of its physical state (gaseous), a most effective and sensitive means of 
measurement is the use oflow-level gas proportional counters with anti-coincidence shielding, together with 
energy and pulse-shape discrimination. As specific activity (rather than total activity) is generally limiting, it 
is desirable to count as large an effective volume of argon as feasible in as small a counter as feasible. Effective 
volume ine;reases ma~ be br?ught.about by increas'ed sample pressure (Oeschger, et al., 1970; and Schell, 1970) 
and/or by means of isotopic ennchment (Rutherford, et al., 1974). Because of these alternatives we have 
available counters of various sizes as shown in Table 1. ' 

The two Delrin counters are of a design originated by H. H. Loosli, W. Wiest and H. Oeschger. The 1 cm 
thickness of the Delrin walls permits operation at a pressure of several atmospheres. Cathodes are of 
aluminized Mylar foil kindly provided by M.A. Geyh. Degassing of the plastics is not troublesome until a week 
or more after filling. Calibration is accomplished by external X-ray sources, in the larger counter through a 1 
mm thick window machined in the wall. The silica counter, based on designs by R. Davis, Jr., and F. H. 
Kummer at Brookhaven, consists of a cylinder of 0.025-cm Fe foil in a quartz envelope. This counter is 
operated at atmospheric pressure. Energy calibration is accomplished by exciting the Fe K-fluorescence X-ray 
with an external 241 Am source. Long-term stability is very good, and the counter may be thoroughly degassed 
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by baking in a vacuum. The Oeschger counter (Houtermans and Oeschger, 1955) constructed in Bern, is of 
stainless steel with an aluminized Mylar foil separating the central counting volume from the integral 
anticoincidence assembly. It is used for large volume unenriched samples. 

Four means of discrimination have been employed in order to select 37 Ar disintegrations from other types of 
events due to environmental )'-radiation, penetrating cosmic rays (µ-mesons), radioactive contamination in 
the counter or sample, and electrical noise. First, we applied the conventional low-level techniques involving 
anticoincidence counting and massive shielding.Next, proportional counter spectrometry was used to delimit 
those events whose energy deposition was consistent with the 2.8 kPV K-electron binding energy which is 
released following the (K-) electron capture of 37 Ar. Finally, the application of pulse shape discrimination, as 
described by Davis, et al., (1972) was utilized to distinguish localized events from extended ones within the 
counter. (See also Culhane and Fabian, 1972). 

The effectiveness of pulse shape discrimination in reducing background derives from the fact that, for a 
given total energy deposition (E) in the counting volume, the initial ion pairs are far more localized when the 
primary particles ({3 's photoelectrons, Auger electrons) have low energy than when they possess high 
energy (high energy {3's, muons, Compton electrons) and, therefore, lower ionization density. Secondary 
electrons from short track length (localized) events tend to approach the anode together and produce a single, 
very fast avalanche; electrons from extended events, however, drift from different regions of the counting 
volume, and, therefore, produce a series of avalanches, distributed in time. The system designed by V. Radeka 
(Brookhaven National Laboratory) discriminates against extended events by using fast electronics to derive 
a quantity ADP (Amplitude of the Differentiated Pulse) which is proportional to the charge reaching the 
anode within the first 10 ns. The ratio ADPIE therefore approaches a maximum, relatively independent of 
energy, for short-range events, because a larger fraction of the total energy is contained in the initial portion of 
the pulse. 

A schematic diagram of the measurement system is shown in Figure 2, where the dashed pulse shape 
indicates that an extended (y) event will generally produce a smaller ADP-pulse than a localized (X) event 
when their E pulses are equal. Certain types of electronic noise may be further distinguished either by 
unusually large ADP IE or by an early peaking of the E-pulse. 

We currently employ three different systems for the analysis of the ADP and E pulses. The first uses an 
analog divider, whose output is proportional to the ratio ADP IE, in conjunction with a modified single
channel analyzer to route E pulses into one of three quadrants of a 400-channel analyzer for ADP IE below, 
within, or above the selected window. The fourth quadrant stores the pulses coincident with the guard(µ 
mesons), as shown in Figure 3. (The spectrum appearing in Figure 3 was actually derived from 37 Ar produced 
by high-energy proton bombardment of gaseous argon. We are undertaking such bombardments in order to 
measure the nuclear cross sections for the reactions producing 37 Ar in the atmosphere.) 

The second mode of analysis utilizes a dual-parameter analyzer to accumulate ADP vs E in a two
dimensional array. Calibration is easier with this system; a further procedural advantage is that the (ADP ,E) 
window selected for integration of the 37 Ar signal may be chosen in light of calibration spectra both preceding 
and following a sample spectrum. Very much more analyzer or computer storage space is required, however. 
Figure 4a shows an Fe-fluorescence X-ray spectrum. As can be seen, the X-rays fall along a narrow band near 
the diagonal. Figure 4b shows a background spectrum. As can be seen, discrimination is considerable, 
amounting to a factor of 3 background reduction in this example. 

The most recent addition to our counting system makes it possible for us to operate four central counters 
(plus guard counters) simultaneously. In this sytem, signals (ADP,E) are digitized and transferred directly to 
a data acquisition computer. Accompanying information includes counter identification, pulse occurrence 
time, and coincidence data. Figure 5 is a photograph of this system; the row of indicator lights permits the 
qualitative monitoring of guard and sample counters, and the 4 "write" switches make it possible to test or 
adjust one or more of the counters while continuing to transmit data from the remaining ones. Besides 
provided the possibility of counting multiple samples - so important for very lengthy counting of low-level 
samples - this system gives us the possibility of searching for unanticipated coincidences and time 
correlations. Also, by means of an associated pulser, it permits the continual monitoring of electronic 
stability. Counter stability, on the other hand, is assessed periodically by examination of the ADP and E 
signals from an X-ray calibration source, such as 55Fe. 

Data acquisition and computations are performed with the aid of the Analytical Chemistry Division 
computer utility which comprises an EMR 6135 CPU with 2M words of disc storage, and a teleprocessor with a 
digital data bus (serving our laboratory and nine others). Data collected in the multi-channel analyzers are 
read manually or automatically into the computer; time of year and barometric pressure are recorded, and the 
spectrum files are stored on archive magnetic tape. 

2. Data Presentation and Interpretation. 

The partitioning of events in ADP-E space may be seen by referring to Figure 6. A relatively narrow band 
along the diagonal - set to "-45° by means of amplifier gain adjustments - contains localized events (X) such 
as those due to X-ray or Auger electron emission. Only very occasional pulses, due to electronic noise, are 
found with higher values of ADPIE. Extended tracks(/') lead to smaller values of ADPIE, and these fall 
primarily below the X-ray band. For the measurement of37 Ar we are particularly interested in the intersection 
of the X-ray band with the appropriate energy region - indicated by dotted lines - for the decay of 37 Ar ( "-2.8 
keV) by K-capture. 
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Counts (Y 1) accumulated within the intersection region as well as those outside (Yo), but of proper energy, 
are of interest in calculating the 37Ar activity. Also of interest are counts above the X-ray band, the t?tal 
anticoincidence counts and the total coincidence (muon) counts. A typical computer summary for the 1.4-liter 
counter background is given in Figure 7. The data were obtained with the analog divider - 400 channel 
analyzer combination operating in the recycle mode. In addition to the various counting data noted above, the 
summary includes time of year and barometric pressure information as well as the rejection ratio, which is a 
measure of background reduction due to pulse shape discrimination. For this particular example, it may be 
noted that E- and ADP- constraints reduce the background by almost a factor of 200 as compared to the gross 
anticoincidence background. For extended counting periods, which are required for the lowest level samples, 
replicate measurements plus a systematic control program may be applied for the periodic monitoring of the 
foregoing counting data and the rejection ratio as a function of time and barometric pressure. 

For the estimation of net (37 Ar) signals from the two dimensional data, we use three alternative methods of 
analysis. The first and simplest is based upon the observation of gross counts (Yr> and background counts 
(Y rn) in the ADP-E window as indicated in the following: 

37A . d T - Wlil OW 

YIB = BI/K + eIB 

SI = Yr-KYIB; o;I = (YI + 2y ) 1/ 2 
K IB 

(lb) 

Y, S, and B refer to gross, sample (37 Ar) and background counts; e, to a random (Poisson) error- and i< the ratio 
of sample/background counting times. The second method, which offers improved precisi~n u~e~ also the 
counts outside the X-ray band (Y0 ) as follows: ' 

Rejection Ratio 

(2a) 

Y = Sa + BB + e 0 0 0 0 (2b) 

The above equations a~e readily solved for S' and d~ but the vectors ~ and Q must be known. Note that s
1 ~nd B~ (Eq. la) are ~qmvalent ~Sa I and ~BJ (Eq. 2a), respectively. Solution of the simultaneous equations, 

mcludmg propagation of counting errors yield~, 

where, 

= 
81+80 
window); and 

S = (8
0
Y1 - 81Y

0
)/D 

a;= (8o2yr + 812Yo)1/2/D 

is just the rejection ratio (fraction of the background counts lying outside the 37Ar 

ar+a = al 
d fa the acc~ptance r~tio (fraction of the 37Ar events lying inside the window). (Note that Ia 

: t;I ~have t~een ~ormadhz(Yed to umty.) JI se of this second mode of cal~ulation is attractive but dangerous 
b 0k miorma ion ls use . O• .!6 and j.,)) and hence, the estimate (S) is more precise. Also a separa~ 
d af gr?udd. meas1~emen~ lS not mvolved, so measurement time is saved; and the background amplitude (B) is 
. e ~rmme m rea me-1. ~·· B refers to the same counting period and counting system as does S The dan er 

hesm thefactthatsystematicerrorsin the basis vectors (a,(3) can vitiate results without adeq · t ·g _ _ ua e warning, 
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as there are no spare degress of freedom. · Perhaps the most likely sort of model error is that due to 
contamination. For example, we recently discovered a small amount of tritium in one of our low-level counters. 
Under these ci~cumstances, the use of the vector Q as above is quite incorrect. In fact, tritium is one of the most 
severe contammants for 37 Ar counting, because pulse shape discrimination does not distinguish between the 
low energy tritium o- pulses and the X-ray pulses. (A few dpin of 3ff in our quartz counter required thorough 
decontamination of the iron cathode, before the counter could be re-used successfully for low-level 37 Ar 
measurements.) 

The most general method of analysis, which possesses the advantages of the preceding two, requires least· 
squares fitting of the entire ADP-E-time surface, using the observations, 

Y = Sa + BB + e (3) 
,.., ...... - -

That is, the two-valued (in/ out) vectors above are now generalized to cover the entire space of interest. Besides 
giving maximum precision, this approach provides protection against model errors because of many degrees 
of freedom which can be used for X2-testing, for example. The least-squares analysis is not without difficulties, 
particularly ifthe counting rates are very low, but further discussion of such problems will not be given here. 

The advantages and limitations of the " 37Ar-window" and "rejection ratio" methods may be illustrated by 
our first measurement of 37Ar from a stratospheric air sample. Measurements of this type of sample are 
particularly important with respect to our overall objectives, for they can provide basic information about the 
cosmic-ray production rate of 37 Ar. The sample in question was collected on 2 February 1973 at an altitude of 
15.5 km over the southwestern United States. Because of delays in transport plus many difficulties with 
counters and electronics, the sample became a very low-level sample by the time we were able to measure it. 

The counting data from the stratospheric sample are given in Table 2, together with deduced 37 Ar 
concentrations and their standard deviations. Look first at the relative precision and counting times required 
for the two approaches. The rejection-ratio approach yields an improvement in precision which is equivalent 
to an increase in counting time by a factor of (0.021/0.017)2 'ti 1.5; also, it requires no separate background 
measurement. If the change in precision is translated into a change in counting time and then combined with 
the time saved by the elimination of an independent background measurement, one finds that the time 
required for the rejection ratio approach is smaller by a factor of 3, for a given level of precision. As the first 
measurement alone took nearly a week (6.9 days), such a saVing is quite significant. Other important 
advantages includes the simultaneity of background and sample measurement, the absence of exact 
matching requirements for sample (composition, pressure) vs. blankcounterfillings, and a less stringent 
requirement on composition stability with time. The throughput of samples is, of course, also increased by the 
same factor as in equation (3). These advantages must, however, be weighed against limitations imposed by 
possible systematic error in the assumed value for the rejection ratio ( Bn ). Had the value of Bn (0.93) 
obtained with an external soco source heel\ applied, for example, rather Than that (0.86) obtaineCI from a 
background spectrum, the estimated signal (S) would have been seriously biased. (Note that the ratio [ dpm/ .l -
Ar]/ cpm 'l> 11.4 due to decay, counting volume and efficiency.) 

3. Analysis oflndividual Events. 

Complete information concerning a counting process can only be obtained by acquiring the data on a pulse
by-pulse basis. Besides information on mean rates and spectrum shapes, such an acquisition process affords a 
wealth of information on randomness, error distribution, correlation and coincidence, trends, periodicity, and 
stability in the counting process. (The importance of long-term stability can hardly be over-emphasized for 
low-level counting.) An i!lustration of the type of information available is given in Figure 8, where the 
computer output for our on-line system is given for approximately a three second counting interval. The record 
of individual events in this figure actually relates to one of our southern hemisphere argon samples (S2) which 
was collected at ground-level in Sao Paulo on 1 April 1973, and subsequently enriched by more than a factor of 
lOOattheMoundLaboratory. 

The time interval included in Figure 8 was selected because it was particularly rich in different types of 
events. The first four columns of the figure give the time of occurrence of each central counter pulse to the 
nearest millisecond; the fifth column gives the interval between pulse pairs to the nearest microsecond, and 
the seventh column indicates whether counter number-1 (0) or number-2 (1) was the second member of the pair. 
(The electronics are such that the microsecond clock can only be started by the occurrence of an event in 
counter number-1.) The next column (labeled ID) tells which of the central counters was discharged. Spectral 
information appears in columns nine and ten; ADP and E amplitudes are given with 8-bit resolution 
(equivalent to a256 x256 two-parameter analyzer). A one (1) appears in column eleven if a guard coincidence 
occurs, and in column twelve if a very fast rising pulse (noise or pulser) is detected. 

When one considers thatFigure 8 represents only about 3 seconds our of a normal counting period of 1 week 
('t,i 6 x ms seconds), it becomes clear that a vast amount of information may be accumulated, even for quite 
"low-level" counting. Full utilization of this information will come only after some experience with the 
system, but it is clear that it may permit still more effective discrimination against unwanted events, and it 
will certainly permit extremely sensitive means for testing assumed system performance plus the detection of 
unexpected occurrences. 
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By way of illustration, we shall conclude with a brief examination of some of the information contained in 
the record of pulse times for sample S2. . . . . 

In an ideal counting process, the distribution of counts is Poisson and the distnbu~10n ?f time mtervals 
(between counts) is exponential.Under these circumstances, it can be shown that the est~mation of mean ra~es 
may be carried out equally well using counts or time intervals (Cox and Lewis, 1966). U smg an _exte~de.d se:ies 
of observations from the counting of sample S2, we have made a test of the assumed exponential d1stnbution, 
as shown in Figure 9. In this figure the expected distribution, shown by the solid line, was dedu~ed from the 
mean rate of the anti-coincidence events in counter number-I ( "-3.6 cpm). A sample of 19 observations (only 10 
of which are shown) was then used to construct the probability plot (Filliben, 1973). The mean interval from 
this plot ( T = 17.2 ± 3.S s) is in agreement with the expected value ( 1' = 16.5 s), and the shape is reasonably 
consistent with that predicted. 

A rather more stringent test of the system may be made by examining the time intervals between 
coincidence and anticoincidence events. Knowing the mean rates for each, an expected interval distribution 
may again be given (solid line in Figure 10), and the observed intervals may be used to construct the 
corresponding probability plot. In this case the fit was completely unsatisfactory. In fact, the observed 
intervals did not even respect the axis boundaries, for negative time intervals were observed! The astute 
observer, of course, will already have discovered the existence of negative time intervals from Figure 8. This 
represents a case where the overall system (sample-counters-electronics-computer) was not behaving as 
assumed; in fact there existed a fault in the operation of the internal computer timer. It is worth emphasizing 
that this fault, for example, would not have been detected if counts rather than intervals had been recorded, 
nor was it detected when intervals between anticoincidence events only were examined. 

Correcting for the clock error we obtained the second set of points in Figure 10. Although the resulting plot 
was less discordant with the expected distribution, questions still remain. The estimated mean interval ( ~ = 
0.99±0.28 s) seems somewhat too large; the shapes are not altogether consistent; and one interval (Llt = 5.78 
sec) is much too large (prob. < .1%). Confirmation and understanding the possible discrepancy must await 
considerably more experimentation. It might be due to chance or to imperfect behavior in either the 
proportional counting system or the on-line computer. Non-receptive periods, which would tend to lengthen 
intervals between recorded events, are known to exist in both parts of the system. 

The views and conclusions contained in this manuscript are those of the authors and should not be interpreted 
as necessarily representing the official policies, either express or implied, of the Advanced Research Projects 
Agency, the Air Force Technical Applications Center, or the U. S. Government . . · 
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Table 1. Low-Level Proportional Counters. 

Construction 

Small Delrin 

Quartz, Fe Cathode 

Large Delrin 

Stainless Steel 
Oeschger-Type 

Sensitive Volume (I) 37Ar Background(cpm) 
(1 atm, 2 fwhm 6. E) 

0.10 

0.42 

1.38 

1.64 

0.02 

0.05 

0.05 

0.4 

Table 2. Stratospheric Sample. 
(15.5 km. 2 Feb. 1973) 

~t(min) Y1 Yo Y1B 

9,905 187 1012 

9,554 158 

37Ar-window (YI, Yrn): 0.027-! 0.021dpm/l-Ar 

Rejection Ratio (y I, yo): (0.027) +0.017 dpm/l-Ar(a) 

(a)Result for (3
0 

== 0.86. Radioactive .concenti:ation (0:0?7 d~1/l-Ar) was not independently estimated; 
however, because f3

0 
was not known with sufficient precis10n ( '{30 = 0.87 ±. 0.01). 
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Figure 1. Calcium Carbide System for Argon-Air Separations. (After drying, the whole air sample is pumped 
through CaC2 at800°C toreduceN2 [to CaCN2] and o

2 
[to CaO].) 
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Figure 4. Two-Dimensional Spectra. (Pulses are sorted according to shape [ADP] and energy. The upper 
spectrum, which is typical of X-rays, is due to 241Am-excited Fe - fluorescence radiation; the lower spectrum, 
which is due to backgroupd, shows a larger proportion of weakly-ionizing radiation.) 
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Figure 5. Multiple Counter, On-Line Data Acquisition System. (The EMR computer interface is shown 
together with pulse display lights for four guard counters [scale of 10] and four central counters [scale of2].) 
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Figure 7. Background Data Summary-1.4-Liter Counter. (Computer summary of analog divider spectra 
including rejection ratio, muon rate, barometric pressure, and time of year.) 
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Figure 8. Event Record. (Computer output, showing times of occurrence [to the nearest ms] plus amplitude, 
shape, and coincidence information for individual pulses over about a three-second interval [See text for 
detailed explanation]). 
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Figure 9. Interval Distribution, Anticoincidence Events. (The solid curve represents the expected 
exponential distribution [ T = 16.5 s ]; points refer to the observed distribution of 19 events.) 
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Abstract 

Cosmogrnic argon-.'17 distribution in the atmosphere is determined by its produ_ctio_n, ~ecay, and by 
atmosphl'ric transport. If the first two processes are known, one may use the observed dist:ibutwn of <:rgon_-37 
to determinl' global scale atmospheric transport. The atmospheric transport, as a first approximation, 
assumes that the flux of argon-37 lies in the direction of its gradient of concentration. The proportionality 
factor. cal/I'd the eddy diffusion coefficient, is related to atmospheric turbulence. Using estimates of cosmic 
ray product ion of argon-:/7 given by Rama in Lal and Peters and observations of minimum concentrations (to 
minimize the likelihood of man-made contamination) given by Oeschger and Loosli, it will be shown that the 
likely global vertical diffusion coefficient averages about 5 x 104 cm2 sec-1

• 

INTRODUCTION 

Global scale vertical dispersion modeling may be applied to many theoretical and practical problems. For 
example, our laboratory has already employed an early version of the two-dimensional model of atmospheric 
transport to predict the fate of long-lived radioisotopes such as krypton-85 over a period of many years for 
population-dose estimates. 

Unfortunately, there are very few st~bstances which can be used as tracers to follow global scale mixing 
(Machta, 1973). Our most frequently used tracer substances are particulate and, more often than not, the 
transport is assumed to be known, and the removal rates deduced from the observed distribution. To describe 
transport and dilution, we need tracers with exactly known sinks. Very few atmospheric tracers can be 
detected after global scale dilution. Argon-37 (37 Ar) is relatively unique in this regard. Atmospheric carbon 
dioxide can also be followed globally. From the latter, on the average, a coefficient of vertical eddy diffusion 
was found to be5x 104 cm2 sec-1 in the troposphere. 

It may come as a surprise to the non-meteorologist that there are no direct free-air measurements of the 
vertical components of the winds which can be used to directly infer the vertical mixing intensity. Virtually all 
wind measurements reflect the horizontal displacement of a buoyant rising balloon. Efforts to derive vertical 
wind components from changes in the ascent rate of balloons have rarely been successful. One can 
understand the difficulty in measuring the vertical wind components, when, in most of the atmosphere, the 
vertical wind is usually less than 0.1 mph- compared to horizontal winds between about 10and100 mph. 

But, there is an atmospheric parameter that either controls the vertical component of turbulent motions, or 
responds to it - the vertical temperature gradient. Most people are familiar with the so-called lid on vertical 
mixing - the temperature inversion which inhibits vertical mixing through it. Its low altitude and 
persistence is a problem for the people of Los Angeles. The relationship between vertical mixing and thermal 
structure is still, at best, a qualitative one. 

These introductory remarks are intended to convey the fact that the meteorologist does not, as yet, have a 
gooc:! handle on global scale vertical mixing. The opportunities and limitations presented by 37 Ar as a tracer 
for vertical mixing are described below as an effort to improve the situation. The terms "large scale" or "global 
scale" imply an averaging process (over many days to weeks) in order to include the motions of high- and low
pressure systems as turbulent components. In principle, this averaging time also demands a comparably long 
sampling time for tracers; but, in practice, this requirement is not always satisfied. 

GENERAL CONCEPT 

Argon-37 production by cosmic rays increases rapidly with altitude. Figure 1 illustrates the schematic 
sharp increase in °7 A; con~entration with a~titude, in the case of no vertical mixing, the thin solid, curved line, 
exactly balances rad10active decay product10n. Note that the ground-level concentration is smaller than those 
for the other curves on this figure. The vertical heavy line indicates that, with very fast vertical mixing in the 
troposphere, the concentration per unit mass of air is uniform with height. Assuming for the moment that 
there is no mixing across the tropopause, then, this value shows the same as the average concentration of the 
"~o vertical mixing curve" in th~ troposphere. As you can see, the "fast vertical mixing curve" shows the 
highest ground-level concentration. However, the third curve more nearly represents reality yielding a 
ground-level concentration intermediate between the other two. ' 
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Qualitatively, then, the observed ground-level concentration lying between the two extremes is related to 
the intensity of vertical mixing. Several guesses at the intensity of vertical mixing are used to predict ground
level concentration - the best fit to the limited observed data determining the preferred mixing intensity. 

PHYSICAL PROCESSES AND A METEOROLOGICAL MODEL 

There are three physical processes determining the atmospheric distribution of 37Ar: (1) production, 12) 
radioactive decay, and (3) atmospheric transport. In this presentation the first two are assumed to be known, 
allowing the transport to be inferred from the distribution, as discussed in the preceding section. 

Meteorologists normally separate transport processes into two categories: (1) organized air movements 
averaged over some space or time domain, and (2) turbulent movements fluctuating around the average 
airflow. The west-to-east and east-to-west organized air motions are much larger than the north-to-south and 
south-to-north organized air movements (by at least 10to100) averaged around the globe. 

The organized wind motions around circles of latitude, and the attendant wind shear and longitudinal 
mixing, results in approximate zonal homogeneity within a matter of weeks to months. This fairly rapid 
approach to zonal homogeneity represents the justification for a two-dimensional model in which no 
variation in 37 Ar concentration around circles oflatitude is admitted. 

An organized circulation also exists in the meridional plane (north-south and vertical), but it is omitted from 
the model below for several reasons. The first, and least justifiable, relates to our inability to correctly 
incorporate the advective process. Unless a very considerable increase in computer time and power is 
accepted, the inclusion of advection introduces artificial dispersion. (This can seriously confuse the mixing 
process in the model.) A second reason is the lack of definitive information on the details of the organized 
meridional circulation. The mixing process, which is used to transport 37 Ar vertically and meridionally, must 
effectively include the contribution of organized circulation as well as turbulent mixing. 

The turbulent transfer mechanism used is the classical flux-gradient relationship - where the flux of a 
conservative property takes place in the direction of the gradient of the property (from high towards low 
concentration) with the proportionality constant (called the eddy diffusion coefficient, or simply the diffusion 
coefficient). This flux-gradient statement defines most of the atmospheric physics included in the model. 
What remains are adjustments for the sphericity of the earth, the decreasing density with altitude, treatment 
of the boundaries, and the radioactive decay. The boundaries are considered to be perfectly non-absorbing; 
i.e., no transport takes place through the ground or through the top of the model atmosphere at 50 kilometers. 

Figure 2 illustrates the grid spacing; 2 km in the vertical, and 20° latitude in the north-south direction. The 
inset shows the location of the eddy diffusion coefficients along the walls of each box. The grid points extend 
throughout the atmosphere-even though some of the lines have been omitted in the figure. 

The "horizontal mixing" in the lower stratosphere occurs in a plane, inclined very slightly downwards, 
towards the poles as suggested by the behavior of nuclear bomb debris. · 

The rationale for selecting the diffusion coefficients in the model has been described by Mach ta, 1973. This 
rationale includes such considerations as the vertical stability of the air (noted earlier), and the fluctuations of 
the north-south wind components. Mainly, however, these coefficients derive from a trial and error fit in 
which the model tries to match real atmospheric tracers. Again, since some transport also takes place by 
organized motions, the above fitting-procedure yields effective eddy diffusion coefficients, which try to 
include all transfer processes - not only mixing processes. 

Both the horizontal and vertical eddy diffusion coefficient vary with time and space, Machta, 1973. The 
vertical eddy diffusion coefficients in the troposphere, which average about 5 x 104 cm2 sec-1, are larger in 
summer (up to 8 x 104 cm2 sec-1) than in winter, and smaller in the stratosphere (averaging 3 x 103 cm2 sec-1 ). 
They are also smaller near the ground than in the free air. The horizontal diffusion coefficients are generally 
on the order of 1010 cm2 sec-1. 

COSMIC RAY PRODUCTION 

The cosmic ray production of37 Ar was taken from Lal, et al., (1967), which was based on estimates by Rama. 
They attribute an uncertainty factor of 3 to the Rama values. Oeschger, et al., (1970) suggest production values 
about twice those of Rama. They also assign a large uncertainty, at least a factor of two, to their estimates. 
During high solar activity, Oeschger, et al., (1970) believe the tropospheric production to be about 20% below 
the average for the complete solar cycle. Lal, et al., (1962) indicate a 9% range over a typical solar cycle. 

The solid lines in Figure 3 (upper section) display the production of37Ar used in the present analysis in 
which geographical and geomagnetic latitude are assumed identical. One need only multiply a given value in 
the figure by the 37 Ar decay constant (1.375x10-5 min-1) to yield the production of 37 Ar in units of atoms (gm-1 

min-1). 
It is evident from the observed history of 37Ar concentration in air (Loosli, et al., 1973), that nuclear 

detonations also contribute to its concentration. The periods of such interferences are fairly evident from 
observed 37 Ar concentrations, or from other information. 
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GENERALRESULTSOFMODELCALCULATION 

The distribution of 37 Ar predicted by the transport model, appears as th~ lower s~ction of Figure 3, and is 
shown in the same units as the upper section of the figure. The most conspicuous differenc:e betw~en the two 
sections is the reduced gradients of concentration-: especially in the troposphere. C~reful iz:~pec;t10n of these 
findings also reveal that the ground-level values rise, from below 0.0~01 dp~ per hter of A~ m the upper 
section (no transport), to about 20-fold higher values, when transport is admitted. The dotted Imes show the 
difference between the two sets of data. 

Figure 4 shows the response of the ground-level concentration in the mid-latitudes (left. side of figure) to 
changes in the intensity of the vertical diffusion coefficients. This figure suggests ~hat there is a~out the same 
percentage response in the concentration as with the percentage change m troposphenc ~or w~ole 
atmosphere) change in the vertical diffusion coefficients. Thus, if the more correct troposphenc .vertical 
diffusion coefficient were say 4 x 104 cm2 sec-1, rather than 5 x 104 cm2 sec-1 (a 20% decrease), then this figure 
predicts a corresponding 20% decrease in the ground-level concentration. If all other factors were known 
exactly except the ground-levelconcentration, then one could specify the accuracy of establishing the ground
level co~centration for matching the uncertainty in the global scale vertical diffusion coefficient desired by 
meteorologists. The left hand figure also shows that changing the diffusion coefficient in the stratosphere 
does not, however, appreciably change the ground-level 37Ar concentration. Thus, the ground-level 
concentration responds almost entirely to tropospheric meteorology. It is likely that the real transfer process 
through the tropopause plays more of a role than suggested by this figure, and on rare occasions samples 
taken at ground-level contain substantial stratospheric air. 

The right hand side of this figure shows how the concentration at 20 km in the mid-latitude (although the 
result applies, more or less, to all latitudes) responds to changes in diffusion rates. The altitude of 20 km was 
selected because the production of 37 Ar per gram of air reaches a maximum at this height. The almost vertical 
line indicates that the 20 km concentration is very insensitive to the meteorological parameters. It can also be 
added that about the same concentration is found where there is no mixing of any kind - or if the slantwise 
mixing is replaced by purely horizontal diffusion. This insensitivity to the meteorology suggests that a 
measurement of about 20 km may be a good way of determining the stratospheric cosmic ray production of 
37Ar. 

Figure 5 indicates the seasonal variation of ground-level mid-latitude concentration. The horizontal bar 
values show that the diffusion coefficients in the mid-latitude troposphere are higher in summer than 'in 
winter seasons. This variation produces a parallel increase in 37 Ar concentration. (One of the aims of the 37 Ar 
program is the verification of seasonal variations in concentration.) 

STRATOSPHERIC RESULTS 
Table I compares the predictions of stratospheric concentrations of 37 Ar with the few available 

measurements taken over the southwestern U.S.A. First, the table illustrates that at about 20 km, the several 
predictions, as well as the "no transport equilibrium calculation,'' are all virtually the same; the discrepancy 
between the several predictions is greater at the lower levels. 

The observed value at 15.6 km is due to the analysis of Dr. L. Currie (1973), of the National Bureau of 
Standards, for a sample collected on February 2, 1973. The other two entries were provided by Dr. H. Loosli 
(1973), of the University of Bern, Switzerland, based on collections obtained on January 16, 1973. The large 
errors in our samples are, in part, due to decay during shipping delays. 

The observed values are consistently higher than those predicted: (For example: The 18.3 km value is about 
30% greater than that predicted by the model, and the observed values at lower altitudes are over 50% higher 
than the model prediction.) It should be noted, however, that the sizeable errors attached to the observed 
values allow agreement within two standard deviations - this discrepancy may be due solely to the 
uncertainty in the measurements. 

However, the consistency of the bias between the observed and the predicted values suggests that other 
explan8:tions be exami!1ed. Fou~ others c;ome to min~: (1) The samples may have been collected during periods 
when wmds brought air from higher latitudes causing the average concentrations to be higher than expected 
over the southwestern U.S. (See Figure 3). The examination of weather charts, however, indicates that this 
type of we~ther pattern wa~ ab~ent. (2) Bomb-produced 37 Ar contaminated the stratospheric samples. 
Atmospheric tests, last occumng m the summer of 1972, were of small yield in the southern hemisphere. It is 
unlikely that the 37 Ar from these tests could have significantly contributed to the sample concentration. In late 
August 1972, a large under~ound nuclear explosion was reported in the Arctic; the data presented by Loosli, et 
al., (1973), suggest that this may have been the source of the abrupt increase in 37Ar concentrations in the 
northern hemisphere immediately thereafter. Model calculations suggest, however, that the amountof37 Arin 
the lower stratosphere from this source is too small to significantly alter its cosmic ray concentrations. 

(1) The samples may have been collected during periods when winds brought air from higher latitudes 
causii;ig t~e average concentrations to be higher than expected over the southwestern U.S. (See Figure 3). The 
examination of weather charts, however, indicates that this type of weather pattern was absent. 

(2) Bomb-produced 37Ar contaminated the stratospheric samples. Atmospheric tests last occurring in the 
summer of 1~72! were of small.yield in the southern hemisphere. It is unlikely that the a1Ar from these tests 
could have sigmficantly contributed to the sample concentration. In late August 1972, a large underground 
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nuclear explosion was reported in the Arctic; the data presented by Loosli, et al., (1973) suggest that this may 
have been the source of the abrupt increase in 37 Ar concentrations in the northern hemisphere immediately 
thereafter. Model calculations suggest, however, that the amount of 37 Ar in the lower stratosphere from this 
source is too small to significantly alter its cosmic ray concentrations. 

(3) During January and February 1973, and for some months preceding, solar activity was relatively low. 
Thus, the correct 37 Ar production values used in the model calculations should have been higher (by perhaps a 
few to ten percent over the average production numbers provided by Rama). 

(4) The true 37Ar production due to cosmic rays may be too low - by an amount required to produce 
agreement - between observation and prediction in the lower stratosphere. 

Considering the large uncertainty in the cosmic ray production of 37 Ar, the last of the four possible 
explanations is most likely. 

GROUND-LEVEL VERIFICATION 

Figure 6 compares predictions of ground-level 37 Ar concentrations at about 50° N latitude, during the 
indicated months, with selected observations in Bern, Switzerland, taken from Loosli, et al., (1973). This 
figure shows a scatter among the observations - as well as uncertainties attached to the very low 
concentrations. (The observed values are presumed to be the result of cosmic ray production alone.) These 
observation periods were selected from the entire record at Bern, Switzerland, because they appear to 
represent minimum concentrations. Because there are still variations from one reading to the next, the 
assumption of no man-made contribution is uncertain. 

The predictions include, not only the model vertical diffusion parameters, but also doubled- and halved
vertical diffusion coefficients. The model predictions (the solid horizontal bars in Figure 6) appear to fit the 
general average in July and August, but fall below the average of observations in June and September (see the 
numbers above the data). It may well be that the meteorology in the latter two months is incorrect, but, at this 
stage in the program, other possibilities loom equally likely. Thus, the stratospheric samples suggest a higher 
production rate. If a higher production rate were used in the model, the predictions would be proportionally 
higher. Such a change would tend to improve the fit in the months of June and September, but not in July and 
August. Second, there exists a possibility that small amounts of man-made 37 Ar have contaminated some of 
the samples. Contamination of this sort could have produced the discrepancies noted in June and September 
which are shown in Figure 6. 

It seems fair to argue that, as of the present, the model vertical diffusion coefficients, or somewhat higher 
values, are most likely to be correct. 

CONCLUSIONS 

Cosmogenic 37 Ar appears to offer considerable promise as a tracer to establish the large scale intensity of 
vertical mixing. Two features currently limit its usefulness. First, the cosmic ray production of 37 Ar must be 
known far more reliably than is now the case. Second, many more measurements of 37 Ar need to be obtained. 
These samples must also be uncontaminated by man-made sources. 

The present state of knowledge, in which existing models oflarge scale atmospheric transport is applied to 
37Ar, suggests that the summertime vertical diffusion coefficient in the northern hemisphere troposphere of 
about 6-8 x 104 cm2 sec-1, or perhaps somewhat higher, fits the observed data. However, the very limited 
observations in the stratosphere also indicate that the cosmic ray production given by Rama in Lal, et al., 
(1967), may be low. 
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TABLE I. Comparison of Predicted and Observed 37 Ar Concentrations in the Lower Stratosphere. 

Altitude (km) Predictions (in dpm/liter 37 Ar) Observed 

Kz(model)x2 Kz(model) Kz (model) x 0.5 Equilibrium 
(January) (No Transport) 

14 0.013 0.014 0.016 0.027 
(15.2 km) 0.029 ± O.Ql 0 
(15.6 km) 0.030 ± 0.024 

16 0.017 0.019 0.020 0.029 
18 0.025 0.027 0.027 0.031 

20 0.032 0.033 
(18.3 km) 0.037 ±0.008 

0.034 0.033 
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PRODUCTION OF NOBLE GASES BY NUCLEAR FISSION 

R.B. Chitwood 
Directorate of Licensing 

U.S. Atomic Energy Commission 
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Abstract 

The noble gases, krypton and xenon, are produced in significant amounts in operating nuclear reactors. The 
quantity of noble gas, as well as radioisotopes, produced in the fission process are discussed in relationship to 
future power requirements. Currently, in light water reactors these gases are released to the earth's 
atmosphere when the spent fuel is processed to recover plutonium and unused uranium. The impact on the 
environment of this release from the total industry, along with the state of technology for recovery and 
retention of these gases, is discussed. 

INTRODUCTION 

The gaseous effluents from nuclear reactors and spent-fuel reprocessing plants contain significant 
quantities of both stable and radioactive noble gases. With the continued growth of the nuclear industry in 
this country and abroad, the magnitude of the effects of the release of these gases to the atmosphere, in 
comparison with the problems associated with their retention, recovery, and ultimate disposal, are being 
evaluated by the AEC in observance of the policy that radiation exposures should be maintained "as low as 
practicable." At least part of the reason for our being at this symposium is to examine in depth the possible 
problems associated with these effluents, and from the variety of papers presented, obtain a greater insight as 
to how these problems may best be resolved. 

In this paper, which introduces the session on noble gas production, I discuss the production of noble gases 
by the fission process; relate this production to projected nuclear power requirements and reactor 
characteristics; point out the potential releases from nuclear reactors and plants reprocessing spent fuels; 
comment on the impact to the environment as a consequence of noble gas release from the total industry; and, 
finally, report on the state of technology for the retention and recovery of these gases. 

NOBLE GAS PRODUCTION 

The principal noble gases produced by nuclear fission are krypton and xenon. The noble gas mixture 
contains several isotopes of each element. As with all noble gases, the isotopes of krypton and xenon are 
relatively difficult to confine because they are chemically inert and are relatively insoluble in water. 

Table 1 lists the cumulative fission yields for the principal isotopes of Kr and Xe from the fissioning of 2~5U 
and 239Pu by thermal and fission spectrum neutrons (Meek, et al., 1972). The fission yields for the Xe isotopes 
are nearly the same for these two fissionable materials; those for the Kr isotopes show rather large differences. 

In the current generation ofreactors, about 7.3 x 10-5 moles (1.64 cc at STP) ofradioactive krypton and xenon 
are produced by each megawatt-thermal-day of operation - mainly, 85Kr and 133Xe. In addition to these 
radioisotopes, the fission process yields four stable isotopes of Kr (i.e., 82, 83, 84, 86), of which 83, 84, and 86 are 
the most abundant, and seven stable isotopes of Xe (128-132, 134, 136), of which 131, 132, 134, and 136 are the 
most abundant. After short decay times, the stable isotopes are by far the major part of the total elemental 
composition - being about 94% for krypton, and greater than 99% for Xe. Negligible amounts of helium (i.e., 
less than 150 ml/MTU) are produced by the normal burn up in current LWR's and detectible, but insignificant, 
quantities of 41Ar are found in the off-gas. 

The radioisotopes produced in significant quantities, which are of any lasting effect, are 85Kr (with a half
lifeofl0.76 years) and iaaxe(with ahalf-lifeof5.27 days). Fora lOOOMW(e)LWR (approx. 300 MW), at a steady 
state after three years of operation with 1/3 of the core replaced per year, the accumulated inventory of 85Kr 
would be about 33 moles (28 set), which corresponds to an activity of 1.12 x 106 Ci; and about 6.8 moles (5.8 set) 
of 133Xe would also accumulate, which corresponds to an activity of 1.65 x 108 Ci. After 150 days of cooling, the 
85Kr activity would decrease by only 2%; while the Xe activity would decrease by 5 to 6 orders of magnitude. 
Total quantities of elemental Kr and Xe would be about 570 and 3200 moles, or 490 and 2730 scf, respectively 
(Jarry, et al., 1970). 

Probably an example more illustrative of noble gas production are the data presented in Table 2 showing 
the accumulated gas and activity production, at discharge, of typical reactor types. Data are presented for a 
typical LWR, and a LWR with self-sustaining Pu recycle, an HTGR, and an advanced LMFBR (Bell, 1973 and 
ORNL 4436, 1970). The elemental activities are also shown - after the anticipated minimum cooling times 
before reprocessing (i.e., 150, 365, and 90 days forthe LWR's, HTGR, and LMFBR, respectively) .. 

Figure 1 shows a typical decay curve after shutdown for xenon and krypton species produced m an LMFBR 
core(Clark, et al., 1970). The relatively rapid decay of the xenon species, the early leveling out and dominance 
of krypton (i.e., 85Kr), after about 90 days cooling, are readily apparent. 
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PROJECTED U.S. NUCLEAR POWER CAPACITY AND NOBLE GAS PRODUCTION 

Table 3 is a forecast of the U.S. nuclear electric power generating capacity through the year 2000 (Blomeke, 
et al., 1973). These data were developed at ORNL as a basis for estimating the quantities of waste. generated at 
spent fuel reprocessing plants. The total capacities predicted at the end of each calendar year are m agr.eem~nt 
with those predicted to be most likely in a recent report (WASH-1139, 1972) from the AEC Office of Pl8:nnmg 
and Analysis. The estimates of the contribution of various reactor types to the total generating capacity are 
more specific than in the latter report, but within the range considered in developing the material of the report. 

The accumulated noble gas quantities and their activities from the reprocessing of spent fuels are shown in 
Table 4. These data points were calculated using the ORIG EN code (Bell, 1973) and the projected capacities of 
Table 3. By far, the greatest amount of the radioactivity (5 orders of magnitude) is due to 85Kr. Note that the 
krypton activities are given in mega-curies while the xenon activities are in curies. The 85Kr is only about 5 to 
7% of the total volume of krypton generated; while the total xenon generated is 8 to 9 times greater in volume 
than the total krypton, but contributes only a very small fraction of the total activity. 

POTENTIAL RELEASES FROM NUCLEAR REACTORS 

A small fraction (usually very much ll:lss than 1 %) of the total noble gas fission products generated within a 
nuclear reactor is released at nuclear power plants as a result of fission of"tramp uranium" on the surfaces of 
fuel elements and minor leakage from fuel rods. The gaseous effluents contain, among other radionuclides, 
ssKr, 1a1mxe, 13amxe, and 133Xe. Since the gamma radiation energy from the short-lived xenon radioisotopes is 
a significant contributor to the potential whole-body exposure to persons living in the vicinity of a reactor site, 
a substantial reduction in potential off-site exposure can be obtained by the retention of the noble gases for a 
sufficient period to allow the short-lived xenon isotopes to decay to insignificant amounts. In pressurized 
water reactors it has been feasible to provide for the holdup of these gases for one to two months before 
discharge; after these times, only 85Kr and 133Xe contribute significantly to the radioactivity of the effluent. In 
boiling water reactors it has been economically difficult, until recently, to provide for gas holdup times greater 
than about 30 min. due to the leakage oflarge volumes of gas into the system through the steam condenser; thl.l 
gaseous effluent from a BWR, therefore, contains short-lived isotopes of xenon and krypton in addition to the 
85Kr and 133Xe. Now, a separation process for the removal of noble gases from the reactor effluent using 
charcoal beds to hold up the gas for decay may be applied to the main condenser off-gas after the normal 30-
minute holdup of this stream. 

The isotopic compositions of the krypton and xenon mixtures in gaseous effluents are dependent on the 
irradiation history of the reactor fuel and on the age of the fuel at the time ofrelease. The effect of decay time on 
the "equilibrium mixture" of noble gases (defined by Smith, 1960) as that present in the fuel aftl:lr irradiation 
for a month or longer with all isotopes except I.0. 76 yr half-life 85Kr in isotopic equilibrium) is shown in Table 5 
(Blom eke, et al., 1969). 

In the case of PWR's, while there is a small continuous leak of noble gases from the primary system to the 
steam generator, and thence to the atmosphere, the bulk of the noble gases leaked from the fuel rods is released 
when the primary coolant is let-down for chemical and volume control. These gases are then collected in decay 
tanks until they can be released at a controlled rate through HEPA filters to the atmosphere. A typical 1100 
MW(e) PWR, using an off-gas decay time of 45 days, has an annual release of 3900 Ci of noble gases -
including 970 Ci of 85Kr and 2700 Ci of 133Xe (WASH 1258, 1973). Annual exposures to individuals at the site 
boundary are estimated at less than 5 mrem (WASH 1258, 1973). 

Table 6 lists the predicted quantities of individual radioactive noble gas isotopes that might be released in 
the absence of a separation or delaying process at the site of a 1100 MW(e) BWR (WASH 1258, 1973). Table 7 
shows the predicted total annual amounts of Xe and Kr that would be encountered by a process for separating 
them from the main condenser exhaust stream of such a reactor (Trevorrow, 1973). The total amounts of Xe 
and Kr radioisotopes add up to about 9 x 10-3 moles each - rather small quantities in spite of the 
corresponding large numbers of curies of radioactivity. The concentrations of Xe and Kr in the air stream 
(assumed to be 20 scfm) are not significantly higher than the normal concentrations of Xe and Kr in air, 0.087 
and 1.14 ppm, respectively (Trevorrow). To meet the criteria of "as low as practicable" exposure and t.o give 
annual exposures to individuals at the site boundary ofless than 5 mrem, the gaseous effluent 'from a 1100 
MW(e) BWR may have to be put through a charcoal delay system (WASH 1258, 1973). 

POTENTIAL RELEASES AND EXPOSURES FROM FUEL REPROCESSING 

Currently, all of the noble gas fission products generated within nuclear power reactors are discharged 
ultimately to the atmosphere, following interim holdup for decay of short-lived radionuclides. The experience 
h'.ls been that greater than 99% o~ the gases ~re released ~hen the spent reactor fuel is chopped up and 
dissolved at a spent fuel reprocessing plant. Smee the fuel is stored at least 150 days before reprocessing 
however, the only noble gas radionuclide of significance in the effluent is as Kr. ' 

The ra~iation exposures resulting from the release of noble gas fission products from reactors and 
reprocessing plants to the atmosphere have been small as compared with current guidelines for population 
exposure(AEC, DRO, 1973; Rogers, et al., 1970; and ORNL 4451 1970). However in continuing observance of 
the policy that radiation exposures should be maintained "a~ low as practi~able " the AEC has funded 
development of systems for minimizing the release of noble gas nuclides to the atmosphere. 
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Although it may seem that the total curies of 85Kr released in the gaseous effluent from a fuel reprocessing 
plant is large, the kind ofradiation and its energy results in prospective whole-body exposures to persons from 
85Kr that is relatively low compared to the radiation from the short-lived xenon radioisotopes present when 
gases are released from a reactor with short cooling times. Like all the noble gases, ssKr is chemically inert 
under normal conditions, and relatively insoluble in normal fluids. Therefore, it does not deposit in the 
environment, but becomes dispersed in the atmosphere. Because it is predominantly a beta emitter ( f3 max. = 
0.67 MeV), exposure requires immersion in the passing plume; the resulting dose is primarily to exposed skin 
surface. The beta dose to the lens of the eye is filtered by the eye structure to insignificance. The internal 
exposure to surface lung tissue from 85Kr in the lungs is only about twice the whole-body gamma exposure 
from27r immersion. The gonadal dose, which is approximately 2.3% of the surface skin dose results from the 
0.41 % of the disintegrations that yield a 0.514 MeV gamma photon. The whole-body dose is ~bout 1.4% of the 
surface skin dose (Kirk, 1972). The average annual potential whole-body exposure from ssKr near the site 
boundary of either the MFRP or the BNFP is expected to be 1 % or less of the exposure an individual would 
receive from natural background radioactivity (AEC Docket 50-268 and 50-332a). 

Table 8 shows the exposures to the population in the northern hemisphere that would result from the 
quantitative release of 85Kr produced in nuclear reactors (Nichols, et al., 1971). The model from which the 
estimates were made assumes all nuclear power to be generated in the northern hemisphere, that the exposure 
within relatively short times after release can be described by the Gaussian plume dispersion model, and that 
later exposures would result from steady circulation of the volume of air in the northern hemisphere. 

To put the exposures shown in Table 8 in perspective, Table 9, which was taken from the November 1972 
BEIRreport, gives a summary of whole-body dose rate estimates for 1970 in the United States (NRC, 1972). It 
is seen that the average dose rate from all causes is about 182 mrem/yr; annual exposures in millions ofman
rems are about 37.4. 

RETENTION, RECOVERY ANDULTIMATEDISPOSALOFNOBLEGASES 

Several processes are available or under development for the retention or recovery of noble gases from off
gas streams of nuclear reactors of fuel reprocessing plants. These include adsorption on charcoal at ambient 
and cryogenic temperatures, cryogenic distillation, selective adsorption in fluorocarbons 
(chlorofluoromethanes), selective permeation through.membranes, and clathrate precipitation (Nichols, et 
al., 1971). Charcoal adsorption is effective for interim holdup of xenon and krypton. The two most promising 
processes for recovery are cryogenic distillation and selective adsorption in fluorocarbons. Processes that 
incorporate adsorption on low temperature charcoal and cryogenic distillation have been demonstrated at the 
Idaho Chemical Processing Plant (Bendixsen, et al., 1973). A process utilizing selective adsorption in 
fluorocarbons has been undergoing engineering development for several years at the Oak Ridge Gaseous 
Diffusion Plant (Stephenson, et al., 1972). 

Systems for the hold-up or retention of the noble gases from the reactor's gaseous effluent are not complex 
because the gaseous effluent is essentially free of chemical impurities. Economically competitive systems for 
holdup (activated charcoal beds), and for retention (fluorocarbon absorption or cryogenic systems) are 
currently available fortreating the gaseous effluents from nuclear reactors. 

The gaseous effluents from fuel reprocessing plants, however, contain chemical constituents such as H2 
H20, N20, NO, N02, HN03, CO, C02, 12. F2, particulates, and organics. These must be removed before the 
process off-gas can be safely processed in fluorocarbon or cryogenic systems to remove the noble gases. The 
recovery of noble gases from an air stream is within the capability of present technology, but the combined 
unit operations relevant to removal of chemical impurities, recovery of the noble gases, and the packaging 
and disposal of the recovered noble gases, are not yet adequately demonstrated for application in a fuel 
reprocessing plant. Early demonstration in a radioactive pilot plant is desirable. 

In general, the principal requirement for a commercial krypton removal system is reliability; i.e., a system 
relatively free of operating and maintenance problems, and concomitant personnel exposure. Otherwise, the 
desired benefits expected to result from high overall recovery efficiency will not be attained, and the 
prospective benefit could be offset by: (1) increased exposures to plant employees; and (2) higher exposures to 
certain population groups - resulting from puff releases which allow the escape to the environs of 
accumulated BS Kr inventories from the system. 

Cryogenic distillation provides an effective, continuous, small-size system for the separation of gases based 
upon their relative volatility. This type of process is used commercially for the isolation of the components of 
air, and is being used intermittently to remove radioactive xenon and krypton from a 20-scfm off-gas stream at 
the Idaho Chemical Processing Plant. This process is capable ofrecovering krypton and xenon in a relatively 
pure form suitable for bottling in gas cylinders. In the Idaho operation (during Fiscal 72), while overall 
recovery efficiencies were less than 50%, recovery efficiencies in the cryogenic portion of the operation 
approached 100% (Bendixsen, et al., 1973). It should be noted that the process was designed and operated as a 
production facility, and was not intended as a demonstration of efficient noble gas removal. 

Until recently, demonstrations of the fluorocarbon absorption system have been limited to the recovery of 
noble gases from a relatively pure air stream - such as the gaseous effluents from a reactor. Recent work, 
however, has been concerned with carrier gases other than air, the effects of noble gas concentrations, and the 
effects of various impurities such as carbon dioxide, iodine, methyl iodide, and the nitrogen oxides on the 
absorption process. The data show that the process can be operated efficiently at low- and high-
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concentrations of krypton; can remove xenon as effectively as krypton; and can separate t_he noble gases.from 
carrier gases such as nitrogen, argon, helium and hydrogen (Stephenson, et al., 1972)_. This process co~tm:ues 
to separate krypton efficiently when the feed becomes contaminated w~th nitrogen oxides a!ld ~arbon d10xide; 
and, in fact, has a high tolerance for these impurities. Furthermore, it appears t~at a~y 10dme and methyl 
iodide passing into the system are collected in the solvent. Systems for solvent purificat10n and recovery may 
have to be developed. Additional studies are also needed to investigate irradiation effects, and the long-term 
cumulative effects of impurities in the fluorocarbon system. 

Ultimately, the recovered noble gases will have to be disposed of. Initially, it is probable they will be 
collected in high pressure gas cylinders. This presents safety issues relating to how and whether these gas 
bottles can be stored at a plant site, and how to eventually dispose of them. First of all, crit~ria will have to be 
developed for assuring acceptable packaging and storage of the bottled 85Kr at a site. Secondly, the 
pressurized gas containers will have to meet the hypothetical accident standards of 10 CFR .P8:rt 71 for 
shipments of "large quantities" of radioactive gas off-site; specifically, with respect to release l~mits m th.e 
event of severe impact and fire. Thirdly, appropriate facilities for long-term storage of the gas cylinders until 
the 85Kr has decayed must be designed and built. Alternative methods that have been considered are to place 
the gas cylinders in deep sections of the ocean for long term decay, or injecting the gas into deep subsurface 
stratum where it would decay before it migrated to the surface. 

There remains the question as to whether the benefits derived from noble gas recovery and disposal on a 
large scale are worth the costs and risks. The additional exposure entailed by releasing the 85Kr to the 
atmosphere, even up to the year 2QOO, would be less than 0.1 % of the 125 mrem per year whole-body exposure 
from natural causes. In addition, the risks of possible exposure of some segments of the population to high 
levels of radiation from accidental releases of noble gases would appear to be significant. The risks of 
exposures from accidental releases are present, not only during the recovery operations themselves, but also 
during the one hundred or more years of storage required for the decay of the 85Kr activity to a negligible level. 
Moreover, to achieve a significant reduction in exposure from the 85Kr that may accumulate in the 
atmosphere, it will be necessary to have international agreement that 85Kr will not be released to the 
atmosphere. Otherwise, by the year 2000, about 6 x 109 Ci of 85Kr will have accumulated in the atmosphere, of 
which less than one-third will be from the United States. Given the present state-of-the-art, it would appear 
that we can defer the decision as to whether or not we should require the removal and recovery of 85Kr until a 
safe and reliable system is developed - and do so without undue risk to the environment. By designing fuel 
reprocessing plants so that krypton recovery systems could be added, industry is preserving the option to add 
such systems in the event that a satisfactory system is demonstrated, and the benefits to be gained warrant 
such an investment (AEC Docket 50-332b). 
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TABLE 1. Cumulative Fission Yields for Krypton and Xenon (Meek, et al., 1972). 

Fission Yield(% ofTotal Fissions) 

Isotope Half-Life Thermal Fission 
Neutrons Spectrum 

Neutrons 

236U 2aopu 235u 2aop0 

Krypton 
83m 1.86 hrs. 0.54 0.29 0.63 0.35 
83 Stable 0.54 0.29 0.63 0.35 
84 Stable 1.00 0.47 1.03 0.53 
85m 4.4 hrs. 1.33 0.60 1.43 0.64 

85 10.76yrs. 0.29 0.14 0.32 0.14 
86 Stable 1.94 0.74 1.86 0.84 

87 1.3 hrs. 2.37 0.95 2.56 1.11 

88 2.8hrs. 3.64 1.34 3.48 1.37 

89 3.2min. 4.64 1.44 4.57 1.65 

90 32 sec. 4.83 1.80 4.57 1.76 

Xenon 
lalm 12.0 days 0.017 0.023 0.019 0.025 

131 Stable 2.77 3.89 3.21 4.20 

132 Stable 4.13 5.16 4.51 5.37 

133.m 2.26days 0.19 0.19 0.19 0.19 

133 5.27 days 6.77 6.84 6.60 6.82 

134 Stable 7.19 7.22 6.98 7.26 

135m 15.7min. 1.05 1.06 1.01 1.90 

135 9.2hrs. 6.72 7.22 6.45 7.45 

136 Stable 6.12 6.55 5.84 6.83 

137 3.8min. 5.94 6.05 6.14 5.78 

138 14.2min. 6.24 5.14 6.23 3.71 

139 40 sec. 4.96 4.36 5.40 5.24 
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TABLE 2. Effect of Reactor Type on Noble Gas Production. 

KRYPTON XENON 

Reactor Elemental Elemental Activity Elemental Elemental Activity 
Accumulation At After Accumulation At After 
at Discharge Discharge Decay(e) at Discharge Discharge Decay(e) 

.scf/MT Ci/MT Ci/MT scf/MT Ci/MT Ci/MT 

LWR-(a) 3.72 4.49x106 1.11x104 35.8 1.01x107 4.04 
LWR W Pu Recycle (b) 3.36 4.35x 106 1.01x105 35.8 1.00x 107 4.01 
HTGR(c) 20.2 l.47x 107 5.97x 104 96.2 l.66x 107 1.95x10-5 

LMFBR(d) 7.51 7x 107 (f) 2.44x104 67.6 7x 107 (f) 6.49x109 

(a) Fuel (3.19% enriched U); 38 MW /MTU; 33,000 MWD/MTU; 3.79 x 1013n/Cm2 sec. 
(b) Self-sustaining Pu Recycle; 38 MW !MT (U+Pu); 33,000 MWD!MT (U+Pu); 3.29x1013n/Cm2 sec. 
(c) 64.57 MW /MT (Th+U); 94,271 MWD/MT (Th+U); 7.25x101an/Cm2 sec. 
(d) 148.15 MW /MT (U+Pu); 80,000 MWD/MT (U+Pu); 5.15 x 101sn/Cm2 sec. 
(e) Decay Periods: LWR's-150 days; HTGR-365 days; LMFBR-90 days. 
(f) Includes short-lived krypton and xenon isotopes (cf. Tables 5 and 6). 
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TABLE 3. Forecast ofU .S. Nuclear Electric Power Generating Capacity, 
GW(e) (Net) (Blomeke, et al., 1973). 

End of Average in Fiscal Year 
Year Calendar Year LWR HTGR LMFBR Total 

1970 5.0(a) 
71 8.l(a) 5.2(a) 5.2 
72 17 8.2(a) 9.2 
73 31 17.5 17.5 
74 45 31.2 31.2 
75 55 45.3 45.3 
76 63 55.1 55.l 
77 76 62.9 62.9 
78 94 76.0 76.0 
79 114 94.4 94.4 

1980 134 111.7 2.2 113.9 
81 159 129.l 5.3 134.4 
82 185 149.9 8.8 158.7 
83 213 168.1 16.6 184.7 
84 245 187.7 25.0 212.7 
85 281 209.8 34.9 244.7 
86 318 235.0 45.7 280.7 
87 362 260.9 56.8 317.7 
88 408 289.6 69.1 3.5 362.2 
89 453 318.3 81.4 8.5 408.2 

1990 504 344.9 92.8 15.5 453.2 
91 559 374.0 105.2 25.0 504.2 
92 617 404.1 118.l 37.0 559.2 
93 676 432.1 130.0 55.0 617.2 
94 740 456.3 140.9 79.0 676.2 
95 807 476.2 151.1 113.0 740.3 
96 879 490.7 160.7 156.0 807.4 
97 955 505.0 170.6 203.0 878.6 
98 1,033 519.7 181.1 254.0 954.8 
99 1,117 533.1 191.0 309.0 1,033.1 

2000 1,201 546.3 201.2 370.0 1,117.5 

(a) Operating data from Nucleonics Week. 

- 75 -



TABLE 4. Accumulated Noble Gases From Reprocessing(a). 

KRYPTON XENON 

Year Total Elemental Activity Total Elemental Activity (c) 
Accumulation (b)(c) Accumulation 131mXe 133Xe 

moles scf mCi moles scf 

1973 6.41x102 5.47 x 102 1.52 5.92x 103 5.05x103 

1975 3.98x 103 3.39x 103 9.30 3.68x 104 3.14x104 

1980 3.68x 104 3.14x104 80 3.43x105 2.93x105 

1985 1.20x105 1.02x105 241 1.16x106 9.89x105 

1990 2.83x 105 2.41x105 540 2.60x 106 2.22x 106 

1995 7.75xl05 4.90x 105 1,040 4.81x106 4.lOx 106 

2000 1.01x106 8.62 x 105 1,720 7.89x 106 6.73x 106 

(a) The values shown are for the total quantities of noble gas releases over 
the years to that date with the activities corrected for decay. 

(b) All krypton activity is due to 85Kr. 

mCi 

13.0 
73.9 

337 
734 

2,820 
14,600 
50,100 

(c) Assuming cooling period of150, 365 and 90 days for the LWR, HTGR and 
LMFBR fuels, respectively. 

TABLE 5. Effect of Decay Time on the Characteristics of 
Radioactive Noble Gas Mixtures from 2asu Fission. 

Ci 

0.01 
0.06 
0.3 
0.5 

96 
600 

2,780 

Percent of Total Activity After Indicated Decay Time 

Isotope Half-Life 2min. 30min. 2hrs. lday 3days 60days 

90Kr; J39Xe 32 sec.; 41 sec. 3.0 
B9Kr 3.2min. 8.2 0.1 
137Xe 3.8min. 11.3 0.1 
135mxe 15 min. 4.6 2.0 0.1 
13sxe 17min. 14.1 7.5 0.3 
s1Kr 1.3 hrs. 7.3 9.4 5.7 
s3mKr 1.86 hrs. 1.3 1.8 1.4 
ssKr 2.8hrs. 10.2 14.8 13.5 0.2 
ssmKr 4.4 hrs. 4.2 6.3 6.7 0.5 
i3sxe 9.2hrs. 17.2 27.2 32.2 14.7 0.5 
133mxe 2.3 days 0.5 0.8 1.0 1.7 1.5 
13axe 5.27 days 18.0 29.7 30.0 82.1 96.7 2.5 
1a1mxe 12.0days 0.1 0.2 0.2 0.5 0.8 1.0 
ssKr 10.7yrs. 0.1 0.1 0.1 0.3 0.5 96.5 
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TABLE 6. Calculated Annual Releases (a) of Noble Gas Isotopes 
from a 1100 MW(e) BWR (WASH 1258, 1973). 

Isotope Half-Life Decay Mode Ci/yr 

B9Kr 3.2min. rr 4.8x 103 

B7Kr 1.3 hrs. (3- 3.4x 105 
samKr 1.9 hrs. 'Y 7.5x 104 

BB Kr 2.8hrs. rr 4.3x 105 
s5mKr 4.4 hrs. 0.19'Y 1.4x105 

o.B11r 
B5Kr 10.76yrs. rr 7.7x 102 

i37Xe 3.8min. 13- l.7x 104 

I35mXe 1 15.6min. 'Y 2.1x105 
1asxe 17min. rr 7.4x105 
135Xe 9.2 hrs. ~- 7.3x 105 
I33mXe 2.3days 'Y 9.3x 103 
i33Xe 5.27 days ~- 2.6x105 
I31mxe ll.9days 'Y 6.7x 102 

TOTAL 2.9x 106 

(a) After a 30 min. holdup, experience with smaller BWR's indicate 
actual releases are much less (Trevorrow, 1973, and AEC, DRO, 1973). 

TABLE 7. Estimated Total Amounts of Xenon and Krypton 
Released Annually from 1100 MW(e) BWR. 

Xenon Krypton 
Sources 

moles scf moles scf 

Air leak(a) 1.2 1.0 15 12 
Fission Products: 

Radioactive(b) 0.009 0.007 0.009 0.007 

Stable 0.9 0.7 0.1 0.08 

(a) Based on 20 scfm air flow. 

(b) Based on annual emission of3x106 Ci of noble gas isotopes. 
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TABLE 8. Estimates of Population Doses in the Northern Hemisphere 
That Would Result From Quantitative Release of 

s5Kr Produced in Nuclear Reactors. 

1970 1975 1980 1985 1990 1995 2000 
---

Installed Nuclear Capacity: 
U.S.,GW(e) 6.1 63 149 281 481 788 1,294 

World, GW(e) 24 125 353 827 1,660 2,900 4,500 

Percent LMFBR's 7.7 31.5 58.7 

Thermal Efficiency 0.325 0.325 0.325 0.325 0.332 0.353 0.378 
Average Capacity Factor 0.714 0.754 0.761 0.754 0.742 0.716 0.700 
Ci of85Kr/MWD(Th) 0.342 0.342 0.342 0.342 0.340 0.332 0.323 

85Kr Produced Annually: 
U.S., megacuries 1.68 18.3 43.6 81.5 134 194 284 
World, megacuries 6.59 36.3 103 240 461 713 988 

Total ssKr Accumulated in 
Northern Hemisphere, MCi 55 116 339 901 2,070 3,870 6,280 

Relative Population 1.0 1.09 1.19 1.30 1.41 1.54 1.68 
Population Whole-Body Dose, 

millions of man-rem 0.003 0.007 0.022 0.062 0.15 0.31 0.53 

Average Whole-Body Dose Rate, 
mrem/yr 0.0008 0.002 0.005 0.013 0.031 0.056 0.09 

Average Skin Dose Rate, 0.055 0.13 0.37 0.96 2.2 4.0 6.4 
mrem/yr 
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TABLE 9. Summary of Estimates of Annual Whole-Body Dose Rates 
in the United States (1970). 

Average Dose Rate* Annual Man-Rems 
Sources (mrem/yr) (in millions) 

Environmental: 
Natural 102 20.91 
Global Fallout 4 0.82 
Nuclear Power 0.003 0.0007 

Subtotal 106 21.73 

Medical: 
Diagnostic 72** 14.8 
Radiopharmaceuticals 1 0.2 

Subtotal 73 15.0 

Occupational 0.8 0.16 

Miscellaneous 2 0.5 

TOTALS 182 37.4 

*Note: The numbers shown are average values only. For given segments of the population, 
dose rates considerably greater than these may be experienced. 

** Based on the abdominal dose. 

- 79 -



-!/) 
Q) 

... 
:I 
(J -> 
!:: 
> 
1-
(J 
<( 

KRYPTON 

\ 

DAYS AFTER SHUTDOWN 

Decay of Xe and Kr After Shutdown (LMFBR Core) 

Figure 1. 

- 80 -



EXPERIENCE WITH RADIOACTIVE NOBLE GASES FROM BOILING WATER REACTORS 

J.M. Smith 
Nuclear Energy Division 

General Electric Company 
San Jose, California 95114 

Abstract 

Experience with radioactive noble gases associated with the operation of boiling water reactors supplied by 
the Nuclear Energy Division of the General Electric Company spans a fifteen-year period. This experience has 
been characterized by minor leakage of fission product radioactive noble gases through fuel cladding defects 
as the source term to reactor water. In the open cycle boiling water reactor, the radioactive gases transfer 
quantitatively with the steam flow to the turbine and condenser. The principal removal point of the noble 
gases from the process is via the main condenser air ejector system for continuous removal of any non
condensable gases. Oth_er minor noble gas pathways from the process include the turbine gland seal system, 
the condenser mechanical vacuum pump, and any minor leakage of process fluids to ventilated building 
spaces. 

Experience indicates that the fission product radioactive noble gases mixture available in the steam can 
vary across the spectrum from the equilibrium to the recoil mixture, as a function of the physical 
characteristics of the fuel cladding defects. Thus the effectiveness of effluent treatment systems can vary due 
to fuel performance. 

On the ejector pathway, most operating boiling water reactors have been provided with a normal thirty
minute decay system prior to discharge to the atmosphere via a stack of a height appropriate with 
consideration of adjacent structures. The nominal decay provides an activity reduction of a factor of about 25 
on the usually observed gas mixture. Experience over the years at operating plants indicates that radioactive 
noble gas emissions cause an estimated annual dose to nearest neighbors of the order of 1 to 3% of the 
appropriate permissible dose of 500 mrem per year, and thus in the range of proposed "as low as practicable" 
dose objectives for radioactive noble gases. 

Augmented treatment systems have been developed in recent years to provide a high degree of assurance 
that doses due to radioactive noble gases emissions will be well below currently proposed "as low as 
practicable" dose objectives. Achievement of substantial additional decay time by dynamic adsorption in 
charcoal beds is considered the most applicable approach. Systems currently available are based on the 
design and operational experience of the adsorption system in service at the KRB Plant in Germany since 
1966. Charcoal systems may be operated at ambient or low (rv 0° F) temperatures with an activity reduction 
capability of a factor of 102 to 104 compared to a nominal 30-minute decay system. Thus, neighbor dose from 
the air ejector effluent becomes negligible. Many plants currently in design and operation will employ 
augmented systems of this type to minimize dose from radioactive noble gas emission. 

INTRODUCTION 

General Electric Company now has fifteen years of experience with the fission product noble radiogases 
associated with operation of the direct cycle boiling water power reactors supplied by its Nuclear Energy 
Division. With the use of the direct cycle, particular attention has been given to the study of noble radiogas 
behavior in the process system, and the evaluation of the significance of emissions of radioactive noble gases 
via the several effluent pathways. This review paper summarizes the work of many over this time span, with 
some indication of the contributors being shown by the authors listed in the references. 

Experiences at existing plants with conservative design objectives have indicated a high degree of 
compliance concerning releases of noble radiogases to the environment. In consequence, off-plant radiation 
doses have been very small compared to permissible dose or natural background. 

The GE objective is to minimize, to the extent practicable, the radioactivity content of effluents. Monitoring 
the environs of BWR facilities is performed as an audit on effluent controls and to provide data from which 
dose to the general public may be determined. Augmented systems have been developed, and improved 
operating methods have been established, to provide assurance for new larger plants that the dose to the 
public is insignificant compared to both natural background and permissible dose. 

THE DIRECT CYCLE BOILING WATER REACTOR SYSTEM 

In the single cycle (or direct cycle) BWR system, water is boiled within the reactor vessel to produce saturated 
steam that passes through internal steam separators and dryers before proceeding directly into the turbine. 
(The steam enters the high-pressure turbine casing at about 965 psia and 546°F.) Steam leaving the high
pressure casing passes through combined steam reheaters and moisture separator units before admission to 
the lower pressure casings. 

The main condenser provides deaeration and is followed by a demineralizer through which all the 
condensate passes prior to entering the feed heaters. 
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The demineralizer system removes the corrosion products produced by the_turbi~e. and c?ndenser. It also 
protects the reactor against condenser tube leaks and removes other sources of impurities which may enter the 
system in the make-up water. 

The power cycle uses a conventional regenerative feedwater system. The feedwa~er te~perature, and the 
number of feed heaters, are selected in accordance with the normal power plant considerat10ns of power cycle 
performance and economics. 

The required heat transfer is achieved, and the proper steam void content maintai?ed, thro.ugh the use of 
external recirculation loops - which have been reduced in number through the use ofmternal Jet pumps; The 
boiling water reactor system is more fully described in Richards (1967), and Koke, et al., (1972). See also Figure 
1 attached. 

BWR NOBLE RADIOGAS SOURCES AND PATHWAYS 

Water reactor experience has been characterized by minor leakage of fission product noble radiogases 
through fuel cladding defects as the source term for accumulation in the reactor water. In the direct cycle 
boiling water reactor, continuous removal occurs as the radiogases transfer quantitatively with the steam 
flow to the turbine and condenser. The principal removal point of the noble gases from the process is via the 
main condenser air ejector system for continuous removal of any noncondensible gases. Secondary noble gas 
pathways from the process include the turbine gland seal system, the condenser mechanical vacuum pump, 
and any minor leakage of process fluids to ventilated building spaces. 

Experience indicates that the noble radiogas mixture available in the steam can vary across the spectrum, 
from the equilibrium to the recoil mixture, as a function of the physical characteristics of the fuel cladding 
defects. Thus, the effectiveness of effluent treatment systems can vary due to fuel performance (Williamson, et 
al., 1971; Klepfer, et al., 1972; and Williamson, et al., 1972a,b). 

The noble gases initially follow the steam pathways, and then the non-condensible gas pathways after 
steam condensation. About 99.9% of the reactor steam follows pathways through the turbine and associated 
equipment to the main condenser. The steam jet air ejector system maintains condenser vacuum and 
continuously removes non-condensibles, which include hydrogen and oxygen from radiolytic decomposition 
ofreactor water, condenser system air in-leakage, water vapor, and most of the trace quantities of noble gases. 

About 0.1 % ofreactor steam, with associated noble gases, is removed through the turbine gland seal system 
to a separate condenser. The noncondensible off-gas from this system thus represents a minor, but chronic, 
emission of noble radiogases. Most BWR plants currently in design will use seal steam from a separate source 
to minimize radiogas emission. 

The presence of radioiodine precursors in process water volumes, such as in liquids being treated for 
recycling, and in the main condenser during plant shutdowns, generates minor amounts of radioxenons 
requiring consideration in emission to the atmosphere. 

NOBLE RADIOGAS SOURCE TERMS 

Definitions of radioactive material source terms are necessary for any power reactor system to provide a 
basis for design at points in the process, to establish a basis for effluent treatment system design, and for 
evaluatio~ of the radiol?gical .significance of effluents to the environment. For noble radiogases, our early 
work considered the various mixtures that could be present, and conservatively selected the slowest decaying 
"equilibrium mixture" as a design basis (Smith, 1960). After several years operation of the first generation 
BWRs, it was evident that the intermediate "diffusion mixture" was a better representation of actual 
experience (Smith, et al., 1969). The most recent review (Skarpelos, et al., 1973) indicated that the most 
appropriate mixture for design and evaluation differed only slightly from the long-used diffusion mixture. The 
currently established design basis mixture, as shown in Table 1, is representative of operating experience· 
h?wever, variations in the mixture composition would normally be expected during a typical plant operating 
history. 

The magnitude ?f ~he ~ob le radiogas design basis source term was selected by operating experience to be at 
the level of 100 milhcunes per second at the conventionally stated thirty-minute decay time. A design basis 
val~e is one whic~ is expected to be approached or exceeded infrequently in plant operation for any extended 
penod. The expenence record to date shows that the selected level is reasonably conservative. 

DESIGN OBJECTIVE FOR EFFLUENT TREATMENT 

I? rec~nt year~, it ~a~ been G_en~ral Electric's polic:y and recommendation to use effluent system design 
which will result m mimmal radiat10n dose to plant neighbors. The design objective is that the increment of 
dose due to the plant shall be very small compared to either nature of the permissible dose limits· and also 
small compared to the variations in natural radiation. Based on this, a design objective was selec~d that no 
off-site person should receive an additional whole body dose of more than about 5 mrem per year due to the 
pre~ence. of~ power p~ant. This is a design objective, and an operating expectancy, and has been our 
engmeenng mterpretat10n of the overall objective of minimizing radiation dose to the extent practicable as 
generally recommended by the expert advisory groups (Kent, et al., 1971). ' 
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For GE/BWRs currently in operation, the effluent system design objective was that radiation dose to any 
member of the public should be "well below" the internationally accepted radiation limit of 500 mrem per year 
to any individual. A specific numerical interpretation of "well below" was not a requirement in any case. The 
expectan~y was that actual performance would be on the order of 5 mrem per year, as averaged over the years 
of operation. 

OPERATING PLANTS EMISSION EXPERIENCE 

A number of published reports record the noble radiogas emission experience for all except the most recent 
years (Blomke, et al., 1968; Kahn, et al., 1970; Kent, et al., 1971; Smith, et al., 1973; and Pelletier, 1973). Table 2 
lists actual emissions reported by the plant operators for 1971 and 1972 for all plants except those that just 
started operation in 1972. 

On the principal radiogas removal pathway, the main condenser air ejector off-gas system, most of the 
operating plants have been provided with a nominal thirty-minute decay system, followed by a HEPA filter 
and elevated stack release to the atmosphere. The nominal decay period provides an activity reduction of a 
factor of about 25 on the design basis radiogas mixture as shown in Table 1. Depending on operating 
conditions, the actual decay time is usually in the range of 30 to 60 minutes. The 1971-72 record shows that the 
average annual emission for plants with the short-term decay system was about 20 millicuries per second, and 
that emissions from all plants were less than the design basis source term of 100 millicuries per second. The 
noble radiogas emissions from pathways other than the air ejector system are estimated to be about one to two 
percent of the total. 

Several of the plants listed provide augmented radiogas decay systems. The Gundremmingen plant has 
used an ambient temperature charcoal adsorption system since startup (Schrader, et al., 1971; Forster, 1971; 
Bridenbaugh, et al., 1972). The two plants in Japan initially used storage systems designed to provide about 
one day decay, and have since changed to ambient temperature charcoal systems. Experience indicates that 
such systems provide an activity reduction factor of up to about one hundred - compared to the nominal 
thirty-minute decay system; and thus is an appropriate retrofit for other operating plants to reduce the air 
ejector emission to the same level as emissions from the other minor pathways. 

RELATION OF EMISSION TO DOSE 

Estimation of dose from noble radiogases to receptors in the plant environs requires: (1) consideration of the 
radioisotopes released; (2) the physical properties of the emission plume; (3) the plant site geometry and 
meteorology; and ( 4) the location and habits of the receptor. Methods have been developed for dose estimation 
which show good correlation with actual experience (Stuart, et al., 1967). Proper estimation of effective stack 
height considers the temperature and flow conditions at the release point. The method includes evaluation of 
the vertical concentration profile downwind as influenced by atmospheric stability, wind velocity, and wind 
frequency in each direction, as related to the site size and shape. Dose to a receptor on the ground is estimated 
by integration of the dose from all levels of the plume under each condition, as dose to a receptor is not directly 
related to ground-level concentrations. 

Estimates are made of the annual average emission rate that would deliver a dose of 500 mrem per year to a 
receptor at the least favorable location at the site boundary; examples are shown in the "best estimate" column 
of Table 2. It is noted that the permissible emission rates which are included in plant operating licenses shown 
in the "Tech Spec" column of Table 2, are conservatively selected in many cases; and therefore, cannot 
be used directly for "fence-post" exposure estimates. Estimation of dose to any actual neighbor must consider 
actual location (usually further away and/or in a more favorable direction than the worst "fence-post"), 
occupancy time, and incidental shielding such as provided by structures. Estimates of the relation of worst 
"fence-post" exposure to actual neighbor dose for a number of sites show a factor of difference in the range of 
three to ten. The estimated neighbor doses shown in Table 2 use a factor of difference of five. 

Experience over the years shows that, for plants using the nominal thirty minute decay system, estimated 
neighbor doses are in the order of less than a few percent of the applicable permissible dose of 500 mrem per 
year; and much less than one mrem per year at plants using charcoal adsorption systems. 

AUGMENTED TREATMENT FOR NOBLE RADIOGASES 

Augmented treatment systems have been developed in recent years to provide a high degree of assurance 
that dose due to noble radiogas emissions will be well below currently proposed "as low as practicable" dose 
objectives. Achievement of substantial additional decay time by dynamic adsorption in charcoal beds is 
considered the most feasible approach. Systems currently available are based on the design and operational 
experience of the ambient temperature adsorption system in service at the Gundremmingen plant. Additional 
research and development work is needed on charcoal adsorption for the air ejector flow for increased 
retention of radio gases to permit natural radioactive decay prior to release (Smith, et al., 1972; Siegwarth, et 
al., 1972; Michels, et al., 1972; and Head, et al., 1973). . . . . 

The effective decay time for radiogases in a charcoal system is mfluence? pnnc1~ally_by system fl~w rate, 
stream moisture content, and charcoal bed temperature. Work has been m the d1rect10n of operatmg the 
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adsorber at low temperatures, thereby providing a significant increase in radiogas decay time compared to 
operating at ambient temperatures. . . . . 

In a low-temperature charcoal adsorption system a catalytic recombiner is used to recombme radiolytically 
dissociated hydrogen and oxygen from the air ejector system. After cooling to approximately 130°F (to strip 
the condensibles and reduce the volume), the remaining non-condensibles (principally kryp~ons, xenons, and 
air) are delayed in a short-term holdup system to permit decay of many of the shorter half-hved gases, and to 
permit formation of the more important radioactive daughters. The gas is cooled to 45°F and filtered through a 
high-efficiency filter. The gas is then passed through a desiccant dryer that reduces the dew point to -90°F, and 
then is chilled to 0°F, to selectively and dynamically adsorb and delay the xenons and kryptons from the bulk 
carrier gas (principally dry air). See Figure 2 attached. 

While the system is designed to produce a gas stream which is below the combustible limit range for 
hydrogen, gas stream containing-components are designed to be explosion resistant with a basic design 
pressure of 350 psig. System operating pressure is just above atmospheric, with an input pressure of about 2 
psig required for normal system operation. 

To provide a high degree of system reliability, and to minimize the effect on plant availability, many system 
components are provided with redundant equipment. Access for maintenance on the gas stream containing 
equipment is not a routine requirement. Certain auxiliaries, including the refrigerated glycol system for the 
chiller, and the closed cycle hot air regeneration system for the desiccant dryer, do require routine 
maintenance, and are to be located to permit easy accessability. 

Assuming the constancy of other parameters affecting holdup time in the charcoal beds, the radiogas delay 
time due to adsorption will vary inversely as a function of the gas stream flow rate. This flow rate is primarily 
due to air inleakage to the plant main condensers, and, for a design basis, is taken to be 30 scfm. Plant 
operation and maintenance which achieves a lesser air inleakage will improve the performance of the 
charcoal adsorption. Under design basis conditions of flow and temperature, retention times of about two days 
for kryptons and about six weeks for xenons, are achieved. 

Effluent from the charcoal system will vary as a function of the delay times, and also to some extent as a 
function of variation in the radio gas mixture entering the system. Using the system design basis source term 
of 100 millicuries per second, and the radiogas mixture shown in Table 1, the effluent under design basis flow 
conditions would be: 

Microcuries 
Radio gas Half-Life per second 

a5mKr 4.4 hours 4 
1aamxe 5.3 days 34 
1a1mxe 12.0 days 1 
asK 10.7 years 150 

Total 54 

The other gases listed in Table 1 will have decayed to less than one microcurie per second. 

Thus, ~he lo"'.-tem~rature adsorption system provides an activity reduction factor of about 2000 compared 
to a nommal t?irty-mmute holdup system, and a ta.ll stack is no longer essential for this effluent stream. Many 
plants that will use such a system can safely proVIde a release point at roof elevation, typically at a height of 
about 50 meters. 

The previou~ly establishe~ ~ose. estimation methods have been refined to consider the actual decay scheme 
of the few radiogases remammg m the effluent. At a typical site, the emission would result in an estimated 
exposure on the .order of 0.05 mrad per year t? a site boundary location, and, therefore, an order of 0.01 mrem 
per y~ar to a i;ie1ghl_:>or. The dose fi:om long·l.1ved kr;vpton-85 would be only a fraction of this; so there is no 
techmcal basis which would reqmre retent10n. It is noted that the AEC's Environmental Statement on 
proposed "as low as practicable" regulations, evaluates cases where no B5Kr retention is provided and 
concludes that such cases meet the proposed objectives. ' 

N?ble radiogas emissions for a mode!n boiling water reactor are effectively minimized by use of the 
ava1labl.e techn.ology of chi;trcoal adsorpt10_n for the condenser air ejector stream and the separate steam for 
the turbme egmpment sealmg system. Residual-leakage-pathway noble radiogas emissions are estimated to 
pr?du?e a neighbor dose of ~.l to 0.2 mrem per year - below any proposed "as low as practicable" dose 
ob1ective by an ample margm. 
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TABLE 1. GE-BWR Noble Radiogases Design Basis Source Terms. 

Radio gas Half-Life Zero Decay* 30-Minute Decay* 

gs Kr 0.5 sec. 2.1 
143Xe 1.0 sec. 12.0 
97Kr 1.0 sec. 0.14 
94Kr 1.0 sec. 23.0 
142xe 1.2 sec. 73.0 

93Kr 1.3 sec. 99.0 
141xe 1.7 sec. 240.0 
92Kr 1.8 sec. 330.0 
91Kr 8.6 sec. 330.0 
t44Xe 9.0 sec. 0.56 

14oxe 13.6 sec. 300.0 
9oKr 32.3 sec. 280.0 
t39Xe 40.0 sec. 280.0 
89Kr 3.2 min. 130.0 0.18 
131Xe 3.8 min. 150.0 0.67 

13sxe 14.2 min. 89.0 21.0 
13smxe 15.7 min. 26.0 6.9 
s1Kr 76.0 min. 20.0 15.0 
samKr 1.9 hrs. 3.4 2.9 
BB Kr 2.8 hrs. 20.0 1.8 

ssmKr 4.4 hrs. 6.1 5.6 
13sxe 9.2 hrs. 22.0 21.0 
133mxe 2.3 days 0.29 0.29 
133Xe 5.3 days 8.2 8.2 
t31mxe 12.0 days 0.015 0.015 

ssKr 10.7 yrs. 0.015 0.015 

Total 2,500 100 
*mCi/sec. 
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TABLE 2. GE-BWR Noble Radiogases Recent Emission Experience and Estimated Neighbor Dose. 

Estimated Neighbor 
Best (b) Tech (c) Actual Emission* Dose, mrem per yr (d) 

Plant (a) Estimate* Spec* 1971 1972 1971 1972 

Dresden 1 700 560 24 31 4 5 

Big Rock Point 2,600 1,000 9 8 1 1 
Humboldt Bay 125 50 16 14 13 11 
Garigliano 1,000 1,000 20 10 2 1 
Gundremmingen (e) 1,500 68 1 1 1 1 

Tarapur 1 & 2 580 580 67 38 12 7 

Oyster Creek 600 300 16 28 3 5 

Nine Mile Point 800 800 8 16 1 2 

Tsurga (f) 500 50 4 1 1 1 

Dresden 2 & 3 1,800 900 18 14 1 1 

Millstone Point 820 820 9 23 1 3 

Fukushima 1 (g) 500 50 2 4 1 1 

Nuclenor 600 600 30 63 5 11 

Monticello 480 270 3 24 1 5 

Notes: 

(a) Plants used a nominal 30-minute holdup system - except as noted. 

(b) GE calculation of annual average emission rate that would cause an exposure of 500 mrad per year at the 
site boundary. 

(c) Permissible annual average emission rate in the plant's operating license (as established by licensing 
authority). 

(d) Dose to a location is estimated by direct comparison of an actual emission with the "best estimate" 
permissible emission in (b ); then, the actual dose to any neighbor is estimated to be lower than the exposure at 
the boundary by a factor of about 5; this is due to the actual location of the neighbor, occupancy time, and 
incidental shielding by structures. 

(e) Gundremmingen has used an ambient temperature charcoal adsorption system since startup. 

(f) Tsuruga used one-day tank storage, until the installation of an ambient temperature charcoal adsorption 
system in June 1971. 

(g) Fukushima 1 used one-day tank storage, until the installation of an ambient temperature charcoal 
adsorption system in December 1972. 
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COMMERCIAL PRODUCTION OF KRYPTON AND XENON 

G.G.Handley 
Air Products and Chemicals, Inc. 
Allentown, Pennsylvania 18105 

Abstract 

This paper reviews a cryogenic process for the commercial production of hi!f h purity gaseo.us krypton and 
xenon by separation from atmospheric air. Process and equipment descriptions, operating procedures, 
analytical procedures, and safety considerations are discussed. Some current uses for these noble gases are 
also described. 

The production unit was designed and constructed by Air Products and Chemicals, Inc., and installed near 
Cleveland, Ohio, where it has been operational since 1965. 

The semi-continuous process involves three major steps. Step I is the continuous simultaneous upgrading of 
atmospheric krypton from 1.1 ppm to 3,500 ppm, and atmospheric xenon from 0.086 ppm to 350 ppm, as a 
byproduct stream from two large commercial cryogenic air separation plants. Step II is additional continuous 
simultaneous upgrading to 85% krypton and 8.5% xenon, followed by batch withdrawal and storage of these 
raw products. Step III is a batch process, using the same equipment as in Step II to produce commercially 
salable high purity product at >99.995% krypton and> 99.995% xenon. 

INTRODUCTION 

Air Products and Chemicals, Inc., produces commercial quantities of high purity gaseous lirypton and 
xenon from its facilities located in Cleveland, Ohio. The production unit was designed and constructed by the 
Company, and has been operational since 1965. The semi-continuous process involved has three major phases: 

(1) Phase I is the continuous simultaneous upgrading of atmospheric krypton from 1.1 ppm to 3,500 ppm, 
and atmospheric xenon from 0.086 ppm to 350 ppm, as by-products from two large commercial cryogenic air 
separation plants. The higher boiling points of krypton and xenon, as related to the other major constituents 
of atmospheric air, makes it possible to take advantage of their tendency to collect in oxygen, rather thaI\ in 
the nitrogen cuts. Refer to Table 1 . 

(2) Phase II is the additional continuous simultaneous upgrading to 85% krypton and 8.5% xenon, followed 
by batch withdrawal and storage. 

(3) Phase III is a batch distillation, using much of the same equipment as in Phase II, to produce a 
commercially saleable product - at greater than 99.995% krypton and greater than 99.995% xenon. Refer to 
Table 2 for a typical analysis. 

Design production rates are 7,500 scfper year for krypton and 550 scf per year for xenon. This represents an 
overall recovery of25% based on processed air. Actual production rates have exceeded these values. 

The following general information covers process conditions, equipment descriptions, analytical 
procedures, safety considerations, and end uses. 

PROCESS CONDITIONS 

1. Phase I (Figure 1 is a simplified flow diagram for the Phase I upgrading of krypton and xenon.) 

Two identical air separation plants, operating in parallel, perform the initial upgrading of atmospheric 
krypton and xenon as a by-product from the production oflarge volumes of oxygen. The air separation plant 
process is typical of several hundred units operating throughout the world. Each of our Cleveland plants is 
designed to process atmospheric air as a raw material, and produce 280 tons per day of oxygen, at 99.6% purity, 
as the primary product. Gaseous oxygen is pipelined to a large nearby steel mill for use in the basic oxygen 
steel making process. Other by-products recovered from the Cleveland plants include: liquid oxygen liquid 
nitrogen, crude liquid argon, and crude gaseous neon. ' 

Each air separation plant processes 1,500,000 scth of atmospheric air containing 1.1 ppm krypton and 0.086 
ppm xenon. The air is drawn through the inlet air filter (A) to remove solid debris, and compressed to 104 psia 
in the main air compressor (B). The discharge is cooled to 90°F, the condensate is removed, and the flow is split 
into two streams. One stream, containing 64% of the incoming air, flows directly to the regenerator (C) for 
carbon dioxide plus moisture removal, and simultaneous cooling to -274 °F by cold waste nitrogen. 

The second stream, ~ontaining 36~ of the i?coming air, is compressed to 1,850 psia in the booster air 
compressor (D). The high-pressure discharge is cooled to 40°F in the precooler (E). Condensed water and 
l~bricating oil a.re trapped and removed. Final traces of moisture and oil are removed in the drier (F). The dry, 
high-pressure air stream passes through the warm end tube bundle (G) of the main heat exchanger (H) and is 
cooled to -56°F. External cooling to -99°F is accomplished in the refrigerant evaporator (I), and the st:eam is 
returned to the intermediate tube bundle (J) of the main exchanger. High-pressure air leaves the intermediate 
bundle at-230°F. expands through valve (K) to 815 psia at-234 °F, and enters the carbon-dioxide adsorber (L). 
Air, free of water and carbon dioxide, returns to the cold end tube bundle (M) in the main exchanger, and is 
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cooled to -247°F. Cooling is accomplished in the main heat exchangers by the counter-current flow of cold 
waste nitrogen through the shell, plus cold product oxygen in a separate tube circuit. 

High-pressure air from the final pass of the main exchanger splits into two streams. Most of the air expands 
across the valve (N) to 103 psia at -277°F, forming 78% liquid. Additional cooling from waste nitrogen in the 
regenerator preheater (0) increases the liquid fraction to 83%. This air then joins the low-pressure air stream 
from the regenerator, along with the second high-pressure air stream as described below to provide feed for 
the high-pressure distillation column (P), at 102 psia, -277°F, and 28% liquid. ' 

The second high-pressure air stream expands across the valve (Q) to 103 psia, and enters the condenser 
section of the lower crude krypton column (R). The vapor fraction is condensed by reboiling the liquid in the 
column sump, and returning it to the high-pressure column as additional feed. 

High purity nitrogen vapor leaves the top of the high-pressure column, at 100 psia and -283°F, and splits 
into two streams. One stream liquefies in the condenser section of the upper crude krypton column (S), and 
reboils the liquid in the column sump. Condensed nitrogen is subcooled to -308°F by waste nitrogen, expands 
through a valve to 19 psia at -316°F, and provides partial reflux for the low-pressure distillation column (T). 
The second stream, containing most of the nitrogen vapor, condenses in the main reboiler-condenser (U), and 
reboils liquid oxygen from the low-pressure column sump. 

Condensed nitrogen at -283°F from the main reboiler-condenser splits into two streams. One stream 
provides reflux for the high-pressure column. The second stream is subcooled to -308°F by waste nitrogen, and 
expands through the valve (V) to -316°F and 19 psia to provide the remaining reflux for the low-pressure 
column. 

Crude liquid oxygen from the high-pressure column sump passes through the hydrocarbon adsorber (W) at 
-278°F and 102 psia. Most of the hydrocarbons, except for methane, are removed from the system at this point. 
The crude liquid oxygen, at 32% purity, along with the krypton-xenon fractions, then expands across the valve 
(X) to 19 psia, and provides feed for the low-pressure column. 

Liquid oxygen, at 99.6% purity, from tray number five in the low-pressure column, is pressurized to 615 psia 
in the pump (Y). This liquid passes through a tube circuit in the main exchanger, and is vaporized by counter
current incoming air. The resulting product, gaseous oxygen, is pipelined to a steel mill. 

Cold waste nitrogen, at-316°F and 19 psia, from the top of the low-pressure column, provides refrigeration to 
subcool the low-pressure column reflux, and then splits into two streams. One stream provides refrigeration 
and purge gas for the regenerator, and is vented to the atmosphere. The second stream passes through the 
shell side of the main exchanger to provide the primary source of refrigeration for incoming air, and is also 
vented to the atmosphere. 

Reboiled oxygen from the main reboiler-condenser, at 99.7% purity, with trace quantities of krypton and 
xenon, enters the phase separator (Z) at -288°F and 25 psia. The gas phase and excess liquid return to the low
pressure column. A small liquid flow provides reflux for the upper crude krypton column at -288°F and 28 psia. 
Oxygen vapor from the top of the upper column containing lower concentrations of krypton and xenon, 
returns to the low-pressure column. Liquid oxygen in the upper column sump contains higher concentrations 
of krypton and xenon, and is reboiled by condensing nitrogen vapor at ~283°F. 

A small stream ofliquid oxygen from the upper column sump provides reflux for the lower crude krypton 
column. Oxygen vapor from the top of the lower column contains lower concentrations of krypton and xenon, 
and returns to the upper column as feed. Liquid oxygen in the lower column sump nominally contains 3,500 
ppm krypton, 350 ppm xenon, and 2,500 ppm methane, and is reboiled by condensing air at-277°F. 

Liquid oxygen from the lower column is vaporized, and warmed to 70°F in a steam heater (AA), and piped to 
Phase II processing at5 scfm, along with a similar stream from the second air separation plant. 

2. Phase II. (Figure 2 is a simplified flow diagram for the Phase II upgrading of krypton and xenon.) 

A combined gaseous oxygen flow of 10 scfm from two air separation plants, containing 3,500 ppm krypton, 
350 ppm xenon, and 2,500 ppm methane at 70°F and 16 psia, is compressed to 85 psia in the oxygen feed 
compressor (BB). The stream is preheated to 400°F in the recuperative exchanger (CC). Hydrocarbons are 
burned to water and carbon dioxide at 900-1100°F in an electrically heated catalytic methane burner (DD). 
The hot stream is cooled to 200°F in the recuperative exchanger, cooled to 90°F in the water cooler (EE), and 
further cooled to 40°F in the refrigerator (FF) to permit trapping and removal of water. Carbon dioxide and 
remaining traces of moisture are removed in the adsorber (GG ). 

The process stream is further cooled to below -200°F by returning oxygen in the exchanger (HH), and 
provides feed for the krypton distillation column (II). The column is held at 65 psia. Reflux refrigeration is 
provided by liquid nitrogen coils in the column overhead. Krypton and xenon concentrate in .the. sump at 
-250°F. Reboiling is maintained by electric heaters mounted on the column sump. Waste oxygen is discharged 
from the top of the column at-255°F. This provides refrigeration for the incoming process stream, and then 
vents to the atmosphere.. . . . 

At monthly intervals, crude products of 85% krypton and 8.5% xenon, tog~th~r with trace qua??-tities of 
carbon dioxide and methane, are removed from the column sump, heated to 70 F ~n the crude vaponzer (JJ), 
compressed to 150° psia in the product compressor (KK), and stored in the crude cylmders (LL). 
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3. Phase III. (Figure 3 is a simplified flow diagram for the Phase III purification of krypton and xenon.) 

At 3-4 month intervals, Phase II upgrading is discontinued, and much of the same equipment is used during 
a batch distillation to produce pure products. This operation takes about one week. 

Crude cylinders (LL), containing 2500 scf of krypton and 250 scf of xenon are charged to the system. at 45 
psia via the recuperative exchanger, and are heated to 400°F. The crude is then heated to 90~-1I00°F l~ the 
catalytic methane burner (DD) to remove trace quantities of hydrocarbons. T~e hot stream is ~uccess1vely 
cooled to 40°F in the recuperative exchanger (DD), water cooler (EE), .and refi:gerat?r (FF), as ~n Phase II. 
Traces of carbon dioxide are removed in the caustic trap (MM), and residual m01sture IS removed m the crude 
adsorber (NN). 

The crude stream is then cooled to -50°F by cold nitrogen in the exchanger (HH), and provides feed for the 
krypton distillation column (II). Liquid nitrogen refrigerant is supplied to coils in the column ov~rhead and 
sump to liquefy the crude at -250°F and maintain 45 psia column pressure. \\'.'hen all of the cr';lde is charged, 
liquid nitrogen refrigerant flowing to the column sump is discontinued. Electric heaters are activated to cause 
a total reflux condition at65 psia. 

Gaseous oxygen is slowly vented from the overhead, while the column is maintained at a high . JX rate. 
When the column stabilizes at -220°F, and krypton appears in the overhead, a pre-cut flow is dire1 d to the 
compressor (GG ), and stored in pre-cut cylinders for future processing. . . 

When the overhead oxygen concentration drops to 500 ppm, the product krypton flow is directed through the 
deoxo (00) to remove traces of oxygen. The krypton stream then flows through the final caustic trap (PP), and 
the final adsorber (QQ), to remove traces of carbon dioxide and moisture respectively. The resultant product 
krypton is pressurized to 1,500 psia in the compressor (KK), and stored in previously evacuated pure cylinders 
(RR). When traces of xenon appear in the product krypton, the compressor discharge is directed to 
intermediate-cut cylinders for future processing. When the overhead krypton concentration drops to 25 ppm, 
the product xenon flow is directed to previously evacuated pure cylinders, and is compressed to 540 psia. 

Product krypton and xenon cylinders are then shipped to our Specialty Gases Department located at 
Hometown, Pa., for final analytical certification and repackaging as pure or blended gas to meet customer 
requirements. 

DESCRIPTION OF MAJOR EQUIPMENT 

Each piece of equipment is only described once, and is not repeated in subsequent phase listings. 

1. Phase I. (Refer to Figure 1.) 

Inlet Air Filter (A). The inlet air filter contains a moving 8' by 8' fiber glass blanket backed up by 40 
staticmary fiber glass sacks. The unit is designed to remove at least 95% of atmospheric dust. 

Main Air Compressor (B). The main air compressor is a four stage centrifugal machine, operating at 
6,055 rpm, with water cooled intercoolers after each compression stage. It is driven by a 6,000 hp synchronous 
motor .. 

Regenerator (C). The regenerator system includes four vertical cylindrical aluminum vessels. Each vessel 
is 40' high x 8' in diameter, and contains 60 tons of quartz pebbles, which have a high heat capacity. Counter
current warm air, and cold nitrogen, alternately flow through each vessel on a ten minute cycle. 

Booster Air Compressor (D). The booster air compressor is a three stage, four cylinder, reciprocating 
machine, operating at 277 rpm, with water-cooled intercoolers after each compression stage. It is driven by a 
3,000 hp synchronous motor. 

Precooler (E). The precooler system includes a 100 hp refrigerant cycle to cool an intermediate ethylene 
glycol-water solution to 30°F. The solution cools the process air stream in a shell and tube heat exchanger. 

Drier (F). The drier system includes two vertical cylindrical carbon steel vessels. The vessels are 11' high x 
2' in diameter, and contain 1,400 lbs. of activated alumina desiccant. Each vessel is on stream for 12 hours, 
followed by a 12-hour reactivation period using hot nitrogen. 

Main Heat Exchanger (ff). The main heat exchanger system includes three vertical cylindrical 
stainless steel vessels operating in parallel. Each vessel is 22' high x 2' 4" in diameter, and contains spiral 
wound copper tube bundles for air and oxygen circuits. 

Refrigerant Evaporator (I). The refrigerant evaporator is a 12' long x 6' in diameter silica bronze vessel 
containing Freon 22 refrigerant. Process air is cooled in 1" copper tubes passing through the evaporator. The 
system uses a compound refrigeration cycle consisting of a single stage low side centrifugal compressor (75 
hp), a four stage intermediate centrifugal compressor (200 hp), and two single stage high side reciprocating 
compressors (100 hp each) in parallel. 

Carbon Dioxide Adsorber (L). The carbon dioxide adsorber system includes two vertical cylindrical 
stainless steel vessels. The vessels are 14' high x 4' in diameter and contain 5,400 lbs. of silica gel adsorbant. 
Each vessel is on stream for 24 hours, followed by a 24-hour reactivation period using hot nitrogen. 

High-Pressure Distillation Column (P). The high-pressure distillation column is a 22' high x 6' 4" in 
diameter aluminum vessel that contains 30 sieve trays. 

Lower Crude Krypton Column (R). The lower crude krypton column is a copper vessel consisting of a 
distillation section mounted above a reboiler-condenser. The distillation section is 3' high x 10" in diameter, 
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and contains 10 sieve trays. The reboiler-condenser section is 8' high x 2' in diameter. A spare column is also 
installed. 

Upper Crude Krypton Column (S). The upper crude krypton column is a copper vessel consisting of a 
distillation section mounted above a reboiler-condenser. The distillation section is 4' high x 1 ',9" in diameter, 
and contains 10 bubble cap trays. The re boiler-condenser section is 11' high x 3' in diameter. 

Low-Pressure Distillation Column (T). The low-pressure distillation column is a 60' high x 8', 8" in 
diameter aluminum vessel, and contains 90 sieve trays. 

Main Reboiler-Condenser (U). The main reboiler-condenser consists of three aluminum vessels 
operating in parallel. Each vessel is 17' high x 3', 8" in diameter, and contains 3,414 aluminum tubes. 

Hydrocarbon Adsorber (W). The hydrocarbon adsorber system includes two vertical cylindrical 
stainless steel vessels. The vessels are 13' high x 2', 6" in diameter, and contain 1,520 lbs. of silica gel 
adsorbant. Each vessel is on stream for 72 hours, followed by a 72-hour reactivation period using hot nitrogen. 

Liquid Oxygen Pump (Y). The liquid oxygen pump is a vertical unit with 14 stages of compression, and is 
driven by a 40 hp motor. A spare pump is also installed. 

2. Phase II. (Refer to Figure 2.) 

Oxygen Feed Compressor (BB). The oxygen feed compressor is a 25 hp centrifugal machine containing a 
rotating band of water that acts as the compressant. 

Catalytic Methane Burner (DD). The catalytic methane burner is a stainless steel cylinder containing 50 
lbs. of platinum-based catalyst. Reaction temperatures are maintained by external electric heaters. 

Refrigerator (FF). The refrigerator is a 14 hp Freon unit. 
Adsorber (GG). The adsorber system includes two vertical cylindrical carbon steel vessels. The vessels 

contain 150 lbs. of molecular sieve. Each vessel is on stream for 12 hours, followed by a 12-hour reactivation 
period using hot nitrogen. 

Exchanger (HH). The exchanger is a 10' high x 4" in diameter vertical stainless steel vessel containing 
copper tube bundles. 

Krypton Distillation Column (II). The krypton distillation column is a 10' high x 3" in diameter 
stainless steel vessel containing stainless steel packing. The reboiler is a 40-gallon cylindrical tank with 
external electric heaters and an internal liquid nitrogen coil. The overhead condenser also contains a liquid 
nitrogen coil. 

Product Compressor (KK). The product compressor is a two-stage reciprocating machine with metal 
diaphrams. Itis driven by a 2 hp motor. 

3. Phase III. (Refer to Figure 3.) 

Caustic Traps (MM & PP). The caustic traps are 3' long x 3" in diameter copper tubes filled with a 
pelletized form of caustic soda on asbestos. The charge is replaced as needed. 

Crude Adsorber and Final Adsorber (NN & QQ). The crude and final adsorbers are 3' long x 4" in 
diameter copper tubes containing molecular sieve. 

ANALYTICAL PROCEDURES AND SAFETY CONSIDERATIONS 

Process streams are monitored at critical points to ensure product purity and maintain safe operating 
conditions. 

1. Hydrocarbon Concentrations. 

Hydrocarbon concentrations are limited to avoid explosive mixtures with oxygen. Total hydrocarbon 
concentrations, consisting primarily of methane, are maint::i-i~e<;I below 500 ppm throughout the process. The 
only exception to this rule is a 5,000 ppm total hydrocarbon hm1t m the st~eam from the lower krypton column 
(R) to the catalytic methane burner (BB). In all cases, methane con~entrations are hel<;I well bel.ow the 5% lower 
explosive limit of methane in oxygen. Total hydrocarbons are monitored at the followmg locat10ns: 

(l)Airfrom theregenerator(C). 
(2)Airfrom thedrier(F). 
(3) Oxygen from the pump (Y). 
( 4) Oxygen to the lower crude krypton column (R). 
(5) Oxygen from the lower crude krypton column (R). 
(6) Oxygen to the oxygen feed compressor (BB). 
(7) Oxygen from the catalytic methane burner (DD). 
(8) Crude from the sump of the krypton distillation column (II). 
(9) Gas from the crude cylinders (LL). 
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2. Acetylene Concentrations. 

Acetylene concentrations are of particular concern because it has a relatively low solubility of 5 ppm in 
liquid oxygen. If the solubility limit is exceeded, solid acetylene deposits create localized concentrations ~hich 
are explosive hazards. Accordingly, acetylene concentrations are maintained below 2 ppm, and are monitored 
at the following locations: 

(1) Liquid oxygen from the sump of the low-pressure distillation column (T). 
(2) Liquid oxygen from the sump of the lower crude krypton column (R). 

3. Other Analytical Procedures. 

Continuous analyzers are used to monitor various process streams for carbon dioxide, moisture, nitrogen, 
oxygen, and argon. 

The following instruments are used to analyze for impurities in the products, krypton and xenon: 
(1) Gas chromatograph. Analyze for helium, hydrogen, nitrogen, oxygen/argon, traces of xenon in 

krypton, and traces of krypton in xenon. 
(2) Infra-red spectrophotometer. Analyze for carbon dioxide, carbon monoxide, methane, and nitrous 

oxide. 
(3) Trace oxygen analyzer. 
( 4) Moisture analyzer. 
(5) Total hydrocarbon analyzer. 

END USES 

In recent years, significant quantities of krypton have been used to fill incandescent light bulbs in the 
United States. Typically, a krypton-nitrogen mix is used to replace the conventional argon-nitrogen mix. The 
high molecular weight of krypton reportedly inhibits vaporization of the tungsten filament and increases 
bulb life. The lower thermal conductivity of krypton also permits smaller bulb configurations without 
excessive heat loss. 

Research projects using krypton and xenon have been under way at numerous industrial, education, and 
government laboratories. The following additional uses for krypton and xenon are among those reported as 
actual or proposed: 

(1) Krypton in fluorescent lamps. 
(2)Xenon in lamps requiring extreme brightness and/or pulsating features such as search lights, 

navigation lights, movie projection lights, and laser stimulators. 
(3) Xenon in electronic tubes. 
( 4) Xenon in radiation detectors - including bubble chambers. 
(5) Krypton and xenon to increase the rate ofradiation-induced polymerizations. 
(6) Xenon as a general inhalation anesthetic for humans. 
(7) Krypton and xenon to reduce radiation damage to human tissue. 
(8) Xenon-difluoride to fluorinate aromatic rings. 
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Table 1. Selected Air Data. 

Normal Typical 
Boiling Concentration 
Point Molecular inDryAir 

Constituent (OF) Weight (Volume Basis) 

Helium - 452 4 5.24 ppm 

Hydrogen - 423 2 Less than 1 ppm 

Neon - 411 20 18.21ppm 

Nitrogen - 320 28 78.08% 

Argon - 303 40 0.93% 

Oxygen - 287 32 20.95% 

Methane - 259 16 Varies 

Krypton - 244 84 1.139ppm 

Ozone - 169 48 Varies 

Xenon - 163 131 0.086ppm 

Nitrous Oxide - 127 44 Varies 

Acetylene . 119 26 Varies 

Carbon Dioxide - 109* 44 0.03 % (Approx.) 

Sulfur Dioxide + 14 64 Varies 

Other Hydrocarbons Varies 

Water +212 18 Varies 

*Sublimation Point 
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Table 2. Typical Analysis for Research Grade Krypton and Xenon. 

Krypton Xenon 

Purity > 99.995% > 99.995% 

Impurities (ppm) 

Carbon Dioxide < 0.5 < 5.0 

Carbon Monoxide < 1.0 < 1.0 

Helium and Hydrogen < 5.0 < 5.0 

Methane < 5.0 < 5.0 

Nitrogen 5-15 < 10.0 

Nitrous Oxide < 0.1 < 0.1 

Oxygen < 2.0 < 5.0 

Total Hydrocarbons < 5.0 .::. 5.0 

Xenon < 25.0 

Kzypton < 25.0ppm 

Water < 1.0 < 1.0 

- 96 -



' 
~ 
...:i 

' 

AIR 1,500,000 SCFH 
1.1 PPM Kr 

\7( 0.086 PPM Xe 

~I 
Lr--1 

! 

CZ~) 
I 

t 

i EJ 
~}-J 

~WASTE N2 
TO ATM. 

I 
' I 

"' 

Figure 1. Simplified Flow Diagram 
Phase I Krypton-Xenon Upgrading 

(F) 

(I) 

(L) 

WASTE N2 
TO ATM. 

,j\ 

(G) l 
( 1-1 J 

-316°F 

PRODUCT 
GASEOUS OXYGEN 

WASTE N2 
TO PROCESS REFRIGERATION 

(Q) 

Q) ~· (R) L _______ J 

5 SCFM FROM 2na 
AIR PLANT 

(V) 

(Z) 

10 SCFM 
1---_..,. (AA) ·..,_,.......~_. ___. .. 

5SCFM 
'---~ 

3500 PPM KRYPTON 
350 PPM XENON 

2500 PPM METHANE 

(S) 

TO L. P. COL 
REFLUX 



10 SCFM 

I 
3500 PPM KRYPTON 

350 PPM XENON 
~) 2500 PPM METHANE 

1~-a ((BB) I l\ - (EE) 

' 'l 
~...,/ 

Figure 2. Simplified Flow Diagram 
Phase II Krypton-Xenon Upgrading 

(FF) 

., ,, 

' 
HlR. 

(I I) 

LIQUID 
NITROGEN 

( KK) 1-----!n.. 

(JJ) 

(LL) 



I 

i 
I 

A A ~1 
I I (Lt) I I l, 
L_J lJ ~: I 

85% KRYPTON ~ 
8.5% XENON ~_J 

~ r -~\ . y 

n 
tJ 

Figure 3. Simplified Flow Diagram 

(EE) ·II"---~ (F°F) I 
~J, 

e 
~-

(NN) 

* . (HH) . 

COLD 
NITROGEN 

Phase III Krypton-Xenon Purification 
(*Indicates same equipment as used in Phase II) 

WASTE 
OXYGEN 

.... 
(II) 

HTR. 

LIQUID 
NITROGEN 

LIQUID 
NITROGEN 

(00) 

(PP) 

(OQ) 

* (KK) 

(RR) 

99.995% KRYPTON 
99.995% XENON 
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Abstract 

The discharge rates, isotopic composition, and major in-plant pathways for radioactive krypton and xen_o~ 
in effluent gases at commercially operated nuclear power stations in the United States are reported. Specific 
information was obtained in the course of radiological surveillance studies at two BWR and two PWR 
stations, and periodic average discharge rates are reported by station operators. Tech'1:iques for 
radiochemically analyzing these radioactive gases are described: in-plant samples at relatively high 
concentrations are analyzed directly by gamma-ray spectrometry; low-level samples, especially those 
collected in the environment, are first concentrated, and may also be treated to separate krypton and xenon 
from each other and from other gases. Also discussed is the measurement of radionuclide concentrations in air 
by radiation dosimetry. 

INTRODUCTION 

Radioactive noble gases are major waste products of nuclear reactor operations. Krypton and xenon are 
generated along with many other radionuclides by nuclear fission. Although practically all fission products 
remain in place within the fuel, a small fraction leaks through minute cladding imperfections into the reactor 
coolant. Radioactive gases from the coolant, at present, are held for partial radioactive decay, and then are 
discharged to the atmosphere. Being relatively non-reactive, they remain in the air, and may be measured 
with very sensitive instruments for some distance downwind of the release point, until atmospheric 
dispersion processes dilute them to a level difficult to detect. In many cases, detection limits are set by natural 
background radiation. Local populations are exposed to the radiations emitted by the plume, although such 
exposures have been small fractions of the annual allowable limits permitted by governmental regulations 
(Rogers, et al., 1971). Based on this experience, and the concept of lowest practicable population exposure, 
guidelines are being considered to restrict radioactive reactor effluents to levels that would keep exposure to 
persons living near stations to five percent or less of average natural background radiation (AEC NR4-30, 
1973). 

The use of large reactors and multiple reactor sites for commercial electrical power generation has increased 
significantly during the past decade. To meet needs for more detailed information on reactor-discharged 
radioactivity and possible environmental effects, studies were begun in 1967 by the U. S. Public Health 
Service, and are now being continued by the U.S. Environmental Protection Agency. Many of the discharges 
and environmental measurements at that time were being reported by plants only on a gross activity basis. 
The studies identify internal plant pathways leading to the discharge of specified radionuclides, determine 
the degree of dispersion afforded by local meteorology, test the applicability of mathematical models and 
sampling and analytical techniques, and measure the radiation dose in the environment. 

Studies were conducted initially at the Dresden 1 boiling water reactor (BWR) (Kahn, et al., 1970) and 
Yankee pressurized water reactor (PWR) (Kahn, et al., 1971), and later at the larger Haddam Neck 
(Connecticut Yankee) PWR (Kahn, et al., UP-a) and Oyster Creek BWR plants (Kahn, et al., UP-b). Dresden 1 
and Yankee operate at approximately 200 megawatts-electrical (MW[e]) output; the latter two, at 
approximately 600 MW[e]. All studies were performed in cooperation with the state health or environmental 
protection departments, the U.S. Atomic Energy Commission (USAEC), and the station operator. At Oyster 
Creek, the USAEC also undertook many in-plant measurements. 

GASEOUS WASTE HANDLING SYSTEMS 

Of the more than 30 krypton and xenon radionuclides produced by fission, most change rapidly within 
reactor fuel to stt>h~e or radioactive nuclides of other elements. The noble gases of potential significance as 
gaseous wastes are those with longer half-lives, as listed in Table 1 with their fission yield, generation rate, 
and radioactive progeny. The generation rate, a convenient indication of relative importance was estimated 
from fission yield and half-life values for a unit MW[e] (- 3 megawatt-thermal) power operation. All except 
85Krpossess half-lives ofless than 5.3 days. Although generated in minor amounts, 85Kr is of interest because 
its discharge adds to the world-wide inventory of gaseous radionuclides. Fission-produced noble gases are 
accompanied by such other radioactive noble gases as 37 Ar, 39 Ar, and 41Ar produced by neutron activation of 
air in reactors. Other radioactive gases include 3H, 13N, 14C, and radioiodine. The relative abundance of all 
gaseous radionuclides in reactor effluents depends on reactor type and power level, fuel cladding waste 
treatment system, and plant operating practices. ' 

Gaseous waste pathways and treatment are different at BWR and PWR plants due to their distinct coolant 
systems. In the direct-cycle BWR, air that continuously leaks into reactor coolant water mu~t be removed to 
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maintain operation. The purged air contains the radioactive gases swept from the reactor with the steam. A 
PWR reactor primary system is sealed, resulting is gas,volumes small enough to be accumulated, stored, and 
released in batches. The resultant shorter holdup times at BWR's produce higher effluent radioactivity levels 
than PWR's, as shown in Table 2, due to a preponderance of short-lived radionuclides. Average BWR release 
rates during 1972 were on the order of 104 µCi/sec, based on discharge reports from six stations operating 
longer than one year. Average releases from seven PWR's operating before 1972 were lower, and more varied, 
ranging from 6x10-1 to6x102 µCi/sec (AEC, UP). 

The Oyster Creek gaseous waste disposal system shown in Figure 1 illustrates typical pathways in BWR's 
built by the General Electric Co. The gases entrained in the reactor-produced steam are removed after passage 
through the turbines by air ejectors at the steam condensers. The off-gas is passed through a holdup system 
that normally requires approximately 72 minutes for passage at Oyster Creek (23 minutes at Dresden 1). This 
achieves reduction of radioactivity through decay of short-lived radionuclides. A particular benefit is the 
decay of 9°Kr before the effluent gas is filtered, so that no significant amounts of its 90Sr daughter can be 
formed in the environment. The off-gas is passed through high efficiency particulate air (HEP A) filters before 
entering the stack. The gas is diluted by a factor of about 2000 at the base of the stack by ventilation air 
exhausted from the turbine, reactor, and occasionally other buildings. A tall 112-meter stack at Oyster Creek 
(91-meter at Dresden 1) provides additional dilution by atmospheric dispersion before the plume reaches the 
ground. 

Other BWR pathways that contribute in minor ways to effluent radioactivity include: (1) steam leading 
through turbine gland seals from which gas is evacuated and pumped to the stack through a 2-minute holdup 
line; (2) leaks from various reactor components, pipes, etc., into building ventilation air; (3) turbine building 
air exhausted partially through roof vents during warm weather; and (4) radioactive gas emanating from 
liquids contained in waste tanks. 

In the PWR, radioactivity from activation or leaking fission products accumulate in the primary coolant, 
until adjustments of coolant volume or composition are made, resulting in partial removal of gases. Figure 2 
depicts the pathways observed at Haddam Neck (Yankee has similar pathways). Removed gases at Haddam 
N eek are collected in a sphere where they are held for decay. The gas is discharged 2 to 4 times per year to a 53-
meter high vent stack at Haddam Neck ( 46-meter at Yankee), diluted with building ventilation and outside air 
by large fans, and discharged to the atmosphere. 

Other sources include the contamination of secondary coolant by leakage of the radioactive primary 
coolant through faulty heat exchanger tubes. Gases in the secondary coolant are removed continuously by air 
ejectors on the condensers and vented directly to the discharge stack. When the reactor or its vapor container 
are opened for refueling or major maintenance, gases accumulated in these vessels are purged with large 
volumes of air and exhausted to the vent stack. Other releases to the stack occur when aliquots of primary 
coolant are depressurized and collected for analyses, or as gas separates from liquids stored in waste tanks. 

These descriptions of gas treatment systems do not include changes being planned to meet the proposed 
USAEC regulations for "as low as practicable" levels of effluent radioactivity. Most new systems feature 
increased holdup times by adsorbing gases on charcoal or molecular sieve beds at ambient or lower 
temperatures. An alternate method is cryogenic distillation of noble gases and storage in gas cylinders. In 
many cases, the new systems will be incorporated in major radioactivity pathways, and plant discharge of 
gases by secondary routes may continue at current levels. 

MEASUREMENTS IN GASEOUS WASTE HANDLING SYSTEM 

Gases within the reactor plant are collected for measurement in sample containers of sizes determined by 
radioactive concentration and analytical requirements. Gases highest in radioactivity are obtained in sealed 
glass serum bottles 4to15 ml in volume, while those oflower concentration are collected in evacuated metal 2-
liter bottles. Gases that emit photons are identified and measured with Ge(Li) or N aI(Tl) detectors coupled to 
multi-channel analyzers. Aliquots of large samples are transferred for counting to sealed evacuated 200-ml 
volumetric flasks. Samples are counted for periods ranging from 1to1,000 minutes, and counts are repeated at 
intervals. 

Krypton-85, at relatively low concentrations, is processed through a gas separation apparatus developed by 
the Las Vegas National Environmental Research Laboratory, EPA. Since aliquots are usually of small 
volume, the apparatus at this laboratory has been modified to incorporate a s3mKr tracer with each sample to 
determine separation yield. The Kr fraction is transferred to 25-ml vials, containing approximately 15 ml of 1-
mm plastic scintillator spheres, and measured by conventional liquid scintillation counters (Stevenson, et al., 
1971). 

Results of radionuclide measurements in the internal pathways at the Oyster Creek BWR and Haddam 
Neck PWR are summarized in Table 3. These data represent annual releases based on average observed 
concentrations normalized to duration or frequency of various operations per year - such as, number of days 
ofreactor operation, stored gas release volume, how often the reactor is opened for refueling or maintenance, 
etc. The data confirms that PWR releases tend to be long-lived, mostly 133Xe and 85Kr. BWR effluents contain 
similar amounts of long-lived radionuclides, but also short-lived radionuclides in much greater amounts. 
Gaseous effluents other than noble gases are mostly 10-minute 13N at BWR's, and tritium as water vapor at 
PWR's. 
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Relative emissions through principal BWR pathways are indicated in Table 4 in terms of 133XE and 135~e 
measurements at Oyster Creek. Practically all atmospheric di~charge resulted ~om gas remoyed by the air 
ejectors from reactor steam after passing through the turbines. Gas escaping from turbine seals and 
contaminated ventilation exhaust account for less than one percent. 

From observations at Haddam Neck and Yankee, no single PWR pathway appears to predominate. Typical 
Haddam Neck pathways, and their estimated annual contributions, a:e given in Table 5; the two m.ost 
abundant gaseous radionuclides are used as indices. Most of the 13~Xe dischar~e ~esult.ed fro~ gas leaking 
from the reactor into the secondary coolant system and from contaminated ventilation air. Purging the gases 
accumulated in the reactor vapor container resulted in discharge of much of the longer-lived 85Kr. At the 
Yankee PWR, most plant discharge, on an annual basis, was long-lived, and resu.lted from vapor container 
discharge. The major pathway for short-lived noble gases, although a small fraction of the total, was losses 
occurring during primary coolant sampling. 

MEASUREMENTS IN THE ENVIRONMENT 

PWR discharges - mostly the longer-lived radionuclides S5Kr and 133Xe - lead to maximum radiation doses 
of approximately 1 mrem/year. BWR release rates, usually 100 to 1000 times higher than PWR's, but 
discharged from tall ( 2: 100-meter) stacks, result in maximum doses of about 10 mrem/year. The maximum 
exposure applies usually to small groups of people living near the reactor exclusion boundary in prevalent 
downwind directions; whereas most people, residing at greater distances or in less prevalent wind directions, 
receive much less dose. By comparison, these dose levels are small fractions of the average per capita dose of 
130 mrem/year from natural radioactivity in this country, or the 500 mrem/year allowed for operations 
licensed by the USAEC. The stringent proposed criteria of five percent or less of average natural radiation, 
however, will require the aforementioned gas treatment in many instances. 

Highly accurate and sensitive techniques are needed to measure ambient reactor radioactivity, and to 
distinguish it from natural background radioactivity, which fluctuates at a relatively low intensity. Often, 
short-term sampling is conducted only when meteorological, or other conditions, are favorable. Typical 
environmental concentrations and doses from BWR and PWR releases are given in Table 6. The PWR 
example applies during release of stored gas - usually the only occasion when its plume is detectable. 

To determine the effects of a planned reactor, radiation to populations within 80 km of the site is el.'ltimated 
from expected atmospheric dispersion of effluents, taking into account local wind and atmospheric stability 
patterns. Environmental studies by this laboratory are made to confirm such dose estimation techniques, and 
to seek sensitive methods for monitoring exposure. 

Plumes in the environment at BWR's can usually be detected readily with 5 x 5-cm Nal(Tl) detectors coupled 
to count-rate meters. The plume at a PWR during a stored gas release was located with a large thin (2-mm 
thick by 13-cm diameter) N al(Tl) probe developed for the detection oflow-energy photons -in this case, the 81 
keV gamma ray from 133Xe. Such instruments can provide semi-quantitative exposure rates, if they are 
calibrated with reference, for example, to an ionization chamber. 

Short-term measurements, to test dose estimates from plume gamma radiation, are obtained with a Shonka 
tissues-equivalent ionization chamber coupled to a sensitive vibrating capacitor electrometer. The instrument 
can measure an increase of approximately 0.1 µrad/hr, which corresponds to a steady exposure of 1 
mrad/year. Each reading requires 30 seconds to 10 minutes, depending inversely on the radiation intensity. 
The addition of a chart recorder allows continuous instantaneous readings (Gustafson, et al., 1964). 

Long-term exposure monitoring is accomplished with a commercially available, high-pressure ionization 
chamber and a continuous recorder. Its sensitivity is similar to the Shonka ionization chamber. Simultaneous 
monitoring at many locations is performed with thermoluminescent dosimeters (TLD's). TLD's must be 
carefully selected for low intrinsic radioactivity, and, at best, are less sensitive than ionization chambers. 
Optimum sensitivity of the EG&G Model TL-15 CaF2(Mn) type, for example, is approximately 10 mrad/year. 
Taking the TLD reader to the reactor site eliminates the need to account for the sizable dose accumulated in 
shippingTLD's (Beck, et al., 1972). 

Samples for determining ambient concentrations of radioactive gases in the plume are obtained by 
compressing air into 34-liter metal bottles, with rated capacities of 0.9 m3 each. Xenon-133 is a useful 
radionuclide for analysis because its discharge rate is relatively high at both BWR's and PWR's and its half
lifeis conveniently long. Xenon-133 is concentrated for analysis by passing 100-liter aliquots through a450-ml 
bed of charcoal immersed in a dry ice-acetone refrigerant bath. The charcoal is transferred to a sealed 450-ml 
container, and analy~ed by a ~amma-ray sp~ctrometer. Minimum detectable concentration, using a 10- x 10-
cm Nal(Tl) detector, is 400 pCi/m3 for analysis 5 days after sampling. 

Atmospheric dispersion values can sometimes be determined by passing large volumes ( :> 1 m3/min) of air 
through particulate filters for sampling the 17.8-min 88Rb and 32-min 138Cs progeny of noble gases. Their short 
half-lives, however, require that multichannel analyzers be nearby for immediate counting. Since the 
concentration varies as the plume shifts, sampling durations must be restricted to less than an hour to 
minimize errors in decay calculations. 

Sampling ground-level air in the environment, as well as stack effluents, is a direct method for determining 
t~e effe~t~ oflocal r_neteorology ~nd top?graphy o_n plume disp~rsion. Samples of airborne particles may also 
give this mformation, but require rapid analysis and some mterpretation of results. The Shonka tissue-
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equivalent ionization chamber yields direct readings of exposure rates with high precision, but the instrument 
must be handled carefully in the field, and is sensitive to adverse weather conditions. The high-pressure 
ionization chamber is useful for measuring plume radiation in the environment for long periods of times. 
Simultaneous dose measurements at many locations is obtained economically with low background TLD's, 
when high sensitivity is not necessary. For long duration measurements, monitoring, to integrate fluctuating 
natural radiation contributions during the period, must be performed to obtain the net dose from the plume. 
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TAHLE 1. Pro~erties of Fission Produced Noble Gases with Half Lives Greater than 3 Minutes. 

Radionuclide Half-Life• 

samxr l.86hrs. 

ssmKr 4.36hrs. 

85Kr 10.7 yrs. 

s1Kr 76.4 min. 

as Kr 2.80hrs. 

s9Kr 3.16min. 

131m:Xe 11.9 days 

iaamxe 2.20days 

13axe 5.29days 

iasmxe 15.6 min. 

iasxe 9.13hrs. 

1a1xe 3.84min. 

iasxe 17 min. 

*Martin, Unpublished. 
*"Meek, et al., (1972). 

Fission yield** 

6.3x10-3 

1.4xl0-2 

3.2xl0-3 

2.6xl0-2 

3.5xl0-2 

4.7xl0-2 

1.9x 10-4 

l.9x 10-3 

6.6xl0-2 

I.Ox 10-2 

6.4x10-2 

6.1x10-2 

6.2x10-2 

-103. 

Generation rate, 
Ci/sec-MW(e) 

1.6x106 

l.6x 106 

l.6xl01 

9.7xl06 

6.0x106 

4.3x108 

3.2xl02 

l.7x104 

2.5xl05 

l.9xl07 

3.4x106 

4.6x108 

1.1x108 

Radioactive 
progeny 

B7Rb 

BB Rb 

B9Rb, a9Sr 

1asc8 

1a1cs, 1a1msa 

iasc8 



TABLE 2. Average Rates of Noble Gas Release at BWR and PWR Stations, 1972 (AEC, UP). 

Year of initial Release rate, 
Station operation µCi/sec 

BWR 

Dresden 1 1959 2.78x 104 

Dresden2&3 1970-71 1.36x104 

Millstone 1970 2.51 xl04 

Monticello 1971 2.38xl04 

Nine Mile Point 1969 1.64x 104 

Oyster Creek 1969 2.75x104 

PWR 

Ginn a 1969 3.74x102 

Haddam Neck 1967 2.05xl01 

Indian Point 1 1962 1.72x101 

Palisades 1971 1.60x 101 

Point Beach 1 1970 8.92xl01 

Robinson2 1971 No Data 

San Onofre 1967 6.06x102 

Yankee 1960 5.81x10-1 
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TABLE 3. Annual Releases of Gaseous Radionuclides in Curies from 600-MWe BWR and PWR 
Stations. 

Oyster Creek BWR* Haddam Neck PWR""" 

s5mKr 9xl04 7 

85Kr 1 xl02 1x102 

s1Kr 2xl05 7 

ssKr 2xl05 1 xl01 

1aamxe 7xl03 2Xl01 

1aaxe 3xl05 3xl03 

ia5Xe 4x 105 8xl01 

1asxe 7xl04 3t 

Others, half-lives~ 15 m 7xl04 4t 

Other gases 7xl02 8xl01 

"'Based on an average gross stack release rate of 4.3x104 

µCi/sec from July 1971 to June 1972and319days/yrofreactor 
operation. 

**Based on 330 days/yrofreactor operation and measurements .:nade 
from July 1970 to May 1971. 

t Computed relative to measured s5mKr for 89Kr; and to 133Xe 
for iasmxe, ia1xe, and iasxe. 

TABLE 4. Typical BWR Pathway Contributions to Plant Gaseous Releases in Ci/yr (Based on 
Annual Releases Estimated for the Oyster Creek Station). 

Pathwal: rnaxe 136Xe 

Main condenser air ejectors 2.8x 105 3.9xl05 

Turbine gland seal air ejector 2.6x 102 7.2x102 

Building ventilation exhaust 1.6x103 3.9xl03 
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TABLE 5. Typical PWR Pathway Contributions to Plant Gaseous Releases in Ci/yr (Based on 
Annual Releases Estimated for Haddam Neck Plant). 

Release Pathway 86Kr issxe 

Stored gas 2.8xl01 7.0xl01 

Secondary steam condenser air ejector l.2x 101 l.6xl03 

Building exhaust I.Ox 101 9.6xl02 

Vapor container 7.2xl01 l.7x102 

Coolant sampling 1 xlO-a 1 xl0-1 

Turbine hall to air 1.8x 101 ND* 

Totals 1.4x 102 2.8x103 

* Not detectable 

TABLE 6. Typical Reactor Effluent Release Rates and Environmental Measurements. 

Noble gas 
release rate 

Reactor type JlCi/ sec 

BWR 

PWR 

1.4x 105 

4.8xl03 

(4-hrrelease 
of stored gas) 

138Xe stack Ground-level cone. of133Xe, Radiation exposure, 
cone., µ.Ci/m3 µ.Ci/m3 µ.R/hr 

2.7xl02 4.6x 10-2* 3.1 xl01* 

7.4xl01 2. 7x10-2*" l.4x 10-1** 

*At 1.5-km distance and atmosphere slightly unstable. 

**At 0.6-km distance and atmosphere slightly unstable. 
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Abstract 

Of all the noble gases, radon has been the one which could be most easily measured in the atmosphere. This 
may very well be the reason why a bibliography of a thousand references to radon and its daughters can be 
easily assembled. Taking a more charitable view it may be that concern for the radiation dose to man or the 
use of radon and its particulate daughters as tracers has brought on this flood of literature. 

Radon-222 is the most interesting of the three radon isotopes since its half-life is of the same order as many 
atmospheric processes. This allows tracing on a global scale and even the development of global inventories. 

While radon-222 and its daughters present the highest natural dose to man, we have been much more 
concerned by certain special cases of exposure. These include the occupational exposure of miners, the use of 
high radium content materials in housing, and the high radon content of certain local water supplies. These 
latter will be described briefly along with the more normal distribution of radon levels in the environment. 

INTRODUCTION 
A number of people have expressed surprise at the recent reports (e.g. Brodzinski, 1972 and Gorenstein, et 

al., 1973) of finding radon on the moon. I am afraid our real surprise would have come if no radon had been 
found; and such a finding would certainly require some new theories on the origin of the moon. After all, radon-
222 seems to be everywhere on earth - being distributed in the soil, in the ground waters, and in the lower 
levels of the atmosphere. I ts presence in air has been known since the turn of the century when Rutherford 
observed that the properties of atmospheric radioactivity were consistent with the properties ofradon. 

In the case of our own laboratory, our first publications involving radon date back more than twenty years, 
and each time we feel that our radon work is complete, some new problem arises that requires additional 
study. In preparing this paper, I soon found a large excess of data, and so I was forced into limiting the 
material to atmospheric radon, with most of the emphasis on radon-222. The approach is to be a broad-brush 
treatment of where radon comes from, where it is, and where it goes. The documentation and calculations 
appear at the end of the paper. 

SOURCESOFRADONINTHEATMOSPHERE 
Radon-222 is the immediate daughter of radon-226, which is distributed in soil, rocks, ocean water, and 

ocean sediments. Some reasonable portion of the radon atoms, produced by radium decay on land, enter the 
soil gases or escape into the atmosphere. The remainder may be trapped inside soil or rock particles, or appear 
in solution in the various parts of the aquatic environment. Radon produced in ocean sediments can only 
remain in the sediments or escape into the bottom waters. The first exercise here is an attempt to look at radon 
production and distribution on a global basis. 

The major release of radon to the atmosphere is from soil. Many measurements of the rate of emanation 
show a value ofl,600 pCi/ cm2 per year to be a reasonable average for soil. If we multiply this by the land area 
of the world, we come up with a release of2.4x109 curies/year. 

The release from the ocean surface is less than from the land, being only about 6 pCi/ cm2 per year. 
Multiplying by the area of the ocean, we have a total release of 2.3 x 107 curies per year. The ocean evaporation 
process would be included in this quantity, but the contribution is small. 

The burning of natural gas and coal contributes even smaller amounts. Natural gas contains about 10 
pCi/liter, and the world consumption of about 8 x 1014 liters per year would yield only 8,000 curies. Coal 
appears to average about 0.2 pCi of radium per gram. Ifthe radon in equilibrium is released from the world 
usage of 2.3 x 1015 grams per year, we end up with about 450 curies as the annual production. I do not know of 
any comparable figures for crude oil, but it is obvious that fuels do not contribute a major part of our global 
radon. 

It is difficult to assess the possible contribution of radon escaping from ground water and that exhaled by 
plants. We do know that many waters contain thousands ofpicocuries ofradon per liter, and that plants may 
release several times as much radon per unit of earth's surface as the soil itself. An educated guess is that these 
sources would not increase the amount of radon entering the atmosphere by 20%. The other possibility, 
production from airborne radium, is easy to dismiss since concentrations of radon in air are thousands of 
times greater than the radium. 

The greatest pool of 226Ra lies in the deep sediments of the oceans. This maintains the sea water near the 
bottom at levels ofradium a few times that oft~e surface, but does not contribute to our environmental radon. 

RADON IN THE ATMOSPHERE 

Our total radon release to the atmosphere of about 2.4 x 109 curies per year is, of course, decaying with a 3.8 
day half-life. This means that the equilibrium amount present at any time is 3.6 x 107 curies. This figure can be 
compared with measured air concentrations, if we can approximate the distribution ofradon with altitude. 
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There are a reasonable number of vertical profiles available, but the data are extremely variable. However, 
if we want some sort of approximation, an exponential decrease with he~ght, and a half-thickn~ss ~f 700 
meters will do. From this, we would calculate the average surface concentration for radon to be 70 pC1/m . 

The measured values for radon in surface air over the continents would appear to average between 100 and 
. 200pCi/m3 while, over the oceans, the value is probablynearerto5. Thus the agreement is sufficiently good so 
that we can accept the general picture from our calculations. A number of measurements of radon gas at the 
earth's surface are tabulated in Table 1. Similar concentrations derived from daughter measurements are 
shown in Table 2. These values give some idea of the geographic variability, and are obviously dependent on 
continental sources. 

Indoor radon concentrations will be of the same order as the values measured outdoors when there is 
reasonable ventilation. There are a number of cases where building materials with high activity have 
produced elevated radon concentrations, but these are not widespread. 

VARIABILITY IN RADON CONCENTRATION 

Radon concentrations vary locally with height, with certain meteorological factors, and with time. Since 
the source ofradon is the ground surface, it is not surprising that the concentration falls off with height. This 
change is more apparent in a stable atmosphere, where diffusion is the controlling process, but disappears in a 
turbulent atmosphere where mixing destroys the profile. 

The activity is not only greater near the ground, but it also tends to fluctuate more with time than at heights 
of a few meters. Moses, et al., (1970) showed the radon concentration to be 2 to 5 times greater at 2 millimeters 
than at one meter. Fontan (1966), found the concentration at 30 meters to be about one-half of that below one 
meter. At greater heights, Bradley, et al., (1970), estimated a half-depth for radon concentration of about 700 
meters; while others have found other gradients or found more than one slope. Such values are not universally 
applicable, since they depend on the degree of mixing in the atmosphere studied. 

Machta, et al., (1962), attempted to measure radon in the upper atmosphere. Their average value in the 
troposphere at 25,000 feet was 7 pCi/m3• Comparable measurements made at HASL (Hallden, 1962) gave 
similar results over Alaska, and a range of 4-40 pCi/m3 in the troposphere over the southwestern United 
States. Measurements at higher altitudes, by these and other authors, are dubious because of a "blank 
problem," but the concentration in the stratosphere is apparently very low. 

There is reasonable agreement that the meteorological factor showing the greatest affect on radon 
concentrations is atmospheric stability. All of the otherfactors only seem to indicate differences in the 
horizontal distribution of emanating radon. For example, the change in concentration, often found with wind 
direction, merely shows a change of source. It is true that emanation is lower when the soil is cold or frozen, 
Pearson, et al., (1965); and it has been shown that the radon concentration drops to about one-half following a 
rain (Israel, 1966). This again is apparently due to a temporary decrease in emanation. 

The diurnal variations reported indicate a morning peak and a sharp drop in the afternoon. These correlate 
quite well with inversion conditions. High values exist during the inversion in the still air, with a decrease at 
the time when the inversion vanishes and the turbulent diffusion moves the radon upward into a larger 
volume. The overall averages tend to show that nighttime concentrations are a few times higher than those 
existing during the day, once again due to atmospheric stability. Over longer time periods, Lockhart (1962) 
showed that the concentrations in Washington were lowest in April, and were more than twice as high in 
December.He attributed this to the preponderance of continental air in winter and oceanic air in the spring. 

The variations described are all the resultant of two factors, the emanation rate, and the degree of dilution 
with air having higher or lower concentrations of radon. These changes can be used to follow atmospheric 
processes in time scales on the order of days, but the scientist must take account of multiple sources, so that the 
experiment frequently becomes hopelessly complex. 

FATE OF ATMOSPHERIC RADON 

A little consideration shows that radon essentially disappears by decay. The oceans and ground waters 
appear to be sources of radon - rather than sinks - and the amount transferred to the stratosphere seems to 
be negligible. 

The concentration difference over the oceans and over the continents seems at first sight to be too great to be 
due only to decay. This is not so, if we consider that surface winds probably average about 15 km/hour. At that 
speed, it would take 222Rn twenty half-Hves to go around the earth at our latitude. Thus the concentrations in 
or over the ocean surface seem reasonable. 

The winds at higher altitudes move much more rapidly, therefore, the concentrations at high altitudes over 
land and over the oceans should differ by smaller factors. While there are only a few vertical profiles over the 
oceans (BaCuong, et al., 1967), they do show that the concentration does not fall off as rapidly as over the 
continents. 

RADON-DAUGHTERS 

The simplicity of measuring the short-lived radon-.daughters has been a trap for many authors. The 
daughters usually become attached to the ambient aerosol and cease to follow gaseous radon; consequently, 
measurements of activity on filters cannot be automatically converted to radon concentrations. 
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The degree of equilibrium between radon and its daughters is of considerable dosimetric interest - as well 
as being important for tracer studies. If radon is in a large confined volume, the daughters will approach 
equilibrium with a half-life of about 30 minutes. This equilibrium condition is very closely approached in the 
open air during inversions (Lindeken, 1968). As a specific case, Malakov (1966) found that the average ratio 
ofRaA:RaB:RaC was 1:0.9:0.9. Malakov also showed that the ratios during the emanation maximum got as 
low as 1:0.05:0.02. The more general condition would seem to be similar to measurements made by our own 
laboratory ofl:O. 7:0.5 (Fisenne, 1973). It is also of dosimetric interest that almost 10% of the RaA in outdoor air 
exists as unattached ions (Jonassen, et al., 1970). 

DOSES FROM RADON AND DAUGHTERS 
In considering dose to man, it is fortunate that most of the radon decays outside the biosphere. The ocean 

sediments, much of the rock and soil, and the air above a few meters, absorb the decay energy, with no 
consequence to man. 

Radon, however, delivers a small dose to the body from the gas that is dissolved in body fluids and fat. This 
is ~nhanced bv the in-situ.formation and decay of the solid short-lived daughter products. This has been 
estimated by the U. N. Scientific Committee as 0.3 mrad/a for their average of 100 pCi 222Rn/m3 in air 
(UNSCEAR, 1966). 

The direct inhalation of the daughter products produces the highest localized dose rate to man from natural 
sources. Using the equilibrium values of 1:0.7:0.5, and a fraction of0.1 for the free ions or atoms of 218Po, the 
dose rate will be 15 mrad/a for our calculated air concentration of 70 pCi/m3 (Harley, 1972). This dose is to 
basal cells of the tracheobronchial tree. Obviously, from the data of Tables 1 and 2, several areas show 
exposures several times as high. 

THORONINTHEATMOSPHERE 
The global activity of 2380 and 232Th are about equal, so it is to be expected that 222Rn and 220Rn will be 

produced in equal quantities. However, the short half-life of thoron modifies these conditions markedly. 
The emanation rates, measured in terms of activity, tend to be much higher for thoron than for radon, since 

the number of atoms rel~ased are comparable, and the thoron half-life is so short. Birot (1971) summarized 
available data showing radon emanation to be about 50 a Ci/ cm2 Is, while the thoron values averaged a few 
thousand a Ci/ cm2 Is. 

A comparison is possible where concentrations of the parent have been measured in soil, along with the 
emanation rates. Pearson, et al., (1965) found that soil with 0.64 pCi of 226Ra per gram showed 0.14 
fCi/ cm2/ s emanation of222Rn. Guedalia, et al., (1970) found that soil with 0.5 pCi of 228Th per gram showed 7 
fCi/ cm2/s of220Rn. Thus similar parent soil concentrations produced about 50 times as much activity for the 
emanating thoron. 

The possible difference is much greater, since the soil with radium should produce 1.4 x 10-3 fCi/ s of 220Rn 
per gram of.soil. The ratio in this case would be several thousand. 

Estimated levels of thoron in free air are frequently less than radon by factors of 20 to 200. Israel (1964) has 
explained this extreme reduction by the fact that thoron is generally measured as Thorium-B (212Pb ), which is 
not in equilibrium. When calculated to equilibrium, Israel believes the activities of the two radons are about 
equal near the surface. 

There are a few direct measurements of the gas. Israel (1966) found thoron levels of roughly 30, 45, and 50 
pCi/m3 at one site in Germany when measuring at 3.5, 2, and 1 meters, respectively. Fontan (1966) found 
comparable levels at one site in France when measuring at 1.5 meters. Simultaneous measurements of radon 
at this site were only a few times higher than the thoron. Thus, thoron concentrations at the surface are on the 
same order as the radon even though they will decrease much more rapidly with height. 

The contribution of the oceans to the global thoron is negligible - the thorium is rapidly transferred to 
sediments, and the time scale of other processes is too great. 

CONCLUSIONS 
It is possible to account for the global concentrations ofradon-222 in the atmosphere using measured values 

of emanation rate from soil. The oceans, fuel combustion, and miscellaneous sources do not contribute 
significantly. The distribution of gaseous radon released from emanating areas is controlled by the winds and 
by vertical turbulence. Radon disappears by decay, with no other apparent sink. 

The daughters ofradon are fairly close to equilibrium with their parent, and about 10% of the first daughter 
exists unattached to the ambient aerosol. The calculated global average of 70 pCi/m3 would give a whole body 
dose of about 0.2 mrad/year from the radon itself and 15 mrad/year to the tracheobronchial tree from the 
daughters. 

CALCULATIONS 
1. Radon Production from Soil. 

A number of values for emanation of 222Rn from soil have been reported. Wilkening (1972) reviewed the 
data and showed an overall mean of 43 aCi/cm2/s. Birot (1971) showed a mean of about fifty (or 1600 
pCi/ cm2/ a), and this round number is used here. 

The rate is lower ~hen the ground is cold or frozen, and when the ground is wet following rain. The most 
marked change is a tcansient doubling of the emanation rate when the barometric pressure falls 1 % as shown 
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by Kraner, et al.,(1964). The reason is that the concentration ofradon gas in the soil is i;ierhaps 104 to ~05 times 
that in the free air above it. It is interesting that a similar ratio holds for the radon m water held m ocean 
sediments, and the overlaying sea water, Broecker, et al., (1967). 

Land Area of the Earth: 1.5x101s cm2 
Average Emanation: 1.6x103 pCi/ cm2/y 
Production::: (1.6 x 103) (1.5 x 1018) (10-12) = 2.4 x 109 Ci/ a 

2. Radon Production from the Oceans. 
Emanation from the oceans is estimated indirectly as the deficiency of radon in the upper layers of the 

oceans compared with the equilibrium amounts expected from the radium concentrations. Hoang, et al., 
(1972) estimated the flux as being about50 atoms/m2/s, which would be 0.3 aCi/cm2/s (or9 pCi/cm2/a), 
Broecker (1973) has added new data and would prefer a lower value of6 pCi/ cm2/ a. 

Evaporation from the ocean surface does not contribute to the emanation. The annual evaporation of 5.6 x 
1Q14ms, when multiplied by a surface radon concentration of about 30 pCi/m3 would only supply 1. 7x104 Ci/ a. 

Ocean AreaoftheEarth:3.6xI01scm2 
Average Emanation: 6 pCi/ cm2/ a 
Production= (6) (3.6x1018) (10-12)::: 2.3x101 Ci/ a 

3. Radon Production from Natural Gas. 
World Consumption (SCEP, 1970): 8.2x1014 1/ a 
Average Concentration (Barton, et al., 1973): 10 pCi/1 
Production::: (8.2x1014) (10) (10-12) = 8200 Ci/ a 

4. Radon Production from Coal. 
World Consumption (SCEP, 1970): 2.3x 1015 g/ a 
Average Concentration: 0.2 pCi/ g 
Production::: (2.3x1015) (0.2) (lQ-12) = 460 Ci/ a 

5. Radon Production from Plants and Ground Water. 
Pearson (1967), has shown that the release of radon through the leaves of corn plants was about 3 times 

greater per unit of land area than bare soil. Also, it is quite possible that significant amounts of radon are 
released when ground water and sub-surface water carrying dissolved radon become warmed at the surface. 
These factors are impossible to evaluate at the present time. The best approach is that transpiration and 
evaporation from the continents totals 1 x 1014 m3/a of water. Since ground water seems to average about 
5,000 pCi/1(UNSCEAR,1972), the evaporated and transpired water should release 5 x 108 Ci/a ofradon as a 
maximum. 
6. Radon in the Atmosphere. 

Annual Emanation: 2.4x109 Ci = 6.6x106 Ci/ d 
Decay Constant: 0.18d-1 
Equilibrium Amount: 6.6x106 =3.6x107 Ci 

0.18 

7. Radon Concentration in the Atmosphere. 
Calculating the average radon concentration at the earth's surface is only an approximation, depending on 

assumptions of vertical distribution. 
Half-depth::: 700 m,).t = 1 x 10-3 m-1 
Total Radon:= 3.6x1019 pCi 
WorldArea:5.1x1Q14m2 
Surface Concentration= 3.6x1019 I (10-3) = 70 pCi/m3 

5.lxl 14 
The global value can be modified considering that the northern hemisphere has twice the land area of the 

southern hemisphere. The concentrations would then be about 100 pCi/m3 in the northern hemisphere, and 50 
pCi/m3 in the southern. 
8. Radon Concentrations Indoors. 

Haque, et al.,. (1965) measured the emanation from the walls in several rooms in England and found values 
ranging from 6to100 pCi/m2/h (or 0.2 to 3 aCi/cm2/s). Ifwe consider a sealed room 5 meters square and 3 
meters high, with walls and ceiling emanating at 30 pCi/m2/h, the hourly emission would be 2,500 pCi. The 
equilibrium concentration would be about 4,400 pCi/m3. 

High ventilation rates would reduce the concentration toward the outdoor level; for example, 4 air changes 
per hour with outside air at 70 pCi/m3 would drop the room concentration to less than 80 pCi/ma. This drop is 
possible because the emanation does not supply radon fast enough to replace the amount removed. Thus, for 
normal building materials, indoor concentrations ofradon are only high in closed or poorly ventilated areas. 
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TABLE 1. Some Measured Radon-222 Concentrations. 

Author 
Fontan, ct al., (1966) 
Israelsson, ct al., (1972) 
Moses, ct al., (1960) 
Haque, ct al., (1965) 
Glauberman, et al., (1957) 
Wilkening (1959) 
Gold, ct al., (1964) 
Israel, ct al .. (1966) 

Location 
France 
Sweden 
Illinois 
London 
N_ Y.City 
New Mexico 
Cincinnati 
Germany 

Concentration 
Range (Mean) 
pCi/m3 

600 - 5000 
50 - 1000 

(250) 

10 - 300 (90) 
20 - 500 (130) 

(240) 
(260) 
(70) 

TABLE 2. Some Radon-222 Concentrations Inferred from Daughter Measurements. 

Author 
Servant (1966) 

Bradley, !'I a I., (1970) 
Malakhov (1966) 
Golden (1968) 
Lockhart(1964) 

Location 
Indian Ocean 
North Atlantic 
South Pacific 
Mediterranean 
Illinois 
Russia 
Florida 
Peru 
Bolivia 
Little America 
South Pole 
Washington 
Japan 
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Concentration 
Range (Mean) 
pCi/m3 

70-300 

20-300 

(2) 
(6) 
(2) 
(100) 

(170) 

(42) 
(40) 
(2.5) 
(0.5) 
(122) 
(56) 
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Abstract 

Rador_i is of.current int~rest from ~e':1eral points of view: as a radiation source in water, buildings, and mines; 
as a disturbing agent m low-activity measurements; as a tracer element for radium in man; etc. For 
many years, measurements have been made at the Swedish National Institute of Radiation Protection (NJRP) 
on radon and its occurrence and behavior in nature. Appropriate sampling and measuring techniques are 
described for radon in water and air, intended for field as well as laboratory measurements. Some 
observations on radon concentrations in outdoor air, water, and buildings are reported. Special attention is 
given to the experience of measurements in mines. The observed concentrations are reported and discussed -
as well as the health aspects of the exposure to radon and radon-daughters in mines. 

INTRODUCTION 

The natural occurrence of radon and its progeny and variations has been studied for many years in many 
parts of the world. Among radon investigations in Sweden, that carried out by Hultqvist (1956) on the radon 
content of the air in dwellings deserves particular attention. Hultqvist demonstrated that in some cases the 
order of magnitude of the natural radon content was such that resultant doses were not insignificant in 
comparison with the internationally recommended highest permissible radon levels for radiation workers. 

Those involved in practical radiation protection work are familiar with the fact that radon can interfer with 
their measurements. When checking a laboratory for alpha-active surface contamination, the alpha-emitting 
radon-daughters can influence the measurements. These daughters settle on the surfaces of the room, and if 
the ventilation is bad, concentrations of radon-daughters can be sufficient to give a direct reading from the 
surface. Those who use alpha-monitors for the routine measurement of activity on hands should also be aware 
of the risk of obtaining misleading results. For the same reason, filtration of the ventilation air is employed at 
many low-level measurement laboratories. 

In the routine measurement of airborne activity, the influence of radon can at times appear capricious. For 
example, when the nuclear-powered ship USS Savannah visited Swedish ports in 1964, one of the 
precautionary measures was to check on any airborne release of activity from the ship by filter measurements. 
A barely measurable reading was obtained during the first days, however, late one evening the activity 
suddenly increased. This was observed both by the safety group on the ship and by the Swedish group ashore. 
The result was a short, but intensive, spurt of activity on both sides until it was confirmed that the increase 
was due to radon-daughters. That evening the sea breeze with a low radon content, which had been blowing 
until then, changed to a land breeze with considerably greater airborne activity. 

In this paper, a brief picture is first given of the variations in the radon contents which were observed 
indoors and outdoors, and their reasons. This is followed by a summary of some observations on the radon 
contents in drinking water and milk. Finally, the results of radon measurements in Swedish mines will be 
discussed. The sampling and measuring techniques used will also be described and discussed. 

RADON OUTDOORS 

Since this airborne activity is due to the diffusion ofradon from the ground to the air, its variation is partly a 
reflection of the variation in the exhalation capacity of the ground. This is reduced by periods of rain, low 
temperatures, frost, snow cover, and increasing atmospheric pressure (Kraner, et al., 1964 and Tanner, 1964). 
When the ground is frozen to a depth of 10-20 cm with no snow or ice, for instance, the exhalation may be less 
than half of that under summer conditions. At the same time the radon concentration in the ground increases 
during corresponding periods. The relative change in the radon concentration in the ground due to 
meteorological conditions, however, is a function of the depth below the surface (Kraner, et al., 1964). The 
nature of the ground and, in particular, its water content influences its ability to diffuse and thus to exhale 
radon. 

The exhalation increases with increasing wind speed. However, increasing wind speed normally results in 
greater dilution in the lower atmosphere (Israelson, 1968). This is an example of opposing effects which 
various meteorological conditions often have on the resultant radon content of the air; this makes if difficult to 
interpret most observations as functions of the weather and the wind. 
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Other factors which affect the radon concentration in the air, in addition to those influencing the 
exhalation, are the wind direction, the height above the ground, and the degree of turbulence (Jacobi, 1962). 
The concentrations in the air of the (short-lived) daughter products of radon (RaA, RaB, and RaC) are also 
dependent on the height above the ground and the turbulence (Jacobi, 1962). Beca?-se of the gradual. growt~ of 
radon-daughers, there is a lag in the activity concentration in air compared with radon, and with a high 
degree of turbulence, the equilibrium occurs first at heights of more than 100 m above the ground. 

The concentration in air ofradon and its daughters shows a diurnal variation which is greatest during the 
summer and autumn months and least during the winter and spring months (Israelson, 1968). As a rule, a 
maximum occurs towards the end of the night and a minimum in the afternoon. The reason for this is that the 
temperature of the lowest layers of the atmosphere reaches a maximum in the afternoon causing a maximum 
in the turbulent transfer and a minimum in the radon concentration of the air. An interesting comparison can 
be made between the monthly variations in the natural radioactivity of the air and the concentration in the air 
of fission products from nuclear weapons tests. Figure 1 shows the monthly variations in 1967 for 137Cs and for 
radon-daughters in the Stockholm air. It can be seen that a maximum occurs in the 137Cs at approximately the 
same time as a minimum in the radon-daughter activity and vice versa. The low values for the natural 
airborne activity during the winter are due to low radon exhalation, and those during the spring and early 
summer to turbulent dilution. In the autumn the radon exhalation is still high, but the turbulent dilution is 
less. On the other hand the enhanced turbulence during the spring contributes to the higher 137Cs 
concentration in ground-level air by increasing the transfer of air between the upper troposphere where there is 
137Cs from the reserves in the stratosphere and the ground-level air. 

The radon concentration in air over an ocean is low due to dilution and low exhalation from the sea. Thus, 
the radon concentration in air above ground near the coast can be expected to be low when a sea wind is 
blowing. In Sweden some determinations of the influence of the wind direction on the radon concentration 
have been made (Snihs and Wilson, 1968). It was found that the dependence on wind direction was more 
marked for the west coast (Kristineberg, about 80 km north of Gothenburg) than for the east coast 
(Stockholm), presumably due the Stockholm archipelago which makes the east coast less well defined than 
the west. The average radon concentration in air at the west coast was 12 pCi/m3 (sea wind) and 71 
pCi/m3 (land wind) and at the east coast 38 pCi/m3 (sea wind) and 82 pCi/m3 (land wind). The radon and 
radon-daughter activities were almost identifical in the case of a persistent sea wind, but after a change to a 
land wind, the radon concentration exceeded that of the daughters. The lowest values for the west coast were 
lower than the lowest for the east coast. But they were not as low as those which would be expected ifthe sea 
wind represented air over the ocean (0.5-2 x pCi/m3 -Jacobi, 1962). The reason is presumably the contribution 
made by radon exhalation in Norway or the British Isles. 

RADON INDOORS 

In Hultqvist's (1956) investigation on gamma radiation and radon levels in some Swedish dwellings built of 
different building materials, the average values of the radon levels were found at be related to the radium 
content of the building material, but there was a considerable spread in the radon levels as seen in the 
summary presented in Table 1. 

The highest radon levels in houses built of lightweight concrete are not much higher than in houses of other 
materials, despite the fact that the radium content of lightweight concrete may be more than an order of 
magnitude higher than that of other building materials. More important is the ventilation in the houses. With 
poor ventilation high-radon levels may easily be attained even in houses with a normal radium content in the 
building materials. 

The question of radioactive building materials and its significance for radon levels and especially for 
gamma radiation indoors, has recently been given renewed attention in Sweden. Some preliminary 
measurements have been made on radioactivity in building materials and on gamma radiation in houses. The 
question of how to handle for the future the question of unsuitable building materials causing the 
unacceptable gamma radiation doses is under discussion. Radon has been measured, but it does not seem to 
present any problem - probably because of the good ventilation in modern houses. 

Radon indoors can present problems in low-activity measurements; e.g. in low-activity whole body gamma 
measurements and in radon measurements on breath. In the laboratory for whole body measurement at the 
NIPR, special low-activity building materials were chosen (Lindell, et al., 1964). Before making radon 
measurements on breath to check, for in.;tance, that the radium burden is well below MPBB, the person has to 
stay out of doors about half an hour and then breathe aged air from compressed air bottles during the 
measurement (Snihs, 1973a). 

RADON IN DRINKING WATER AND MILK 

In connection with a nation-wide investigation made in 1965 on radioactivity in milk due to nuclear 
weap<?ns testing, i~ was found thi;tt milk f:om 13 dairies had measurable contents ofradon. The highest value 
(for V1mmerby Dairy) was 0.5 nC1/l. Earher measurements on the radon content of milk and water (Dobeln et 
al., 1964), had indicated that the radon was probably transferred to the milk via radon-rich water drunk by the 
cows. The relation between the content of radon in milk and the cows' drinking water is such that the 
concentration in the water can be expected to be about 40 times as high as that found in the milk. 
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The milk from Vimmerby Dairy came from'458 suppliers and the 0.5 nCi/l thus implied an average of 20 
nCi/l in the drinking water at the farms. It was considered improbable that an average value of 20 nCi/l 
could have been caused by a general occm;rence ofradon concentrations on that order of magnitude, and there 
was every reason to suspect that the high average value was caused by a few wells with very high radon 
concentrations. 

By means of sampling and measurement at the farms, and by samples sent to the Stockholm laboratories 
the radon concentration was investigated for 135 of the 458 water sources used by the farms supplying milk t~ 
Vimmerby Dairy. The selection was made on the basis of the answers to questionnaires sent to all the milk 
suppliers requesting information on the type of water source and the number of cows. Answers were received 
from 76% of the farms. The radon measurements gave the results shown in Table 2. 

The average value for the 135 water sources investigated was about 2 nCi/l and the highest value found (in 
a deep bored well) was 63 nCi/l. The results obtained thus gave no explanation for the radon content found in 
the dairy milk in the 1965 sampling program. More recent radon samples on the milk from Vimmerby Dairy 
(10 times during 1966and1967) have failed to show any measurable radon content. During the spring of 1967, 
milk was obtained from 26 dairies in the same area every week for four weeks. Only one of these 104 samples 
had a measurable content of radon. During the spring of 1965, nine of these 26 dairies had radon contents 
exceeding 35 pCi/l. 

The investigation ofradon in drinking water continued in 1970 in the form of the measurement ofradon in 
water, mostly from deep-bored wells and with radon contents exceeding 10 nCi/l. The contents of 22sRa, 210Pb, 
and 210Po were also determined. The data were then compared with earlier data in order to see ifthere was any 
correlation between the contents of these nuclides and the geological properties of the infiltration areas of the 
wells or the depths of the wells (Snihs, 1973b ). Some of the conclusions concerning radon were as follows: 

(1) Only bored wells, especially those in granite bedrock, had radon contents which exceed 20 nCi/l. 
(2) Dug wells had, as a rule, low-radon contents(< 2 nCi/l). Wells on granite bedrock and in till had on the 

average higher radon contents than other dug wells. 
(3) Communal wells (each supplying more than 200 people) are most often dug in sand and gravel and can, 

therefore, be expected to have low-radon contents. 
( 4) There was no significant correlation between the radon content and the depths of the wells. 
(5) The radiation dose from radon was completely dominant in comparison with the radiation dose caused 

by the other nuclides examined. In estimating the dose, 100 nCi/l was assumed to correspond to 15 rem/year 
(Dobeln, et al., 1964). 

RADON IN MINES 

Since 1970, extensive measurements have been made on radon and radon-daughters in Swedish 
underground mines. These are ferrous ore mines and non-ferrous ore mines, about 60 altogether. The number 
of employees working underground is at present (1973) on the order of 4,000. The radon problem in the mines 
wasdiscoveredattheend of the 1960's, and after a rapid survey of the radon and radon-daughter levels in the 
mines, it was possible to assess the extent of the problem. More detailed measurements resulted in slight re
evaluation of the levels, which are summarized in Table 3. 

After the discovery of the serious radon problems in the mines, research and investigative work was quickly 
initiated, and, with the support of the mining companies and their association, simultaneous studies were 
started on a broad front. Specifically, identifying and solving the problems associated with radon in the 
mines required: appropriate sampling and measuring techniques; finding the sources and reasons for the 
high-radon levels; monitoring the variations in radon levels; developing appropriate countermeasures; 
discovering the exact nature of the effects on health; etc. It was also considered necessary to print !!special 
instructions on protection against radon in mines; these were issued in March 1972. Lung cancer studies were 
started in 1971 and are still in progress. This extensive work on the radon problem was justified above all by 
the large number of miners involved, and by the relatively high radon-daughter exposure experienced. A 
slightly ironical element is that, formally, work in mines is not covered by the Swedish Radiation Protection 
Act. Thus, more than 1,000 miners were not classified as radiation workers, although they were probably 
exposed to radiation doses higher than those which were acceptable in radiation work in effect at the same 
time. The number of overexposed Swedish radiation workers has only been a handful in recent years. 
However, in practice, the extensive efforts to solve the problems in the mines have naturally not been curtailed 
by this curious legal situation. 

Now in 1973 the radon situation in the Swedish mines has been improved, but it is not yet satisfactory. 
There ~re still 15 mines with about 500 underground miners where the radon -daughter levels are too high. The 
countermeasures are often complex, and their introduction takes considerable time, but it is expected that the 
situation will be greatly improved within a year or so. In the meantime, the instructions on radon protection 
prescribe the maximum permissible exposure corresponding to a radon-daughter concentration of 30 pCi/l as 
an average over a year. They also prescribe the maximum permissible time before countermeasures must be 
taken; i.e., the maximum permissible overexposure during the transitional period (KAS, 1972). 

- 117 -



1. Sampling and Measuring Techniques. 

Measurements in mines are made on radon in air, radon-daughters in air, radon in water, gamma radiation, 
and the radioactive content ofrock samples. A few measurements are also made on 212Pb (ThB) in the air. The 
principal measurements are those on radon; the others are more or less supplementary. . . 

The object of the radon measurements is to localize the radon sources and to provide gmdance for 
measurements on the radon-daughters. Often radon measurements may also be used directly for the 
estimation of the radon-daughter levels by using a predetermined ratio ("dose factor") between the 
concentration of radon-daughters and thatofradon. The concentration of radon-daughters is expressed in 
pCi/l and is equivalent to the WL value times 100. 

Potential high radon-daughter levels may also be discovered by means ofradon measurements as the 
method of choice. There are examples of mines where radon-rich air with a relatively low content of radon
daughters is introduced into some part of the mine. During the passage through the drifts, the radon
daughters build up, and may cause unacceptable concentrations at some more remote point in the mine. If the 
only measurement had been on the daughters, this risk would not have been observed. 

The radon sampling is carried out by using commercial 4.8 1 propane containers which are evacuated in 
advance and opened in the mine at the place of interest. These containers are easy to handle. airtight, and 
sturdy. This last attribute is essential for sampling in mines. The sample may be measured above ground at 
the mine or at the laboratory of the NIRP in Stockholm. In the latter case, the containers are sent by mail. 

The measurement is made in an 18 1 ionization chamber which is evacuated before being connected, via a 
drying agent, to the sample container. The connection is opened three times; prior to opening for the second 
and third times, the container js filled to atmospheric pressure with aged air from a compressed air cylinder. 
Using this method, 95% of the sample is transferred to the ionization chamber. The measurement takes, in 
general, 20 minutes. In the calculation of the radon content of the sample, corrections are made for the 
contribution to the background from the preceding measurements, the non-equilibrium ratio in the ionization 
chamber, the calibration factor, the transfer efficiency, and the decay from the time of sampling. The 
measurement is recorded by a pen-recorder, and the sensitivity is such that a 4.8 1 air sample with a radon 
concen tra ti on of 0.13 pCi/l gives a net deflection of 1 mm. 

In the early discussions of appropriate sampling and measuring techniques, various different proposals 
were considered. ZnS-coated bottles, the charcoal filter method, and other methods were discussed. But, the 
need for sturdiness, commercial availability, moderate price, simplicity, and reliability in use determined the 
choice of method. The simplicity of the sampling method has made it possible to use untrained persons from 
the mines to assist in taking samples - a considerable advantage. In the survey measurements of 1969-70, 
when all the mines were checked twice, all sampling was made by staff from the mines, and the containers 
were sent by mail to the NIRP for measurement. 

The reliability of the sampling and measuring method has been tested on several occasions with excellent 
results. One test was performed in collaboration with Norwegian colleagues. Evacuated containers were sent 
from Sweden to Norway and opened in a Norwegian mine. Two samples were taken at each location, one being 
retained and measured by the Norwegian laboratory staff and the other sent back to Sweden and measured 
there. Ionization chambers were used in both countries, but the calibrations were made by independent 
methods. The results are shown in Table 4. The agreement is excellent. 

The samples are generally taken in the center of the drift about 1 m above the floor. The exact position of the 
sampling appears to be of no importance, since no significant differences in radon concentrations in air at 
different heights from the floor and distances from the walls have been found in ventilated drifts. 

Radon-daughters are sampled and measured in the conventional way, using glass-fiber filters, battery
powered air-pumps, air volume meters, and ZnS-detectors. In the evaluation of the radon-daughter 
concentration, the method of Kusnetz, (JCAE, 1967) is used. Measurements on the glass-fiber filters are 
generally made above ground. · 

Gamma measurements in the mine are performed with a ten-liter ionization chamber pressurized to 20 
atmospheres. The background of the chamber corresponds to 2 µR/h, and the sensitivity enables detection of 
gamma levels ofless than 5 µ Rlh. 

Finally, water and rock samples are measured by gamma spectrometric methods at the NIRP in Stockholm. 

2. Radon Sources. 

The reasons for the significant radon levels found in many Swedish mines are: the type of ventilation 
radon-rich water, and, to a lesser extent, radioactive minerals. ' 

. 11;1 man~ mine~ the. spaces left after mi?ing ore are filled ~th crushed rock. When the mine gets deeper, the 
air is adm1 tted VIa this crushed rock and it becomes con tam mated by radon emanating from the crushed rock 
and from the water in it. However, it is difficult to prove the true significance of this source as any evidence 
must be indirect. 

Nevertheless, it is possible to make rough estimates of the emanation of radon from the rock which would be 
necessary to account for the radon levels actually found in the air reaching the working places. The following 
relationship is relevant for the emanation from the rock: 
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where 

v= ventilation rate(l/s) 
p =radon concentration (pCi/l) 
M =mass of crushed rock (kg) 
Ra= radium content of the mass (pCi/kg) 

vxp =MxRaxRxK 

R =radon production per pCi ofradium = 2 x 10-0 pCi/s 
K =radon leakage factor; i.e. the proportion of the produced radon which leaks out. 

In one mine (Malmberget) the amount of crushed rock above a ventilation shaft (Fl) was estimated to be 
about 1 x 1010 kg and the ventilation rate was 9 x 104 l/s. The radium content cannot be measured but is 
probably within the limits 1021-104 pCi/kg. The radon concentration was 130 pCi/l. ' 

That gives: 

9x 104 x130= 1010 x (102-J04)x 2x 10-6 xK 
i.e., K = 0.06 -6. 

Any values of K > 1 is impossible by definition, so that 0.06 =::;;, K $. 1 depending on thP radium 
content. The smaller value of K is most probable, but that implies a radium content on the order of 10 pCi/g 
which is not normal (Hultqvist, 1956). Furthermore, there may also have been an under or over-estimation of 
the amount of crushed rock by a factor of 3, which implies a minimum value of K between 0.02 and 0.18. 
Aleakagefactorof0.02 is not impossible, but seems high for an average value for a large amount of crushed 
rock with pieces varying from grams to tons. Other sources of emanation may be necessary to explain the 
degree ofradon contamination of the inlet air. 

By means of continuous radon measurements on return air in a mine (Exportfaltet) it has been possible to 
follow the effects of ventilation on the radon concentration. When radon is measured in this way, the air has 
passed operating parts of the mine. Measurements are performed by a continuously running ionization 
chamber. The results are seen in Figure 2. Until the 47th week in 1970, the ventilation air was taken from older 
parts of the mine via crushed rock and abandoned spaces. At the 47th week, the ventilation was changed to 
shaft ventilation and a much lower radon concentration was achieved. 

There is a strong need for adequate and reliable ventilation fans. This is probably due to the fact that the 
natural ventilation through old parts of the mine acts in the opposite direction. Overpressure is thus needed to 
force the air through the shaft with the new ventilation system. After a ventilation stop, the radon level 
increases considerably in a rather short time, some hours, and it takes about a day before the radon level has 
decreased to normal again when the ventilation is restarted. 

Radon-rich water is a significant source ofradon, either locally in unventilated drifts with a lot of running 
water or in limited parts of the mine when there is recirculation of the air which has become contaminated by 
passing radon-rich running water once or several times. 

In one mine (Bastkarn) the inlet air to the working levels (140-225 m depth) has a relatively low-radon 
concentration, but is mixed with air from a very wet part of the mine at 225 m, and is recirculated between the 
levels 140-225 m. The waterfl0w is about 4 m3/min, and the radon content of tte water is about 4 nCill. This 
means that at least about 16 µCi ofradon is brought into the air per minute, which should cause an average 
radon concentration in the air of 50 pCi/l, if the air renewal is about 5 m3 Is. The radon concentrations found 
varied up to about 100 pCi/l. 

In unventilated drifts with radon-rich water the radon levels may be very high, sometimes on the order of I 0 
nCi/l. The gamma radiation in these radon concentrations is not insignificant, about 200 µ Rlh. The radon 
content of the water is on the order of 10 nCi/l and the amount of water is on the order oflOO I/min and more in 
a single drift. 

The necessary radon release from the walls in an unventilated drift to cause a radon concentration of 10 
pCi/l corresponds to a 100% diffusion depth on theorderofmms or less. The radium content of the rock is then 
assumed to benormal(O.l 10 pCi/g). It is, however, difficult to prove a reasonable lOO'll• diffusion depth ifthe 
mine is ventilated and 10 pCi/l produced in the mine is found in the return air of the mine. Local radon sources 
seem to be necessary, such as radon-rich water or radioactive anomalies in the rock. 

In Table 5 the mines are divided with respect to the type ofore and the radon-daughter levels. Twenty-two of 
the non-ferrous ore mines with less than 30 pCi/l of radon-daughters belong to the same company. Because 
the lifetime of each of these mines is not very long, new mines are opened from time to time and the collected 
experience and development work on ventilation systems has been applied by degrees in the mines of this 
company. These mines also had early problems with silicosis which necessitates good ventilation. Therefore, 
the skewed distribution in Table 5 is misleading regarding any possible relation between type of ore and radon 
levels. Nevertheless, it is still possible that there are differences in the geology of the rock in non-ferrous ore 
mines and ferrous ore mines that may be of significance for the radon levels. 

In some mines radioactive minerals (radium content >> 10 pCi/g) may cause high-radon levels in the 
mine air. However, this is often a local phenomenon at separated parts of the mine. The significance of the 
radium content of the rock and the occurrence of especially radioactive minerals is still not fully understood; 
research is in progress on this problem. 
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3. The Variation of the Radon Levels. 

In the general survey of radon levels in Swedish mines in 1969/19~0, it was found t~at i~ some mines. t~e 
radon levels in the summer were much higher than in the winter. This has been exammed m more detail m 
some cases by taking a radon sample every week for a year and more. An example of the results is shown in 
Figure3. . 

The variation illustrated in Figure 3 is one of the extreme cases. On the average for all the mmes, the 
difference between the summer and winter radon levels was a factor of two. The higher radon levels during the 
summer may be due to the increased emanating power of the crushed rock with higher temperatures, and the 
absence of ice, decreased ventilation efficiency because of unfavorable temperature gradients, more water, or 
a combination of these factors. 

4. The Radon-Daughters. 

Radon-daughter measurements are performed at each mine which is visited by the staff of the NIRP. The 
object of these measurements is to find the true exposure at working places, and to determine the so-called 
"dose factor" as defined above. The size of this dose factor is believed to be a measure of the ventilation air 
renewal in the mine, or in parts of the mine. For later measurements on radon only, the dose factor previously 
determined has been used to estimate the corresponding radon-daughter level. The accuracy is acceptable 
provided that the ventilation principle has not been changed. 

The increase of the dose factor as a function of time is shown in Figure 4. It was considered to be of interest to 
demonstrate its applicability to the true situation in a mine atmosphere. It was necessary to have well-defined 
conditions so an abandoned drift was chosen. At the end of the drift there was a heavy inundation of radon
rich water, about 200 l/s. The radon supply to the air at the dead end of the drift was about 600 nCi/s. The 
ventilation was arranged by a duct terminating about 25 m from the dead end of the drift. Accordingly, there 
was a steady air stream along the drift, the length of which was 400 m, and by measurements on radon and 
radon-daughters along the drift, the increase in the dose factor was studied. There was no significant increase 
in radon caused by the running water on the floor of the drift, and the radon release from the water was 
estimated to be less than 20% over a distance of 400 m. The result is shown in Figure 5. 

As seen in Figure 5 the experimental values are, with one exception, somewhat higher than the theoretical 
values. Since radon-daughters may settle on the walls of the drift, lower rather than higher experimental 
values would be expected. The explanation may be either incomplete ventilation at the dead end of the drift 
(compare the first point at time zero), or an overestimation of the ventilation rate. 

The magnitude of the dose factor may vary in different parts of a mine. In unventilated parts the dose factor 
may be unity or almost unity. In intake air the dose factor may be very low. By comparison of the dose factor in 
intake air at working places, and in return air, it is possible to evaluate the overall efficiency of the ventilation 
of the mine. This is illustrated by an example from one mine (Idkerberget) as shown in Table 6. 

The intake air has passed abandoned parts of the mine with crushed rock and has evidently been 
contaminated with radon during that passage. There is no significant addition ofradon in the working areas 
of the mine, but there is an increase of the radon-daughters. 

The intake air has passed abandoned parts of the mine with crushed rock and has evidently been 
contaminated with radon during that passage. There is no significant addition ofradon in the working areas 
of the mine, but there is an increase of the radon-daughter concentration by a factor of about four. The 
corresponding increase of the dose factor from 0.15 to 0.65 corresponds to an average transit time for the 
ventilation air of about one hour. 

An interesting correlation between radon and the dose factor was found in one mine (KUJ); the dose factor 
decreases as the radon concentration increases, see Figure 6. As a consequence, the radon-daughter 
concentration was always less than 30 pCi/l. The reason for this favorable correlation may be that the higher 
radon levels are caused by local sources such as water. As the air progresses further, the radon-daughter 
activity increases; i.e., the dose factor increases. When air passes along a drift, it may also mix with air with a 
relatively low content ofradon and radon-daughters from shafts or other drifts. The concentrations will then 
decrease, but the dose factor is unchanged and continues to increase. 

5. Health Aspects. 

Epidemiological studies on uranium miners indicate a significant excess of lung cancer in connection with 
high radon-daughter exposures. The most thorough study on the lung cancer rate among uranium miners was 
made by Lundin, et al., (1971). They have also been able to correlate the excess of lung cancer to the radon
daughter exposure. Lung cancer studies on non-uranium miners have also been made; e. g., Newfoundland 
fluorspar miners (Royal Commission, 1969) and British underground iron miners (Boyd, et al., 1970). Even 
among these miners an excess of lung cancer was found, and an association with the radon-daughter 
exposures found in the mines cannot be excluded. 

In Sweden, lung cancer studies on miners started in 1971. The first results were reported in October 1972 by 
Renard, et al., (1972) and refer to the years 1961-1968. The lung cancer rate among men other than miners in 
the mining districts was not higher than expected (99 observed, 125 expected) and that was also the case for 
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above-ground miners (7 observed, 6 expected). But, among underground miners, there was a significant excess 
(26 observed, 6 expected). These figures relate to lung cancer among men aged 20-64 years and for the miners, 
to those which appeared and caused death within 5 years of cessation of employment at the mine. Twenty-one 
of twenty-six cases were observed among miners who had worked more than 10 years underground. 

In an attempt to correlate the lung cancer rate with the radon-daughter exposure in the mines, the 
corresponding miners were divided into two groups: (a) those experiencing radon-daughter levels of less than 
30 pCi/l, and (b) those experiencing more than 30 pCi/l respectively, according to the measurements since 
1969. The results are shown in Table 7, where the numbers refer to the years 1961-1971 in very recent follow-up 
studies. 

As can be seen from Table 7, there are about four times as many lung cancer deaths among the miners 
experiencing radon-daughter levels exceeding 30 pCi/l than among the other miners, if the number of deaths 
is normalized to the same number of employees. The true radon-daughter exposure of the miners before 1969 is 
not known because no measurements were made. However, there is reason to believe that the radon-daughter 
levels found in the measurements since 1969 are representative for the recent past. The ventilation has been 
improved with time, and it is reasonable to assume that this would cause the radon levels to decrease with 
time. On the other hand, the mines are continually being deepened, and that will increase the amount of 
crushed rock and also make the ventilation more difficult; i.e., the radon levels would increase with time if no 
other factors were involved. The resulting effect may quite possibly be a relatively constant radon situation 
over the last few decades. 

On this assumption it is possible to divide the numbers of lung cancer deaths into different exposure groups; 
this is done in Table 8. 

The exposure ranges in Table 8 are caused by the radon-daughter ranges 1-10, 10-30, 30-100, and 100-300 
pCi/l, respectively, and the range of employment time for the deceased workers. The last column of Table 8 is 
plotted in an exposure-effect diagram in Figure 7 together with the results of the lung cancer studies in the 
USA among uranium miners. The agreement appears to be excellent. Considering the numerous statistical 
errors, and the uncertainty of the exposures, it is, however, not possible to draw any conclusion about the dose
effect relation in the region of the low exposures around 100 WLM. 

The average exposure is estimated to be 163 WLM (range 90-275 WLM corresponding to the radon-daughter 
ranges mentioned above) assuming an average employment time of 30years.Jf1 WLM corresponds to 2 rads, 
it follows that the rate of excess lung cancer is 1. 7 cases per year per rad per million miners. The studies on 
uranium miners in the USA gave 0.9, on Newfoundland fluorspar miners 1.1, and on British underground iron 
miners 3.0 (Lundin, et al., 1971). 

REFERENCES 

Boyd, J. T., R. Doll, J. S. Faulds, and J. Leiper, (1970), Cancer of the Lung in Iron Ore (Heamatite) 
Miners, Brit. J. Industr. Med. 27:97-105 

Dobeln, W. von and B. Lindell, (1964), Some Aspects of Radon Concentration Following Ingestion. 
Arkivforfysik, Band27, No 32, 531-572. 

Hearings on Radiation Exposure of Uranium Miners before the Subcommittee on Research, 
Development, and Radiation of the Joint Committee on Atomic Energy, Part 2 (1967), Washington, 
D.C.; Government Printing Office. 

Hultquist, B. (1956), Studies on Naturally Occurring Ionizing Radiations with Special Reference to 
Radiation Doses in Swedish Houses of Various Types. Kungl. Svenska Vetenskapsakademiens Handlingar, 
Vol.6,Ser.4,No3. 

Israelson, S. (1968), On the Variation of the Natural Radioactivity in the Air Near the Ground. Reports 
No 5, Meteorologiska Institutionen, U ppsala. 

Jacobi, W., (1962), Die naturliche Radioaktivitat der Atmosphare und ihre Bedeutung fur die 
Strahlenbelastung des Menschen. Report HMI-B21, Hahn-Meitner-Institut fur Kernforschung, Berlin. 

Kungl. Arbetarskyddsstyrelsens (KAS) anvisningar, (1972), No 82, Bl 4426, Svenska Reproduktions 
Aktiebolag, Vallingby, Sweden. 

Kraner, H. W., G. L. Schroeder, and R. D. Evans, (1964), Measurements of the Effects of Atmospheric 
Variables on Radon-222 Flux and Soil-Gas Concentrations. The Natural Radiation Environment by J. A. S. 
Adams and W.M.Lowder, 191-215. The UniversityofChicagoPress. 

Lindell, B., and P. Reizenstein, (1964), A Swedish Building Material for Low-Radioactivity 
Laboratories. Arkiv for fysik, Band 26, No 5, 65-7 4. . 

Lundin, F. E., J. K. Wagoner, and V. E. Archer (1971), Radon-Daughter Exposure and Respiratory 
Cancer, Quantitative and Temporal Aspects. National Technical Information Service, U.S. Department of 
Commerce, Springfield, Virginia. 

Renard, K. G. S:t, et al., (1972), Gruvforskningen Serie B, No 167. Svenska Gruvforeningen, Stockholm. 
Royal Commission, (1969), Report Respecting Radiation, Compensation and Safety at the Fluorspar 

Mines, St. Lawrence, Newfoundland, Canada, pp.104. 
Snihs, J. 0. and C. Wilson, (1968), Some Measurements on Natural Radioactivity at Kristineberg 

Zoological Station. Report SSI 1968-010. National Institute of Radiation Protection, Stockholm. 

- 121 -



Snihs, J. 0. (1973a), unpublished data. 
Snihs, J. 0., (1973b), The content of Some Radioactive Elements, Especially 222Rn, in Some Potable 

Waters in Sweden. To be published in Nordic Hydrology. 
Tanner, A. B., (1964), Radon Migration in the Ground: A Reveiw. The Natural Radiation Environment by 

Adams,J. A.S. and W.M. Lowder, 161-190. The University of Chicago Press. 

TABLE 1. Radon Levels in Houses with Different Building Materials, Data from Hultquist (1956). 

Building material 

Wood 
Brick 
Lightweight concrete 

Average radon 
concentration, 
pCi/l 

0.5 
1 
2 

Extreme radon 
concentrations, 
pCi/l 

0.2-1 
0.2-4 
0.3-6 

TABLE 2. Radon Concentration in Drinking Water in the Vimmerby District of Sweden. 

Radon concentration 
(nCi/l) 

All wells measured 

Morethan2 
More than 10 
Morethan20 
Morethan30 
Morethan50 

Number of bored wells 

45 

32 
14 
9 
3 
1 

Number of other wells 

90 

17 
0 
0 
0 
0 

TABLE 3. Number of Mines and Miners in Different Radon-Daughter Exposure Groups in 1970. 

Radon-daughter concentration, 
pCi/l 

<IO 
10-30 

30-100 
100-300 

>300 

Number of mines 

26 
12 
16 

6 
1 

Number of miners 

1,388 
2,003 

696 
615 

21 

TABLE 4. A Comparison Between Norwegian and Swedish Results of Measurements on Radon 
Samples from a Norwegian Mine. The Samples Sent to Sweden by Mail were Measured 9 Days 

after Sampling. 

Norwegian results, pCi/l 

30 
32 
16 
80 
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Swedish results, pCi/l 

34 
32 
17 
72 



TABLE 5. The Mines Divided into Ferrous Ore Mines and Non-Ferrous Ore Mines and Radon
Daughter Levels as Found in 1969/70. 

Radon-daughter levels <30pCi/l >30pCi/l 

Number offerrous ore mines 
Numberofnon-ferrousoremines 

13 
25 

20 
3 

TABLE 6. The Average Radon Levels and Dose Factors (the Ratio Between the Radon-Daughter 
Concentration Expressed in WL x 100 pCi/l and the Radon Concentration, pCi/l) in Intake Air, at 

Working Places, and in Return Air. 

ldkerberget Mine 

Average radon level (pCi/l) 
Average dose factor 

Intake air 

164 
0.15 

At working places 

144 
0.50 

Return air 

172 
0.65 

TABLE 7. Observed Numbers of Lung Cancer Deaths During the Years 1961-1971 Among Miners 
Who have Worked More than 10 Years Underground. All but Two of the Miners Aged 20-64 Died 

within 5 Years of Cessation of Employment at the Mine. (30 pCi/l is Equivalent to 0.3 WL.) 

Radon-daughter Number oflung cancer deaths: Number of Number of 
concentration ageatdeath mines miners in 1966 

20-64 65-79 20-79 

~30pCill 9 7 16 9 2.760 
)30pCill 27 23 50 11 2.099 

TABLE 8. Lung Cancer Deaths for 1961-1971 Among Miners Aged 20-64 Years. All the Deceased 
Worked More than 10 Years Underground, and all Except Two died within 5 Years after Cessation 

of Employment. 

Estimated cumulative Employees Expected Observed Calculated annual 
WLM: underground number of number of mortality per 104 miners 

(average) lung cancer lung cancer from lung cancer: 
Range Average deaths deaths Expected Observed 

2-36 15 1,001 1.25 2 1.1 1.8 
13-112 48 1,852 2.31 7 1.1 3.4 
48-528 218 1,488 1.85 15 1.1 9.2 

170-1,512 696 525 0.66 12 1.1 21.0 
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Figure I. Relative monthly values in 1967for 137Cs and for radon-daughters in StocKholm air. 
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Radon 
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E xportfal tet Mine 
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1971 

Figure 2. Radon concentration in the return air of Exportfaltet Mine measured by a con tinously running 
ionization chamber. (a= Dec. 1970, change to shaft ventilation; b =ventilation shut-down, 4.5 days during 
Easter break [Equilibrium was reached after 1-2 days]; c =ventilation breakdown, summer 1971; d =fans 
under repair during holiday period; and e =major waterinundation in the mine.) 
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Figure 3. The radon concentration in the return air of the Bondgruvan Mine was measured once a week. 
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Figure 4. The theoretical increase of the "dose factor" as a function of time. 
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Dose factor 
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o =Experimental values 

= Theoretical values 

Figure 5. Measured dose factor (circles) as compared with theoretical dose factor (continuous line) as a 
function of time as studied in a 400 m long drift with the radon source (water) at the dead end of the drift. The 
ventilation air speed was 0.28 ml sand was directed outwards from the dead end of the drift. 
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Figure 6. Correlation between radon concentration and dose factor as found in the mine KUJ. 
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Figure 7. Comparison between the lung cancer mortalities for American uranium miners and Swedish non
uranium miners as a function of the radon-daughter exposure. 95% confidence limits are shown for the 
mortality values. 
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Abstract 

The radon-daughters present in air were collected on filters for different length periods. The determinations 
of separate alpha activities were done by using a silicon semiconductor detector and by the etch-foil technique. 
The differences between these techniques, including their feasibility and calibration, are described. Finally, 
some measurement results are discussed. 

INTRODUCTION 

In addition to the great interest given to radiation workers who inhale radon and radon-daughters in 
uranium and fluorspar mines, German authorities have begun to take an interest in the radiation doses 
received by the general public by desiring to measure the concentrations of radon and radon-daughters in the 
air of their dwellings. 

The aim of this work is to prepare simple and inexpenshie instruments for routinely measuring exposures to 
radon-daughters. 

We decided to collect radon-daughters on diaphragm filters because they are inexpensive, can be used at a 
high-speed, and allow for the continuous measurement of alpha activities. A simple maintenance-free 
diaphragm pump is used to produce a constant air flux. The sampling period must be long, due to the relatively 
long half-lives of the radon-daughters, in order to get a stable ratio effect on the filter measurements. We used a 
silicon semiconductor detector and the etch-foil technique to measure the alpha activities of the radon
daughters. 

SILICON SEMICONDUCTOR DETECTOR 

The silicon semiconductor detector, or surface barrier detector, we used counted impulses with a single
channel analyzer. The lower and upper trigger-levels were set to exclude beta and gamma radiation - as well 
as pulses due to ThC' alpha particles. We were able to keep the bias from thorium-daughters at a negligible 
level. 

The detector we used has a sensitive surface of 400 mm2, which is covered by a protective foil. The distance 
between the filter and the detector surface we used was 5.2 mm. With this geometry, the counting efficiency is 
about 0.20 without allowing for the self-adsorption in the filter. A constant air flux of 1265 1/hr was used for 
continuous monitoring. 

The potential alpha energy concentration was measured in units of MeV /1, or in WL, as the potential alpha 
energy concentration is very important for the estimation of dose. 

Due to ventilation, variable aerosol concentration, and plate-out on the wall surfaces, there is no radioactive 
equilibrium in closed rooms. Therefore, disequilibrium factors must be taken into account while measuring 
potential alpha energy concentrations of single decay products by count rate in room air. In practice, the 
proportionality between counting rate and energy concentration is sufficient (Jacobi, 1972). 

A sensitivity of 28 Imp/hr for 1 MeV /1, or 37.2 x 105 Imp/hr for 1 WL, results for the counting apparatus 
when filter efficiency, detector efficiency, and the activity distribution in the air and on the filter is taken into 
consideration. 

Accordingly, the definition of the working level has the same counting rate as in the case of radioactive 
equilibrium and 100 pCi/1. The high sensitivity of this measuring system allows the measurement of daily 
variations of alpha energies in the room atmosphere to be made in only two minutes. 

Figure 2 shows the course (curve) of the potential alpha energy concentrations in a living room over 24 
hours. On this day, there had been warm and sunny weather. 

Figure 3 demonstrates the course (curve) of this same room on a rainy day. These examples show the big 
influence weather has on energy concentrations in a room. 

The measuring range of the mentioned air flux is 10-5 -10 WL. Higher concentrations can be secured by 
restricting the air flux; however, they cannot be expected to be in the appli~abl~ range. Wit~ an integrated 
indication of the pulse counter, which is equal to a prolongation of the measurmg time from 2 mmutes up to the 
measuring time in question, the radon-daughters exposure can be read. 

*This research was financed by the Federal authority "Bundesministerium des Innern" within the research
project "StatisticalMeasurings." 
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The semiconductor method can easily be employed for continuous and long-term measurements. 
Unfortunately, the silicon semiconductor detector is too expensive for routine wide-scale use - as is a 
requirement in our work. Purchasing several of these detectors, which would be needed by the surveyor teams, 
would be prohibitive. 

ETCH-FOIL TECHNIQUE 

After we decided the silicon semiconductor detector was not feasible economically for our purposes, we 
experimented with an etch-foil technique using a plastic foil. With this technique only a small diaphragm 
pump with variable air flux was needed together with a gas counter and a filter-foil holder. These items are all 
inexpensive to purchase or fabricate. 

After reaching the stable (stationary) state during the time of interest, the alpha activities collected on the 
diaphragm-filter are measured by counting the tracks produced on the foil. The result is the time integral of 
the potential alpha energy concentration. In order to get an average (or mean value) for the whole day, a 24-
hour measurement is taken. 

Cellulose-nitrate is a good detector foil because of its high sensitivity to alpha particles. Since the necessary 
thickness of 15 micrometers for this plastic foil is not available in Germany, it must be produced by centrifuge 
as recommended by Paretzke (1972). 

Even though an accurate visual counting of the tracks can be done by microscope, the analysis is made by 
the spark-counter. The spark-counter allows the routine use of this method. 

The measurement sensitivity of this system using a detector surface of 850 mm2, a filter, and an air flux of 
one 1/hr equals 0.8 tracks per MeV 11 x hrs., or 105 tracks per WL x hrs. This sensitivity results when the 
detector foil and filter are 5 mm apart and a 20 micrometers thick absorption foil is used. 

SURVEY MEASUREMENT RESULTS 

Preliminary results show alpha energy concentrations in living rooms have the same temporal variation as 
outdoors. This means that the concentration inside is directly affected by the concentration outside. Very low 
values were found in rooms like concrete cellars, which are relatively independant of outdoors. Apparently 
there is no correlation between building materials and alpha energy concentrations, for no significant 
differences were found in buildings made of concrete, brick, or gypsum. The only exception to this that we 
found was in the case of granite and new uraniferrous red sandstone buildings where the measurements 
showed somewhat higher concentrations of alpha energies. 
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Figure 1. Sensitivity of the Filter Method. 
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Figure 2. Daily variation of the potential a-energy concentration during 24 h (warm and Sunny weather). 
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Figure 3. Daily variation of the potential a-energy concentration during 24 h (rainy weather). 
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Abstract 

Data hm'<' O<'<'n obtained on the radon concentration in natural!(as supplied to several metropolitan areas 
in the United States. The avera{le value of 20 pCil l was selected to estimate the contribution of this source of 
natural radioactivity to doses from radon-daughters received by individuals in homes. Radon-daughter 
concentrations in the home atmosphere cvr>re calculated by use of computer programs for an l5UUO ff1 house m 
u·h ich 27 ff' of gas per day was used for cooking in an unuented kitchen range. The total estimated dose to the 
branch ia I epithelium included contributions from radon plus daughters in the outside ventilation air, each of 
u·hich u·as assumed to be present at a concentration of 0.1.J pCill, and from the radon plus daughters in the 
na tura I gas. The latter contribution aueraued approximately 3'YiJ of the total dose. There was a 3.5% decrease in 
the estimated total dose when the air change rate increased from 0.25 to 2.0 per hour. We conclude that radon 
and radon-daughters entering the home with natural gas produce a negligible fraction of the total dose to the 
respiratory sysf<'m of home occupants from airborne radon-daughters. 

INTRODUCTION 

The presence of radioactivity in natural gas was noted early in this century (Satterly, et al., 1904), and 
measurements of the radon content of gas were first reported in 1919 (Satterly, et al., 1918-1919). Since that 
time, many determinations of the radon content of natural gas at the wellhead have been reported, but little 
information has become available on the concentration of this radioactive rare gas in the natural gas entering 
homes. Also, little effort has been devoted to evaluation of doses that gas users receive from this natural source 
of radioactivity. We devised a three-part program to supply the missing information. The first part consisted of 
gathering data on the radon content of natural gas being supplied to several metropolitan areas in the United 
States. The second part involved the calculation of radon-daughter concentrations in homes produced by use 
of natural gas in an unvented home appliance. The last phase combined data from the first two parts of the 
program with the average of published estimates of the dose conversion factor for radon-daughters deposited 
in the human respiratory system to provide dose estimates for exposure to this source of natural radioactivity. 
To put these doses in perspective, we made a comparison with the dose received from radon-daughters 
produced by decay ofradon in the atmosphere. A literature survey (Barton, 1971) pointed to the need for this 
investigation; a preliminary report has been published (Barton, et al.,1973a). 

RADON AND RADON-DAUGHTER CONCENTRATIONS IN NATURAL GAS AT POINTS OF 
USE 

Several possible methods of obtaining data on the radon content of natural gas points of use were 
considered; sampling of a large fraction of the gas supplied to several large metropolitan areas was selected. 
Table l shows the organization of this part of the program which extended over approximately 1 year in 
search for possible seasonal variations. Table 2 summarizes the results obtained, while individual values (or 
monthly averages where more than one sample was analyzed) are plotted in Figure 1. In addition to monthly 
pipeline samples in the New York area, daily samples were analyzed at the U. S. Atomic Energy 
Commission's New York Health and Safety Laboratory. Monthly averages of these data are included in Table 
2. The average value for all sampling locations is 17 pCi/liter, and we selected the rounded figure of 20 
pCi/li ter for dose calculations. 

No data are available on radon-daughter concentrations in pipeline gas. Twoefforts to detect daughter 
products in New York City gas (Breslin, 1972) and in Colorado (Schiager, 1973) were unsuccessful. The New 

*Research sponsored by the U.S. Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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York City .tes~ was handicapped by the low radon _concentration in the gas (-1 pCi/liter). The radon 
concentrat10n m the gas used i!l t~e Colorado test w~s higher, and a minimum detectable level of 0.06 working 
levels at t~e 95o/? ~o~fiden~e hmit w~s .reported. Smee one working level is defined as the concentration of 
daugh~ers m eq~1hbrrnm yv1~h 100 pCi/hter ofradon (or as any combination of short-lived daughters that will 
result m the ultimate emissi~n of~·~ x.105 ~eV of a.lpha energy per liter of air), the above detectable level 
corresponds to the daughters m eq mhbn um with 6 pCi/liter ofradon. 

It wasal~oreported(Breslin, 19'.2) thatthe particle count in New York City pipeline gas was quite low. This 
would partially accoun~ for the fa1~ure to detect daughters, since they are charged ions when formed. Unless 
there. are. gas borne particles to which they can become attached, they would be expected to migrate quickly to 
the pipelme wall. 

RADON AND RADON-DAUGHTER CONCENTRATIONS IN VENTILATION AIR 

Results ofnume~ous s~udies of.ra~on concentration in the atmosphere have been reported in the literature. 
They are s_um~a~zed, m part, m hter3:ture surveys (Barton, 1971 and United Nations, 1972). The 222Rn 
concentrat10n m air ranges from approximately 0.001 to LO pCi/liter, while the 220Rn (thoron) concentration 
is approximately a factor of 100 lower. We have neglected the thoron content of the air in our dose calculations· 
it is not present in natural gas at points of use because of its short half-life (54.4 s). Determinations of th~ 
concentration of individual radon-daughters in air have been made much less frequently than radon 
measurements, and data on simultaneous measurements ofradon and its daughters are relatively scarce. 

For our average or representative radon concentration in air, we have averaged the results of a compilation 
of published data on measurements in the United States (Lowder, et al., 1971). The resulting value (0.13 
pCi/liter) is below the middle of the range mentioned above, but, if values as low as 0.001 to 0.003 pCi/liter 
observed in coastal areas and islands (Blifford, et al., 1956) were included in the compilation, the average 
would be even lower than 0.13 pCi/liter. 

Because of the above-mentioned scarcity of data on radon-daughter concentrations relative to radon in the 
atmosphere, we have adopted the reference radioactive atmosphere used by Altshuler, et al.,(1964) which was 
used earlier by the Public Bealth Service (Holaday, etal.,1957) in recommending the working level. Although 
this ratio was based primarily on measurements made in mine atmospheres, it appears to be reasonably 
consistent with the scarce data on the atmospheric radon-daughter ratio; that is, both higher and lower values 
have been observed for the different daughters. 

EXPOSURE MODEL 

The exposure situations considered in this study assume, as in earlier studies of doses from tritium in gas 
(Barton, et a/.,1973b), that 0.765 m3 of gas is consumed per day in an unvented kitchen range located in 226.6-
m'1 (92.9 m2 floor area) house. We further assume that the gas combustion products are uniformly dispersed in 
the home atmosphere. The above-mentioned value for daily range consumption is an average value for gas 
usage in this appliance in the United States (Segeler, 1966). 

In the earlier studies, we assumed an average air turnover or ventilation rate of one per hour. In this 
investigation, our calculations covered air change rates of 0.25 to 2.0 per hour because we lacked definitive 
information on the average air change rate in houses having gas ranges. 

As was mentioned in the section on radon and its daughter concentrations at points of use, we do not know 
how much, if any, radon-daughters are in the natural gas when it enters homes. Because of this lack of data, 
we calculated doses for the limiting case in which the daughters are in equilibrium with the radon on leaving 
the pipeline, and compared the results with those for gas containing no daughters. We also estimated doses, 
with and without the assumed presence ofradon and its daughters, in the ventilation air. The different cases 
for which we estimated doses are described below. 

Case 1. Natural gas containing radon at a concentration of20 pCi/liter, but with no daughter activity, is 
used. This provides the lower dose limit. Ventilation air is assumed to contain no radon or radon-daughters. 
Although this case is not a practical situation, it permits calculation of the dose effect of radionuclides 
resulting from radon in the gas without the complication of ventilation air activity. 

Case 2. The exposure conditions are identical to those for case 1- except that the natural gas is assumed to 
also contain radon-daughters (RaA, RaB, and RaC) at their equilibrium concentrations (20 pCi/liter). This 
case provides an upper limit value for the dose from natural radioactivity in the natural gas for the specific 
conditions considered. 

Case 3. The exposure conditions are identical to those for Case 1 - except that the ventilation air is 
assumed to contain rad cm and its daughter radionuclides (RaA, RaB, and RaC) each at a concentration of 0.13 
pCi/liter. This case provides the lowest dose limit for the effect ofradon in natural gas when the ventilation air 
also contains radionuclides. 

Case 4. The exposure conditions are identical to those for Case 1 with two exceptions: (1) the natural gas is 
assumed to also contain radon-daughters at their equilibrium concentrations; and (2) the ventilation air is 
assumed to contain radon and its daughter radionuclides each at a concentration of 0.13 pCi/liter. This case 
provides an upper dose limit for the conditions under which Case 3 gives the lower limit. 
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Case 5. The exposure conditions are identical to those in case 3 - except that the daugh~rs ~re ass?~e.d to 
have the distribution of the reference atmosphere of Altshuler, et al., (1964) rather than bemg m eqmhbnum 
with radon. Since it appears probable that little, if any, daughter activity is in the ~as when it e~ters h?mes, 
and that the daughter activity in the atmosphere is not generally in equilibrium with radon, this case is the 
most realistic of the five cases considered in regard to assumptions. 

CALCULATIONOFRADON-DAUGHTERCONCENTRATIONSINHOMES 

Radon decays according to the following scheme: 

222Rn 5.49 Me Va 218Po(RaA) 
3.823days 

6.00 MeV a 211Pb(RaB) 
3.05min 

3·3 Mey /3 t _mPo(RaC') 
19.7mm · 

7.687MeV a, 210Pb(RaD) 
164 /1S 

0.7MeV/3 214Bi(RaC) 
26.8mm 

0.02 Me V f3 210Bi(RaE) 
21year 

Only the first three daughter products (RaA, RaB, RaC) need to be considered in making dose calculations, but 
the energy contribution of RaC', an alpha emitter, is attributed to RaC, because it has such a short half-life 
that its decay immediately follows that of its parent radionuclide (214Bi RaC). Although RaB is a(J-emitter and 
does not contribute significantly to the total dose, our dose calculations take into consideration its decay to 
RaC'. The very long half-life of RaD, in addition to its soft beta emissions, makes it unimportant from the 
radiation dose standpoint. 

When the range is turned on, radon in the gas combustion products is dispersed in the home and the 
concentration ofradon-daughters from this activity source begins to build up. At the same time, the daughters 
are removed by radioactive decay and by ventilation. A computer program was written to handle the 
calculation of radon-daughter concentrations in this dynamic situation. Mathematical analysis has 
demonstrated that the average 24-hour concentration ofradionuclides is not affected by range-use schedule. 
In other words, it makes no difference whether the gas is used in three 1-hourperiods during the day, or all in 
one 3-hour period during the day. The important variables are the volume of gas used, the radon 
concentration in the gas, and the home ventilation rate. Our computer model assumes that the total average 
daily consumption of gas is burned in the range at a constant rate in one hour. The program calculates the 
number of atoms ofradon, and each of the three daughters, for each second of a 24-hour period, and the results 
at each 60-s interval are included in the computer printout, as well as the cumulative average number of 
atoms of each species for a given radon input and ventilation rate. 

For the even more complex situation, in which radon-daughters are present in the natural gas and/ or in the 
ventilation air, another computer program, while less exact mathematically than the above-mentioned 
program, was developed that gives results which agree with the other program within 1or2%. 

The average 24-hour values for the number of atoms of each radon-daughter are converted to concentrations 
by assuming that the gas combustion products are dispersed uniformly in the 226.6-m3 house. They are then 
converted to working levels, as defined previously, by use of the known decay constants and decay energies for 
the individual daughters. 

DOSIMETRY 

The calculated concentrations of radon and radon-daughters in the home atmosphere were converted to 
estimates of radiation dose by using a dose conversion factor selected on the basis of a literature survey. 
Because of the complexity and specialization of radon-daughter dosimetry in the respiratory system, we 
concluded that our current interests do not justify independent development of the necessary factor. Data 
from the survey are summarized in Table 3. The dose conversion factors (rads/year) in the table are for an 
assumed continuous inhalation ofradon-daughters at a concentration of one working level (WL). Discarding 
the highest and lowest factors in Table 3, the average value of the five remaining factors is 85 rads/year. 
Walsh (1970) reviewed the literature regarding radiation dose to the respiratory tract of uranium miners from 
inhalation of radon-daughters, and concluded that the average dose to the bronchial epithelium of the 
tracheobronchial tree from an exposure to radon-daughters at 1 WL for one year is not larger than 50 to 100 
rads, and that the dose to the basal cells may be less than 50 rads. He pointed out, however, that localization of 
activity (e.g., at bifurcations) could produce much higher doses. In a report from the epidemiological study of 
United States uranium miners, Lundin, et al., (1971) concluded that one year of continuous exposure to radon
daughters at 1 WL is equivalent to approximately 103 rads averaged over the tracheobronchial epithelium. 
Evans (1967) has concluded from the work of Altshuler,et al., (1964) and Jacobi (1964) that the dose conversion 
factor for inhalation of radon-daughters ranges from approximately 25 to 160 rads per year of continuous 
exposure at 1 WL. The dose conversion factor selected for use in this report is 100 rads to the bronchial 
epithelium per year of continuous exposure to radon-daughters at a concentration of 1 WL. The basal cells of 
the bronchial epithelium are assumed to be the critical tissue. An estimate of the corresponding dose to the 
total lung mass i~ given by .Holleman (1968); based on ~niform deposition of the alpha energy in a 1,000-g lung, 
the organ dose is approximately an order of magmtude less than the dose estimated for the bronchial 
epithelium. 
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Additional considerations in our treatment of the problem should be noted. These considerations which 
may influence the reader's interpretation of the dose estimates presented, are: ' 

(l)Use of the WL concept implies that the relative concentrations of RaA RaB and RaC in the inhaled air 
are not ofmajor,impon:ance for dose calculation - in spite of the differenc~ in the alpha decay energy ofRaA 
and that ofRaq to which all three daughters dec~y. However, there are differing opinions on this point. For 
~xample, Lundm, et al., (197~) state t~at the relative concentrations of RaA, RaB, and RaC are not of major 
importance for dose calculations; while Harley,etal.,(1972) state that the alpha dose for 1 WL may be widely 
different depending on the ratios of the radon-daughters. 

(2) The dose co~tributions from inhaled radon, and from the decay of radon, or its daughters, absorbed in 
tissue have been ignored. Work reported by Holleman (1968) indicates that the absorbed radon and radon
daught~r ~ose co~pon~nt a~ds only '.1 small (0.5%) dose. For the exposure conditions specified in this report, 
theradiatrnn dose is primanly due to mhaled radon-daughters (Shapiro, 1954). 

(3) We adopted a quality factor (QF) of 10 for alpha particles in converting our dose estimates from rads to 
rems - following the current recommendations of the International Commission on Radiological Protection 
(1966). Some investigators adopt other values for QF. For example, Lundin, et al., (1971) selected a QF of 3; 
however, most investigators express their results only in rads because of the lack of agreement on the 
appropriate QF for alpha particles. 

RESULTS AND DISCUSSION 

Estimated doses to the bronchial epithelium as a function of ventilation rate for Cases 1and2 are shown in 
Figure 2, while similar data for Cases 3 and 5 are displayed in Figure 3. The data for Case 4 are too close to 
those shown for Case 3 to make it practical to include them in the graph. 

It is quite clear from Figure 2 that doses from radon, or radon plus daughters, introduced in gas vary quite 
markedly with ventilation rate. The assumed presence of daughters in the entering gas does increase the dose 
appreciably, but comparison of Figures 2 and 3 shows that the dose contribution from radionuclides in natural 
gas is small compared to that from ventilation air. The small variation in estimated dose with ventilation rate 
observed for Case 3 in Figure 3 is due to the radon-daughters from radon in natural gas. Since the daughters in 
ventilation air in this case are assumed to be in equilibrium with radon, changes in ventilation rate would not 
change the dose from this source, but daughters from radon in the gas will increase with decreasing 
ventilation rate. The relatively large effect of ventilation rate on total dose for Case 5 (Figure 3) is due to the 
assumed nonequilibrium daughter concentrations in this case. If the ventilation rate were zero, the daughter 
activities would soon be equal to the radon activity (0.13 pCi/liter). 

Inspection of the data in Table 2 shows that, although the average of all the values is close to the 20-pCi/liter 
figure used in our dose calculations, the total range ofradon concentrations at points of use is approximately 1 
to 100. Doses in this range can be scaled directly from the values in Figure 2. Considering only the ventilation 
rate of one air change per hour, the above radon concentration range corresponds to doses varying from 0. 75 to 
75millirems per year for Case and 1.4to141 millrems peryearforCase2. The maximum values are 6to11%, 
respectively, of the Case 3 and 4 values. Although the maximum doses are not insignificant, they are 
considered to be small as compared to probable variations in dose from radon and its daughters in air. 

We have not previously mentioned a third source of airborne radioactivity in the home: radon and thoron 
from home construction materials. Reported measurements surveyed by Barton (1971) and others (United 
Nations, 1972) show that values vary widely with type of construction material and ventilation rate, so that it 
is difficult to arrive at an average or typical value. The mean of measurement in 324 dwelling places in Europe 
and the United States (United Nations, 1972, Table 13) is 0.52 pCi/liter, and values as high as 10 pCi/liter 
were reported in Europe and 4.8 pCi/liter (Lowder, etal., 1971) in the United States. The mean of all 
measurements of outdoor radon concentrations made in connection with the indoor measurements quoted 
above is 0.084 pCi/liter. It appears, therefore, that the radon concentration in homes is likely to be much 
higher than the value assumed in our calculation (0.13 pCi/liter), which ignores the contribution of home 
construction materials, further reducing the significance of the contribution of natural gas activity to the total 
airborne natural radioactivity in homes. We conclude that other factors such as home construction material 
and ventilation rate are more important than the radon concentration in natural gas in determining the level 
of airborne natural radioactivity in homes. 
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Table 1. Sampling and Analyses ofN atural Gas. 

Organizations Organizations 
That Made Bearing 

Area Pipeline Company Analyses Analytical Costs 

New York Texas Eastern Transmission AEC-New York Health AEC-N ew York Health 
Company (TET) and Safety Laboratory and Safety Laboratory 

New York Transcontinental Gas Pipe- AEC-New York Health AEC-N ew York Health 
line Corporation (TRANSCO) and Safety Laboratory and Safety Laboratory 

Chicago Natural Gas Pipeline Com- Argonne National Natural Gas Pipeline 
pany of America (NGPL) Laboratory Company of America 

Denver Colorado Interstate Gas Colorado State Colorado Interstate Gas 
Company(CIG) University Company 

Southwest and El Paso Natural Gas Company (EPNG) New Mexico Technical El Paso Natural Gas 
West Coast Research Foundation Company 

Table 2. Summary of Radon Measurements in Natural Gas Samples. 

Area Served Identification 

Chicago Amarillo 
Chicago Gulf Coast 
New York City TET 
NewYorkCity TRANSCO 
New York City TRANSCO-HASL 
Denver Wyoming 
Denver Kansas 
Denver Ft.Morgan 

(storage) 
El Paso El Paso 
West Coast To pock 
West Coast Blythe 

(a) Includes examples taken at Ault and Aurora. 

Number 
of 

Samples 

12 
12 
10 
8 

85 
15(a) 
8 
1 

2 

222Rn Analysis (pCi/liter) 

Average Range 

24.6 19.3 31.3 
3.2 2.3 4.4 
1.8 0.6 3.5 
1.4 0.6 1.6 
1.4 0.5 7.4 
5.8(a) 1.2 8.2 

91 15.3(b) - 118.8 
9.3 

17 
19(c) 
9(c) 

(b) Value excluded from average - sample taken during period oflow gas usage. 
(c) Values corrected for mixing and decay to the listed distribution P.oint from analy~es. of samples taken 

at upstream sampling points. There would be further decrease of approximately 1to2 pC1/hter before the gas 
reached the Los Angeles market. 
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Table 3. Summary ofDose Conversion Factors for Radon and Radon-Daughters. 

Calculated Dose 
Isotopes Included Critical Tissue (rads/year)(a) Reference 

Radon+ daughters Tertiary broncnioles 30 Shapiro (1954) 
Radon+RaA Main bronchi 20 Chamberlain, et al.,(1956) 
Radon +daughters Bronchial tissue 120 Holaday,etal.,(1956) 
Radon-daughters Segmented bronchi 150 Altshuler,et al.,(1957) 
Radon-daughters Secondary-quarternary 150 Jacobi(1964) 

bronchioles 
Radon-daughters Segmented bronchi 620 Hague, et al.,(1967) 
Radon-daughters Tertiary bronchioles 40 Holleman (1968) 
Radon-daughters Segmented bronchioles 12 Harley,etal.,(1972) 

(a)The dose is calculated in rads per year for continuous exposure to radionuclides in a concentration 
equivalent to one "working level," defined as any combination of short-lived radon-daughters that will result 
in the ultimate emission of 1.3 x 105 Me V of alpha energy per liter of air. 
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Abstract 
The National Bureau of Standards gas-counting equipment is described. This consists of matched, length· 

compensated copper and stainless steel internal gas counters, which can be used in the proportional or Geiger
Mueller regions. The data acquisition and processing is by means of a computer-based multichannel analyzer. 
Methods for preparing relative standards based on measurements with ion chambers and fixed-geometry 
solid-state detectors are discussed. Noble-gas standards for argon-37, krypton-85, xenon-131 m, and xenon- J .18 
have so far been prepared, the last involving purification on the NBS isotope separator. 

INTRODUCTION 
The measurement techniques to be described, and much of the work to be discussed in this paper have, been 

quite fully discussed in a recent publication (Garfinkel, et al., 1973). We, therefore, have limited this paper to 
those aspects ofourwork that have not previously appeared in the published literature. 

The chief interest of those who are participating in this Symposium lies in the measurement of the 
increasing burden of radioactive noble gases in the atmosphere, arising from either fission or activation as a 
byproduct in the production of nuclear power. These radioactive noble gases range from the highly active, but 
short-lived argon-41, to the much less active, but long-lived krypton-85. 

By way of introduction, it is both interesting and instructive to examine two forecasts of krypton-85 world 
burdens made by the then Division of Radiological Health (DRH) in 1966 (Coleman, et al., 1966), and by the 
Environmental Protection Agency (EPA) in 1972 (Klement, et al., 1972). 

Figure 1 shows the EPA forecast which gives predicted levels between the years 1960 and 2000, based on the 
assumptions of both uniform world mixing and a 75-percent preponderance in the northern hemisphere. 

Figure 2 shows the DRH predicted world burdens between the years 1965 and 2060. Measured values are 
shown as triangles between about 1958 and 1963, and the EPA 1972 predictions (for uniform world mixing), 
have been superimposed, by way ofcomparison, as large circular discs for the years 1960, 1970, 1980, 1990, and 
2000. This comparison shows that the two forecasts are not greatly discrepant. Both also tend to follow the 
somewhat gloomy Club-of-Rome type of forecast, with no feedback due to the balance that arises due to 
modification of demand, cost of supply, or the simple commonsense reaction of trapping the gas. The 
departure from a continuing exponential growth, in both these forecasts, must arise from the 11-year half-life 
ofkrypton-85, which would tend to impose an equilibrium upper limit, ifthe krypton-85 were being supplied at 
a constant rate. Obviously, however, the demand for power is also assumed to be an increasing function. 

At the moment, with the occasional exception of the fuel element processing facility at Idaho Falls, krypton-
85 is essentially not being trapped, so it is important for us to provide the measurements capabilities to 
determine its increasing levels. 

This may not seem to be of too great importance now, but in 2060 we, or, rather our grand-children and great
grandchildren, may be approaching closely (as we see from Figure 3, which is based on the predictions of 
Figure 2) to the maximum permissible annual dose of 170 mrad for krypton-85 alone, in the absence of any 
other radioactive insults. 

GAS COUNTING EQUIPMENT 

The NBS gaseous radioactivity standards are normally calibrated in length-compensated internal gas 
counters, generally in the proportional region, and sometimes in the Geiger region (Mann, et al., 1960 and 
1961). A set of three such counters is shown in Figure 4. These are three stainless-steel counters, having equal 
diameters, but different lengths, with as nearly as possible, identical end supports for the central anode wire. 
Using such counters we can compensate, by taking the difference in count rate for a given difference in 
volume, for the decrease in electric field strength at the ends of the counters, and also for events occurring in 
these regions and penetrating into the inner region of normal electric field. 

This counter system, using both copper and stainless-steel counters, and the principle of compensation and 
method ofoperation, have been discussed in detail (Garfinkel, et al., 1973). 

The count-rate data for all six counters, three of copper and three of stainless steel, are fed simultaneously 
into an on-line computer used as a multi-channel analyzer. The detailed specifications and modes of operation 
of this computer are discussed by Schima (1973). 

ANALYTICAL CORRECTIONS 

A typical pulse-height spectrum from a single counter in the assay of argon-37 with the K- and L-capture 
peaks well resolved is shown in Figure5. In this assay a correction on the order of o~e percent was made for M
capture events that would clearly be lost in the amplifier noise. 

Previously, before use of a computer, discrimination curves of integral count versus discriminator bias were 
plotted and extrapolated to zero discriminator bias to eliminate "low-energy" noise. In our present method of 
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operation, the computer is programmed to make a similar extrapolation by summing counts above chosen 
e_qual intervals ~roi;n "lo~-e?ergy" channels. The zero channel is determined by using a precision pulser with 
hnearcharactenstics. This is referenced to the output response of the gas counting system using the K- and L
capture peaks of argon-37. 

Appropriate dead-time corrections are made for the data from each counter and the difference count rates 
are then obtained from the summed counts over all channels for each co~nter corrected for dead-time 
background, and noise. ' ' 

With a long-lived radioactive gas such as krypton-85, the background count rate is determined by recording 
the count-rate data for each counter, filled with a gas mixture identical with that used but with the 
radioactive gas replaced by an equal proportion of inactive carrier gas of the same element, ~nd at the same 
gas pressures. 

In the case of a short-lived radioactive gas, such as xenon-133, a least-squares fitting procedure is used to 
dete~ii:ie bot~ the net activity at any chosen zero re[erence time,_!0 (usually the mid-point of the data
acqms1tion penod), and the average background. The mternal count rate, corrected for dead-time and low
energy amplifier noise, for a given counter difference and given pressure, are fitted to the expression 

N=N e -~ (t-!.o + B 
0 -·· 

Where N is the observed count-rate for the count period starting at time_!, and N is the count rate at the chosen 
reference time t 0 . The accuracy of this method is, of course, dependent on the aciuracy with which the half-life, 
A., is known, the number of half-lives over which the data are taken, and on the background being low 
and stable. 

The results must finally be corrected for efficiency and wall effects by an extrapolation of the plot of activity 
per gram molecule of the sample gas versus reciprocal pressure to zero reciprocal pressure (infinite pressure), 
where 100% efficiency for the counters is assumed. 

CALIBRATION METHODS AND STANDARDS 

Point-source standards ofkrypton-85 implanted in aluminum, at 30 kilovolts in Oak Ridge, have also been 
prepared. Discs of aluminum foil about 5 mm in diameter are sealed between plate-glass discs using optical 
epoxy resin. The gamma-ray emission rate was determined by comparison with point sources of strontium-85 
calibrated by x--y coincidence counting. The same 514-ke V gamma ray ofrubidium-85 is involved in the decay 
of both krypton-85 and stron tium-85. 

After a radioactive gas has been directly calibrated by internal gas counting, the calibration is preserved by 
either calibrating an ionization chamber with an auxiliary vibrating-reed electrometer; or, in the case of 
gamma-ray emitting radionuclides, by calibrating, in fixed geometry, a Nal(Tl), GE(Li), or Si(Li) detector. 
These latter solid-state detector calibrations are carried out with both extended gas samples, in say, 
approximately 5-ml ampoules, or with the gas condensed by means of liquid nitrogen into the tip of the 
ampoule, thus obtaining a source that subtends a smaller solid angle to the detector. 

Table 1 is a list of the radioactivity standards of rare gases, available from the National Bureau of 
Standards. These include noble-gas standards for argon-37, krypton-85, xenon-13lm, and xenon-133. As the 
source material for the xenon-133 standards is fission off-gas, it has been found necessary to use the NBS 
isotope separator to prepare xenon-133 standard essentially free of xenon-131m. Figures 6 and 7 are 
photographs of the isotope separator collector foils for krypton and xenon respectively. The mass dispersion is 
readily seen. High specific activity samples of extreme isotopic purity are available by physically cutting out 
the appropriate portion of the collector foil, and evaporating off the noble gas. Measurements of the isotopic 
enhancement factor have been made at this laboratory (Landgrebe, et al., 1970) for mass 142, using the 
radioisotope praseodymium-142. Figure 8 is a plot of the mass dispersion of praseodymium-142 as obtained 
with the NBS isotope separator. The tail of the mass 142 isotope at the mass 141 position is seen to be more 
than three orders of magnitude less than the peak intensity. From this, the isotopic enhancement factor for 
xenon-133 overxenon-131m can be estimated to be on the order of 106 • In the xenon-133 samples prepared to 
date, no evidence ofxenon-131m activity has been found. 
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TABLE 1. Na ti on al Bureau of Standards 
Rare Gas Radioactivity Standards. 

Radionuclide Transition Radiation Counted 

Hydrogen-3 Reta Beta 

Carbon-14 Beta Beta 

Argon-37 Electron Capture Auger Electrons, X-Rays 

Krypton-85 Beta Beta 

Xenon-131m Gamma Conversion Electrons 

Xenon-133 Beta Beta 

Radon-222(a) Alpha Alpha 

(a)In Equilibrium with Radium-226. 
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Figure I. Estimated krypton-85 concentration in the Northern Hemisphere from nuclear electric power 
production. 
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Figure 6. Aluminum target foil implanted with the isotopes of natural krypton. The major isotopic 
constituents are identified by the respective mass number. 
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Figure 7. Aluminum target foil implanted with the isotopes of natural xenon, similar to Figure 6. 
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CALIBRATION OF DETECTORS FORARGON-41 

H. E. DeSpain and S. B. Garfinkel* 
Center for Radiation Research 
National Bureau of Standards 

Abstract 

Most nuclear reactors produce argon-41 during their operation. For many, it is the largest single gaseous 
radioisotope released outside the reactor. It is essential, therefore, to know the concentration of this gas -
both in working areas for the protection of reactor personnel and in reactor effluents for environmental 
protection. For this reason, it was important to develop a rapid and easy method to precisely measure the 
concentration of argon-41, wherever it may be found. 

The radioactivity of an irradiated sample of argon was assayed by comparing it to an NBS Standard 
Reference Material of sodium (22Na). The argon-41 was then transferred to an ionization chamber, and an 
accurate calibration of the response of the ion chamber was made. This chamber was subsequeritly used to 
calibrate other detectors, including the stack monitor for the NBS 10 MW heavy-water research reactor. The 
method used does not require an accurate knowledge of the neutron flux density, cross section, nor volume of 
gas irradiated for the calibrating samples. Also, the activated argon does not have to be trans{ erred to another 
container before assaying. Furthermore, this method allows for quick and repeated recalibrations and 
measurements whenever required. The results to date have been excellent. 

INTRODUCTION 

One of the critical problems of today is the question ofradioactive releases into the environment because of 
the potentially significant impact on the health and safety of the public. This problem is accentuated by the 
rapid growth of nuclear power plants and facilities coupled by newly instituted AEC Regulations limiting all 
radioactive releases to "as low as practicable". For these reasons, it has become essential to know, accurately, 
the magnitude of such releases, even for previously ignored small amounts. In order to measure the amount of 
radioactive material released into the environment, accurately calibrated monitors are needed. In this 
connection, a new technique has been developed which provides a simple, fast, and accurate method for the 
calibration of these monitors. While the technique has a wide range of application, it is being initially tested 
for one of the most prevalent gaseous effluents, argon-41, which has a half-life of 110 minutes. Most reactors 
produce argon-41 during their operation, and, for many, it is the largest single gaseous radioisotope released 
to the environment. 

The general method for producing a known amount of argon-41 is to irradiate a known mass of argon (99.6% 
argon-40) in a known thermal neutron flux for a given time (Meck, 1969). Then, by using the thermal 
activation cross section and decay constant, one can calculate the amount of argon-41 produced. It is obvious 
that several variables will have to be known accurately in order to obtain a meaningful number on the amount 
of argon-41 produced during the irradiation. 

A program was started to determine an alternate method to generate a known amount of argon-41 for use in 
calibrating detectors. The technique developed here eliminates many of these problems. 

EXPERIMENTAL 

It was decided to assay the radioactive argon after production by comparing it to a calibrated source. 
Sodium-22 was chosen because of its single gamma ray of 1,274.5 keV (Adams, et al., 1969), which is near the 
argon-41 gamma of 1,293.6 (Adams, et al., 1969), and is readily available from the National Bureau of 
Standards (NBS, 1973). This known amount of 41Ar was injected into an ionization chamber (IC), and 
measurements were made of the detector's response as a function of time. The half-life of the 41 Ar was checked, 
and the response of the detector was calculated. This calibrated detector may then be used to sample systems 
containing 41 Ar or may be used to calibrate other detectors. 

The first technique tried was to place the 22Na source in a cylindrical IC which could be taken apart. The 
source was placed at various points inside the cylinder and counts were taken with a NaI detector at 40 cm. 
This proved to be a long, tedious procedure and was abandoned rather quickly. The next method involved 
counting a sample of irradiated argon (in plastic tubing) in the same geometry as the 22Na source (40 cm from 
the NaI detector), then placing the tubing in a glass finger attached to an evacuated detector. The finger was 
opened to the chamber and heated until the plastic tubing melted and released the 41 Ar. Although this method 
worked satisfactorily for calibrating a G.M. detector system, the hydrocarbons evolved during the heating 
decreased the efficiency of an ionization chamber by about 10%, so the present method was developed. 

Figure 1 shows the general scheme employed. A 22N a Standard Reference Material (SRM) obtained from the 
NBS was used to determine the efficiency of a NaI detector for 1,274.5 keV gamma rays. This detector was 
then used to assay a sample of 41 Ar in the same geometry. 

They-ray efficiency of the detector for 41 Ar was determined by a straight line interpolation of the efficiency 
for the 1,27 4.5 ke Vy-ray of 22N a and the 1,332.4 ke V (Adams, et al., 1969) y-ray of 6°Co. This was done by 

*Deceased 
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recording the spectrum for each radionuclide on a 400 channel analyzer (MCA) and evaluating by 
Hutchinson's method (Hutchinson, et al., 1967). Once E (the ratio of 22Na to 41 Ary-detector efficiency) was 
determined, it was found that one could achieve satisfactory results with a single channel analyzer (SCA) 
instead of the MCA by adjusting a single channel analyzer window to cover the photopeak pulses from both 
radionuclides. 

A section of polyethylene tubing (3.17 mm lD x 3.99 mm OD) was flushed with pure argon gas at 
atmospheric pressure, then heat sealed at the open end. Next, several samples were prepared by heat sealing 
the tubing in 2-3 cm long sections until a sufficient number of samples were sealed. At this time, the sealed 
samples were cut from the tubing and checked for leakage by submersion in water. After drying, a sample was 
irradiated in a thermal neutron flux density of about 1013 n/cm2/s for a period of 30 seconds, producing 
approximately 2µCi of argon-41. The sample was then positioned at 40 cm from the surface of the previously 
calibrated N al detector. A preliminary count was taken to check for the presence of impurities. Another count 
was started, and after counting long enough to accumulate the desired counts, the sample was placed inside a 
modified syringe which was then attached to an evacuated detector. 
A 20 ml syringe was modified in order to permit filling the detector with various gases without using a dry 

box. This was done by adapting a 114" OD glass tubing to the wall of the syringe at about the 15ml line (Figure 
2). A number 21 scalpel blade was sheared off at each end and top to form a cutting edge of 5 mm x 17 mm. This 
blade was epoxied to a 17 mm diameter washer with a sharp edge up. The washer and blade were then placed 
in the bottom of the syringe, and the plunger was coated with vacuum grease. A magnesium perchlorate filter 
was used to remove the water vapor while filling the detector through the syringe. The valve between the 
detector and syringe was opened, causing the pistol to press the source against the blade severing the 
polyethylene tubing and releasing the argon-41 into the detector. Next, the detector inlet valve was closed and 
the piston was pulled out far enough to allow room air from the filter to enter into the syringe, then the plunger 
was inserted until the opening to the filter was closed. After a short time, the detector inlet valve was opened 
again to allow the argon-41 air mixture in the syringe to enter the detector. This process was repeated several 
times to ensure that all the argon-41 was injected into the detector, then both valves were opened, and the 
detector was allowed to come to atmospheric pressure. 

To provide a check on possible leakage of the radioactivity during the expansion, the detector was brought 
to atmospheric pressure through another detector, and this second detector indicated that a negligible amount 
ofradioactivity had escaped during the expansion. The syringe was removed intact and recounting with the 
N al detector indicated that less than 1/2 of 1.% of the original activity remained in the syringe. Leakage 
through the polyethylene tubing was checked by counting an intact sample at various times, and comparing 
the observed count rate to the theoretical count rate, allowing for decay of the sample. This leakage 
average:::::0.1 % per minute. Since the time lapse from counting until the sample was placed into the syringe 
was on the order of 30 seconds, the loss due to leakage was 0.1 % or less. The detector used was a one liter 
spherical ionization chamber (IC). The volume of the chamber was determined by weighing before and after 
filling with water. The vibratingreed electrometer (VRE) was used in the constant voltage mode, whereby the 
voltage produced across a 1012 ohm resistor by the current from the IC is measured by the VRE and indicated 
on a digital voltmeter (DVM). The DVM has an accuracy of 0.1%±one digit. The combination of the 
1012rlresistor-VRE-DVM was checked by introducing a current from a calibrated picoampere source and 
found to be accurate within 0.6%. The IC was checked for saturation by use of an external 6°Co source, and it 
was found that a potential of 270 volts was sufficient to ensure saturation for the currents produced by a 
nominal sample (8x10-12 A). A further check was made by extrapolating the indicated voltage after a period of 
decay back to the time of the transfer and initial voltage measurement. If these voltages did not closely agree, 
the process was repeated for a later measurement, until it was determined that the IC was saturated. From this 
point on, the decay time after')'-counting and the indicated voltage was recorded at intervals of 10-30 minutes, 
until at least ten measurements were made. These data were used in an exponential least squares :fitting 
program to calculate the decay constant and the voltage the sample would have produced at T = 0. By 
calculating the total activity by reference to the 22Na source, one could calibrate the detector as described in 
Appendix 1. The accuracy of the calibration was primarily dependent upon the uncertainties of the sources 
used in the 41Ar detection efficiency and the counting statistics of the 41 Ar sample. The overall uncertainties of 
the 22Na and 6°Co sources, respectively, were 1.5% and 1.2%; i.e., the linear sum of 0.1%, which is the 99%. 
confidence limit, and the estimated systematic errors. A calibration accuracy estimated to be within± 5% was 
attained easily. The precision achieved in eight calibrations of the same detector was a standard deviation of 
the mean of 0.8%. The observed mean half-life was 109.6 minutes with a standard deviation of 0.3%. The 
sample activities ranged from about 2 to 4 µCi; all were 'Y -counted for four minutes at 40 cm from the crystal 
surface. 

This technique has also been used to calibrate a pair of 14.6-liter ionization chambers which are used to 
sample the stack exhaust of the NBS 10 MW heavy-water reactor. 
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APPENDIX I 

Calibration of the Detector 

CF 41 = S22.R41.E 
Vml.V 

0
.Ar41 

76 
p 

273+T 
T 

whereCF41 = Calibration factorin Ci for 41 Ar@ STP 

~ 

s22 =Sensitivity of "I-detector for 22N a in Ci 
counts per minute 

R41 =Count rate of "!-detector for 41Ar@ time= O 

E =Ratio of efficiency of "I-detector for 22Na versus 41Ar 

P =PressureinmmofHg 

T =Temperature in ° C 

V ml =Volume of detector in ml 

V 
0 

= Voltage indicated by VRE @time = 0 

AR41 =Abundance of argon-41 gamma ray (0.992) 
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SEPARATIONOFNEON-21FROMNATURALNEONBYTHERMALDIFFUSION 

W. M. Rutherford, G. E. Stuber, Jr., and R. A. Schwind 
Monsanto Research Corporation 

Mound Laboratory* 
Miamisburg, Ohio 

Abstract 

The rare stable isotope neon-21 comprises 0.27% of natural atmospheric neon. In earlier work, separation of 
neon-21 in high purity was accomplished by thermal diffusion with the aid of deuterated methane as an 
auxiliary gas. The separation is now being accomplished by thermal diffusion without the use of an 
auxiliary gas. In the latter process a two-stage, multiple column, thermal diffusion system is employed. The 
most abundant isotope, neon-20, is removed in the first stage, leaving a binary mixture of neon-21 and neon-
22. The binary mixture is further separated in the second stage of the process, yielding high purity neon-21. It 
was found that the performance of the separation apparatus in both the transient and steady-state modes 
could be accurately predicted from thermal diffusion column and cascade theory. 

The thermal diffusion separation technique can be used for the separation of a wide variety of gas mixtures, 
including isotopic separations of stable and radioactive nuclides. Recent examples include separation of 
argon-37 and argon-39 from atmospheric argon and the enrichment of krypton-85 and xenon-136 from nuclear 
reactor fission gas. 

INTRODUCTION 

The rare stable isotope 21Ne comprises 0.27% of atmospheric neon. The separation of this material from the 
much more abundant isotopes, 20Ne and 22Ne, is of interest for many applications to physical research 
problems. The separation is a difficult one involving the extraction of a small quantity of the desired isotope 
from large quantities of material of both higher and lower atomic mass. 

A small quantity of 21Ne of very high enrichment (99.6%) was separated by using the thermal diffusion 
column and an auxiliary gas technique (Clusius, et al., 1956). The auxiliary gas (deuterated methane) was 
used to displace the end components of the ternary mixture, and was later separated by conventional physical 
techniques from the 21Ne product. This rather tedious batch technique has also been used by the authors to 
prepare small quantities of 21Ne of a somewhat lower concentration. The work to be described in this paper, 
however, involved the successful continuous separation of 21Ne at high-enrichment without the aid of an 
auxiliary gas. 

The thermal diffusion column, invented by Clusius and Dickel (1938), is an especially effective tool for 
separating small quantities of isotopes in the gas phase, and a number of such separations were accomplished 
by Clusius and co-workers using batch techniques (Grove, et al., 1968). An extensive and unique facility has 
been developed at the Mound Laboratory for the continuous separation by thermal diffusion of many of the 
isotopes of the noble gases. This paper describes the continuous separation of 21Ne in a two-stage thermal 
diffusion process, wherein the ternary mixture is converted essentially to a binary mixture in the first stage 
and the binary is separated in the second stage. 

Operation of the dual cascade system afforded a useful experimental test of the theory of multicomponent 
isotope separation cascades and of the associated computational techniques for solving the system of 
nonlinear partial differential equations which describes the transient behavior of such cascades. 

THEORETICAL BASIS OF ISOTOPE SEPARATION BY THERMAL DIFFUSION 

The theoretical aspects of the problem of separating 21Ne fall into three categories: (1) the theory of the 
individual separation unit or column; (2) the theory of multiple column units, or cascades; and (3) design 
techniques for arriving at optimum configurations of cascade systems for multicomponent separations. 
Portions of these topics have been treated separately in the literature. This section contains a summary of the 
information pertinent to the particular problem at hand. 

The theory of the thermal diffusion column was developed originally by Jones, et al., (1946) for the heavy 
isotope case. It was later extended by Rutherford (1970) to mixtures of light isotopes and to non-isotopic 
mixtures. In the theory, the behavior of the column is described by a system of transport equations which give 
the net rate at which the various components of a mixture are transported toward the ends of the column. 
Thus, m dw 

T1 = How1 (d1-,L: w3d3)-(l<c+K4)~ + O'W1, (1) 

j =l 

where Tj is the net rate of transport in mass per unit time of component i, the Wj are the mass fractions of the 
components, the dj are molecular or atomic mass differences relative to an arbitrarily chosen component 

*Mound Laboratory is operated by Monsanto Research Corporation for the U.S. Atomic Energy Commission 
under Contract AT-33-1-GEN-53. 
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called the key component, q is the net mass flow rate through the column, and z is the vertical coordinate. The 
coefficients, H0 , Kc , and Kd are the reduced initial transport coefficient, the convective remixing 
coefficient, and the diffusive remixing coefficient, respectively. 

The three coefficients are functions of the geometry and operating conditions of the thermal diffusion 
column and of the physical properties of the fluid. Generally, they must be evaluated by a series of numerical 
integrations of the corresponding theoretical expressions. Recent work (Rutherford and Kaminski, 1967; 
Rutherford, et al., 1969; and Roos and Rutherford, 1969 and 1970) has shown that in carefully constructed 
columns the experimentally determined column coefficients agree quite well with those predicted from theory, 
provided that the physical properties of the gas mixture are accurately known. 

As will subsequently be demonstrated, the transient performance of a thermal diffusion column is 
frequently of more interest than the steady-state behavior. Under transient conditions, Equation (1) becomes 

oT 1 = -µ o W1 (2) 
0 z 0 t ' 

where µ. is the mass holdup per unit length in the column and tis the time. Equations (1) and (2) comprise a 
system of nonlinear partial differential equations which must be solved by finite difference techniques. 

A straightforward approach to the solution of (2) involves the step-by-step evaluation of the following finite 
difference approximations to Equation (2): 

W1 111 k + 1 , . 111 
k + (T_1 , 111 + i , k -T 1 , 111 , k ) /::,, t 

' µm(z111-Z111-1) 
(3) 

where the subscript i refers to the component, the subscript m to the location along the cascade in the z 
direction, and the subscript k refers to the time step. Although this is a workable scheme, the calculation is 
stable only for unrealistically small time intervals, and excessive amounts of computer time are required to 
obtain solutions for moderately complex problems. 

At the expense of additional complexity a much more efficient method has been developed for solving the 
transient problem. In the new method, the transport of component i during the kfu time period is taken to be 
the average of the transport at the beginning of the time interval, and the transport at the end of the interval; 
thus, -

- 6 t l (T +T )- (T +T )] W 1 , 111 ,k+l-w1 , 111 ,k +µ
111

1::,,z 1,111,k 1,111,k+l 1,m-l,k 1,m-l,k+l 

2 (4) 

These equations cannot be used for the direct calculation of the new concentrations at the end of k + 1 time 
intervals because the quantities Ti rn k + 1 are also explicit functions of the new concentrations. The 
system of equations, however, can be reduced to a set of tridiagonal equations for each component, so that 

(5) 

The Di rn contain the new concentrations in the form of the non-linear part of Equation ( 4). If the Di rn are 
initially assumed constant· during a time step, a first approximation to the new concentrations cari be 
obtained by solving the resulting linear set. The first approximations can be used to calculate new values of 
the Di m and so forth until convergence is obtained within the desired accuracy. 

The'implicit scheme is quite stable, and can be used with a time step on the order of 100 times that of the more 
direct method. The amount of computation, however, is roughly a factor of 10 greater so that the net gain in 
speed ofoperation is reduced to a factor ofl 0. 

The steady-state solution of Equation (1) can be more difficult and sometimes more time consuming than 
the solution of the transient problem. The typical problem involves processing feed material of a specified 
composition to yield two or more product streams for which the flow rates are specified. The transport 
equations can be integrated in a straightforward way (Runge-Kutta, for instance), but the composition of the 
mixture is not known a priori at any point in the cascade. The boundary conditions, then, are the material 
balances for each component. One must assume the composition at some base point in the cascade, calculate 
the corresponding concentration profiles for each component, then iterate upon the assumed composition to 
satisfy the material balances. Newton's method is a satisfactory iteration technique, but some artifice must be 
adopted in the choice of the way in which the base point composition variables are used in the iteration. It was 
found that fewer failures were encountered, and more rapid convergence was obtained, by a transformation of 
the compositions such that the iteration was performed on the quantities R i where 

(6) 

and 

(7) 
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The quantities w i b and w if are the mass fractions at the base point, and in the feed, respectively; Pb is the 
product flow at tlie base point and Fis the feed rate. Equation (6) restricts fj to the region between 0 and +1; 
thus, according to (7) the amount of any one component in the product stream cannot exceed the amount in the 
feed. 

Most of the literature on the design of cascades for the separation of multicomponent isotope mixtures was 
summarized byTucker(l963). The basic design method is that of the "key weight" ofM* cascade described by 
De la Garza (1962). The M* cascade can be interpreted as a cascade in which the abundance ratio (ratio of 
concentrations) of two fictitious components are equal in all of the streams which come together within the 
cascade. The average of the molecular weights of these two components is equal to M*. The M* cascade has the 
property that those components whose molecular weights are less than M* are preferentially enriched above 
the feed point, and those components which are heavier than M* are preferentially enriched at the bottom of 
the cascade. Because of this property, it is possible to enrich a middle isotope (neither the lightest nor heaviest 
isotope in the feed) to any desired purity by using two M* cascades. The M* design method can also be used to 
design a single cascade to enrich a middle isotope to any desired purity; however, the use of a single cascade 
seems to be less efficient than the dual cascade system. 

EXPERIMENTALSEPARATIONSYSTEM 

The dual cascade system for the separation of 21 Ne (Figure I) is comprised of eight thermal diffusion 
columns. In a primary cascade of four columns, feed of natural abundance was separated into three streams 
containing respectively, neon-20, neon-22, and a "binary" partially enriched mixture of neon-21 in neon-22. 
The latter mixture was used as feed to the secondary cascade of four columns. The neon-21 product, and a 
byproduct stream ofneon-22, were obtained from the second cascade. 

The separation system deviated somewhat from the concept described in the previous section primarily 
because oflimitations imposed by the number, type, and physical locations of the available columns. The four 
columns of the primary cascade were separately located, and were ofa different type than the columns of the 
secondary cascade; therefore, it was not practical to consider configurations involving a 5-3 or a 6-2 split for 
the two cascades. The M* or key weight concept could not be used in the design of the system because of the 
small number of separation units available for the job; however, one might consider the two cascades to be 
something like squared-off M* cascades with 20 < M* < 21 in the primary cascade, and 21 < M* < 22 in the 
secondary cascade. 

The sidt) stream in the first cascade is also a departure from the basic design principle. The side stream was 
an expedient which was adopted to get around the unfavorable characteristics of a "square" primary cascade. 
(A square cascade is one in which the number of columns are parallel along the entire series length of the 
cascade.) Specifically, the use of the side stream greatly reduced the time required before usable product could 
be delivered to the secondary cascade. In addition, an intermediate product of a higher 21Ne concentration 
could be obtained with no sacrifice in the rate of transport of 21 Ne. These advantages of side stream operation 
would be unlikely to be encountered in a large cascade which could be arranged in an optimum series-parallel 
combination of columns. 

The columns of the primary cascade were of a standard Mound Laboratory design described by Rutherford, 
et al., (1968). The columns, which were mounted in individual cooling water jackets, were heated by tubular 
electric heaters having an active hot-length of 4.88 m. They were connected in a series by circulating gas from 
the bottom of one column through the top of the next with sealed, magnetically-driven circulating pumps. 
High-purity neon gas was fed to the system through a two-stage metal diaphragm pressure regulator. The top, 
bottom, and side streams were allowed to flow from the cascade through variable leaks into lines at reduced 
pressure. Gas from the top and bottom of the cascade was pumped into storage bottles with sealed refrigerator 
compressors. The gas from the side stream was allowed to accumulate in an evacuated tank. It was 
periodically pumped by means of a peristaltic pump into a 300 ml bottle filled with activated coconut charcoal 
at liquid nitrogen temperature. There were two 300-ml bottles. One was used to feed the secondary cascade 
while the other was being filled from the primary cascade. 

The secondary cascade consisted of four hot wire columns of an older Mound Laboratory design. They were 
equipped in a configuration very similar to the columns of the primary cascade. The top product was removed 
through two solenoid valves operated alternawly by a timer. The product was then stored in the head space of 
a refrigerator compressor. The bottom product was removed through a very fine metering valve into a line also 
evacuated by a refrigerator compressor. 

Operating pressures of the two cascades, which were 9.7 and 1.0 atm, respectively, were chosen on the basis 
of column coefficients calculated from theory. The theoretical calculations were done in a way similar to that 
reported by Rutherford and Kaminski (1967) for neon columns operated under similar conditions. The 
primary cascade was operated at a high pressure relative to the maximum in the relationship between the 
static (total reflux) separation and pressure. This was done in order to gain as high a transport of neon-21 as 
possible at the feed point. A higher pressure could have been effectively used, but the maximum working 
pressure of the circulating pumps was on the order of IO atm. The secondary cascade, for which a high 
transport was not required, was operated at a pressure equal to that of the maximum static separation factor. 
It was desirable to operate at lower pressures in the secondary cascade because the extent of separation per 
unit ofneon-21 holdup became more favorable as the pressure was reduced. 
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The dimensions and operating parameters of the columns of the two cascades are summarized in Table 1. 
Also given in Table 1 are the theoretical values of the column coefficients, and the calculated electrical power 
requirements for the column heaters and wires. 

SEPARATION OF NEON-21 

Exploratory calculations of the behavior of the two cascades showed that neon-21 of 90% or greater 
enrichment could be produced from the secondary cascade if it were fed a "pseudo-binary" mixture containing 
several percent neon-21 in neon-22. It was necessary that the neon-20 content of the mixture be no more than 5 
to 7%ofthe neon-21 content, and perferably very much less than 5%. Calculations of the transient behavior of 
the primary cascade showed that the desired mixture could be produced as a side stream after a startup period 
of some 90 days. During the startup period, neon-20 and neon-22 would be separated from the feed mixture, 
and neon-21 would be allowed to accumulate in the cascade until the desired operating holdup ofneon-21 was 
acquired. 

The decision was made a priori to recover approximately two-thirds of the neon-21 in the feed gas; therefore, 
operation of the cascade was designed so that the byproduct neon-20 and neon-22 streams contained 0.1 % 
neon-21. Later, it became apparent that a more favorable distribution of concentrations would result in 
the primary cascade ifthe neon-22 stream were allowed to drop to 0.05% neon-21, and this was done shortly 
before product withdrawal was started. 

As shown in Figure 2, the predicted behavior of the primary cascade was closely matched by the 
experimental results. This included a sharp transient maximum in the neon-21 concentration at the bottom of 
the cascade just prior to the commencement of neon-22 withdrawal at 7 days of operation. In calculating the 
behavior from theory, the column coefficients were adjusted somewhat on the basis of previous operating 
experience with similar columns. Specifically, the initial transport coefficient was taken to be 85% of the value 
given in Table 1, and the convective remixing coefficient was taken to be 115% of that given in Table 1. 

A period ofreasonably stable operation was encountered after the start of a side stream product withdrawal. 
Accordingly, average flow rates and product compositions were calculated from the data for a period 
representing approximately 30 days of operation. These results and the material balances constructed 
therefrom are given in Table 2 along with the corresponding values derived from the theoretical calculations. 
The agreement of the side stream compositions is not especially striking, but it should be recognized that the 
side stream composition is critically sensitive to the positioning of the neon-21 concer.tration peak in the 
cascade. The location of the neon-21 peak can be manipulated within a very short period of time by adjustment 
of the neon-22 withdrawal rate at the bottom of the cascade. 

When a quantity of approximately 6 STP l of side stream product had been accumulated, feed was started 
to the secondary cascade. The secondary cascade contained an initial inventory of neon-21 as the result of 
previous separation experiments outside the scope of this report. Thus, the starting concentration of neon-21 
at the top (product) end of the cascade was 39%. During a start-up period of 76 days, the neon-22 byproduct was 
removed from the bottom of the secondary cascade, and the neon-21 concentration was allowed to increase at 
the top to the desired value of 90%. Progress of the concentration as a function of time is shown in Figure 3. 
Theoretical calculations of the transient behavior of the secondary cascade were not made; however, it was 
recognized that the capacity of the secondary cascade exceeded the ability of the primary cascade to deliver 
material. Figure 3 represents the behavior during the operating time when feed material was available, and 
does not include periods of shutdown. Following the startup period, the cascade was operated for a period of 92 
days to produce a total of 257 ml of neon averaging 90 to 92% neon-21. 

DISCUSSION 

The successful operation of a dual cascade has resulted in the separation of a significant quantity of 
enriched neon-21 for subsequent application in physical research. In addition, it was shown that, for a 
relatively complex system, the behavior of thermal diffusion cascades can be predicted with confidence. This 
is of particular significance in relation to isotope separation problems involving the rare gases, because 
thermal diffusion is one of the few available separation methods which can be applied to these materials on a· 
small scale. 

The thermal diffusion technique was recently applied by one of the authors (Rutherford) to the calibrated, 
quantitative transient enrichment of argon-37 in the atmosphere. The techniques and theoretical calculatiom 
associated with this work are to be described in a forthcoming publication. Similar methods can be applied to 
other noble gas isotopes of sufficiently long half-lives, e.g., krypton-84 and -85 and argon-39. Argon depleted in 
argon-39, and krypton depleted in krypton-85, have also been separated at Mound Laboratory. 
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TABLE 1. Dimensions and Other Parameters of 
Thermal Diffusion Columns Used for 

Neon-21 Separation. 

Primary Secondary 
Cascade Cascade 

Length,m 4.88 7.32 

Cold wall diameter, cm 1.75 1.91 

Hot wall diameter, cm 0.8 0.16 

Cold wall temperature, °K 303 303 

Hot wall temperatnre, °K 973 1,023 

H0 , initial transport coefficient 
for 1 mass unit, g/ s 6.36x10-5 2.07x 10-5 

Kc, convective remixing 
coefficient, g-cm/s 3.04x1Q.3 1.41x10-3 

Kd, diffusive remixing 
coefficient, g-cm/s 6.57x 10-4 l.66x 10-3 

Calculated power input, W 4,850 2,670 

- 164 -



TABLE 2. Compositions and Flow Rates in the 
Primary Cascade During Steady Operation. 

Composition 
mole percent: 

Flow Rate, 
STPml/hr Neon-21 Neon-22 

Top stream exptl. 300 0.11 0.12 
theory 299 0.10 0.077 

Side stream exptl. 8.3 5.3 94.6 
theory 9.0 7.9 91.9 

Bottom stream exptl. 23.7 0.048 99.95 
theory 22.3 0.052 99.95 

Neon-21 balance: Feed 0.90mJ/h 
Top 0.3.'3 
Side 0.44 
Bottom 0.01 

Net accumulation 0.12mJ/h 
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Feed 
90.4% 20 Ne 
0.27% 21 Ne 
9.3 % 22Ne 

99.8% 20 Ne 

5.3% 21 Ne 
94.6% 22 Ne 

99.95% 22 Ne 

90% 21 Ne 

99.9% 22 Ne 

Figure 1. Two cascade system for separating neon-21. The rectangles represent thermal diffusion columns 
and the circles, interstage circulating pumps. 
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Figure 2. Concentrations in the primary cascade as a function of time. The solid lines are calculated from 
theory. 
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Abstract 

Numerous methods have been developed for measuring kr.vpton-85 in air as kr.vpton ultimaf('/y 
accumulates in air once it is released into the environment. However, kr.vpton-85 can be present in other m('di~ 
such as natural gas from wells stimulated with nuclear devices or in water when kr.vpton-85 is us('d for 
aeration studies. 

Meth_ods for the measurement of ambient levels of kr.vpton-85 require a concentration of kr.vpton from a 
large air sample of one m3 or more. If elevated levels are to be measured, carrier kr.vpton ma.v be used prouid('d 
the contamination of r1tmospheric kr.vpton with krypton-85 does not interfere with the measurement. ln 
certain cases, such as in the vicinity of nuclear fuel processing plants, direct measurement techniques ma v O(' 
used. · 

A variety of techniques are employed for krypton-85 counting. At low levels, internal gas countinR or 
organic scintillation is used to measure the beta emission of this radionuclide. At higher levels the gamma 
emission of krypton-85 may be measured using scintillation or solid state gamma spectroscopic methods. 

Techniques for collection of the sample, concentration of krypton, and radioactivity measurement of 
krypton-85 are discussed and various processes are critically evaluated and compared. 

INTRODUCTION 
Numerous analytical methods have been developed for measuring krypton-85 in air and other media. The 

method of choice for a particular application depends on the concentration to be measured, the interfering 
radionuclides, and the accuracy and precision required. Krypton-85 decays by beta emission having a 
maximum beta energy of 0.67 MeV and a frequency of 99.6%. The gamma photon is 0.514 MeV with a 
branching ratio of 0.41 %. 

Most analytical methods are based on measuring the beta emission because the gamma emission has such a 
low branching ratio. When high levels of krypton-85 are encountered, gamma measurement can be used. 
Table 1 gives a comparison of the levels ofkrypton-85 that might be encountered in monitoring situations. 

ANALYTICAL METHODS 
1. Direct Measurements. 

Direct measurement of the beta emissions from krypton-85 is the simplest, least expensive method of 
monitoring this radionuclide in air; numerous instruments have been developed for this purpose. There are 
several limitations, however, to utilizing this technique. The sensitivity of direct measurements is low, being 
in the order of 10-7 to 10-s µCi/ml depending on the particular system. The sensitivity is influenced by 
background radiation and gamma fields. At the lower levels of detection, the radon in air creates 
interferences, particularly with flow-through counters. Because of the short range of the 0.67 MeV beta 
particles, thin window or flow-through detectors are used. Another consideration is that direct beta 
measurements are not specific for krypton-85. Other radioactive gases that may be present, such as xenon-
133/135 or krypton-85m/88, will be readily detected and not differentiated from krypton-85. 

Shapiro, et al., (1963) reviewed the sensitivities of various detectors for measuring krypton-85. They 
presented the calculations for the efficiencies of idealized ionization chambers and other detectors. Data were 
also presented on the laboratory testing of the detectors as well as test data utilizing an ionization chamber in 
a reactor stack. A summary of their calculated lowest concentrations of krypton-85 that can be measured by 
various detectors is given in Table 2. These sensitivities are based on an external radiation background of0.02 
mR/hr. 

Smith, et al., (1967a,b) reviewed the various techniques for monitoring kryp~on-85, and reported s~nsitivity 
by direct measurement of 1.5 x 10-7 µCi/ml for a G-M tube in an annular one hter chamber. Theoretically, an 
internal G-M or proportional counter with a one-liter volume and a 50% counting efficiency could detect 5 x 10-9 

µCi/ml. To attain lower sensitivities, concentration techniques are requir~d. . . 
Smith, et al., (1970) laboratory tested a variety of detectors for environmental krypton-85 momt<?nng 

applications. They found that the detectors had a linear response over the range of 1x10-7 to5x10-5 µCi/ml. 
A comparison of the calibration curves for G-M tubes ~ith a thin plast~~ scintillator show~d t~e ~ost efficient 
G-M tube (double-windowed pancake G-M) to be 2.3 times more sensitive than the pl~stic scmtillator. For a 
maximum counting time of 4 hours and a 30-minute background count, concentrat10ns as low as 7 x 10-9 

µ.Ci/ml were detected in the laboratory. The G-M tubes and ionization chambers were field tested at the 

*Now with the Georgia Institute of Technology, Atlanta, Georgia. 
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Nuclear Fuel Service reprocessing plant. All detectors tested provided adequate sensitivity; however, under 
field conditions the ruggedness of the detector was an important factor. The thicker-walled tubes, though 
slightly less sensitive, were more durable. A one-liter ion chamber was successfully tested to measure the 
krypton-85 concentration in the plant stack. This ion chamber was no more sensitive thai;i conventional stack 
monitors consisting of G-M plastic scintillation detectors, and did not offer the rapid response, ease of 
replacement, or insensitivity to humidity. 

G-M detectors were used by Ludwick, et al., (1968) to study atmospheric transport and diffusion using 
krypton-85 as a tracer. The detectors were similar to those described previously, however, they used more 
sophisticated electronics for data acquisition. A series of64 G-M detectors was assembled to relay data into a 
4096 channel address memory.lnformation was accumulated in groups of 64 time channels, and these groups 
were automatically stepped by a programmer. The system could make quantitative measurements of 
transport and diffusion for both continuous and puff-type radioactive gas releases on a real time basis. 

Special on-line monitors have b~en developed to measure krypton-85 in the presence of tritiated methane 
produced by nuclear stimulated gas wells. Bowman, et al., (1973) describes a flow-through proportional 
counter that can detect as low as 10.s µCi/ml ofkrypton-85 in natural gas. 

2. Separation and Concentration Techniques. 

To measure concentrations ofkrypton-85 at lower levels than those attained by direct measurement, and to 
remove interfering radionuclides, requires separation and concentration techniques. Numerous techniques, 
based on the physical properties of krypton, have been developed to monitor krypton-85 at low concentrations. 
A summary of the physical properties ofkrypton-85 is given in Table 3. 

Mechanisms which possibly could be utilized for concentrating krypton-85 include: 

(1) Distillation ofliquefied gases. 
(2) Electrostatic diffusion. 
(3) Molecular diffusion. 
( 4) Thermal diffusion. 
(5) Extraction by oils or solvents. 
(6) Chemical removal of other components of the sample. 
(7) Formation of chemical compounds with fluoride. 
(8) Formation of clathrates. 
(9) Pressurization of gas. 

(IO) Adsorption on molecular sieves. 
(11) Adsorption on activated carbon. 
(12) Gas chromatography. 

Not all of these methods are suitable for monitoring applications, even though they may be applicable for 
large scale separation systems, or special qualitative and quantitative analyses of noble gas mixtures. When 
measuring krypton-85 concentrations in air, one is faced with the problem of separating the krypton, which is 
present at a concentration of 1.14 ppm, from a large volume of oxygen and nitrogen and lesser amounts of 
argon, neon, methane, and xenon. The amount of krypton recovered must be sufficient to determine the 
radioactivity of the krypton-85 by a counting technique. A relatively pure fraction of krypton must be 
recovered for this purpose. A volume of 0.5-2 ml is normally used. Numerous qualitative and quantitative 
methods for the analysis of noble gases have been developed (Cook, 1961). These techniques are not directly 
applicable for krypton-85 monitoring because a suitable krypton fraction for counting is not produced. The 
general techniques for separation, however, are applicable. In general, the methods used for monitoring 
employ some combinations of adsorption onto activated charcoal or molecular sieve at low temperatures, low
temperature chromatography, and chemical removal of components of the sample. 

When measuring krypton-85 in air, stable krypton can be used as a carrier, or analysis can be performed by 
carrier-free techniques utilizing the 1.14 ppm of krypton gas in the atmosphere as a carrier. It should be noted, 
however, that commercially available krypton is contaminated with krypton-85, and the current level of this 
radionuclide in krypton recovered from the atmosphere is approximately 14 pCi/ml krypton (Schroder et al., 
1971). In some applications, this level of contamination would not create a problem. Where small sampie sizes 
are used, the use of a carrier gas is essential. 

The sensitivities of the analytical techniques vary, but, in general, all techniques of this type can measure 
concentrations of ambient krypton-85 in air, which is currently about 17 pCi/m3 air. The sensitivity of a 
method is greatly influenced by the technique used to count the radioactivity from the separated krypton 
fraction. The counting techniques are described in Section 3. 

Several analytical techniques employ chemical methods to remove oxygen and nitrogen from the sample, 
usually as a final cleanup of the krypton fraction before counting. Oxygen and nitrogen can be removed 
quantitatively by reacting the gas stream with a titanium sponge at 1,000 - 1,100°C. Calcium can be used to 
remove nitrogen at 400 500°C; however, the reaction diminishes with the formation of surface films. Clean 
ura~ium turnings at s20°C .will ~eact ~th. nitrogen and oxygen. Oxygen can readily be removed with copper 
turmngs at about 350 C. Z1rconmm-fatamum alloy at 500°C has been used to remove oxygen and nitrogen. 
Cook (1961) describes the metal-gas reactions for purification of noble gases. 
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ANALYTICAL TECHNIQUES 

1. Separation and Concentration Techniques. 

Glueckauf, et al.,,(1956) devel~pe~ a very accurate and sensitive technique for measuring the content of 
krypton and xenon m atmosphenc air. The purpose of the measurements was to determine the content of these 
stable. gases; ?owever, th~ ~echniq.ue. cou.ld be used to ?et~rm~ne krypton-85. The technique consisted of 
metenng 300 hters o~ dry air mto a distillat10n column 8:t hqmd nitrogen temperature (cooled by evaporation). 
A me'.lsu~ed quantity of kryp~on-~5 was added. Nitrogen, argon, helium, neon, and hydrogen were 
quantitatively removed by distillat10n under reflux. Oxygen was partially removed by distillation and a 
check of the effluent was made for radioactivity to determine when krypton began to be lost. The finai' liter of 
oxygen was removed by passage over heated copper turnings. Separation of krypton from xenon was 
achieved by low-temperature gas chromatographic separation by passage through a cool charcoal column 
using hydrogen as a carrier, and monitoring the column effluent for krypton-85 activity. A final cleanup of the 
krypton fraction consisted of passage over copper oxide to combust the hydrogen and passage over heated 
titanium sponge and pyrophoric uranium before a direct pressure measurement was made to determine the 
quantity of the krypton gas recovered. This was followed by mass spectrographic analysis and krypton-85 
analysis of the final fraction. By this technique they determined that the content of krypton in air was 1.139 ::!: 
0.01 x 10-6 by volume. The standard deviation of nine analyses was ± 0. 7% with a total spread of 2.5%. The time 
required for one analysis was three days. It is of interest to note that this technique is very similar to the 
techniques used subsequently by other laboratories for atmospheric krypton-85 analyses. 

In a detailed study of the transport and global distribution of krypton-85, Pannetier (1968) used a 
concentration technique utilizing the adsorption of krypton onto molecular sieve. Four columns of 5A 
molecular sieve were used. About four meters of air were passed through the first column containing two 
kilograms of sieve at ambient temperature to remove carbon dioxide and water vapor. The air was adsorbed 
onto a second trap of 1.5 kg of sieve at liquid oxygen temperature. This retained about 140 liters of air and all 
of the rare gases except helium. The second column was desorbed at 300°C, and transferred with dry nitrogen 
to a third column containing 0.5 kg of sieve at liquid oxygen temperature. This operation was repeated, and 
the air transferred to a fourth column which was the same as column three. The desorption from the fourth 
column yielded 2 to 3 ml of krypton in several liters of air. The yield for the recovery of krypton through this 
operation, as determined by mass spectroscopy, ranged from 30-80%. The final purification of the krypton was 
performed by passing the air through a furnace containing zirconium-titanium alloy at 500 °C. Krypton was 
collected in a small U-tube containing activated charcoal for transfer of the gas to a proportional counter. The 
activity of krypton in France in 1964 was measured to be about 15 dpm/ml of krypton utilizing this technique. 

Reist, et al., (1968) investigated methods of increasing the sensitivity of krypton-85 monitoring by 
concentrating the krypton onto an activated charcoal cannister at-78.5°C. The cannister contained 590 ml of 
charcoal. The gas in the cannister was desorbed and passed through a 2.8-liter ion chamber. It was found that 
the method produced an average concentration factor of 12.9 for the gas desorbed from the cannister as 
compared to the concentration of the input air. A sensitivity of about 10-8 µCi/ml could be made using a 2.8-
liter ion chamber directly, and with this concentration process a sensitivity of about 10-9 µCi/ml could be 
attained. 

Sax, et al., (1969) measured the concentration of krypton-85 in air at several locations in New York State 
over the period 1967-1968. Their analytical technique consisted of the collection of up to three cubic meters of 
air in plastic bags, or directly into a 5A molecular sieve trap immersed in liquid nitrogen. The sample was 
transferred to a charcoal trap cooled with liquid nitrogen. The sample was fractionally desorbed from the 
charcoal trap with all but the last 100 ml of sample being discarded. This step resulted in less than one percent 
loss of the krypton-85 in the sample. Oxygen was added to subsequently com bust the traces of methane in the 
sample; the carbon dioxide and water was removed from the gas stream with a liquid nitrogen trap. Excess 
oxygen was removed with a hot copper furnace, and nitrogen was removed with liquid lithium at 300°C. The 
final gas fraction consisted of 2-3 ml of gas containing more than 90% pure krypton. Their measurements 
indicated that the concentration ofairin New York was about 11 pCi/ml3 ofair. 

Stevenson et al. (1971) developed a technique to analyze krypton-85 in air that did not require high
temperature 'gas-m~tal reactions. Their procedure utilized an air sample of one cubic meter which was 
transferred to a charcoal trap at liquid nitrogen temperature after passage through a trap of 13X molecular 
sieve to remove carbon dioxide and water. A pressure differential of one-half atmosphere was maintained 
across the charcoal trap to remove oxygen and nitrogen, and thus prevent the condensation ofl~quid 8:ir in the 
trap that could create a potential explosion hazard. The temperature of the charcoal trap ~as raised with a dry 
ice acetone bath and the trap was purged with helium to remove most of the oxygen and nitrogen. The effluent 
from the trap ~as monitored with a thermal conductivity cell. The remaining gas from the trap was 
transferred to a 150-cm long column containing 5A molecular sieve at liquid nitrogen temperature. A flow of 
helium was established through the column, and the temperature of the column raised to -1~0~, the ef~uent 
being monitored by a thermal conductivity cell. The first fraction to ?e eluted was the remammg portion of 
oxygen and argon which was discarded. Krypton was the n~xt fraction to appear and was tra11:sferred to a 
second 150-cm molecular sieve column. The krypton fract10n was followed closely by the nitrogen and 
methane fractions, which were discarded. Elution from the second column was performed in the same manner 
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with the final traces of oxygen, nitrogen, and methane being discarded. After transfer of the krypton to a 
miniature charcoal trap, the krypton was expanded into a known volume where pressure measurements were 
made to determine the volume of krypton gas recovered. The yield determination was made based on the 
recovery of the 1.14 ppm of krypton in the atmospheric air sample. Sample analysis up to the point of counting 
requires about three hours. 

Cummings, et al., (1971) utilized a similar technique to that of Stevenson's. The major difference in this 
technique was the use of krypton-83m as an internal standard. Krypton-83m is produced by a krypton-83m 
generator which has been described by Moghissi, et al., (1971). Krypton-83m, which has a 1.86-hour half-life, is 
a daughter product of rubidium-84. A known amount of krypton-83m was added to the air sample, and the 
yield determined by measuring the krypton-83m activity in the final fraction. After decay of the krypton-83m, 
the krypton-85 activity was measured. This procedure provides a yield determination on each sample without 
requiring an accurate volume measurement of the final fraction or knowing the purity of the final fraction. 
Their technique utilized one 345-cm column of 5A molecular sieve for chromatographic separation of the gas 
fractions, and combined a furnace containing titanium sponge to remove the final traces of nitrogen. Yields of 
80-90% were attained by this technique. 

The analytical methods described above consist of similar combinations of concentration and purification 
techniques which can quantitatively measure krypton-85 in air. Basically, the techniques utilize a 1-3 m3 

sample of air with a recovery of krypton of approximately 50-90% which will produce 0.5-2 ml of krypton gas 
that can subsequently be counted in a low-level counting device. Other similar analytical techniques have 
been developed. The ones described here give a cross-section of the analytical techniques that have been and 
are being used for measuring krypton-85 and other krypton isotopes in air. 

3. Counting Techniques. 

a. External Gas Counting. 

Gas envelopeG-M tubes can be used for counting krypton-85 at higher activity levels. These provide a fixed 
geometry so that the activity of the krypton-85 gas can be accurately measured. Tubes of this type are 
commercially available, and consist of a central glass walled G-M tube with a thickness of 30 mg/ cm2• This is 
surrounded by a glass envelope with a volume, of 3-10 cm3, and provides a counting efficiency of 5-20%. With 
these counting tubes, activities ofl00-200 dpm per ml STP can be accurately measured. 

b. Internal Gas Counting. 

For low-level counting, internal gas counters have been extensively used for counting krypton-85 as well as 
otherradionuclides such as tritium and carbon-14 in gaseous form. For a detailed description of such counting 
systems, one is referred to standard texts on radiation counting. Counters utilizing both Geiger and 
proportional regions. have been utilized. Proportional counters seem to be used more often since lower 
backgrounds can be obtained by discriminating against pulses produced by interferences of both high- and 
low-energy. For low-level work such counters utilize an anti-coincidence guard counter. Schroder, et al., (1971) 
used a proportional counter with a sensitive volume of 11 cm3 surrounded by a lead shield 10 cm thick, and a 
plastic scintillator for an anti-coincidence counter. Pannetier (1968) used a proportional tube with a volume of 
1175 cm/m3 surrounded by 36 G-M tubes as an anti-coincidence guard. Large volume tubes are not needed 
since the volume of gas to be counted is usually only a few milliliters. The shield consisted of 8,000 kg of lead 
brick and 60 kg of mercury. The filling gas was a mixture of argon and methane. This counting system had a 
background of3.9 cpm and an efficiency of78.5 percent. With the proper selection of counting gases, electronic 
circuitry and shielding, high-efficiency low-background gas counters can be constructed to meet krypton-85 
counting requirements. 

c. Scintillation. 

Scintillation counting has been a popular method for counting krypton-85. The size of the sample to be 
counted is usually small. The efficiency and background considerations of these counters are good sample 
preparation is simple, and samples can be stored for a sufficient period for recounts. Horrocks (1964) studied 
the application of liquid scintillation counting of krypton-85 and other gases. He used a toluene base liquid 
scintillator in which noble gases have a high solubility. Various containers and pressures were investigated 
to determine quenching effects and efficiencies. Curtis, et al., (1966) reported a method which utilized a 
commercially available liquid scintillation spectrometer with polyethylene counting vials and a toluene 
based cocktail. The technique utilized counting vials sealed with rubber serum stoppers. This limited the 
amount of gas that could be added to about one ml at STP, and also allowed some krypton to escape from the 
scintillation solution thus reducing precision. Schuping, et al., (1969) developed a technique that utilized a 
toluene base, liquid scintillation solution; however, the apparatus used for preparing and counting the 
samples was different from those described previously. Luer fittings were fused to 25-ml counting vials 
constructed of borosilicate glass. After filling the vials to 400-600-mm pressure, with the stopcock attached de
aerated scintillation liquid was added with a 50-ml luer-type syringe with stopcock attached. After the e~tire 
vial was filled, it was capped. The luer fittings and plastic valves provided an excellent vacuum seal. A 
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co~n~ing .efficiency of 92%, and a background of.25 .cpm,. co.uld ?e obtained with a commercially available 
scint1llation counter. Cohen, et al., (1968) used hqmd scintillation for measuring krypton-85 and tritiated 
~a~rin studies .of:e-a~ration r8:tes in strea~s. The k:ypton-85 dissolved in water was measured utilizing the 
dioxine bas~ sc1~t~llabon solution. A c~mnting effic1en~y of approximately 56% for krypton was obtained 
w~e~ counting ti:itrnm and .kryp~on-85 s1multan~ously with a 2-ml sample size. Sax, et al., (1968) used plastic 
scintillator shavings contained in a glass-type vial to measure krypton-85 activity. Vials were made from 12-
mm borosilica.te ~las~ approxi~ately ~0-mm long, ~ealed at both end~ with neoprene septums, and containing 
20-40 mesh scintillation plastic shavings. The void volume of the vials was about 1.5 ml and the counting 
efficiency about 94%. This counting technique, with associated separation techntque enabled the 
investigators to measure krypton activity down to one pCi/m3 air. ' 

SUMMARY 

In summary, numerous methods have been developed to measure krypton-85. Instruments are available to 
measure high concentrations by direct counting, and ambient levels can be measured by a variety of 
separation, concentration, and counting techniques. 
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TABLE 1. Comparative Krypton-85 Levels. 

µCi/ml 

Ambient Air (Northern Hemisphere, 1973) 

Fuel Reprocessing Plant (several km 
from plant following fuel dissolution) 

Effluent of Fuel Reprocessing Plant 
(during fuel dissolution) 

Natural Gas (Project Rulison) 

Radioactivity Concentration Guide 
(10CFR20TableII) 

2x 10-11 

10-7 

10-3 

10-4 

3x 10-7 

TABLE 2. Lowest Concentration ofKrypton-85 
Which Can Be Monitored by Various Detectors 

(From Shapiro, et al., 1963). 

Detector 

2.8-liter ion cham her, current reading 
2.8-liter ion chamber, rate of charge 
Kanne chamber, current reading 
Pressurized ion chamber, current reading 
Pressurized ion chamber, rate of charge 
Cylindrical G-M tube, in infinite volume 
Solid state or thin scintillation detector, 

with cosmic-ray guard counter 

TABLE 3. Physical Properties of Krypton. 

Atmospheric abundance 
(volume%) 

Boiling Point (°C) 

Melting Point (°C) 

Atomic diameter in crystal 
(angstroms) 
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1.14xl0-4 

-153 

-157 

3.94 

Level (µ.Ci/ml) 

2.5x 10-7 

1.3x 10-7 

2.0xl0-7 

0.6x10-7 

0.3xl0-7 

0.5xl0-7 

0.1x10-7 



INTEGRATED ENVIRONMENTAL MODELING SYSTEM FOR NOBLE GAS RELEASES AT 
THE SAVANNAH RIVER PLANT* 
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E. I. du Pont de Nemours & Co. 
Aiken, South Carolina 29801 

Abstract 

The Savannah River Plant (SRP) is a large nuclear complex engaged in varied activities and is the AEC's 
major site for the production of weapons material. As a result of these activities, there are continuous and 
intermittent releases of radioactive gases to the atmosphere. Of these releases, the noble gases constitute 
about 11% of the total man-rem exposure to the population out to a distance of 100 km. 

Although SRP has an extensive radiological monitoring program, an environmental modeling system is 

necessary for adequately estimating effects on the environment. The integrated environmental modeling 
system in use at SRP consists of a series of computer programs that generate and use a library of 
environmental effects data as a function of azimuth and distance. Annual average atmospheric dispersion 
and azimuthal distribution of material assumed to be released as unit sources is estimated from a 2-year 
meteorological data base - assuming an arbitrary point of origin. The basic library of data consists of: (1) 
ground-level concentrations according to isotope, and (2) whole body gamma dose calculations that account 
for the total spatial distribution at discrete energy levels. These data are normalized to tritium measurements, 
and are subsequently used to generate similar library data that pertain. to specific source locations, but 
always with respect to the same population grid. Thus, the total additive effects from all source points, both 
on- and off-site, can be estimated. 

The final program uses the library data to estimate population exposures for specified releases and source 
points for the nuclides of interest (including noble gases). Multiple source points are considered within a single 
pass to obtain the integrated effects from all sources. 

The total man-rem exposure to the local population out to 100 km resulting from SRP operation is about 0.4% 
of that received from natural activity. The noble gases contribute about 11% of this fraction. Current efforts at 
SRP are directed toward improving the above methods, and toward applied research to develop, verify, and 
use techniques reliable out to several 100 km and beyond. 

SITE DESCRIPTION 

The Savannah River Plant (SRP) is a large nuclear complex located in the southeastern United States near 
Aiken, S. C. (Figure 1). The plant occupies an area (roughly circular in shape) of about 300 square miles and is 
the major producer of weapons material for the U. S Atomic Energy Commission. Activities at SRP are varied 
(Figure 2). Nuclear materials are produced by the transmutation of elements in large nuclear reactors that are 
moderated and cooled by heavy water. Support operations include heavy water extraction, nuclear fuel and 
target fabrication, separation of nuclear products from radioactive byproducts, and waste management. 

The SRP site is shown in more detail in Figure 3. The major nuclear operations are performed at facilities 
located well within plant boundaries, thus providing large exclusion distances ( >8 km) between these 
operations and the plant boundary. In addition to SRP operations, there are two planned commerical nuclear 
operations immediately adjacent to the plant site. The Barnwell Nuclear Fuel Plant to the east of SRP is being 
built on a site of about 2,500 acres that was originally part of SRP, and was subsequently deeded to Barnwell 
County. The Vogtle Nuclear Power Plant on the southwest boundary across the Savannah River from SRP is 
to be built by Georgia Power Co. The Barnwell Plant will have the capability of processing 1,500 metric tons of 
fuel per year and the Vogtle Plant will have twin units each having a generating capacity of 1,100 MW(e). 
Each of the;e facilities is expected to have potential releases that will be significant with respect to SRP 
releases. Therefore, an assessment of total man-rem exposure to the local population from nuclear operations 
needs to account for these and possibly other facilities. 

ATMOSPHERIC RELEASES 

Radioactive atmospheric releases from SRP operations are shown in Table 1 as a ~e!cent of total curies 
released on an annual basis. Noble gases are about 51. 7% of the total source term, and tntmm makes up about 
48.3%. There is much less than 1 % to be distributed among the remaining isotopes. The actual contribution to 
man-rem dose is very different from this distribution as is shown later. 

*The information contained in this article was developed during the course of work underContractAT(07-2)-1 
with the U.S. Atomic Energy Commission. 
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ENVIRONMENTAL MONITORING 

Environmental monitoring has been an integral part of plant operations since the very beginning of 
activities at SRP. Extensive monitoring was performed before any plant activities that resulted in 
radioactivity releases and has continued and increased in scope and efficiency over the years. Monitoring 
activities were necessary before plant operations to gain knowledge of the environment that would enable 
subsequent estimates of the effects of SRP operations. Continued monitoring efforts on- and off-site are 
designed to assure that the amounts ofradioactivity released to the environs are such that guideline values of 
concentrations are not exceeded. That assurance becomes more important when it is applied to a shared 
nuclear environment, as the region containing SRP is rapidly becoming. This point is made clear by 
observing the various nuclear installations indicated in Figure 4 that will be contributing radioactivity in the 
general area. 

MODELING REQUIREMENT 

Although SRP does have an extensive radiological monitoring program, assessment of the total 
environmental effect ofradioactive releases is difficult for two reasons: (1) a monitoring network designed to 
adequately define the exposures to populations as a function of azimuth and distance out to 100 to 150 km 
would be prohibitively expensive, and (2) much of the SRP contribution to environmental radioactivity would 
be below background, and probably below the threshold of detectability. Therefore, total environmental effect 
must be based on a knowledge of what is being released and the subsequent dispersion to the environs. The 
environmental model currently in use at SRP was designed to provide this capacity. 

MODELING SYSTEM OVERVIEW 

The SRP environmental model is shown diagrammatically as Figure 5. The first objective in the model was 
to obtain a library of data that represented annually averaged azimuthal and radial distributions of released 
material. Atmospheric releases at SRP are generally such that they may be treated as continuous releases 
when performing annual dose calculations. 

Two kinds of distributions were obtained, air concentrations at ground-level for each isotope considered and 
whole body dose estimates for discrete gamma energies resulting from spatially distributed sources. 

The meteorological data (Cooper and Rusche, 1968) were obtained from measurements on a tower located 
approximately 30 km from the geometric center of the SRP area. For modeling purposes the data obtained are 
assumed to apply to any release point of interest within the general area, including off-site release points. The 
first phase of library construction leaves the emission point undefined. The second phase relates calculated 
distributions to specific emission points. 

Annually averaged air concentrations are estimated individually for each isotope by processing the 
meteorological data, assuming a unit release (1 Ci) for each data period (15 minute averages), and a release 
height of70 m, corresponding to the height of most SRP radioactive releases. Ground-level concentrations are 
accumulated as a function of azimuth and radial distance out to about 300 km from an arbitrary origin. The 
azimuth was divided into 16 equal sectors of 22.5° each. After all the meteorological data for the two-year 
period are processed, the accumulated concentrations at each point are divided by the total number of data 
periods represented. The result is a quantity to be associated with each grid point that represents a yearly 
integrated concentration, assuming a unit curie release over the year. These quantities are corrected for decay 
according to isotope and the measured meteorology for each data period. 

Whole body dose calculations are performed by processing the meteorological data in a similar manner. 
However, the calculations are significantly more complex because the gamma dose to a receptor may be 
strongly dependent on the total spatial distribution of the emitting material about the receptor, and not 
necessarily related to ground-level concentration. To minimize computations, and at the same time to have a 
library of data covering the normally encountered spectrum of gamma energies, parameters for 
discrete gamma energies were calculated instead of those for individual isotopes. Also, multiple energies from 
individual isotopes can be efficiently utilized in later calculations. Since the gamma calculations are isotope
independent, the library data are uncorrected for decay, but a correction is made when the data are utilized as is 
later described. The gamma calculations are performed with the aid of EGAD (Cooper, 1972) a computer code 
developed at SRP for that purpose. As before, the calculations are normalized to a unit curie release of discrete 
gamma energies of 0.01 through 5.0 Me V. 

At this point the library consists of isotope and gamma energy data, assuming an arbitrary point of origin. 
The data are also calculated for a much coarser grid than that of Figure 6 because distances out to 300 km are 
represei:ited. ~o facili~ate man-~em calculations, the ~ibrary data are reprocesse~ to relate the data to a specific 
popul~t10i: gn.d. II?- this processmg, each so"!1rce t~at 1s. to be tr~ated separately 1s assumed to be the origin of 
matenal d1stnbut10ns, and a fixed populat10n gnd (Figure 6) 1s exposed. Thus, a new library is constructed 
that contains annually averaged data that are source specific, but always with respect to the same fixed 
population grid. 

Man-rem calculations are performed by processing the library data for each source point and release 
magnitude. Multiple source points may be considered within a single pass to estimate total man-rem exposure 
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from sources that may be separated by large distances. In addition, multiple gamma energies may be input for 
individual isotopic species. At this point, decay corrections are applied to the gamma calculations. Some of the 
isotopes being considered from each source point, particularly tritium and 85Kr, can be assumed to have 
infinite half-lives over the time intervals of interest; i.e., transport times out to a distance of a few 100 km. For 
any particular isotopic species whose decay is significant, a decay correction for each grid point is simply 
determined as the ratio of ground-level concentrations with respect to a long-lived isotope from the same 
source. 

The SRP program considers many atmospheric pathways to man as indicated by Figure 7. All pathways 
have dose conversion factors that allow all dose calculations except whole body gamma doses to be relative to 
estimated ground-level concentrations as contained in the library data. The dose conversion factors represent 
lifetime(70-year) dose commitments from annual releases to each pathway. Therefore, all dose rates given in 
this report imply annual total dose commitment rates. 

A summary of the basic features of the SRP environmental model are given in Table 2. 

CALCULATION AL PROCEDURES 

Library data were obtained by processing meteorological data, assuming a unit release (1 curie) for each 
data interval. The meteorological data assumptions were: (1) the data were site independent; i.e., they could be 
applied equally to sites widely spaced within a radius of 100 to 200 km about the point of measurement; (2) 
directional persistance was assumed for a time period sufficient to transport the material to the extremities of 
the calculational grid; and (3) no precipitation scavenging was assumed. Although precipitation scavenging 
is not included in the model, it is empirically treated for iodine by adjusting the dose conversion factor of 
iodine in milk based on measured air-to-milk concentration ratios (Marter, 1963). 

1. Ground-Level Air Concentrations. 

All ground-level air concentration calculations are based on a sector-averaged Gaussian plume model with 
a finite mixing depth imposed. 

X/Q 2N 
:; 

-(-;-) 3/ 2 -
~rr a u x . z 

where N =number of azimuthal subdivisions or sectors 
O"z =standard deviation of material distribution in the vertical, m 

H =mixing depth, m 
h =release height, m 
X/Q=concentrationperunitsource, m31s 
x =downwind distance 
u =effective wind speed, ml s 

(1) 

An average mixing depth of 300 m was used in all these calculations. This val~e of the mixing depth 
provides good agreement between calculations and experiment~!. tritium concentration me~su!ements oyer 
12 years, but does not imply the actual existence of an average m.1xmg depth of 300 ~· If graVItat10nal settlmg 
is assumed, there are no ground reflections, and the plume is assumed to be tilted downward from the 
horizontal according to settling velocity. 

X/Q =( 3J2 _ ) {exp (-
(27T) a u x z 
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where V g =gravitational settling velocity, ml s 
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Where chemical dry deposition is assumed, as for iodines, Equation 1 must be modified to account for 
depletion. Chemical dry deposition is generally assumed to result in plume d~pl~tion in a ma!lner that leayes 
the remaining material distribution unaltered. Thus, Equation 1 must be multiplied by a fract10n representmg 
the material remaining in the plume as a function of distance. This can be accomplished by integrating total 
deposition out to the distance of interest to obtain the ratio of the material remaining to that from the original 
source. Due to the form of the integral expression, it has to be evaluated by numerical means for each new 
calculation. Rather than devoting a large amount of computational time in this manner, a simple approach 
was taken that depleted the source by radial increments. At each radial grid point of the sector, the estimated 
concentration is assumed to apply over an area represented by that point. The source term for each point is 
then determined as 

i-1 

I 
j=l 

Q'(x.)A.,i~2 
J J 

where Aj =area represented by grid point j in m2 and 
Q(O) =the original source which applies at the first (i=l) radialincrement in each sector. 

2. Whole Body Gamma Calculations. 

(3) 

Calculations involving gamma photon emissions are complicated by the fact that a receptor need not be 
near the material to receive exposure. For an elevated source under stahle meteorological conditions, 
significant exposure (at downwind distances of several kjlometers) may be received from material passing 
overhead. A computer program, EGAD, was developed for the specific purpose of accounting for the spatial 
distribution of gamma photon emissions in the geom~try required for this application. The expression solved 
in EGAD is 
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where D is related to the total integrated dose from Q y photons. The first integral expression represents the 
spatial distribution with ground and inversion reflections. The second expression, which is an analytical 
integration with respect to x, accounts for attenuation and buildup in air where 

µ. =linear attenuation coefficient for air, m-1 ___ _ 

a= distance from spatial point to receptor =°\&2 + y2, m 

This program was used to generate the gamma library for incremental gamma energies from 0.01to5 Me V. 

3. Library Data Translation. 

The initial library data as compiled by sector and radial distance are not specific to any location as 
indicated earlier. The population distribution (Figure 6) has as its origin the geometric c1mter of SRP. The 
operations at SRP that are responsible for the most significant emissions are located sufficiently near this 
population distribution origin to assume coincidence with a resulting small error from geometry effects in 
population exposure estimates. Therefore, only the distance has to be interpolated so that the initial library 
data can be applied to the population grid, and the SRP contribution to population exposure can be determined. 
However, for other emission sites, both distance and azimuthal angle must be interpolated. For reasonable 
accuracy, ~ach sector was further subdivided according to Figure 8. A translator computer program requires 
only two parameters, r and (), as input, where r is the distance from emission site to population grid origin 
and() is the anguiar direction. Population data for each subregion of the population grid were included in th~ 
translator program to collapse the calculations at each radial distance on the population grid into a single 
value 

N 

cij = I 
k=i 

C .. k P .. k 1,J, J.,j, (5) 
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wher~ ~\ j, k are the ~alcul3:ted :esults after data translation for sectors i, radial increments j, and azimuthal 
subdivisions k at the Jth radial distance. The Pi,j, k are the corresponding populations. This procedure reduces 
thenumberofsubsequentcalculationsrequiredforman-remestimates. 

The translation procedure generates a set of library data (ground-level concentrations and gamma 
cal~ul~tions) that are specific to the site be~ng considere_d. The data are coded by site, isotope, sector, and 
radial mcrement for ground-level concentrat10ns and by site, gamma energy, sector, and radial increment for 
gamma calculations. 

4. Man-Rem Calculations. 

Population exposures are estimated by processing the library data generated above with respect to specified 
emission data. The data are processed by a computer program that requires as input the isotope code number 
yearly emission rate in curies, the associated gamma energies, and the fractional yields of each 
energy.Becaus~ no di~tinction is made with respect to site - except in the isotope code number, the program 
can treat multiple sites. The program also has the population data built in to maintain simple input 
requirements. The population distribution within each subdivision of Figure 6 is assumed to be homogeneous, 
and dose rates estimated at the center point of each subdivision are assumed to apply over the entire region. 

Output from the code is under option control with the exception of input information and two summary 
sheets. The available output is tabulated in Table 3. The first summary sheet (Table 4) provides man-rem 
estimates cumulative by isotope, sector, and radius, so that the dose estimates presented for the maximum 
distance represent the total exposure out to that distance. The second summary sheet (Table 5) provides 
estimates of population dose and individual dose rates according to isotope and totals for all isotopes. 

5. Man-Rem Estimates. 

Although many interesting results are obtained from the above calculational procedures, only the most 
significant are presented here for discussion. All dose estimates presented pertain only to SRP operations. 
Man-rem estimates based on the population distribution out to 100 km (Figure 6) are given in Table 6. These 
values are cumulative by sector and radius, and, therefore, represent the total SRP annual contribution to 
population dose - assuming 1972 releases to be representative. Critical organ doses are given where there was 
any appreciable difference from the total body dose. These doses reflect significant contributions to organ 
doses in excess of total body dose by particular isotope groups as listed. Only about 7% of the total thyroid 
exposure results from iodines. Noble gases and tritium account for the remainder. 

A more-detailed listing of releases by isotope group is given in Table 7, which compares source and dose 
contribution on a percentage basis. The noble gases, which consist of 51. 7% of the release inventory in curies, 
yield almost 100% of the whole body gamma exposure and only 10.8% of total body exposure. Tritium is the 
major total body exposure contributor, with 89.2% of the total. 

Noble gas releases are presented in more detail in Table 8. Although 85Krconstitutes about 71.8% of the noble 
gas source term, the contribution to whole body gamma dose within 100 km is less than 2% of the total. 

The estimated dose rates resulting from annual releases from SRP operations are shown in Table 9. The 
maximum plant perimeter dose rate in any sector is 2.25 mrem with an average of 1.62 mrem. At a distance of 
100 km, the dose drops to 0.22 mrem. These values are comp3:red ~o b~ckground estimates as shown. At the 
maximum plant perimeter dose (2.25 mrem), the SRP contnbut10n is about 1.9% of total annual natural 
background, and about 1.0% of total background - including medical and weapons fallout contributions. The 
overall average within the 100-km radius (0.49 mrem) is about 0.42% of natural activity. 

CONTINUING PROGRAM 

Efforts to properly evaluate population exposures caused by SRP operations are being continuously 
updated. Although the results presented here assume validity ~f the ~alculational tec?niques out. to di~tances 
oflOO km and beyond, such an assumption is based on coi;ivemence mste~d o! expem?ental :venf:icat10n. An 
extensive program directed by T. V. Crawford is curr~ntly m progress that is ai:ne~ at improving the methods 
of estimating environmental effects. This program will also seek to _exte~d applications out to several hundred 
kilometers through applied research in model development and venf:icat10n. 
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TABLE 1. Annual Radioactive Releases to Atmosphere from SRP Operations. 

Isotope 

Group 

Tritium 

Halogens 

Noble Gases 

Particulates 

Curies 

Released 

7.8xl05 

2.7 

8.4x 105 

8.0 

%ofTotal 

Curies 

48.3 

« 1 

51.7 

<<1 

TABLE 2. Summary of Environmental Modeling Features. 

1. Modular structure 

2. Dual data libraries 

(a) Site independent 

(b) Site dependent 

3. Library data translator 

4. Isotope-independent gamma library 

5. Multiple site representation 

TABLE 3. Output Available from Environmental Model. 

1. Population distribution 

2. Tabulation ofinput data 

3. Optional isotopic data for all pathways for 20radial increments out to 100 km 

(a) By individual sector and radial increment 

(b) By individual sector and cumulative by radial increment 

( c) Cumulative by both sector and radial increment 

4. Summary I -Population doses cumulative for all isotopes 

5. Summary II - Cumulative 100-km population doses by individual isotopes and dose rates at selected 

distances 

6. Dose rates for selected pathways by sector and radial increment cumulative over all isotopes 
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TABLE 4. Doses Accumulative by Isotope, Sector, and Radial Increment, man-rem.fa) 
(Totals for All Isotopes) 

Critical Organ Dose 

Total Skin Total Body 

Gamma Dose Dose Dose Bone Lung Thyroid Kidney Livn 

0.0 o.o (1.0 0.0 00 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 (J.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2.2619E 00 1.2801E 01 9.8921E 00 1.o:nGE 01 8.8062E 110 I.0847E 01 9.892JE 00 9.8921E 00 

:J.96:19E 110 2.:175:1E 01 I.8348E 01 !.9060E 01 !.8371E 01 2.0lllOE 01 I.8:J48E 01 I.8:l48E OJ 

6.6060E 00 04!9E 01 :l.:11\14E 01 3.4680E 01 :J.:151\:lE 01 :J.6660E 111 :1.:1'114E 01 .1.:l514E 01 

9.1074E llO 6.46l:lE 01 4.9869E OJ 5.ll\19E 01 4.9924E Ill 5.4447E OJ 4.9869E OJ 4.9869E 01 

1.2680E Ill 9.8484E 01 7.602:1E 01 7.841 IE 01 7.6!02E 01 8.2778E 01 7.602:JE 01 7.602:lE Ill 

I.792IE 01 l.l\557E 02 I.2009E 02 1.2:161E 02 1.2021E 02 I.:1037E 02 1.2009E 02 I.2009E 02 

2.1-1:17r, 01 l.981\4E 02 1Ji329E 02 l.5761E 02 1.5343E 02 !.6610E m I.5:l29E 02 !"i:l29E 02 

2.292fiE 01 2.1874E 02 I.6889E 02 t.n.55E 02 1.6905E 02 I.8285E 02 1.6889F: 02 I.6889F: II~ 

2.:J990E 01 2.:1480E 02 1.81:10E 02 l .8618E 02 l.8147E 02 1.961fiE 02 !.8130E 02 1.8!:10E 02 

2.466fiE 01 2.4564E 02 1.8969E 02 !.9472E 02 !.8986E 02 2.051 lE 02 I.8969E 02 l.8%9E 02 

2.'i 16.1E 01 2..'i984E 02 2.0068E 02 2.0.'i90E 02 2.0086E 02 2.1681E 02 2.0068E 02 2.006HE 02 

2.GO<il E 01 2.716IE 02 2.0979E 02 2.l!il5E 02 2.0997E 02 2.2649E 02 2.0979E 02 2.ll979E 02 

2.68:17E 01 2.88!4E 02 2.22!i9E 02 2.281:1E 02 2.2277E 02 2.4005E 02 2.2259E 02 2.22'19E 02 

2.?:WJF: 01 :i.OOlOE 02 2.:JJ86E 02 2.:i?ooF: 02 2.:1205E 02 2.498:'iE 02 2.ol86E 02 2.:JJ HliE 02 

2.W9:1E OJ 2.J 702F: 02 2.4497E 02 2.5082E 02 2.4517E 02 2.6:m6E 02 2A497E 02 2.4497E 112 

2.8G06E OJ :i.:JJJ:IF: 02 2.fi6:l9E 02 2.62.18E 02 2.5658E 02 2.7;:.r-l:1E 0:2 2.56;J9E 02 2.r1r-;:~~1E o:z 

2.9278E Ill :i.548:1E 112 2.74:IOE 02 2.80fJ2E 02 2.74fi!E 02 2.9447E 02 2.74:10E 02 2_74:1or: 112 

(a) Wh<>re E followed h.v a po8itive or negative number is the power often by which the number in front of Eis to be multiplied. 

GI Tract 

0.0 

0.0 

0.0 

9.892IE 00 

!.8:148E 01 

:J.:l'i14E 01 

4.9869E 01 

7.6023E 01 

1.2009E 02 

I.5:J29F: 02 

! .68K9F: 02 

!.8J:lOE 02 

1.WlCi9E 02 

2.0068E 02 

2.0D79E 112 

2.22!i9E 02 

2.3JH(iE 02 

2.·1 H17E 02 

2.:"">H:mE O:! 

2.74:111E 02 



B5IDKr 

iaaxe 

908r 

1a1c8 

Natural Uranium 

soco 

95Nb 

a1cr 

Totals 

Population 

Dose, 

2.448E 02 

5.977E-02 

3.325E·09 

2.443E·02 

l.046E 00 

2.4!5E 01 

3.094E-O! 

4.798E-Ol 

l.660E 00 

l.611E 00 

6.856E-03 

l.043E-04 

1.235E-04 

4.260E-04 

3.359E-05 

3.802E·04 

!.855E-O! 

8.989E-04 

l.790E-06 

3.825E-05 

4.636E-06 

9.04!E-07 

!.OOSE-03 

2.530E-04 

2.743E 02 

I.26IE 00 

4.64!E-04 

I.884E·11 

!.449E-04 

8.097E-03 

3.!31E·Ol 

2.855E-03 

2.123E·03 

1.772E-02 

9.SI!E-03 

6.695E-05 

1.019E-06 

1.206E·06 

4.!60E·06 

3.280E-07 

3.7!3E-06 

!.811E-03 

8.778E-06 

1.748E-08 

3.735E-07 

4.528E-08 

8.829E-09 

9.848E-06 

3.382E-06 

!.617E 00 

TABLE 5. Individual and Population Dose by IsotopeJaJ 
(Summary Data by Isotope) 

Individual Whole Body Dose, mrem 

Plant Perimeter !OOkm Average Organ Dose At·PiantPerimeter, mrem 

Maximum 

!.707E 00 

6.6!6E-04 

2.6!3E-11 

2.055E-04 

1.172E·02 

4.806E-Ol 

4.2!6E-03 

2.952E-03 

2.664E-02 

!.393E-02 

8.936E-05 

!.360E-06 

!.609E-06 

5.552E-06 

4.378E-07 

4.955E-06 

2.417E-03 

l.172E-05 

2.333E-08 

4.985E-07 

6.043E-08 

l.178E-08 

!.314E-05 

5.225E-06 

2.250E 00 

Average 

2.123E-Ol 

3.296E-05 

2.573E-12 

l.894E-05 

6.007E-04 

6.492E-03 

l.412E-04 

4.585E-04 

6.082E-04 

l.2!5E-03 

2.976E-06 

4.529E-08 

5.360E-08 

!.849E-07 

l.458E-08 

l.650E-07 

8.051E-05 

3.902E-07 

7.770E-10 

!.660E-08 

2.013E-09 

3.925E-10 

4.378E-07 

6.!00E-08 

2.2!9E-Ol 

Bone 

l.26!E 00 

4.64!E-04 

l.884E-11 

l.449E-04 

8.097E-03 

3.131E-01 

2.855E-03 

2.!23E-03 

!.772E-02 

9.Sl!E-03 

6.!88E-04 

!.0!9E-06 

!.206E-06 

4.160E-06 

3.280E-07 

3.713E-06 

6.!BOE-02 

8.778E-06 

l.748E-08 

3.735E-07 

4.528E·08 

8.829E-09 

!.779E-04 

3.382E-06 

!.677E 00 

Lung 

!.26!E 00 

4.641E-04 

!.884E-11 

!.449E-04 

8.097E·03 

3.!31E·Ol 

2.855E·03 

2.123E-03 

l.772E-02 

9.811E-03 

6.695E-05 

!.290E-05 

l.152E-04 

!.609E-03 

4.539E-06 

l.53!E-04 

!.811E-03 

l.395E-04 

!.748E-08 

5.467E-06 

4.754E-07 

2.222E-07 

9.848E-06 

3.382E-06 

!.619E 00 

l.261E 00 

!.570E-Ol 

!.884E-11 

!.448E-04 

8.097E-03 

3.!3IE-O! 

2.855E-03 

2.!23E-03 

!.772E-02 

9.Sl!E-03 

6.695E-05 

l.019E-06 

l.206E-06 

4.160E-06 

3.280E-07 

3.713E-06 

l.Sl!E-03 

8.778E-06 

!.748E-08 

3.735E·07 

4.528E-08 

8.829E-09 

9.848E-06 

3.382E-06 

!.773E 00 

l.261E 00 

4.641E-04 

!.884E-11 

!.449E-04 

8.097E-03 

3.!31E-Ol 

2.855E-03 

2.!23E-03 

!.772E-02 

9.Sl!E-03 

6.695E-05 

!.0!9E-06 

l.206E-06 

4.!60E-06 

3.280E-07 

3.713E-06 

!.Sl!E-03 

8.778E-06 

l.748E-08 

3.735E-07 

4.528E-08 

8.829E-09 

9.848E-06 

3.382E-06 

!.617E 00 

Liver 

!.26IE oo 

4.461E-04 

!.884E-11 

l.449E-04 

8.097E-03 

3.13!E-O! 

2.855E-03 

2.!23E-03 

!.772E-02 

9.SllE-03 

6.695E-05 

l.0!9E-06 

!.206E-06 

4.!60E-06 

3.280E-07 

3.7!3E-06 

!.SllE-03 

8.778E-06 

!.748E-08 

3.735E-07 

4.528E-08 

8.829E-09 

9.848E-06 

3.382E-06 

!.6! 7E 00 

(a) Where E followed by a positive or negative number is the power of ten by which the number in front of Eis to be multiplied. 

GI Tract 

l.261E 00 

4.641E-04 

!.884E-11 

!.449E-04 

8.097E-03 

3.!3IE-Ol 

2.855E-03 

2.!23E-03 

!.772E-02 

9.811E-03 

6.695E-05 

l.0!9E-06 

!.206E-06 

4.160E-06 

3.280E-07 

3.713E-06 

!.811E-03 

8.778E-06 

2.953E-08 

3.735E-07 

4.528E-08 

8.829E-09 

9.848E-06 

3.382E-06 

!.617E 00 



TABLE 6. Cumulative Man-Rem Per Year Dose (1972) at 100 km by Isotope Group. 

Critical Organ Dose in 

Isotope Whole Body Total Excess of Total Body Dose 

Group Gamma Body Skin Bone ~ Thyroid -
Tritium 0 244.8 0 0 0 0 

Iodine-131 1 0.06 0 0 0 20.2 

Noble Gases 29.3 29.3 80.4 0 0 0 

Particulates 1 0.2 0 6.2 0.2 0 

Total 29.3 274.3 80.4 6.2 0.2 20.2 

TABLE 7. Distribution of Cumulative Man-Rem Dose Per Year (1972) at 100 km by Isotope Group. 

Source, %Distribution 

%of 

Isotope Total Whole Body Total 

Group Ci Gamma Skin ~ -
Tritium 48.3 0 69.0 89.2 

Iodine-131 «1 «1 «1 0.02 

Noble Gases 51.7 100 31.0 10.8 

Particulates «1 «1 <<1 0.07 
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TABLE 8. Cumulative Man-Rem Per Year Dose (1972) from Noble Gases Out to 100 km. 

Noble Gas Source, Whole Body 

Isotope %ofTotalCi Gamma,% 

41Ar 20.35 82.48 

ssmKr 0.87 I.06 

ssKr 71.83 1.64 

B7Kr 0.30 0.00 

BB Kr 0.50 5.67 

1a1mxe 0.03 0.08 

13axe 4.67 5.50 

135Xe 1.44 3.57 

TABLE 9. Annual Average Dose Rate from SRP Operations. 

Annual %of 

Dose Rate, Natural %ofTotal 

mrem Activity Background 

Average at Plant Perimeter 1.62 1.4 0.7 

Maximum atPlantPerimeter 2.25 1.9 1.0 

100 km Radius 0.22 0.2 0.1 

Overall Weighted Average 0.49 0.4 0.2 
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Abstract 

The aim of this review is to provide an overview of the techniques which have been developed for measuring 
krypton-85 in various media. The main emphasis is on measurements for surveillance and protection in 
environmental situations, especially around nuclear reactors and nuclear fuel reprocessing plants. 
Measurements in specialized research applications are not treated in detail. Overviews are first provided of 
the physical characteristics of krypton-85; of the sources of and typical levels of concentrations in the 
environment; and of the radiation protection guides. The various measurement techniques are then discussed, 
including both laboratory-type and field-type instrumentation. 

INTRODUCTION 

Krypton-85 is one of the main radioactive fission products normally released to the atmosphere in the 
reprocessing of nuclear reactor fuels. In fuel ready for reprocessing (150 days of cool-down) it is present in the 
amount of about 11,200 curies/metric ton of fuel (ORNL, 1971). In all reprocessing plants presently operating 
or under construction, the entire 85Kr content of the fuel is released to the atmosphere. Since these plants 
operate at a through-put of from one to six tons per day, 85Kr is a potential environmental pollutant, requiring 
measurement both in the plant stack during release and in the environment after dispersion. With the rise in 
nuclear power production the worldwide 85Kr inventory is expected to increase dramatically. One projection 
from ORNL (1971) is shown in Figure 1. 

A recent study (Diethorn, et al., 1972) indicates that the present worldwide dose to man averages about 10.a 
mrad/year to the bare skin, and about 10-4 mrad/year to the whole body. Figure 1 can be used to determine 
approximately how these doses might increase in the next few decades. 

Krypton is a noble gas, chemically inert, which is present (as stable krypton-78, 80, 82, 84, 86) in normal air 
at a concentration! of 1.14 ppm= 1.14 ml/m3 (Sax, et al., 1968). The radioactive decay of ssKr has a half-life of 
10. 76 years. The principle decay mode is {3- emission, with a maximum beta energy of 672 ke V. The beta has a 
broad energy spectrum shown in Figure 2 (Mantel, 1972). The range for the maximum-energy beta is 0.3 g/ cm2 
(3mmin water, 250cmin air). Asmall(0.41 %) branching ratio alsoexistsfortheemission ofa514-keV gamma. 

RADIATION PROTECTION GUIDES 

For 168-hour occupational exposures, the International Commission on Radiological Protection (ICRP 
1959) has established a maximum permissible concentration in air, (MPC)a. This occupational limit is 3 x 106 
picocuries per cubic meter (pCilm3). For individuals in the general public, the applicable MPC values are a 
factor of 10 smaller <?00,000 pCi/ID:3

); for exp<;>sure to a suitably !arge sample of t~e general public, another 
factor of 3 smaller still (100,000 pC1/m3) apphes. The U.S. Atomic Energy Commission's MPC values agree 
exactly with the ICRP MPC's just quoted (USAEC, 1973). Throughout this discussion, the MPC will be taken 
as 300,000 pCi/m3, since exposure to a few individuals in the general public at the 300 000 level is undoubtedly 
more likely than to a larger population at the 100,000 level. ' 

ThisMPClis'equivalentito,fractional krypton-851ato~ic concentrations:of'2.0lx!l0-T(S5Kr/total,Kr) or 2.3x 
10-11 (S5Kr/total air). At the fence around a typical fuel reprocessing plant, concentrations of a few percent of 
MPC are expected to occur periodically. 
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MEASUREMENT CONSIDERATIONS 

In enviro?mental samples, the measurement of ,-,Kr is essentially always based upon detecting the 
de~ay (3-, w1.th a?y ?fa !lu~ber of detec~ors ~ei:sitive to io!lization energy loss. Several detection systems 
exist, mcludmg hqmd scmt1llators, plastic scmtillators, Geiger-Mueller counters, and ionization chambers. 
Each of the methods has its advantages and disadvantages; the discussion below is intended to point out some 
of the factors involved. 

We shall concentrate upon measurements in the air around nuclear reactors and their fuel-reprocessing 
plants. Here the principle beta e!llit~er besides 85.Kr is tritium (3H); however, the tritium {3- has such a low 
energy (Emax = 18.6 keV), that its mterference m the 85Kr measurement is usually not significant. (The 
reverse is not true.) 

There are two quite different classes of 85Kr measurement systems: those which operate in the field, 
designed to run unattended except for periodic maintenance; and those which require laboratory procedures. 
The latter are invariably the more sensitive, and the more precise. We shall discuss these two classes 
separately. 

1. Laboratory Techniques. 

There are a number of 85Kr techniques which have been developed for use in the laboratory. They involve 
one substantial handicap, namely, that the volume of gas which can be sampled at some remote location, and 
then transported to the laboratory for analysis, is not large. This disadvantage limits sensitivity, but is 
counterbalanced by the ability to concentrate the krypton before counting, and to perform other analytical 
procedures which are impossible to carry out in the field. 

The two most common laboratory techniques use plastic-scintillator shavings contained within a gas-tight 
vial, and liquid scintillator as a solvent for the ssKr-containing gas. 

a. Plastic Scintillator. 

We shall discuss the technique of Sax, Denny, and Reeves (Sax, et al., 1968), which is typical of the plastic 
scintilla tor methods. 

Plastic scintillator shavings of 20-40 mesh (an inexpensive by-product from any of several scintillator 
manufacturers) are encased in a glass vial of volume about 4 ml. A sample of pure krypton gas is prepared 
using vacuum-cryogenic techniques. The vial is evacuated and then filled to a known pressure (near 600 torr) 
with the krypton samples. A scintillation counter then measures the pulse-height spectrum. 

Calibration of the counting efficiency (the fraction of the /3 spectrum above the counting threshold) is 
determined using a known 85Kr standard acquired from NBS (NBS, 1962). The counting efficiency is about 
95%. Given about 0.5 ml of nearly pure krypton (equivalent to that present in about 0.5 m3 of air), 
measurements can be made of normal 85Kr background levels in the 10 pCi/m3 range to about ±.10% (Sax, et 
al., 1968). The limit of detection is about 1 pCi/m3 of air sample, with a 100-minute counting time, at the two
standard-deviation level above background. 

b. Liquid Scintillator. 

Here we shall discuss that aspect of liquid-scintillation counting which is unique to or particularly relevant 
to 85Kr. 

The liquid scintillator method relies upon the high solubility of krypton in many of the commonly used 
liquid scintillators. Krypton is soluble (Linke, et al., 1965 and Shuping, et al., 1969) in aromatic solvents to :: 1 
ml Kr/ml solvent. 

The earliest descriptions of liquid scintillators used for 85Kr counting are those of Horrocks, et al., (1964), 
and Curtis, et al., (1966). These early methods suffered from a limit on the amount of krypton which could be 
introduced into the solution. 

Shuping, Phillips, and Moghissi have reported a meth~d in which about 25 ml o~ t~luene-base~ liquid 
scintillator acts as solvent for about 10 ml of gas (Shupmg, et al., 1969). The gas is mtroduced mto an 
evacuated glass vial filled with de-aerated scintillation solution. "If the 85Kr concentration in air is 
sufficiently high, the ~ample may be introduced directly into the so~ution and successfully counted" (Shuping, 
et al., 1969). More commonly, krypton is concentrated cryogemcally. A rate.of 1 cpm above back~ound 

corresponds to 0.025 pCi ssKr/m3 of air, so that levels of that order of magmtude are detectable with the 
method. Accuracies in the "t 4% range are achieved, when 85Kr activities of= 10 pCi/m3 of air are present. 

One of the more difficult problems in the procedure ju~t described is the separation of kr~pton gas fr.om the 
main air sample. To overcome this problem, a separat10n system for krypton,.by Cummmgs, S~earm, and 
Porter employs samKr as a spike in the air sample, in order to determn~e directly the 85Kr ~eld after a 
complicated separation procedure involving "charcoal and molecular ~1eve cold traps, calc~um sulfate, 
ascarite and a titanium furnace (900°C) for the removal and separation of other air constituents from 
krypton;' (Cummings, et al., 1971). A description of a method for generating s3mKr (2-hour half-life) from 83Rb 
in the laboratory has been given by Moghissi, et al., (1971). 
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Another as Kr system, described by Stevenson and Johns, uses a battery-operated air compressor to collect 1 
m3 of air in the field. After a series of cryogenic absorptions and elutions in the lab, the krypton is dissolved 
and counted in a liquid scintillator. The krypton recovery ranges from 50 to 70%, measured volumetrically. 
These workers report a minimum detectable sensitivity (three standard deviations above background) of 
about 2 pCi 85Kr/m3 of air, with a 4-hour counting time (Stevenson, et al., 1971). 

2. Field Instruments. 

For measurements in the field, the ideal goal is an instrument which can record continuously, with 
reasonably short time-integration periods, at sensitivity levels well below the current average background of 
about 10 pCi/m3 of air The ideal instrument must also be rugged enough to withstand temperature and 
humidity extremes and shock; and should require little maintenance. 

A study (Smith, et al., 1970) of several possible field instruments was carried out in 1969 by the N ortheastem 
Radiological Health Laboratory, U.S. Public Health Service. Four ionization chambers and four Geiger
Mueller counters were studied. Calibrations were performed in the laboratory, followed by determinations of 
the minimum detectable concentrations. Some of the instruments were then used in the field around a fuel
reprocessing plant, to determine performances under actual field conditions. 

None of the field instruments came close to the sensitivity required for background measurements in the 
pCi/m3 range. However, all were sensitive enough to measure fractions of the MPC for individuals in the 
general public (300,000 pCi/m3). 

a. Flow-Through Ionization Chambers. 

Four flow-through ionization chambers were tested in the laboratory using dry, radon-free air. They ranged 
in size from 0.5 to 4.3 liters in volume. After calibration against an NBS standard (NBS, 1972), the minimum 
detectable concentrations (MDC, defined as twice the standard deviation in counting) were determined; they 
ranged from 130,000 to 40,000 pCi/m3• The calibrations were performed with errors (2 o) in the ±7% to± 17% 
range. These ionization chambers have several undesirable properties: 

(1) They must be used downstream of a radon holdup trap and filter (or equivalent). 
(2) Because of the use of the radon trap, the averaging time is in the 30-minute range, which is much longer 

than the few-minute time for a significant change in 85Kr concentration when a fuel-reprocessing-plant plume 
passes directly overhead. 

(3) It is necessary to make appropriate measurements of pressure, temperature, humidity, and external 
background variation to obtain reasonable accuracy. 

( 4) Maintenance requirements are high. 
To quote from Smith, et al., (1970): 
"It should be noted that although the ionization chamber systems can be made to operate in the field, the 

degree of care, number of precautions, and amount of operator training required to obtain usable data for 
environmental levels, and the questionable nature of the data obtained when the field levels passing the 
instrument are fluctuating rapidly, all weigh heavily in favor of using simpler systems for this purpose." 

b. Geiger-Mueller Counters. 

Several Geiger-Mueller (G-M) tubes were also studied by Smith, et al., (1970). These were calibrated against 
the flow-through ionization chambers described above, and then minimum detectable concentrations were 
determined. The calibration errors (2 a ) were in the ± 13% region for all of the G-M detectors. The most 
sensitive G-M detector was found to be the Eon 8008H, a double end-window pancake detector, of2" diameter 
with 3.5 mg/cm2 mica windows. It had a MDC of 12,000 pCi/m3 with a counting time oflO minutes (sample) 
and 10 minutes (background). Unfortunately, this detector was so fragile that its use in the field was 
precluded. 

The other G-M detectors all had MDC's in the region of about 25,000 pCi/m3• These instruments were 
Amperex 18546 and an Eon 8001T (both one-window pancake detectors of2" diameter); and an LND 719 and 
an Eon 5108E (both cylindrical probes were 5-1/2" long, 0.6" in diameter, and with 30 mg/cm2 wall 
thicknesses). These cylindrical instruments were found to be durable against mild shock and rain in the field; 
the single-window detectors were less durable against shock. However, all performed in the field with 
sensitivities nearly identical to those measured in the laboratory. The conclusion can be taken directly from 
Smith, et al., (1970): 

"Long-term (weeks to months) environmental monitoring would demand the most sensitive detectors and 
systems that could endure the environment with a minimum of attention. The choice at present is between the 
smgle windowed pancake tube (Amperex 18546) and the thicker walled (30 mg/cm2) cylindrical probes (Eon 
5108E or LND 719) which, though slightly less sensitive, are certainly the most durable of the detectors 
evaluated." 
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3. New Technological Developments. 

There ar~ a few technological ~evelopments on the horizon which will provide some increased sensitivity. 
The most important of these is the recent development of substantially better photomultiplier tubes 
(Leskoyar, et al., 1~72). The~e t~b~s have highe: q~an~um effic~ency, lower noi~e, and generally superior 
operatmg charactenstics. This will improve the scmtillat10n countmg method considerably. 

The incorporation of integrated circuit electronics into the G-M detector systems will also be important, 
helping ~o increase the ruggedness and reliability of the technique. Also, read-out systems are being developed 
which "'?II enable the data to be collected, recorded, and analyzed remotely, bypassing the strip-chart-recorder 
step entirely. 

SUMMARY AND CONCLUSIONS 

Two important numbers determine the sensitivity required of instruments for measuring ssKr in 
environmental air: 

(1) The maximum permissible concentration for individuals in the general public is 300,000 pCi/m3 
(ICRP, 1959; USAEC, 1973). 

(2) _The t~pical "back_pound" level of85Krin air today is in therange oflO to 15 pCi/m3 (Sax, et al., 1968). 
The ideal mstrument is one capable of measuring the background level to a small fractional accuracy; 

several of the laboratory techniques described have this sensitivity. These techniques, which use liquid or 
plastic scintillation counting, all suffer from a common problem: a complicated series of laboratory steps is 
required to concentrate the krypton from the original gas sample. 

In contrast, the field monitoring instruments (Smith, et al., 1970) are all several orders of magnitude less 
sensitive, with MDC's ranging from 12,000 to 28,000 pCi/m3 for the G-M detectors and from 39,000 to 190,000 
for the ion chambers. All of these instruments are thus capable of detecting 85Kr at levels well below the 
300,000 pCi/m3 for individuals in the general public, but cannot measure 8 5Kr in "background" samples. 

At present, there does not exist (to our knowledge) a commercially available "Krypton-85 Monitor" which 
can be purchased off-the-shelf. The G-M detectors described by Smith, et al., (1970) are worthy of commercial 
development to meet the need for monitoring in the field around fuel-reprocessing plants and nuclear power 
reactors. Any commercial instrument would have to satisfy several requirements besides sensitivity: 

(1) Rugged construction. 
(2) Insensitivity to changes in temperature and humidity. 
(3) Some method of continuously recording the data (at least a strip-recorder, or preferably a direct 

magnetic-tape record). 
( 4) Some method of calibration (perhaps a frequent, rapid check with a high-energy source, and a less

frequent check in a controlled chamber of known 85Kr concentration). 
For the more sensitive measurements of levels below the natural background of a few pCi/m3, field 

instruments are presently out of the question. Some kind of cryogenic concentration method is required to 
increase the specific activity to the point where reasonable counting times ( ~ a few hours) are possible. 

One key problem here is with the accuracy and reproducibility of the concentration mechanism. Accurate 
determinations of the fractional yield through a multi-stage sequence are notoriously difficult. This is true 
especially if a known volume of "ordinary" krypton is introduced as a carrier, since all krypton today 
unfortunately contains B5Kr at levels in the ppm region. One solution is the use of s3mKr as a tracer to 
determine the yield. 

Finally it should be noted that some of the instruments designed to measure tritium in gaseous 
environm'ental samples are also capable (or adaptable) for the 85Kr problem, with some modifications and 
changes in procedure. 
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MEASUREMENT OF RADIOACTIVE NOBLE GASES BY LIQUID SCINTILLATION 
TECHNIQUES 

D. L. Horrocks 
Beckman Instruments, Inc. 
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Fullerton, CA 92634 

Abstract 

The solubility of noble gases in aromatic solvents is sufficient enough to allow for measurement of 
radionuclides of the noble gases in liquid scintillator systems. This paper will discuss some techniques for 
sample preparation. The counting data will be discussed and related to the individual radionuclide decay 
scheme. The environmental monitoring aspects will be presented. 

INTRODUCTION 

It was known for many years that the heavier noble gases were appreciably soluable in aromatic 
hydrocarbons such as.toluene and xylene (Clever, et al., 1957; Clever, 1957; Saylor and Battino, 1958; and 
Steveberg and Manowitz, 1959). It was a logical conclusion that liquid scintillator solutions which use these 
same aromatic hydrocarbons as solvents could be used to measure radioactive isotopes of the soluble noble 
gases (Horrocks and Studier, 1964). Liquid scintillators had been used for the measurement of radioactivity 
for many years prior to this application (Birks, 1964 and Horrocks, 1966). 
· Horrocks and Studier (1964) first showed that it was indeed possible to measure radioactive noble gases in 
liquid scintillator systems. By choosing conditions which favored the incorporation of the noble gases into a 
toluene liquid scintillator solution, the radionuclides could not only be counted, but their pulse height 
distributions could be used to identify and separate the pulse spectra produced by different radionuclides in 
the same liquid scintillator sample. This is possible because liquid scintillator solutions have different 
responses for different energy particles (Flynn, et al., 1964 and Horrocks, 1964a and b). 

Since this initial investigation, several others have applied liquid scintillator systems to the measurement 
ofradioactive noble gases (Curtis, et al., 1966; Sax, et al., 1968; Cohen, et al., 1968; Shuping, et al., 1969; Smith, 
et al., 1970; and Iorgulescu, 1971). In many of these studies the radioactive gas sample was added to a counting 
vial by the use of gas transfer techniques. The gas was transferred to either an evacuated or a scintillator filled 
counting vial by the use of syringes and hypodermic needles. In those cases where evacuated counting vials 
were used, the scintillator solution was subsequently added through hypodermic needles until the pressure 
inside the vial equalled that outside (atmospheric). In most cases, the counting rates were more reproducible, 
and less variant with time, when the counting vial was filled as full as possible with the scintillator solution. 
The reduced air space above the solution forced more of the gas into the liquid phase by the mass action 
principle. 

In other experiments, the amount of a radioactive isotope of a noble gas (usually 85Kr) in aqueous solutions 
(water or blood) was measured by dissolving the aqueous sample in a liquid scintillator solution. The 
scintillator solution usually contained dioxane as the solvent or an emulsifier and toluene as the solvent. 
Transfer of the aqueous solution was critical in obtaining reproducible results. During the pipetting, the noble 
gases can be lost from the solution. It was also observed that the measured count rate of the sample varied less 
with time when the vial was nearly completely filled with scintillator solution. 

Many of the studies were performed without the use of air-tight seals on the counting vial. This always lead 
to the subsequent loss of the noble gas through diffusion through and around the screw-on or snap-on caps. 
Sometimes these losses could be minimized for about 24 hours by the use of special cap liners such as 
polyethylene liners or self-sealing rubber serum stoppers. In all these types of studies, the losses were always 
present. Depending on the accuracy of the results required, this loss could lead to serious errors when 
corrections were not made for the effect upon the measured count rate. 

SOLUBILITY IN AROMATIC SOLVENTS 

The ability to measure a radioactive isotope ofone of the noble gases in a liquid scintillator is the result of its 
solubility in the solvents used in the liquid scintillators. The solubility of noble gases in aromatic 
hydrocarbons was at one time considered as the basis for a technique for trapping off-gas releases from 
reactors and nuclear fuel recovery plants (Steinberg and Manowitz, 1959). The off-gases would be passed 
through a scrubbing tower containing aromatic hydrocarbons. It was demonstrated that certain kerosene 
base solvent systems would remove almost all of the noble gases (especially Kr and Xe) and most of the 
halogen's. Table I lists some of the solubility data reported by Steinberg and Manowitz (1959) for xenon and 
krypton in several solvents. Noble gas solubilities in toluene ~er.e also mea~ured by Horroc~s and Studier 
(1964) by using radioactive isotopic tracers and a toluene base scmt~lk~tor solution: A small capillary tube was 
used to connect a reservoir and a fixed volume of the toluene scintillator solution. The volume of the gas 
reservoir was decreased step-wise. After each reduction the equilibrium was obtained between the amount of 
noble gas in the gas reservoir and the amount dissolved in the toluene. The measured count rate was 
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proportional to the amount of noble gas dissolved in the toluene. The capillary tube p~evented the ~~ci~ation of 
the scintillator solution by particle emissions from the radionuclides above the solut10n. The eqmh~num was 
altered by a change in temperature, and the new count rate was measured. The results are shown m Table 2. 
They are essentially the same as reported in Table 1. 

TYPES OF COUNTING EQUIPMENT 

Usually the counting was done in commercially available liquid scintillation systems. These are 
coincidence systems which use two multiplier phototubes (MPT's) viewing the sample in a counting vial 
located between the two MPT's. A true scintillation event is recorded only when both MPT's simultaneously 
(within 20-30 nanoseconds) detect a photon burst from the scintillator solution. This type of system is 
necessary when measuring small amounts of radioactivity and/or low energy events, because often other 
events occur which have similar pulse heights to true pulses from the scintillator solution. These events are 
usually generated in the MPT, and, thus, do not produce a simultaneous response in the other MPT. Thus, the 
coincidence circuit will reject these tube generated events. The tube generated events are usually the result of 
the spontaneous emission of electrons from surfaces (photocathode and/ or dynodes) within the MPT and are 
commonly called tube "noise". 

In one study (Horrocks and Studier, 1964), a home-made single MPTsystem was used. This system was used 
primarily to study the pulse height spectra produced by different radionuclides, different types of particles, 
and particles of different energy. The isotropic scintillation burst produced many photons (depending upon 
the energy of the exciting particle) and the optical system reflected all of them upon the face of the single MPT. 
This type of system gave a good response to the scintillation event and provided for the best resolution 
between different energy events (Horrocks, 1964a and b; Curtis, et al., 1966; Sax, et al., 1968; Cohen, et al., 1968; 
Shuping, et al., 1969; Smith, et al., 1970; Iorgulescu, 1971; and Horrocks, 1966). 

COUNTING222Rn 

There are no stable isotopes ofradon. The longest lived isotope ofradon is 222Rn, and this has been used as a 
tracer for radon studies. 222Rn has a half-life of 3.82 days. This radionuclide is important because it is the 
daughter of 226Ra, and is released whenever radium solutions are vented to the atmosphere. 222Rn is an alpha
emitter, but several other radionuclides (daughters) rapidly appear in any sample of 222Rn. Some of the 
daughters are alpha-emitters also, and others are beta-emitters. Some of these radionuclides also emit gamma 
rays. Often 222Rn is determined by measurement of these gamma rays with a NaI(Tl) crystal scintillation 
detector. 

When the 222Rn is dissolved in a liquid scintillator solution the alpha particles are counted with 100% 
efficiency (Horrocks and Studier, 1958 and Wright, et al., 1961). Using a single MPT system (Horrocks and 
Studier, 1964) and a multichannel analyzer (MCA) to sort pulses by pulse height (energy), it is possible to 
distinguish between the pulses produced by the alpha particles from 222Rn (5.49 MeV) and the alpha emitting 
daughters 218Po (6.00 MeV) and 214Po (7.68 MeV). Figure 1 shows the pulse height spectrum obtained for a 
sample of 222Rn dissolved in 0.25 ml of a toluene liquid scintillator solution. The three alpha energy groups 
gave responses which are easily distinguished. The response for alpha particles from 214Po gives a peak which 
is somewhat broader due to the partial deposition of the 214 Po on the walls of the counting vial before the 
isotope has decayed. This does not occur with 218Po because of its short half-life, which does not allow enough 
time for the 21 HP0 to diffuse through the solution and deposit on the vial walls. The continuum of pulses, 
ranging from zero pulse height to pulse heights above the 7.68 Me V alpha particle pulse heights, are produced 
by the beta particles from the beta-emitting daughters. Because of the small volume and low stopping power of 
the scintillator solution, there is very little efficiency for measuring a response to any gamma rays. 
' The decay rate of the 222Rn is equal to the number of pulses in the peak corresponding to 5.49 MeV alpha 
particles (given by the area under the peak) divided by the time of the data accumulation, since the alpha 
particles are counted with 100% efficiency. A correction is made for the number of beta particle produced 
pulses, which give the same pulse height values as the 5.49 Me V alpha particles. The number of beta pulses is 
obtained by a simple interpolation of the smooth beta continuum. At equilibrium, the area under the 6.00 Me V 
alpha particle produced peak (corrected for beta particles) is the same as that for the 5.49 MeV alpha particle 
produced pulses. Equilibrium between the 222Rn and the 218Po is re-established about 30 minutes after 
separation of the 222Rn from its daughters. Except for the wall effect, the area under the peak produced by the 
7.68 MeV alpha particles would also be equal (at equilibrium) to the area under each peak due to the 5.49 MeV 
or the 6.00 Me V alpha particles. 

COUNTING RADIONUCLIDES OF XENON 
Several isotopes of xenon are usable as a tracer for stable xenon. All of the radionuclides can be efficiently 

counted in liquid scintillator solutions. Two xenon isotopes, which are often required to be measured because 
they are fission products, are 131IDXe and 133Xe. The 133Xe decays by beta emission to an 80 keV excited energy 
levelof 133Cs, which gives rise to conversion electron in 63%ofthe decays and an 80 keV gamma ray in 37% of 
the decays. The conversion electrons are coincident with the beta particle which preceeded it, giving rise to a 
displaced beta spectrum. Internal conversion in the K shell followed by escape of the K x-ray (31 keV) gives 
rise to the beta pulses displaced by 49 ke V. Conversion in the L shell or the K shell without the escape of an x
ray (Auger electron release) gives rise to beta pulses displaced by 80 ke V. 
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The 131mxe decays by isometric transition to the ground-state of 131Xe (stable). The energy transition 
releases 164 keVin theform of a 164 keV gamma ray in only 3% of the decays. In the other 97% of the decays, 
the energy release is in the form of internal conversion. Internal conversion in the K shell followed by escape 
of the 30 ke V x-ray gives rise to a 134 ke V electron. Internal conversion in either the Kor L shells, not followed 
by capture of the x-rays, produces a response equivalent to a 164 ke V electron. 
· Often samples with both of these Xe isotopes present are required to be measured, and the determination of 

each is desired. They decay by different modes and by different half-lives. The half-life of 133Xe is 5.3 days, 
while the half-life of 131mXe is 11.9 days. Both of these differences have been utilized for such measurements. 
Xenon produced during the fission process for 235U leads to a ratio of issxe in excess of 500:1. Thus, "fresh" 
fission product xenon gives a pulse height spectrum similar to that for pure 133Xe, as shown in Figure 2. The 
three peaks at the low energy end of the pulse height spectrum correspond to the beta continuum coincident 
with the gamma ray (no extra energy), coincident with the 50 ke V conversion electron and coincident with the 
80 keV conversion electron (or equivalent). Only a slight indication is seen that any is1mxe might be present 
in the sample. 
· After allowing the sample to stand for about one month, the pulse height spectrum looked like that shown in 

Figure 3. Superimposed on the beta pulse height spectrum from 133Xe is the con version electron spectrum from 
the 131mXe. Due to the difference in the half-lives of the two radionuclides, there appears to be almost equal 
amounts of each in the sample even though the total number of counts has decreased drastically. 
' Finally, the sample was re-counted after about four months; the pulse height spectrum obtained is shown in 
Figure 4. Essentially all of the 133Xe has decayed away leaving only the remaining mmxe. The pulse height 
spectrum shows both the 134 and 164 keV conversion electron events. The resolution of this sample using a 
on&MPT counting system was sufficient to resolve the two conversion electron groups. 
· Utilizing the differences in decay schemes and half-lives, it is possible to determine the relative activity of 
each of the xenon isotopes in the same sample. This information can be used to determine the source of the 
xenon; if it is mainly 133Xe this would indicate a recent release from an operating reactor, while if it is mainly 
131mXe, this would indicate a release from a processing plant (stored fuel rods), or a release which occurred 
several months prior to sample collection. 

COUNTING OF KRYPTON RADIONUCLIDES 

There are two radioactive isotopes of krypton which are commonly used as tracers for krypton; 81Kr (100% 
E.C., haif-life of 2.1x105years) and 85Kr (100% beta, Emax of672 keV, half-life of 10.76 years). Of these two, 
B5Kr is the more important because large amounts of it are produced and released during the operation of 
reactors and fuel reprocessing plants. When 85Kris dissolved in a toluene scintillator solution, the pulse height 
spectrum obtained is shown in Figure 5. The relatively high maximum beta energy (672 keV) causes the 
observed pulse height distribution to be dependent upon the volume of the scintillator solution. When the 
solution volume is small (0.25 ml), many of the energetic beta particles strike the walls of the counting vial 
before all of the beta energy is released in the solution. Those beta particles give a pulse height response 
equivalent to a beta particle with less energy which was stopped in the solution. This is called a "wall effect". 
The pulse height spectrum is distorted toward the low energy pulse heights, as shown in curve (a) of Figure 5. 
When the solution volume is 5 ml, even the most energetic beta particles are stopped in the solution. The 
measured pulse height spectrum is essentially as expected from the known beta particle energy distribution. 

COUNTING RADIONUCLIDES OF ARGON 

Several isotopes of argon can be used as a tracer for argon gas samples. However, argon has a very limited 
solubility in toluene. Also, argon is much harder to handle by conventional vacuum line techniques. Its 
boiling point is much lower than krypton, xenon, and radon. The isotope 37 Ar is often used because of its high 
sp'ecific activity. It has a very low energy release per decay; only 2.8 keV for electron capture in the K shell. 
Even when 37Ar is dissolved in a toluene scintillator solution, the counting efficiency is low and any 
quenching drastically reduces the counting efficiency. 

CONCLUSIONS 

The liquid scintillator solutions are very useful for the counting of radioactive isotopes of the noble gases. 
When the noble gas sample is dissolved in the solution, the counting efficiencies that are obtained are close to 
100% in many cases, depending upon the mode of decay of the radionuclide. Many techniques which do not use 
air-tight seals are useful only over a limited time span before the gas sample begins to escape. 
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TABLE 1. Solubilities of Xenon and Krypton in Various Solvents 
(Steinberg and Manowitz, 1959). 

Xenon Solubility Krypton Solubility 
Solvent Temp., °C ml/ml* Temp., °C 

Water 32 0.10 30 
Xylene 32 1.46 

(Tech.) 
p-Xylene 29 2.95 30 

0 3.28 
Toluene 24 3.17 

*Volume of gas (corrected to 15°C and 1 atmosphere) 
absorbed under total system pressure of 1 atm. per unit 
volume of solvent (corrected to 15°C). 

ml/ml* 

0.05 

0.72 

TABLE 2. Solubilities of Some Radionuclides of the Noble Gases in a 
Toluene Liquid Scintillator Solution (Horrocks and Studier, 1964). 

Noble Gas 

Krypton (B5Kr) 
Xenon (131mXe) 
Radon (222Rn) 

T=-15°C 

0.9 
5.0 

32.0 

as is the specific activity of the liquid 
scintillator solution; counts per minute/ml 
of solution. 

ag is the specific activity of the gas 
reservoir; counts per minute/ml of gas. 

T=27°C 

3.0 
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SEPARATION TECHNIQUES FOR REACTOR-PRODUCED NOBLE GASES* 
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Abstract 

Procedures for separating the permanent gases have been dePeloped as part of a study to characteriz(' th(' 
gaseous radioactive effluents released from nuclear facilities. The gases being separated for internal gas
proportional counting include Ar, Kr, Xe, H2, CH4, and C02. Water vapor is cryogenically separated for liquid 
scintillation counting. Samples taken for processing within each facility range from 0.1 ml to several liters in 
volume. Sample volumes less than JO ml are separated directly by chromatographic methods. Larger samples 
are processed using cryogenic-adsorption techniques for rough separation followed by chromatographic 
purification. Procedures for preventing cross-contamination from sample to sample, and between different 
radioactive gases within a sample, are considered. Processing requirements imposed by gas composition are 
also discussed. 

INTRODUCTION 

The Radiological Sciences Laboratory of the New York State Department of Health is studying the gaseous 
radioactive effluents from nuclear facilities (Matuszek, et al., 1973). Samples have been obtained from two 
pressurized water reactors (PWR), a boiling water reactor (BWR), a high-temperature gas-cooled reactor 
(HTGR), and a pressurized heavy-water-moderated research reactor. The samples, taken from a variety of 
locations at each reactor, include primary strip gas, cover gas, decay-tank gas, containment air from the 
PWRs, and stack gas from the BWR. 

Procedures for separating the noble gases, in addition to other permanent gases, have been developed as 
part of this study. The gases currently being routinely separated include Ar, Kr, Xe, H2, CH4, and C02. The 
activity is measured using internal gas-proportional beta-spectrometry (Paperiello, 1973). Water vapor is 
cryogenically separated for liquid scintillation counting. 

The range of specific activity from sample to sample has been greater than five orders of magnitude, 
depending on the reactor and sampling locations. We have measured activities of various nuclides in 
individual samples that differ in activity by approximately seven orders of magnitude. Consequently 
precautions have been taken to prevent cross-contamination from sample to sample, and between different 
radioactive gases within a sample. Sample aliquots from about 0.1 ml to several liters have been processed, 
depending on the activity of the gases being analyzed. 

Sample volumes less than 10 ml are separated directly by chromatographic methods. Larger samples are 
processed using cryogenic-adsorption techniques for rough separation followed by chromatographic 
purification. 

SAMPLE COLLECTION AND MASS SPECTROMETRIC ANALYSIS 

Samples are collected in a variety of vessels ranging in volume from 14 ml to 16 liters. Since vessels with 
septum caps tend to leak, those with stopcocks or valves are preferable. 

Upon receipt of a sample, an aliquot is counted on a Ge(Li) spectrometry system to measure the activity of 
gamma-emitting gaseous radionuclides. These results are used as an aid in determining the subsequent 
separation procedures, and are compared with the results obtained by proportional counting. 

An aliquot of the sample is also taken for mass spectrometric analysis to determine the composition of the 
gas. A few examples of such analyses of gases sampled from various locations in various types of reactors are 
shown in Table 1. The composition, which can vary considerably from sample, to sample, influences the 
choice of a separation procedure. In addition, species such as hydrocarbons that may contain 14C or tritium 
can be identified and subsequently measured for possible activity. Finally, it is necessary to determine 
whether a significant amount of any of the gases being separated is present in the sample. The concentrations 
of most of the radioactive gases in the sample are far too low for the normal methods of chemical analysis, and 
measured amounts of carriers for the gases being separated are added. The radiochemical recovery of the 
separated gas finally loaded into a proportional tube for counting is determined from the total amount of gas 
present before separation. 

GENERAL SEPARATION PROCEDURE 

Figure 1 indicates the general procedure for processing the samples. If a sample (such as cover gas or decay
tank gas)is relatively high in total specific activity, and ifthe concentration of the lowest-activity gas fraction 

*Supported in part by USAEC contract AT(l 1-1 )2222 and US EPA contracts 68-01-0.?22 and 68-01-IA-0606. 
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is higher than approximately 5 pCi/ml of sample, less than 10 ml of sample is processed. The sample is mixed 
with carriers and injected directly into a chromatograph for high-activity samples. The separated fractions 
are trapped, and those relatively high in activity are measured for percent yield, and loaded into proportional 
tubes for counting. The trapped gases that are relatively low in activity (in general, < 10-4 µCi in the 
separated fraction) are sent through a separate chromatograph for further purification and decontamination. 
The gases trapped from this intermediate-level chromatograph are measured for chemical recovery, and 
loaded into gas-proportional counting tubes using a gas-handling rack reserved for the intermediate- to low-
activity fractions. This separation of systems is necessary to minimize cross-contamination. · 

Samples (such as containment air) that are relatively low in specific activity and contain gas fractions 
with activity less than approximately 5 pCi/ml must be processed in aliquots of one or more liters. These 
undergo rough separation prior to chromatographic purification. Because of the volume reduction following 
this rough separation from such large sample volumes, some fractions have high specific activity, while 
others are relatively low. The high-activity fractions and the intermediate- to low-activity fractions are 
chromatographically purified on separate systems prior to being loaded for counting as described above. 

HIGH-ACTIVITY SAMPLES 

Figure 2 is a schematic drawing of the gas-handling vacuum rack used for processing samples of less than 
about 10 ml of gas having relatively high specific activity. The sample is measured and mixed with measured 
amounts of carriers for Ar, Kr, Xe, H2, CH4. and C02. About 0.5-l.5 ml of each carrier is a convenient amount 
to process. The sample and carriers are then transferred to a molecular sieve U-trap connected to a gas 
injection valve on the chromatograph. The gases are transferred from section to section using molecular sieve 
fingers and U-traps. The molecular sieve is cooled with liquid nitrogen to adsorb the gases, and heated with a 
nichrome wire wrap to desorb the gases. Using helium carrier gas, the sample is passed through the 
chromatograph. As the various gases are eluted (as observed with a thermal conductivity detector), the gases 
of interest are trapped on molecular sieve U-traps cooled with liquid nitrogen. The helium carrier is pumped off 
the cooled traps. The trapped gases that are relatively high in activity are volume-measured for chemical 
recovery and then loaded into gas-proportional counting tubes. The low-activity gases are transferred to a 
separate system used only for intermediate- to low-level gases. There they are further purified through the 
intermediate-activity chromatograph, volume-measured, and loaded into tubes. 

Figure3 is a more detailed drawing of the type ofvohi.me-measure and tube-load systems used. The gas to be 
measured is transferred to the molecular sieve finger. Stopcocks A and Bare then closed, and the finger is 
heated to desorb the gas off the molecular sieve. When no more gas is being desorbed, stopcock C is closed, and 
the pressure of the gas contained between stopcocks A, B, and C is measured. The volume contained between 
these stopcocks has previously been determined, and from these data the amount of gas present is calculated. 
If the gas is to be loaded into a proportional-counting tube, it is expanded into the evacuated tube, which is 
then filled with counting gas to slightly more than atmospheric pressure. 

Figure 4 shows typical chromatograms obtained with the high-activity and intermediate-activity 
chromatographs. The high-activity chromatograph has a column oflO' x II 4" molecular sieve 5A, 40-60 mesh, 
with helium carrier flowing at 60 ml/min. Normally the column is run at room temperature until the CH4 
fraction is off, and then is heated to 300°C to drive off the xenon and C02 fractions. There is very little 
separation between the krypton and CH4 on the high-level chromatograph. However, on the intermediate
level chromatograph, which has a column of 20' x II 4" molecular sieve 5A, 40-60 mesh, the separation is very 
good. 

Very often the krypton in a sample has a much higher activity than the 14C or tritium in methane. To 
determine the decontamination factor between krypton and CH4, a 85Kr source was mixed with the carriers, 
and as the krypton and CH4 were eluted from the high-level chromatograph, the gases were trapped 
separately, and subsequently counted without further purification. The initial activity of the krypton was 3.5 
x 10-3 µCi; the activity of krypton in the CH4 fraction was 2.0 x 10-5 µCi. The decontamination factor for 
krypton in theCH4 fraction was thus 175. 

The same experiment was repeated with the intermediate-level chromatograph. In this case, to avoid 
possible contamination of the system, only 1.4 x 10-4 µCi of krypton was mixed with the carriers prior to 
injection.No measurable activity could be seen for krypton in the CH4 fraction, and a value ofless than 8.2 x 
10-7 µCi was obtained, resulting in a decontamination factor greater than 170. There is over 10 minutes of 
baseline separati.'.ln between these peaks, and the decontamination factor is certainly much higher than 
indicated from the low activity of krypton used. In the normal processing of a sample, the CH4 fraction 
trapped off the high-level chromatograph would be sent through the intermediate-level chromatograph prior 
to counting, with a combined decontamination of krypton considerably greater than 3 x lQ4. This example 
illustrates the high decontamination factors obtainable with multiple GC purification. 

Cross contamination is normally limited not by GC separation, but by system contamination. The problem 
of system contamination varies from gas to gas, and is most severe with tritium - either as gas or water 
vapor. To measure activities differing hr more tha~ six or~ers of mag~i~ude, a separation of gas-handling 
systems and chromatographs as described above is required. In add1t10n, system and proportional-tube 
blanks must be run between samples to determine possible residual activities. 
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INTERMEDIATE-ACTIVITY SAMPLES 

The separation system used for liter-size, intermediate-activity samples is shown schematically in Figure 5. 
With this system, the volume of each separated fraction is reduced to several milliliters for subsequent 
chromatographic purification. The procedure involves adsorption followed by elution with helium carrier, 
similar to the methods described by Momyer (1960) for krypton and xenon. The sample is mixed with carriers, 
bled ata rate of approximately 40 ml/min through two cold traps, and then adsorbed on a 4' x 112" glass coil of 
activated charcoal cooled with liquid nitrogen. The trap cooled with dry ice-acetone collects the water vapor; 
the trap cooled with liquid nitrogen collects the xenon and C02. 

After the sample has been adsorbed onto the charcoal, which is maintained in a liquid nitrogen bath, a 
helium flow is initiated at about 500 ml/min, passing through the charcoal and molecular sieve coils and out 
through a mercury stick manometer. The molecular sieve coil is about 4' x 112". After the helium flow is 
established, a small fraction of the helium stream coming off the molecular sieve coil is continuously sampled 
with an Aero Vac 610 mass spectrometer. Various other methods, such as a thermal conductivity cell, could be 
used to monitor the gases eluted from the adsorbents. 

Once the retention times for the gases of interest have been determined, sampling is not necessary. When 
dry ice-acetone slurries are placed around both the charcoal and molecular sieve coils, the hydrogen, argon, 
oxygen and nitrogen are rapidly eluted from the charcoal, while the krypton and CH4 are retained. The 
hydrogen is observed coming off the molecular sieve coil about 5 minutes after both coils have been cooled 
with dry ice-acetone, and it is entirely off approximately 3 minutes later. It is trapped in a molecular sieve U
trap cooled with liquid nitrogen. Approximately 5 minutes after the hydrogen is off, argon and oxygen are 
observed coming off the molecular sieve coil. These gases are trapped together on a separate U-trap. At dry-ice 
temperature, the nitrogen is retained on the molecular sieve coil, while the argon and oxygen are eluted and 
trapped. The coil is then warmed to room temperature to elut the nitrogen. When the nitrogen is off, both coils 
are warmed to about 100°C to accelerate the elution of the krypton and CH4, which are trapped together on the 
third molecular sieve U-trap. The argon and oxygen, which are not easily separated by chromatographic 
methods, are transferred to a furnace containing copper turnings which is heated to approximately 400°C to 
remove the oxygen by reduction toCuO. 

All the separated fractions, which are now reduced in volume to several milliliters, are chromatographically 
purified as described for small-volume samples. 

Between samples all the adsorbents used in separation of the gases are heated to 400°C while being purged 
with helium, or evacuated, in order to remove any residual gases and to reactivate the adsorbents for 
subsequent processing cycles. 

SUMMARY 

Methods of separation for Ar, Kr, Xe, H2, CH4, and C02 in reactor gas effluent samples up to several liters in 
size have been described. These general separation procedures are being extended to include other gases of 
interest, such as CO, C2H6, C3H3. S02, I2, and CH3I. 

The counting techniques and interpretation of the effects of noble gas levels are described in the 
accompanying papers. 
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TABLE 1. The Gas Compositions of Samples from Various Reactors (Vol%). 

Heavy-water 
BWR PWR(I) PWR(II) PWR(II) HTGR research reactor 

Gas stack gas decay tank decay tank containment air decay tank cover gas 

N2 08.79 7.61 79.14 78.83 10.88 0.22 

02 21.41 0.17 0.04 20.09 1.10 0.02 

Ar 0.80 0.08 0.17 0.92 0.14 

co
2 0.11 0.04 0.11 0.20 0.12 

H2 8.89 91.82 18.76 0.07 

He 87.69 99.76 

CH4 0.14 0.19 

C2H6 ID 0.02 

C3H8 ID 

H20 0.07 0.87 
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Figure 1. Processing procedure for high-activity and intermediate-activity gas samp!Ps. 
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DETERMINATION OF TRACE NOBLE GASES IN AIR AND NATURAL GAS* 

J. C. Newton, F. B. Stephens, R. K. Stump 
Lawrence Livermore Laboratory, 

University of California 
Livermore, California 94550 

Abstract 

A method was developed for the analysis of air and natural gas samples containing trace amounts of noble 
gases. The gas samples are preconcentrated by reaction with calcium at 900-1,000°C and analyzed by mass 
spectrometry on an automated instrument. Methods of relating the concentrated sample to the original 
sample and the preparation of gas standards are given. The accuracy of the technique at the 25 ppm level was 
determined. The precision of the method and requirements for improving the technique are also discussed. 
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INTRODUCTION 

In the underground testing of nuclear devices at the Nevada Test Site (NTS), He, Kr, and Xe gases are added 
as tracers or are generated during the detonation. Gases, consisting principally of air, are pumped from the 
cavity to the surface and are sampled. For the last few years we have routinely analyzed these cavity gases to 
determine the noble gas concentrations at the ppm level (Cady and Cady, 1945). 

More recently we had a need to determine noble gases at the sub-ppm level in natural gas. This work resulted 
from the Lawrence Livermore Laboratory's effort to stimulate natural gas production with nuclear explosives. 
In the Rio Blanco event three nuclear devices were detonated simultaneously. Cylinders of Kr, Xe, and Ne were 
emplaced with the lower, middle, and upper devices, respectively. We had to determine the background of 
noble gases in gas samples from gas wells prior to the detonation and then analyze the post-shot gas samples 
quantitatively for the noble gas concentrations. From this data the Laboratory hoped to assess the extent of 
gas communication between the three cavities. 

Ordinarily an analytical mass spectrometer can detect about 100 ppm of a component in a gas mixture. The 
most common method of lowering this detection limit in the case of samples containing noble gases is to 
remove the active gases by gettering them with hot calcium (Cady, et al.,1945).1This method also eliminates 
interference from mass peaks due to the presence of active gases. Horton (1973) has used the gettering of air 
samples with a titanium sponge to lower the detection limit. We have used both methods and found gettering 
with Ca faster than pumping with a titanium sublimation pump (TSP). H2, C02, and hydrocarbons are 
pumped rather slowly by hot titanium. In the case of NTS samples, gettering with Ca provides a 100-fold 
increase in the concentration of the noble gases. With natural gas samples the method typically gives a 104 -
fold increase in their concentration. 

To calculate final results in ppm or ppb, the concentration factor2 must be determined. For the NTS samples 
this is done using PVT measurements before and after removing the active gases from an aliquot with a TSP. 
In the case of natural gas samples, the percent of total gas pressue due to noble gases is found by analyzing the 
original sample before concentration on the mass spectrometer. 

To calibrate the mass spectrometer, gas standards are prepared from normal air which has been gettered 
with Ca. The composition of normal air is obtained from literature values (Eck, 1969). Pure gases are also used 
as standards. 

1These cavity samples are referred to as Nevada Test Site (NTS) samples throughout this paper to distinguish 
them from normal (atmospheric) air samples. 

ppm total noble gases after gettering 
2Concentration factor= . ppm total noble gases before gettenng 

*This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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APPARATUS AND PROCEDURE 

1. Analysis of NTS Samples. 

The three steps in the analysis are: 
(a) determining the percent of noble gases in the original sample with a TSP using a small aliquot; 
(b) concentrating the noble gases from about 800ml STP of sample gas by gettering active gases with hot 

calcium: and 
(c) analyzing the concentrated sample by mass spectrometry. 
The percent noble gases in the original NTS sample is determined with the apparatus shown in Figure 1. The 

pressure transducer is a CGS/Datametrics 10-torr Barocel.3 The TSP with Ti-Mo filaments has a Varian 
Model No. 922-0032 power supply. The TSP was built at LLL to minimize the volume. It is cooled by water 
circulating in coils around the circumference of the pump. The sample bulbs are constructed of stainless steel 
and have a volume of approximately 800 ml. Fifteen grams of CA shot are loaded into the bulb. AN upro 8BK 
valve is attached to the sample bulb with Cajon 8VCR fittings. 

The entire system, exclusive of the sample cylinder, is evacuated to about 10-6 torr. The sample bulb is filled 
to a pressure of about 1 atm. with sample gas and removed from the manifold. The determination of the percent 
of noble gases is made with the gas remaining in the vacuum cross. About 100 millitorr of gas is admitted to 
the manifold and 3-liter volume with the TSP valve closed. This initial pressure is recorded. Then the gas in the 
manifold and 3-liter volume is introduced into the TSP. The TSP filament is operated at 42 amps for one minute 
or less if a steady pressure value is attained. The final pressure is recorded, and the percent of total noble gases 
in the sample is calculated from the known volume ratio of the manifold and manifold plus TSP. The gas in the 
sample bulb is then gettered for 15 minutes at 900 to 1,000°C with a resistance furnace of our design. The 
sample bulb is cooled and transferred to the mass spectrometry laboratory. 

The mass spectrometer used for the gas analysis is a CEC Model 21-103C with a multiple, automated gas 
inlet system, which can be operated under time-share control of a PDP-7 computer. To achieve a high 
sensitivity the ionizing current (electron collector current) is set to 70 microamps - rather than the usual 30 
microamps. Also, we use a sample pressure of about 300 millitorr in the expansion reservoir compared to about 
50 millitorr used for routine gas analysis. The ion signal is detected with a Keithley Model 640 Vibrating 
Capacitor Electrometer with an input resistor of 2 x 1010 ohms. Then the signal is filtered with a 0.2 Hz active 
filter and amplified with a Hewlett-Packard Model 2470A Data Amplifier. A gain oflOO gives a good signal-to
noise ratio. The effect of these operating conditions is to increase the mass spectrometer sensitivity (recorder 
divisions/millitorr) by a factor of about 200 over the usual sensitivity. At the same time the detection limit is 
lowered to about 1 ppm. 

Samples are run on a routine basis in duplicate. Typically, a batch consists of two air standards and four air 
samples in duplicate. Calculation of the results is performed with a program for the CDC-6600 computer. A 
typical computer output is shown in Table 1. Note that the difference between the observed and calculated 
pressures is listed to serve as an internal consistency test. 

2. Natural Gas Analysis. 

The apparatus used to concentrate the natural gas samples is shown in Figure 2. Because the total 
concentration of noble gases may be only about 100 ppm, several aliquots (about 1,500 torr-liter each) of gas 
must be concentrated before sufficient sample is available for analysis by the mass spectrometer. These 
aliquots are transferred from the concentrating chamber to the sample bulb by the English transfer pump and 
the Toepler pump. It is also possible to transfer samples which have been partially concentrated from the 
sample bulb back to the concentrating chamber for a final quantitative gettering. 

It is very important to have the system free of vacuum leaks for this work. Of course, any atmospheric leak 
will contain 1 % Ar. However, there is an internal check available to establish if vacuum leaks have occurred. 
The ratio of 40Ar/36Ar for the natural gas samples differs from the same ratio for air; an examination of the 
consistency of these ratios is a valuable check on the integrity of the vacuum system. 

While gettering the natural gas samples, the pressure is monitored with the pressure transducer. When the 
pressure reaches a constant minimum value, the oven is removed and the concentrator is allowed to cool to 
room temperature. This cooling is necessary in order to prevent the dissociation of the various Ca compounds 
into Ca and the respective gases. For example, if the concentrator is not sufficiently cooled before the gas is 
transferred with the Toepler pump, large amounts of H2 are observed. 

After several aliquots of natural gas have been concentrated and transferred, the pressure in the sample 
bulb can be observed. It is seen from Figure 2 that the pressure transducer can be used to measure the pressure 
in almost any part of the system. This is very useful for leak checking, too. Volumes throughout the system 
have been minimized. 

Results for the noble gas content in two different samples of natural gas are given in Table 2. 

3Reference to a company or product name does not imply approval or recommendation of the product by the 
University of California or the U.S. Atomic Energy Commission to the exclusion of others that may be 
suitable. 
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3. Detection Limits, Precision and Accuracy. 

The detection limits for the noble gases as a function of their original concentration are listed in Table 3. The 
second line corresponds to values for air samples; the third line represents a typical value for natural gas. Note 
that the first three lines are based on a sample pressure of 300 millitorr in the expansion reservoir, and the 
fourth line refers to a pressure of about 30 millitorr. By concentrating more aliquots of the natural gas sample 
the detection limits are lowered as shown in Table 4. 

The relative standard deviation (r.s.d.) for total noble gas concentration is less than.±1 % of air standards 
gettered with a TSP. Four batches with a total of 18 normal air samples were gettered with hot calcium to 
evaluate the overall precision of this method; i.e., the precision value includes random errors due to the 
concentration and analysis steps. The r.s.d. values for the noble gases are listed in Table 5. This precision has 
been confirmed by ov.er four years of experience in determining trace amounts of noble gases by this method. 
We routinely check the precision and reliability of our measurements by analyzing two air standards with 
each batch of samples. One air standard is assumed to be an "unknown" and its noble gas concentrations are 
calculated based on the other air standard. 

The possible existence of systematic errors in the method was investigated by determining mass 
spectrometer sensitivities with pure noble gases and with the concentrated air standards. The sensitivities, so 
determined, typically agree to within .±1 %, i.e., are within the precision of the method. In another accuracy 
check two mixtures of 3He in argon were prepared and analyzed. The results are shown in Table 6. The agree
ment between calculated and experimental results was very good. 

A check on the internal consistency of the mass spectrometric analysis is the agreement between the 
measured sample pressure in the expansion reservoir and the sum of the calculated partial pressures as shown 
in Table 2 on the computer printout. Typically, this pressure closure is within ±1 %. 

4. Method Improvement. 

Attempts to getter air samples on-line with the mass spectrometer were not successful because of insufficient 
cooling of the hot bulbs. This lack ofrapid quenching resulted in N2, 02, and H2 being dissociated from their 
respective compounds. Also, the ratio of the Kr/He peaks was not constant. However, a horizontally movable 
oven which can be quickly removed from the hot bulb, and which is also amenable to remote operation, has 
now been built. 

Because the mass spectrometer is under computer control, it should be possible to automate the entire 
analysis. The additional time required for temperature equilibration could be gained by overnight runs. A 
program has already been written that automatically analyzes the concentrated gas samples. The 
determination of the percent of noble gases present could be accomplished by analyzing a sample of the 
original gas on the mass spectrometer rather than using the TSP. A synthetic mixture of noble gases could 
serve as a standard. Several bulbs could be heated by moving the furnace between them in the course of the 
analysis of several samples. An enlarged memory core on the time-shared computer should make possible the 
on-line calculation of the sample compositions. 

REFERENCES 

Cady, G. H., and H.P. Cady., (1945), Ind. and Eng. Chem., Anal. Ed. 17, 760. 
Eck, C. F., (1969), J. Chem. Ed., 46, 706. 
Horton, J.C., (1973), Mass Spectrometric Analysis of Krypton and Xenon in Low Concentrations Oak 

Ridge Gaseous Diffusion Plant, Rept. No. K-1843. ' 
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TABLE 1. Computer Output Format. 

This is Sample No. 3 
Pot 32-A (31813) 

M/E PPM Based PPM Due 
on Air Std to Air 

3He .0005 
4He 5.2163 5.0330 
Ne 17.6313 17.4905 
Ar 8974.3960 8997.6963 
Kr 3.7884 1.0950 
Xe .0787 .0836 
TXe .0831 .0836 

PPM AR Cale by Diff - 8970.98 
PPM Inerts by TSP --- 8997.70 
PPM AR calc on 36 PH is 8974.40 
Sample Pressure is 316.90 and Cale Pressure is 
Closure for Sample is -.12 

TABLE 2. Results for Noble Gas Concentrations 
in Natural Gas. 

4He 
Ne 

Ar 
Kr 

Xe 

Local 
Natural 

Gas 
(PPM) 

440 

100 
.006 

.005 

Fawn 
Creek #1 

Well 
(PPM) 

80 
<.015 

11 
.001 

.001 

317.02 

TABLE 3. PPB Detectable as a Function of Total PPM of Noble Gases. 

Total PPB Detectable 

Inerts Cone. 
(PPM) Factor He Ne Ar Kr Xe 

lQG(Gross) 100 5,000 30,000 600 800 1,000 
104 102 50 30 6.0 8.0 10.0 
102 104 0.5 3.0 0.6 .08 0.1 

Based on a 300 µ sample pressure 

" 104 5 30 0.6 0.8 1.0 
Based on a 30µ. sample pressure 
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TABLE 4. PPB Detectable Krypton vs. 
No. of Aliquots Concentrated. 

Sample Kr-
PPM Pressure Detectability 

Aliquot Total Mass Spec 
No. Inerts (Milli torr) 

1 90 22 
2 " 44 
3 " 66 
4 " 88 
5 " 110 
6 " 132 

TABLE 5. Relative Standard Deviation 
Based on Analysis of Concentrated 

Air Samples. 

Relative Std. Dev. Level in Air 
(PPM)* 

He ±2% 5.24 
Ne ±2% 18.21 
Ar ±1% 9340. 
Kr ±1% 1.14 
Xe ±15% .087 

*Literature Value 

TABLE 6. Accuracy of 3He at 350 
and 25 PPM levels. 

Std. A Std. B 

Calculated PPM 
3He 350. 25.3 

PPM Determined -
Cone. Air Std. 352. 35.4 

PPM Determined -
Pure Gas Std. 346. 25.0 
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PORTABLE APPARATUS AND PROCEDURE FOR THE SEPARATION OF KRYPTON, 
XENON, AND METHANE IN AIR 

F.B.Johns 
National Environmental Research Center-Las Vegas 

U.S. Environmental Protection Agency 
Las Vegas, Nevada 

Abstract 

A portable apparatus and procedures are described for the rapid separation, collection, and counting of 
radio-krypton, ·xenon, and -methane in atmospheric air. The apparatus consists of a series of adsorbing and 
chromatographic columns. Subsequent elution of the krypton, xenon, and methane at various temperatures 
provide the separation. 

The detection of the various gases is accomplished with the use of a unique thermistor detector circuit. After 
volume determination, the krypton, xenon, and methane are dissolved in a degassed toluene-base, liquid 
scintillation solution, and counted in a small commercial liquid scintillation counter. 

With this apparatus and separation method, the krypton, xenon, and methane from a one-m3 air sample can 
be separated in 2 to 2.5 hours, a short enough time that the 76-minute, 2.8-hour, and 4.4-hour half-life krypton 
isotopes can be detected with a lower detection limit of 10 pCi!m3. Krypton-85, xenon-133, xenon-135, and 
methane can be detected at the 2 pCi! m3 level. 

INTRODUCTION 

The construction and use of a portable apparatus for the separation of krypton, xenon, and methane from 
atmospheric samples is described. The apparatus, and its associated counting system, can be readily 
transported to any site where electricity is available or can be provided. The need for this device became 
apparent in 1971 with the proposal to do on-site investigations of nuclear power reactors. The radioactive 
noble gases, with the exception of krypton-85, have short half-lives, and it follows that the time for 
transporting the samples to a laboratory for analysis will inhibit the collection of the necessary data 
concerning these isotopes. With the system described below, half-lives of two hours may be easily quantitated. 
Detectable limits of 2 pCi/m3 are attained for krypton-85, xenon-133 or 135, and tritiated methane, with 
recoveries of 85% of krypton, 70% of xenon, and 40% of methane. This system is a portable version of the 
separation system described by Stevenson and Johns (1971) using the counting method described by Shuping, 
et al., (1969). 

APPARATUS 

The apparatus consists basically of three gas chromatographs adapted to accept the large sample. 
Photograph 1 portrays the system as it is presently being used, and Figure 1 is a flow diagram of the system. 
The cabinet can be disassembled into two portions. The lower portion contains the mechanical vacuum pump 
(133 liter/min at 0.1 micrometer) and storage. A filter is attached to the discharge of the pump to collect oil 
fumes. A shelf is provided to support the helium carrier bottle. 

The upper portion contains the separation section, the collection system, and the electronic controls and 
recorder, as described below. 

1. The Separation Section. 

This section consists of three portions: a sample introduction-noble gas collection portion, and two 
chromatographic separation systems. Toggle-operated vacuum valves (Nupro 4B K-T) are used throughout 
the apparatus. The sample introduction-noble gas collection system consists of a molecular sieve trap (200 
grams of one-eighth x three-sixteenth inch, 13X pellets), a pre-cooler, a charcoal trap (100 grams, 16-20 mesh 
activated charcoal), a vacuum gauge (0-760 mm of Hg), and a thermistor detector. The traps are all glass as 
illustrated in Figures 2 and 3, and are attached to the metal system with metal ball joints. These ball joints 
have had an 0-ring groove added, and are silver-soldered to a short length of flexible metal tubing (Figure 4). 
The 0-ring eliminates the use of lubricant on these connections. The flow rate of the sample is controlled by 
maintaining a pressure of 350 mm of mercury on the system, using the control valve on the sample bottle, and 
a vacuum on the outlet of the charcoal trap. The thermistor detector is used to indicate the final elution of the 
gases from the charcoal trap. A source of helium carrier gas is provided through a flow meter as indicated in 
Figure 1. 

The two chromatographic separation systems consist of two molecular sieve columns, (100 gm 30-60 mesh 
5A molecular sieve), thermistor detectors on the outlet of each of the columns, and a helium flow meter. 
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2. The Collection System. 

The collection system consists of a mini-trap (C-2) (6 in. of 118" copper tubing packed with 0.3 grams of 
chromatograph-grade 30-60 mesh charcoal), a liquid scintillation vial with luer fitting (Figure 5), and a digital 
manometer (0-100 mm of Hg). A special valve (Figure 6) is used to direct the flow from the second molecular 
sieve trap either to vent or to the mini-trap. The total volume of the system is kept as small as possible. 

3. The Electronic System. 

Figure 7 shows the schematic wiring diagram of the system. Two types of thermistor cell blocks are used; 
one on the outlet of the first charcoal trap, is a two-thermistor cell, reference, and detector; and the other, a 
thr~e-cell block, is located on the outlet of the first and second molecular sieve trap. It consists of three 
thermistors, one reference, and two separate detectors. Figure 8 shows the plumbing of these two cells. During 
operation of the system a current of 150 mA is maintained on the cell being used by means of an adjustable 
potentiometer (R-2). By switching (S-1) to the proper cell position the flow through the cell may be monitored. 
The output is fed into a 1 m V recorder through the attenuating switch (S-2). 

4. Counting Apparatus. 

The liquid scintillation counter used with this apparatus is a Beckman Beta Mate II. This is a single sample, 
single channel, manually-operated counter. Now permanently mounted on a little red wagon (Photograph 2), 
the counter has been modified for easier transport and use. The lead shield bricks have been bolted in place 
and additional shielding added to cover the pre-amps. The instrument, as received, has a five-digit printout 
which was modified to add a sixth digit. A time-of-day clock was added; also the original timing circuit was 
changed to increase counting time capabilities. Prior to transport, the preamps and photo tubes are removed 
in total darkness, and shock mounted in a separate case. 

PROCEDURE 

1. Principle of the Method. 

This method describes a procedure for the separation of various gaseous radionuclides from gross air 
samples. The air samples are received either as a "grab" sample, a "cryogenic" sample, or an "integrated" 
sample. The grab sample represents approximately 10 cubic feet of air collected at a flow of 15 cubic- feet per 
minute. The cryogenic sample represents an integrated sample collected at a flow of 3 to 4 cubic feet per minute 
for one hour. The integrated sample represents a continuous sample of approximately five cubic meters 
collected at a single sampling point for one week. The sample is transferred to the gas analysis apparatus. 
Water and carbon dioxide are removed in a molecular sieve trap. The krypton, xenon, and methane are 
separated by elution through a molecular sieve column at various temperatures. The volumes of the separated 
gases are measured for yield determination, and transferred to appropriate counting chambers. 

Reagents: Alcohol bath, -32°C 
Charcoal, 16-20mesh 
Molecular sieve 5A, 30-60 mesh 
Molecular sieve 13X, 118" x 3/16" pellets 
Liquid Nitrogen 
Liquid scintillation cocktail, 0.6g POPOP, 10.0 gPPO, 

2,000 ml scintillation grade toluene 
Dry ice 
Acetone 
Helium 
Xenon carrier 
Krypton carrier 

a. Initial Preparation. 
All traps are degassed at 350°C and evacuated until a pressure of < 104 mm of mercury is obtained. The 
traps are then filled with helium; the thermistor cells are zeroed with a flow of helium. The pre-cooler C-1 
MS-1, and MS-2 are cooled with liquid nitrogen (LN). ' ' 

b. SampleTransfer. 
Because of the different types of samples, the transfer of the sample will be treated separately: 
(l)Grab. 

Record weight and pressure of the sample bottle. Connect bottle to the sample inlet port and place in a 
heating mantle. Using a vacuum pump on exit from C-1, and suitable valving establish sample flow 
through the molecular sieve trap, pre-cooler, and C-1 of about 15 liters per min~te and 35 cm pressure. 
(Reduced pressure is necessary to avoid condensation of liquid air in system.) Continue bleeding sample 
until the pressure drops to less than 10 mm of mercury. Shut off sampling inlet port and add the carriers. 
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(2)Cryogenic. 
Remove the sampler from the 25-liter liquid nitrogen dewar, and place in a furnace capable of reaching 
350°C in 45 minutes; attach helium line to inlet of sampler and outlet to sample inlet port. Check for 
leaks. With suitable valving, use needle valve on helium inlet to establish flow through pre-cooler and C
l of 15 to 20 liters/minute at 35 cm helium pressure with roughing pump. Continue adding sample until 
the molecular sieve sampler is at 350°C; hold for 30 minutes, shut helium valve and sample inlet port, 
and add carriers. 

(3) Integrated. 
Record weight and pressure of the sample bottle. Connect the sample bottle to the sample inlet port. 
Using the vacuum pump on the exit from C-1, and suitable valving, establish sample flow through 
molecular sieve, pre-cooler, and C-1 of about 15 liters per minute and 35 cm absolute pressure. Continue 
bleeding sample into C-1 until the pressure drops to less than 10 mm of mercury. Shut off sampling inlet 
port. As the sample has had 1 ml stable xenon carrier added before sampling, and the one cubic meter of 
air contains 1.14 ml stable krypton and 1 ml methane, no further carriers need be added. 

c. Water Removal and Recovery. 
The water and carbon dioxide are collected in the molecular sieve trap and may be recovered by heating. 

d. AirRemovalfromC-1. 
Close valves C and B, open valve D with C-1 in LN; establish helium flow (600-800 ml/min) through C-1, 
thermistor 1, vent. Remove LN from C-1, and replace with dry ice acetone (DIA) slush. Continue this flow 
until all of the air is removed - as evidenced by a return of the pen recorder to the baseline 
(approximately 55 minutes). Shut vent valve and helium flow. 

e. Removal of Krypton, Xenon, and Methane from C-1. 
(1) Leave DIA on C-1 and re-establish helium flow C-1, thermistor 1, MS-1, Vent 2. MS-1 and MS-2 are in LN 

when flow is stabilized. Remove DIA from C-1 and replace with electric furnace and start heating. 
(2)Continueheatinguntil a temperature of350°C is reached, or until all of the gases are transferred to MS-

1. This is indicated by a return to baseline by recorder (a shift in baseline is usually noted at this point, 
due to the higher temperature of the gases entering the thermistor block, and also by a decrease in flow 
rate). 

(3)Shut Vent 2 and tum off helium flow. Open high vacuum valve to C-1, and continue heating until a 
temperature of350°C is reached, and a vacuum of < 10-4 mm of mercury is obtained. (C-1 is then ready for 
another run.) 

f. Separation of Krypton, Xenon, and Methane from MS-1. 
(l)WithLN onMS-1 andMS-2, establish helium flowto(200-300ml/min)MS-1, thermistor2, vent2. 
(2)Remove LN from MS-1 and replace with a -23°C alcohol bath. After approximately two minutes, a sharp 

increase is noted on the recorder. This is the argon and oxygen. Continue helium flow until the pen 
returns to nearthe baseline (4 to 5 minutes). (Leave a small amount ofoxygen.) 

(3)Quickly rearrange helium flow, MS-1 to MS-2 to vent-3. (The oxygen transferred to MS-2 is used as an 
indication in the elution of krypton from MS-2.) Continue flow until the krypton is eluted from MS-2, 
approximately 12 to 14 minutes. 

(4)Quicklyrearrangeflow MS-1 to vent-2 (MS-2 and vent-3 closed). Replace the alcohol on MS-1 with cold 
water (20°C), and elute the nitrogen to vent. Watch the elution of nitrogen carefully and, by rearranging 
the flow MS-1 to MS-2 to vent-2, transfer the last of the nitrogen peak to MS-2 (this is mostly methane). 

(5)Place immersion heater in the cold bath, and heat until the carbon monoxide and xenon are all 
transferred toMS-2, (lOto 12minutes). Remove boilingwaterfromMS-1. 

g. Separation and Collection of Krypton, Methane, and Xenon from MS-2. 
(l)Prepare C-2 by heating with a heat gun. Place a clean liquid scintillation vial and valve (P*) in position. 

Evacuate to 0.0 mm on the manometer. Place LN on C-2. 
(a) Arrange helium flow MS-1, MS-2, thermistor 3, vent 3. Remove LN from MS-2 and replace with -23°C 

alcohol bath. The small oxygen peak which will be noted in two minutes is vented, (this indicates the 
normal operation of the system). When the krypton peak appears, immediately close vent 3 and open 
valve M. Collect the krypton in C-2 until the pen on the recorder returns to baseline. Close valve M, 
open vent 3 and allow helium to continue to flow. 

(b)Remove the helium in C-2 by pumping until a pressure of< 0.1 mm of mercury is attained. Close 
vacuum valve (N), and heat C-2 to transfer the krypton to the vial. When pressure has stabilized, 
record pressure and temperature. Close valve P. See following pr-0cedure (2). 

(c) Repeat preceding procedure(l) for the methane separation. 
(d)Flow should still be MS-1, MS-2, thermistor 3, vent 3. Replace alcohol bath with cold water (20°C). A 

small peak of nitrogen should be noted on the recorder. When the methane peak appears, immediately 
close vent 3 and open valve M. Collect the methane in C-2 until the recorder returns to the baseline. 
Close valve M, open vent 3 and allow helium to continue to flow. 

( e) Transfer the methane to the vial as in Section b. 
(f) Repeat preceding procedure (1) for the xenon separation. 

*Pis a Luer Teflon plug valve. 
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(g) Flow should be MS-1, MS-2, thermistor 3, vent 3. Heat, with immersion heat, MS-2. Allow the carbon 
monoxide peak to vent, and immediately close vent 3; open valve M. Collect the xenon in C-2 as in 
procedure(a). 

(h) Transfer the xenon to vial as in Section b. 
(2) Fill each scintillation vial with degassed toluene-base, liquid scintillation cocktail as illustrated in 

Photograph 3, and place in liquid scintillation spectrometer for determination ofradioactivity. 

2. Calculations. 

Y1 1.14 x samv1;
3
wt. 

V3 1.0 x samng/t. 

where V1 volume krypton in sample 

V3 volume methane in sample 

1.14 vol concentration of krypton 
normally found in air 

1293 gm air per cubic meter 

1.0 vol concentration of methane 
normally found in air 

VKr,VXe, or YcH
4 

v x m x ~30 volume recovered 

where vial volume+ volume of C-2 and 
transfer line 

pressure in vial 

V Kr x l 00 1 Kr recovered 

VJ 

VXe x l 00 % Xe recovered 
Vj 

~ x 1 00 ~~ CH1.i recovered 

v 3 

where V2 volume Xe carrier added to sample 

pCi/m 3 

(Counting ; volume gas in vial ~; recovery 
(Efficiency) 

cpm 
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INTERNAL GAS-PROPORTIONAL BETA-SPECTROMETRY FOR MEASUREMENT OF 
RADIOACTIVE NOBLE GASES IN REACTOR EFFLUENTS* 

C.J. Paperiello 
Radiological Sciences Laboratory 

Division of Laboratories and Research 
New York State Department of Health 

Albany, New York 12201 

Abstract 

At the Radiological Sciences Laboratory of the New York State Department of Health, gas fractions 
separated by gas chromatography are analyzed by internal gas-proportional spectrometry systems. These 
systems include gas-proportional detectors, plastic anticoincidence detectors, multichannel analyzers, and 
associated electronics. Detector systems are enclosed in 6-inch thick steel shields. 

Internal proportional counting with multichannel analysis offers several advantages, particularly 
improved sensitivity and specificity. Gas counting efficiencies are greater than 60% for 37 Ar and 90% for 85 Kr. 
Detector background with 100-ml copper proportional tubes and plastic anticoincidenceguards is on the order 
of 0.3 cpm for 37 Ar and 1.5 cpm for 85 Kr. Shielded and guarded steel tubes have backgrounds approximately 
four times higher, but are acceptable for high-level reactor samples. 

By examining the spectra with a multichannel analyzer, the figure of merit for low-energy beta-emitters is 
greatly improved over integral bias counting. The purity of the sample following chromatographic separation 
can also be checked. Within certain abundance ratios, the levels of 3 Hand 14C in hydrocarbon fractions can be 
determined without combustion. Similarly, direct 37 Ar and 39 Ar measurements are possible. 

The application of spectrometric techniques for analysis of several types of reactor gas effluents is 
discussed. 

INTRODUCTION 

At the Radiological Sciences Laboratory of the New York State Department of Health, reactor gas effluents 
are analyzed by Ge(Li) gamma-ray spectroscopy and internal gas-proportional spectrometric systems. 
Although gamma-ray spectroscopy is the simpler procedure, low-background beta-proportional counting 
offers greater sensitivity for all gaseous radioactive fission products, and for those which decay with little or 
no gamma emission it is an absolute necessity. Although one might expect the activity ofreactor samples to be 
so high a low-background system is not needed, this is not the case. The range of activity ratios for a given 
sample may be 107 between nuclides, and the range of activity may be greater than 105 between samples, 
resulting in an overall range of about 1012 in activity in these studies. 

The use of multichannel analyzers for counting proportional tube output offers several advantages as 
compared to integral bias counting. These include improvement in the figure of merit for some beta-emitters, a 
check on the purity of the sample after chromatographic separation, and simultaneous analysis of certain 
isotopic mixtures found in reactor gas effluents after chromatographic separation. These mixtures include 
37Ar/39Ar in the radioargon fraction, 14C/3H in methane,_ and other hydrocarbon fractions. 

The gases routinely measured in reactor effluents by internal gas-proportional counting include the noble 
gases 85Kr, 131mxe, 133Xe, 37 Ar, and 39 Ar and the permanent gases 3H2, 14C02, and CH4 (14C and 3H). The latter 
group is important in noble gas measurements because during chromatographic separation, contamination of 
the argon fraction with 3H2, the methane fraction with 85Kr, and the C02 fraction with the 133Xe can occur. 

SPECTROMETER SYSTEM 

The spectrometer system is similar to those described by Curran (1958). The proportional tubes used in the 
reactor sample measurements are commercial 100-ml stainless-steel proportional tubes manufactured by 
LND, Inc. The active region of these tubes is a cylinder 2.3 cm in diameter and 24 cm long. For background 
reduction, plastic scintillator anticoincidence guard detectors are used, and the entire detection system is 
enclosed in a 14.4-cm thick steel shield. Figure 1 shows two of the 100-ml proportional tubes along with a 1-liter 
tube and two of the guard detectors. The smaller guard will accept the 100-ml tubes, while the larger guard will 
accept tubes as large as the 2.6-liter tube manufactured by LND, Inc. A typical 100-ml tube with a P-10 (90% 
argon, 10% methane) fill has a plateau 250 volts long, beginning at 1,750 volts with a slope ofless than 1 %per 
100 volts. 

A block diagram of the system is shown in Figure 2. Pulses from the proportional tube are amplified and 
shaped before passing through a linear gate to the multichannel analyzer. If an event occurs in the guard 
detector, the linear gate is for 10. µsec. The system dead-time, due to guard events closing the linear gate, is less 
than 0.1 %. All of the units shown in Figure 2, with the exception of the plastic guard detector, are commercial 
products. With new multichannel analyzers, one can use the built-in linear gate in the anticoincidence mode, 
thereby avoiding the cost of an external gate. 

*Supported in part by USAEC contract AT(l 1-1)2222 and US EPA contracts 68-01-0522 and 68-01-LA-0505. 

- 239 -



OPERATION AND CHARACTERISTICS OF SPECTROMETER SYSTEM 

Spectra of .1H, 14C, and R5Kr obtained with this spectrometer system are shown in Figure 3. Using the x-ray 
fluorescence produced in the steel walls of the proportional tube with an external 125I source, the gain of the 
system was set at 0.83 ke VI channel. At this fixed gain, there are clear differences in end points and shapes for 
these three isotopes. 

Background spectra at a system gain of 0.42 keV /channel are shown in Figure 4. The integrated 
backgrounds were: for the bare stainless-steel detector, 104 cpm; for the detector shielded by 14.4 cm of steel, 53 
cpm; and for the detector shielded by the steel and an anticoincidence guard, 4.9 cpm. With a 100-ml copper 
tube, not presently used for these reactor samples, an integrated background as low as 1.25 cpm has been 
achieved with a background of 0.3 cpm under the 37 Ar peak. 

Argon spectra are analyzed for both 37 Ar (from the Auger peak) and 39 Ar (from the continuous spectrum). In 
order to avoid possible pulse pileup from 37 Ar, only the spectral region about 6 ke Vis used for 39 Ar analysis. 
The system has been calibrated for 37Ar efficiency using a standard obtained from the National Bureau of 
Standards, and a value of 0.63 cpm/dpm has been obtained for the Auger peak efficiency. 

A major advantage of spectral analysis is shown by comparing the spectra of an NBS 37 Ar standard, a 
contamina ced argon fraction after two passes through a gas chromatograph, and the same sample after an 
additional pass (Figure 5). The contaminated sample contains a very small amount of 3H, which would not 
affect the 37Ar value, but could have a serious effect on the 39Ar value. Integral bias counting would not show 
this contamination. Gross contamination can occur even with double chromatographic separation because of 
the large range of isotopic abundances in reactor gas effluents. The chromatographic separation sequence 
leads to decontamination factors of 103 to 104 (Kunz, 1973). One may occasionally observe 3H interferences in 
argon, 85Kr in methane, and 133Xe and 131m Xe in CO and C02 fractions. If great care is not taken in cleaning 
the separation system after a particularly high activity sample, 3H can show up anywhere. 

For sample spectra such as 85Kr, 3H, 14C02, and 14CO, the spectral shape and end point are first examined for 
radiochemical purity. The spectrum is then summed; the background is subtracted; and the net counting rate 
is corrected for counting efficiency, sample size, chemical recovery, and radioactive decay. In the cases of 
i 3imxe and 133Xe, this procedure is repeated for several counts, and the data are fitted by a least squares 
method to a two-component decay curve. 

At the present time, 37 Ar and 85Kr are the only gas standards available from NBS. For 133Xe the method of 
beta-gamma coincidence counting (Allen, 1965) was used to determine efficiency. While this procedure gave a . 
value of 0.86 cpm/dpm, which seems consistent with other measured efficiency values, the presence of a 
conversion electron branch in 133Xe has been ignored. The result should be a somewhat greater value for this 
factor. The same factor is used for 131mxe. Since 39Ar has a beta spectrum similar to B5Kr, the 85Kr efficiency 
factor for that spectral region is used for 39Ar. In many reactor gas samples B5Kr and 133Xe are present in a 
sufficient concentration to permit analysis by Ge(Li) gamma counting of the sample in the sampling vessel. 
The 133Xe proportional-counter efficiency from coincidence calibration provides good agreement with the 
Ge(Li) diode measurements. 

One of the more interesting gases present in reactor effluents is methane. It may be composed of3H or I4C, or 
both, and beta-spectrometry permits the simultaneous analysis of both nuclides. In Figure 6 the spectrum of 
the methane fraction from a heavy-water-moderated reactor is presented. The spectrum is run at a system gain 
of0.42 keV /channel. The re~ions ~om channels 1to39, and from 40 to 255, are summed, and the background 
subtracted. The net counts m region 1 and 2, Ni and N2 are given by: 

(1) 

(2) 

where f1 (T) =fraction of3H spectrum in region 1, 

f1 (C) ~fraction of 14C spectrum in region 1, 

f2(T) =fraction of3H spectrum in region 2, 

f2(C) =fraction of 14C spectrum in region 2, 

NT =net 3H count in spectral region, 

NC =net 14C count in spectral region. 
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For our tubes and gain range these equations are: 

N 1 =0.98SNT+0.575Ne 

N 2 =0.01SNT+0.425 Ne 

(3) 

(4) 

Since N1 and N2 have been measured, these equations can be solved for NT and Ne and the activities 
determined without combustion of the sample. By counting a series of twelve 14e methane samples, it has been 
determined that the gain can be set with 1201 with sufficient reproducibility that the errors in the constant 
terms in Equations (3) and ( 4) are restricted to the third significant figure. The major drawback of this method 
is that the :itt sensitivity is limited by the amount of 14e present. If the 14e activity is one order of magnitude or 
more above the background, the detectable limit for :itt is about 7% of the 14e activity. In Figure 7 the 
decomposition of the methane fraction into :itt and 14e components is shown. A summary of system 
performance appears in Table 1. 

The detectable limit is reduced by poor chemical recovery and, for short-lived nuclides, long delays between 
collection and counting. It is enhanced by processing larger samples. Samples as large as 2 liters have been 
processed in our laboratory. The major uncertainty in our work at the present time is the accuracy of the 
efficiency factors. Those given in Table 1 for :rnAr, :itt, and 14e are estimates for 85Krand :l7Ar, and thatfor i:i:ixe 
has been determined by a method which is somewhat lacking in technical justification. 

Standards for these and other gases will presumably become available in the future. Proportional tube 
efficiency, however, unlike that of most other radiation detectors, varies slowly over a wide range of energies. 
Extrapolation of detector efficiency for beta-emitting isotopes is not especially difficult, but isotopes which 
decay by electron capture or by decay of metastable states present problems which require direct comparison 
to standards. 
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TABLE 1. Spectrometer Performance. 

Detectable limit 
Gas detector Ave 1-mlsample 

Gain Channels efficiency bkgd 1,000-min count 
Isotope ke VI channel used (cpm/dpm) (cpm) (µCi/ml) 

Ro Kr 0.83 1-255 0.90 5.0 1.1x10-7 

37Ar 0.21 10-19 0.63 0.8 6.0x 10-8 

:i9Ar 0.21 32-255 0.45 1.5 l.2xl0-7 

i:i3Xe 0.83 1-255 0.86 5.0 l.lxl0-7 

3H 0.42 1-39 0.75 5.0 l.3x 10-7 

14e 0.42 1-255 0.85 5.0 l.lxl0-7 

14e 0.42 40-255 0.36 0.13 4.0x 10-8 
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Figure 1. Proportional tubes, 100-ml and I-liter, with plastic scintillator guard detectors_ 
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ENVIRONMENTAL MONITORING FOR KRYPTON-85* 

D.E.Barber 
School of Public Health 
University of Minnesota 

Minneapolis, Minnesota 55455 

Abstract 

85 Kr presents unique environmental monitoring problems because it does not react with other elements and 
compounds at normal ambient temperatures and pressures. However, elaborate means are available to 
manage the 85 Kr problem, but a simpler, inexpensive approach is required if monitoring is to be accomplished 
at many sampling locations. This work shows that environmental monitoring for 85 Kr is possible by 
collecting air samples in thin plastic bags, and counting the bags for beta particle activity. The direct 
counting of contained samples of this type makes it possible to detect concentrations less than the public MPC 
for 85Kr. The bagged-sample technique is readily adaptable to any environmental monitoring station with 
power to run a low-volume air pump. The idea of counting the bagged-sample directly is a new, low-cost, 
approach to environmental gas monitoring which may have application in environmental, clinical, and 
industrial situations. 

INTRODUCTION 

85Kr is a fission product which escapes or is released to the environment primarily as a byproduct of 
reprocessing nuclear fuel. In fuel reprocessing, 85Kr, 131 I, 1291, 133mxe, 133Xe, and 3H are released, but only S5Kr 
and· 3H are released in sufficient quantities, and have long enough half-lives, to produce significant 
concentrations in extensive environmental air volumes (Kirk, 1972). The present atmospheric inventory of 

· 85Kr is estimated to be 60 MCi - more than twice the inventory in 1962 (Kirk, 1972). If projections with respect 
to population, demand for electric power, use of nuclear power plants, and release of 85Kr to the environment 
are correct, concentrations of 85Kr in the atmosphere may reach 3x10-7 pCi/ml (the public MPC) about the 
year 2050(Holland,1969; Cowser and Morgan, l967; and Coleman and Liberace, 1966). Treatment of effluents 
to remove up to 98 percent of the noble gases from fuel reprocessing is possible, and methods have been tested 
on a pilot plant scale (Slansky, 1971). The cost of treating the effluent has been estimated at about 1 percent of 
the total reprocessing cost (Slansky, et al., 1969), and treatment will probably be used extensively in the near 
future. Consequently, present projections with respect to anticipated atmospheric concentrations in the 21st 
century are probably much too high. However, effluent treatment or not, 85Kr releases to the atmosphere will 
require environmental monitoring for the gas because: 

(1) A removal efficiency of 98 percent reduces released concentrations to only 0.02 times their original 
values. 

(2) The atmosphere cannot be used exclusively for 85Kr dilution. 
(3) It will be necessary to assure compliance with regulatory standards. 

Although this paper addresses itself to the problems of monitoring 85Kr, the results are more generally 
useful. There are situations which arise when one would like to know the response to be expected from 
ordinary radiation detectors when they are presented to clouds of beta particles or low-energy gamma ray 
emitters with dimensions less than those of infinite volume. 

There are a number of possibilities for monitoring 85Kr in the atmosphere given unlimited financial 
resources. Any of the methods for removal of noble gases on a large scale from fuel reprocessing effluents 
might be used on a smaller scale; but, these methods involve elaborate pretreatment of the intake gases 
and/or cryogenic temperatures (Slansky, 1971). When adsorbing media such as molecular sieves or charcoal 
beds are used, the operating temperature must be matched to the sampling rate and sample size (Kirk, 1972). 
In liquid scintillation counting, the lowest concentration of 85Kr that can be analyzed without 
preconcentration is about 3 pCi/ml, and the poor solubility of air in liquid scintillation cocktails presents a 
problem for sampling air mixtures of gases (Kirk, 1972). So, sophisticated sampling for 85Kr in the 
environment presents severe practical limitations for both technical and financial reasons, especially in 
those situations where numerous monitoring stations may be involved. Simple, inexpensive methods must be 
found. 

Direct counting of gas samples in vinylidene chloride (Saran) is the approach taken here. The sampling 
approach is similar to one already reported for 222Rn (Sill, 1969). But, the idea of counting beta particle 
emitters directly, without removing the sample from the bag for the purpose of gas monitoring, is believed to 
be new. It has been noted recently that 133Xe contamination in the air should probably be done by counting the 
air sample directly rather than attempting to collect the Xe in aqueous solution (LeBlanc, 1972). LeBlanc 
points out that there is a misunderstanding concerning the best methods to monitor for 133Xe because of 
erroneous solubilities for 133Xe given by the Hbk. of Chm. and Phys. (1966). Similar uncertainties may also 
apply to krypton. 
*The data on 86Kr reported here resulted from work completed in the Faculty Research Participation Program 
of Associated Western Universities at the Health Services Laboratory, USAEC, Idaho Falls, Idaho. The 
author also gratefully acknowledges the cooperation of Aerojet Nuclear Company. 
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PROPERTIESOFMKrANDINTERFERENCEPROBLEMS 

Some properties 0 fB5Kr are given in Table 1. 85Kris near!~ 8: ~ure beta emitter fr~m t!'ie dos~me.try vie:point, 
but the gamma ray is useful for calibration purposes ~or actiVIties greater.tha~ 1 ~- µCi. Momtonn¥ for K'.r by 
gamma ray spectrometry can be accomplished proVIded t~e concentrat10n i~ high enough! and is sust:iined 
for a period of time at least equal to the measurei:iient p~nod. At concentrations ~~proachi.ng the maxim1;1m 
permissible concentrations, however, the branchmg rat10 (0.004) of ~amma ray dismtegrat10n to beta particle 
disintegration makes beta particle measurements far m~re.attra?tive. . . . . 

·Iodine impregnated, activated charcoal c&n be used to ehmmate interference from iodme-131. Sihca gel can 
be used to keep the sample dry. Storage can be used to eliminate interference from radon-daughter product 
activity and filters can be used to reduce interference from particulate activity. There remain, then, 133Xe and 
raamxe. The technique might be biased against these nuclides by storage, careful selection of detector window 
thickness and detector design. Interference from 133Xe is not expected to be significant at present because the 
ratio of 13SXe to ssKr activity for aged nuclear fuel is typically less than 10-4 percent (Smith, et al., 1970). 
However, as use of nuclear fuels increases, the used fuel will be less and less aged before reprocessing, in which 
case it will be necessary to cope with the 133Xe problem. This should be relatively easy to do because of the large 
differences in modes of decay, and beta energies between those for 133Xe and 85Kr. 

If 13axe is produced as a fission product, 13amxe will also be present (Martin and Blichert-Toft, 1970). The 
133mXecould present severe beta particle detection interference problems if fuel is stored for less than 10 days 
prior to reprocessing. The conversion electron energies from 133mXe are only slightly lower than the average 
energy of beta particles from 85Kr. However, advantage might be taken of the 0.233 MeV gamma ray from 
raamxe to distinguish it from both 85Kr and 133Xe. 

METHODS 

1. MKr Chamber. 

A chamber approximating an infinite volume of air for 85Kr beta particles was constructed of 4' x 8' x 314" 
plywood on a 2" x 4" wood superstructure. The resultant chamber was an 8' cube equipped with feed-throughs 
provided for power, sampling inlets, outlets, and a G.M. detector lead. The chamber was kept outside at 
ambient temperature and pressure. 

Chamber concentrations were measured and monitored by a 30 mg/cm2 metal-walled Amperex G.M. tube 
(112" dia. x 7" long) operated at 960 volts. Pulses from this detector were counted with a Baird-Atomic Mod. 530 
scaler. 

Serial dilutions from 85Kr stock to glass vials, to the chamber, and ultimately to polyethylene and Saran 
bags, were made to produce various concentrations of85Kr ranging from 2 x 10.s µCi/ml to 7x10-4 11Ci/ml. 

2. Calibrations. 

Unfortunately, the detection limit by gamma ray spectrometry for 85Kr is on the order of 10.2µ Ci. As a result, 
chamber concentrations could not be confirmed by this method over the range of concentrations of interest. To 
enable measurements of concentration in the chamber over the entire range of interest, the G.M. tube in the 
chamber was calibrated as follows. A sample from 85Kr stock was counted on a 65 ml GeLi detector in the 
standard geometry. The GeLi detector was calibrated with a B5Kr source from the National Bureau of 
Standards. The sample was then transferred to a 4.2-liter Saran bag to calibrate an 8" x 4" N al detector for this 
geometry. A 4.2-litersample taken from the chamber was then counted on the same crystal yielding the true 
concentration in the chamber, 1.05±0.15x10-4/.1.Cilml. This concentration provided the primary calibration 
factor, 3.82 x 10-9µCilml per cpm, for the chamber G.M. tube. The G.M. tube count rate was then used as the 
reference for the concentration in all samples taken from the chamber. The G .M. tube calibration factor agrees 
well with the 2.1x10-9µCi/ml per cpm previously reported for a similar, but longer, G.M. tube (Smith, et al., 
1970). 

The rotam.et~r w.as c.alibrated v.;ith a wet-test meter, and was found to be in calibration within ±20 percent. 
The uncer~inties in VIsually.setting the rotameter are large. Consequently, the rotameter reading was taken 
to be the true flow rate at ambient temperature and pressure. 

3. Sampling and Instrumentation. 

A diagram of the dilution and sampling system is given in Figure 1. The sampling line was prepared as it 
might be use~ in the ~ield t? pretrea~ samples taken froi:ii the.ch~mb~r. Components of the sampling line were 
connected with plastic t~bing ranging from II 4 .to 3/8 mch inside diameter. The input to the rotameter from 
. the chamber was at ambient pressure, and consisted of 3/8 inch plastic tubing suspended at the center of the 
85~r c~ambe~ close to the G.M. tube. Samples were collected at various flow rates and various sampling times 
as indicated m the results. 
' Exc~pt for~ f~w. measureme.nts with the 5-liter Saran bag ~lled to capacity, bags were filled to less than 
capa.city to mn~imize leakag~, if any should occur, and to proVIde a flexible bag geometry. In this way, it was 
pos.sible ~o achi~ve 2 TT counting geometry when sa~ples 'Yere placed on the detectors, and to reduce the error 
which might be introduced as a result of pressure build-up m the bag. 
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The instruments used to analyze the bagged-samples were as follows: 
(1) Ludlum Instrument Co., Model 14A Gieger Counter with LND Inc. G.M. tube, 30 mg/ cm2 metal wall. 
(2) Eberline Instrument Co., Model HP-210 G.M. probe with LND 731-1 G.M. tube, 2" diameter thin 

window, connected to Baird-Atomic, Model 530 scaler, operated at 800 V. 
(3) A sheet of plastic scintillator, 4.1" diameter by 0.19" thick, attached with Dow Corning QC-2-0057 

silicone compound to a DuMont 6364 photomultiplier tube (5" diameter face). The scintillator was covered 
with two layers of doubly aluminized Mylar to make a total window thickness of2.06 mg/cm2. The detector 
signal was fed through a preamplifier into a Baird-Atomic, Model 530 scaler with input sensitivity set at 
approximately 50 m V. The high-voltage to the detector was 1,000 V. 

The first and second instruments were used outside, immediately adjacent to the chamber, to examine their 
response to samples taken from the chamber. The third detector was used inside a vault with 10" thick steel 
walls. 

Measurements with the first two instruments were made in the presence ofradon-daughter product activity. 
Measurements with the third instrument were made on samples stored overnight. 

4. Sample Containers. 

Two types of plastic bags were used to collect, store, and count samples. One bag was Saran type 18-100 
(manufactured by Analytical Specialties, Inc., and distributed by the Anspec Co., Ann Arbor, Michigan). This 
Saran has a density thickness of 8.0 mg/cm2. Saran is known to contain 222Rn with losses of less than 0.12 
percent per day up to at least 14 days (Percival, 1971). It, therefore, seemed a suitable choice for 85Kr. Saran of 
this thickness is also very durable and easy to handle. 

The second type of plastic bag used in this work was a simple polyethylene bag. The bag was 20" square 
with a wall thickness of 4.7 mg/cm2. The open end of the bag was heat-sealed, and the center of one side was 
cut out to a diameter of about 7" to accommodate a thin Saran window. The Saran used for this window was 
the ordinary household type. Its thickness was 2.2 mg/ cm2. The Saran window was attached to the bag with a 
translucent silicone rubber adhesive sealant (RTV-108, General Electric Co., Waterford, New York). This 
made a satisfactory seal for the purpose of this experiment, but it does not provide a permanent seal. Further, 
polyethylene is generally known to be permeable to many compounds, including water vapor, and probably is 
unsuitable for 85Kr containment for more than a few days. The purpose in using these homemade bags was to 
provide a large-volume container with a very thin window to provide maximum beta particle transmission 
with essentially a 21T geometry when placed on the plastic scintillation detector. 

RESULTS 

1. 811KrChamber. 

With the chamber containing 3x10-4µCi/ml of 85Kr, the count rate of the chamber G.M. tube dropped from 
7.43x104 cpm to 7.30x104 cpm over a 150-minute period. This amounts to a leakage rate of 0.8 percent per hour 
at the highest concentrations used in the chamber. 

Rate meter measurements showed that the gas dispersed in the chamber within two seconds, and remained 
dispersed even without the benefit of the fans in the chamber. No significant reduction in chamber 
concentration occurred which could not be explained on the basis of the chamber leakage rate. The chamber 
concentrations were remarkably stable and reproducible. With the access door fully open, and with the fans 
running as usual in the chamber, it required 2 to 3 minutes to reduce the chamber concentration to 112 of its 
original value. 

2.ChamberG.M. Tube. 

The count rate of the B5Kr chamber G .M. tube as a function of85Kr concentration is given in Figure 2 for both 
input to the scaler and to the Ludlum rate meter. Each observation involved a 3-minute count. The first 
observation was made at the lowest concentration. Two subsequent additions of 85Kr provi~ed the three 
concentrations in the figure. The tube was used bare, and was supported with its coaxial cable at the center of 
the chamber. The practical lower limit of detection for the Ludlum rate meter with the chamber G.M. tube is 
about 6x10-71tCi/ml; this provides a net meter reading of0.04 mR/h in an infinite cloud. When the tube is 
connected to a scaler, the lower limit of sensitivity is a function of the background and counting time. For the 
conditions of Figure 2, the limit for detecting as Kr with the scaler is much lower than with the rate meter. 

3. Ludlum G.M. Survey Meter. 

With a chamber concentration of 7.0 x 10-4 µCi/ml samples were taken in the 5-liter Saran bag for time 
intervals ranging from 5 to 25 seconds at 12.5 lpm. When the Ludlum probe, with beta shield open, was laid on 
each sample the response was found to be linear with respect to activity - irrespective of bag geometry (see 
Figure3). 
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' The lowest activity was distributed in a volume of only 1 liter, but the highest activity was distributed in 5 
liters. There are large uncertainties in reading this meter, but the linear relation over a factor of five change in 

·volume is clear. 
' The minimum reliable net reading for the Ludlum survey meter is 0.04 mR/hr. This corresponds to about 
0.05 µ.Ci which, according to the figure, might be distriJ;>~ted in as much as 5 liters. Hence, t~e mini~ui:n 
detectable concentration for this meter under these conditions of measurement becomes 10-5 µCi/ml. This is 
much too high for environmental monitoring purposes. 

4. Eberline G.M. Probe. 

This probe was used to measure 8sKr activity in the 5-liter Saran bag containing various volumes of gas at a 
constant concentration of 6.3 x 10-4 µCi/ml. The results are shown in Figure 4. The statistical counting errors 
are large; but, again the linear relation between activity and different geometries is o?vious. ~ne observation 
was made at low-activity (therefore, low-volume) by rolling the bag to about 114 of its maximum volume to 
show the importance of widely different geometries. 

In this case the minimum detectable activity appears to be about 0.5 µCi. When expanded to 5 liters, this 
yields a minimum detectable concentration of 10-4 µCi/ml. But, measurements at maximum volume and 
·various concentrations show the minimum detectable concentration to be much lower than this (See Figure 5). 

When 5 liters of 85Kr are taken from the chamber in the 5-liter Saran bag, the response of the probe is as 
·indicated in Figure 5. The probe was lightly pressed against the side of the sample bag for each measurement. 
The highest concentration was measured first. Subsequent lower concentrations were produced by opening 
the chamber between samples. All counts were for three minutes. 
· The figure shows that this detector is capable of detecting as low as 3 x 10-71' Ci/ml of 85Kr under the 
condition of measurement. But, it is not likely to detect 3 x 10-8µCi/ml even for long counting times. A more 
sensitive detector is require. 

5. Plastic Scintillation Detector. 

Samples were taken from the chamber, diluted to the desired concentration with ambient air through the 
sampling chain into the polyethylene bags, and stored overnight to permit the decay of radon-daughter 
product activity. The 85Kr concentration for all these samples was 2 x 10-7 µCi/ml. Ambient air samples taken 
through the sampling chain also were found to contain activity. This activity had an effective half-life of 33 
minutes, which is typical for radon-daughter product activity. The filters do not eliminate interference from 
radon-daughter products at these low 85Kr concentrations. 
· When stored samples of85Kr are counted, Figure 6 shows that it is possible to detect concentrations less than 
3x10-81' Ci/ml using the polyethylene bags containing 23 liters of sample. Two 13-liter samples in commercial 
Saran bags showed that it may be possible to measure these low-concentrations in a lesser volume and in a 
more durable bag than provided by the polyethylene. 

DISCUSSION 

85Kr has been measured at a variety of concentrations, in several different sample volumes, and with 
several different sample containers. In this work, the best combination was a 23-liter sample, stored overnight 
in a polyethylene bagwith a 2.2 mg/cm2 Saran window, and counted on a plastic scintillation counter. This 
coi:nbination pr?vides minimu~ de~ectable ~oncentrations ofless than 3 x lQ.8 µCi/ml for 85Kr. The method is 
suitable for environmental momtonng provided pretreatment of the sample removes other beta emitters such 
as ·1311, which would interfer with the analysis, and provided the sample container used in the fi~ld is 
reasonably durable and impermeable to 85Kr. 
' The commercially available, 8.0 mg/ cm2 density thickness Saran bag, in the size advertised as 12 liters is a 
good possibili.ty for ~'ield sampling. On.e _of the difficulties will be finding a metering pump with a low en~ugh 
flow rate, and sufficient flow rate stabihty, to accurately pump a 12-liter volume into the bag over a long period 
of .time. A much larger sample may be necessary for the sake of obtaining an accurately known volume of 
sample. 

Coll!mon. G .M. rate meters can detect 85 Kr in bagged, 5-li ter samples containing concentrations as low as I 0-4 
to IO-:' 11Cilml. Comr;ion G.M. probes connec~ed to sci;tlers can detect 85Kr in bagged, 5-liter samples 
contammg concentrations as low as 3 x 10-7µCi/ml - without benefit of shielding and in the presence of 
radon-daughter product activi~y. Under the c?nditions of an infinite cloud, bare G.M. detectors connected to 
scaler~ are capable of detecti~g con~entrations b.elow 3 x 10-8 µCi/ml, depending upon counting time. 
Dete~tm~ t~ese ~ow-concentr8:tions ~th 12- or 23-hter bagged-samples requires a well-shielded, large area 
plastic scintillation. cou~ter or its equivalent. Ift.he background count of the plastic scintillator doubled, and if 
. the true concen~ations m the samples w~re twic;e those reported here, it should still be possible to measure 
,
85Kr concei:itr::i-t10n~ as small a~ 3x10-8 µCi/ml usmg the technique described here with slight modifications. 

The vanatio;'ls m data p01~ts for ?a~ged-~amples are due primarily to inaccuracies in reproducing 
rotameter settings. Construction vanations m polyethylene bags also contribute to the variat" n ·n 
observations where these b8:gs _wer~ used. Observations in Figures 2 through 5 were made immediatel~o a&r 
the sa~pl~s ~ere taken.~ anat10ns m radon-daughter product activity over short periods of time contrib t t 
thevanationmobservationforthesesamples. u e 0 
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With the detector on the sample bag, the geometry is essentially constant at 2 TT. So, the detector response is 
expected to be linear with increasing volume (therefore activity) for a fixed concentration in the sample as 
shown in Figures 3 and 4. This should be true for volumes and geometries for which self-absorption in the 
sample is negligible. So, if one is on the edge of a cloud, detector response will be proportional to the total 
activity in the cloud, irrespective of cloud dimensions within broad geometric limits. The linear relation must 
begin to level off and reach saturation as the dimensions of the cloud approach those of an infinite volume. 
Figure 4 yields an efficiency of 0.003 cpm/dpm at all different volumes and geometries at a fixed 
concentration of 6.3 x 10-4 1.i Ci/ ml. 

There is some variation in counting efficiency with concentration of activity at a fixed volume. Figure 5 has 
a slope of 1.04, and shows an efficiency of0.003 cpm/dpm at 10-6 ~LCi/ml and 0.004 cpm/dpm at 6.3 x 10-4 

µCi/ml (the concentration used in Figure 4). An increase in efficiency accompanying an increase in 
concentration is to be expected because of the larger number of maximum energy beta particles contained in 
the samples at higher concentrations. This increase in efficiency with increases in concentration is not 
apparent at concentrations on the order ofl0-7µ Ci/ml as Figure 6 shows. The slope shown in Figure 6 is 1.00. 

Figure 6 yields an efficiency of0.014 cpm/ dpm for 23-liter samples, and 0.024 cpm/ dpm for 13-liter samples. 
The smaller, thicker bag yields higher efficiency probably because it keeps more activity in the solid angle of 
the detector. The 23-liter bags drooped somewhat below the 2 TT solid angle of the scintillation detector. The 
optimum geometry is probably a hemisphere with its flat plane centered on the detector surface. The optimum 
geometry and volume of the sample for this technique is still open to question and deserves additional study. 
Careful attention to this question would probably reduce further the minimum detectable concentration for 
as Kr. 

Bagged-samples provide several advantages over"in situ "measurements of85Kr. 
(1) When multiple sampling stations are required, "in situ" measurements require multiple detectors and 

recorders or a telemetering system. This approach is considerably more expensive. 
(2) "In situ" measurements must also include pretreatment of the air to eliminate interference from other 

beta particle emitters. Accumulation of activity in the sampling chain may interfer with detection sensitivity 
to 85Kr beta particles. 

(3) Both sample geometry and detector geometry are always known, and are reproducible with bagged
samples. 

(4) Provided' sufficient activity is collected, the average concentration during the sampling period will be 
measured with bagged-samples, irrespective of either the dimensions or the concentrations of the 
contaminated air. This may yield a sensitivity greater than that provided by"in situ" measurements. 

The disadvantages of bagged-samples are: 
(1) They are incapable of identifying either the time or the magnitude of changes in air concentrations, 

and are not suitable for an alarm system. 
(2) In large volumes they are awkward to handle, and require that precautions against leakage be taken. 

SUMMARY AND CONCLUSIONS 

An inexpensive method to monitor atmospheric 85Kr at or below 3 x 10-8 µCi/ml (0.1 MPC), with minor 
modifications to existing environmental air sampling stations, has been described. But the method needs 
further development and testing with mixtures ofradioactive gases and aerosols likely to be found where 85Kr 
is emitted. The method does not require volumes which are infinite with respect to the beta particle energy of 
85Kr. Neither does it require concentrations of activity which are stable with respect to time. Therefore, it is a 
realistic method froni the viewpoint of conditions likely to be experienced in the field. One rarely encounters a 
truely infinite cloud sustained over a period of time long enough to make infinite cloud measurements realistic. 

The ultimate test of the technique should involve mixtures of131I, 133Xe, 3H, and 85Kr in concentrations likely 
to be encountered in the environment ofreactors and fuel reprocessing plants. If the technique should fail this 
test of mixtures, it may still be useful as a screening technique for radioactive gases released to the 
environment by man. 
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TABLE 1. Propertiesof85Kr. 

Property 

Density, mg/ml 

Density /Density Air 

Maximum Beta Energy, Me V 
and Abundancy (%) 

Average Beta Energy, MeV 

Range of Maximum Energy Beta in: 
Aluminum, mg/cm2 

Air, cm 

Range of Average Energy Beta in: 
Aluminum, mg/cm2 

Air, cm 

Specific Gamma Ray Constant, 
R 

Ci:hr at 1 meter 

Deposition Velocity on Grass, 
cm/sec 

Max. Permissible Concentrations, 
µCi/ml; 

Occupational 

Public 

Half-life, years 

Gamma-Ray Energy, MeV and 
Abundancy (%) 

3.74 

2.9 

Reference 

Hbk. of Chem. & Phys., (1966) 

Hbk. of Chem. & Phys., (1966) 

0.67 (99.6) Lederer, et al., (1967); Rad. 
0.160 (0.4) Health Hbk., (1970); and 

0.2464 

235 

182 

59 

46 

Martin and Blichert-Toft, (1970) 

Berger (1971) 

Rad. Health Hbk. (1970) 

Rad. Health Hbk. (1970) 

Rad. Health Hbk. (1970) 

Rad. Health Hbk. (1970) 

2.34 x 10-4 The Author 

2.3 x 10-11 Voilleque, et al., (1970) 

1x10-5 10 CFR20 (1965) 

3x10-7 10 CFR20 (1965) 

10.76 Rad. Health Hbk. (1970) 

0.517 (0.4) Martin and Blichert-Toft (1970) 
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Figure 2. Response of the Amperex G.M. tube in the exposure chamber as a function of B5Kr concentration. 
(The counting time for each observation with the scaler was 3 minutes.) 
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Figure 3. Ludlum G.M. survey meter response to a :fixed concentration of 85Kr in a 5-liter Saran bag at 
different volumes. 
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ENVIRONMENTAL RADIATION MONITORING 
WITH THERMOLUMINESCENT DOSIMETERS 

E. L. Geiger and E. A. Sanchez 
Eberline Instrument Corporation 

SantaFe,NewMexico 87502 

Abstract 

Thermoluminescent dosimetry (TLD) provides one method of documenting environmental radiation dose 
rates near nuclear facilities. Factors that affect the accuracy and precision of TLD measurements have been 
evaluated using badges with five solid lithium fluoride dosimeters sealed in plastic. Data obtained from 1968 
to date (July 1973) indicate that careful attention to annealing and reading can provide an accurate and 
precise documentation of background radiation dose rates. In-transit exposure was found to be the lar{!est 
variable, and this error can be eliminated by local annealing and reading. With the TLD program described, a 
change at the site perimeter as small as 10 mremlyear can be measured, but the problem is to identify the 
reason for the change. Changes in background radiation dose rates due to snow cover, soil moisture and 
various other natural phenomena, and natural differences in dose rates at various locations near a n~clear 
power station complicate the interpretation of TLD data. For best results, the monitoring program should be 
designed to compare "indicator" and "reference" station measurements as well as ''pre-operational" and 
"operational" measurements. 

lNTRODUCTION 

The "as low as practicable" (ALAP) concept forthe control ofradiation exposures has caused some changes 
in methods for environmental radioactivity surveillance around nuclear power plants. Regulatory guides, 
technical specifications, and design objectives require sensitivities for some measurements that are one or 
more orders of magnitude lower than previously considered necessary. For example, the method now used by 
Eberline Instrument Corporation for 131 I in milk has a sensitivity of 0.2 pCi/l, whereas a year ago 10 pCi/1 
was adequate. 

The measurement ofradiation dose from noble gases released to the atmosphere at the design objective of 10 
mrem/yearis even more difficult than the measurement of131 I in milk at the level specified in AEC Regulatory 
Guide 1.42. In an attempt to measure this small dose attributable to the nuclear power plant in the presence of 
a much larger and variable dose attributable to natural background, integrating dosimeters are placed at sites 
around the nuclear facility. The dosimeters must accurately measure dose for a wide range of photon energies. 
Thermoluminescent dosimeters (TLD) have been used by Eberline for environmental monitoring since 1968, 
but the need to measure changes as low as 10 mrem/year has only recently been emphasized. Precision and 
accuracy of measurement have become increasingly important with the emphasis on reducing exposures to 
the ALAP design objective. 

The U.S. Environmental Protection Agency review of natural radiation exposure in the United States 
(EPA, 1972a) provides an indication of the magnitude of variations in background radiation. Variations due 
to cosmic radiation at a specified site location and altitude are less than 10%, but variations due to terrestrial 
radiation are frequently larger than 10%. Natural 4°K and the decay chains of uranium-238 and thorium-232 
account for most of man's exposure from natural terrestrial radiation. 

Spatial variations at a site are due primarily to terrestrial radioactivity. The results in Figure 1 illustrate the 
magnitude of variations due to terrestrial radioactivity that have been measured within ten miles of a 
proposed site. These data are based on 12,581 usable spectra from in-situ gamma spectrometry within a ten
mile radius of the Allen's Creek site in Austin, County, Texas. A helicopter was used to make the survey for 
Houston Lighting and Power Company. Terrestrial radiation dose rates at this site varied from 1 to 8 
11.rem/hr. Total dose rates (terrestrial plus cosmic) at 25 TLD locations were estimated based on this one-day 
survey of terrestrial dose rates, assuming 33 mrem/year from cosmic radiation at the altitude and latitude of 
the site. These estimated total dose rates are compared in Table 1 with integrated dose (TLD) measurements 
over a period of two calendar quarters. The estimated total dose rates based on in·situ gamma spectrometry 
measurements are lower than the TLD measurements. This may be attributed to soil moisture at the time of 
the survey (water standing in some areas), which causes a negative bias in the in-situ gamma spectrometry 
data, and in-transit exposure of the TLD badges, which causes a positive bias in the TLD data. 

Time variations of radiation exposure at a site are due primarily to soil moisture (and snow cover at some 
sites), migration of radon gas from the ground to the atmosphere, and subsequent deposition of the radon
daughters on the surface of the ground. Order of magnitude changes have been observed in the dose rate from 
the uranium-238 decay series due to migration ofradon from the ground and subsequent deposition of radon
daughters (Adams, 1972). Short-term dose rate measurements are subject to more variation than long-term 
integrated dose measurements. Even so, integrated month-to-month variations as large as 10% have been 
measured (Burke, 1972), and monthly variations as high as 25% can be expected (EPA, 1972a). 
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These natural fluctuations complicate the measurement of 10 mrem/year attributable to operation of a 
nuclear power plant, and indicate a need for a series of monthly or quarterly integrated dose measurements ~t 
"indicator" and "reference" stations verified by annually integrated dose measurements. The purpose ofth1s 
paper is to discuss some of the factors that affect the accur~cy of this type. of measurement: pr~sent some of the 
results obtained from 1968 to date, and discuss the design of an enVIronmental momtonng program for 
measuring external radiation dose. 

METHOD 

Lithium fluoride was selected as the dosimeter material because its response to gamma is relatively 
independent of energy and it has a similar response/rad for penetrating beta radiation. Solid lithium fluoride 
(TLD-100) chips, 'ls"bylfs'' by 0.035", were 100% selected for uniform respon~e to ga.mma irr~diation. They were 
annealed at 400°C for one hour, and then overnight (16 hours) at 80°C, immediately pnor to use. (For best 
results Eberline now anneals the dosimeters twice, immediately before each use period.) Each TLD badge 
contai~ed five dosimeters sealed in black plastic to protect the dosimeters from direct exposure to sunlight, 
and then in clear plastic to further protect the dosimeter from weather. The total thickness of the plastic has 
ranged from 20/mg/cm2 to 50/mg/cm2. The 50 mg/cm2 thickness has been found to be the most satisfactory 
because the badges are more durable. Some evaluation data were also obtained using additional aluminum 
shielding so that the total thickness was 300 mg/cm2. The dosimeters were read as soon as possible after 
exposure with an Eberline Model TLR-5 thermoluminescent dosimeter reader. The reader was set to integrate 
only the light output at temperatures between 150°C and 250°C. Using this method, Eberline has not been 
able to detect any fading of dosimeters when exposed to radiation and then to extreme weather conditions over 
extended periods of time, up to 15 months. 

RESPONSE VS. RADIATION ENERGY 

The radiation emitted from steam lines or tanks on-site, a semi-infinite cloud of gas, radioactivity in the 
earth, cosmic scatter in the atmosphere, and other source~ are scattered, absorbed, and reduced in energy so 
that the environmental TLD must measure dose from a continuous spectrum of photon energies, ranging from 
0 to the maximum energy of the emitted radiation. For a BWR, the gamma energy may be as high as 7 MeV. 
Some of the low-energy radiation will not penetrate the skin or covering over the lens of the eye and does not 
contribute significant dose to lens of the eye, gonads, other critical organs, or whole body. This no'n
penetrating component is difficult to measure and its measurement is of doubtful value since the major 
concern for large population groups is genetic and whole body dose (NCRP, 1971). Photons above 20 keV 
contribute most of the whole body and genetic dose. 

Some of the most sensitive TLD materials, e.g., CaS04 :Tm, CaF2:Mn, and CaF2 :Dy, have responses that 
are very energy dependent below 200 keV. The response of one glass encapsulated CaF2 :Mn system used 
extensively for environmental monitoring is discussed in reference (EPA, 1972b), and shows an over response 
as high as a factor of ten to energies below 200 keV unless an energy compensating shield is used. This is 
typical of the data that can be expected from CaF 2 and CaSO 4 dosimetry systems. The major disadvantage of 
the shielded CaF2 or CaS04 systems is that the response is very sharply reduced or eliminated below 70 ke V. 
Above 70 keV, the error due to energy dependence can be reduced to less than t 10% with an energy 
compensating shield. This is the major reason LiF is preferred to CaF2 or CaS04 for this application. 

The response vs energy for solid LiF dosimeters, 0.125" x 0.125" x 0.035", is shown in Table 2 for dosimeters 
shielded with 50 mg/cm2 (plastic) and 300 mg/cm2 (aluminum and plastic). Prior to 1973,the TLD badges 
supplied by Eberline for environmental monitoring were provided in plastic bags with no additional 
aluminum shielding. If no attempt is made to measure non-penetrating skin dose the total thickness of 
material covering the LiF dosimeters should be 300 mg/cm2, which is the appro~imate thickness of the 
covering over the lens of the eyes. 

IN-TRANSIT EXPOSURE 

S~i~ment of ba~ges by .mail or comme_rci~l carrier may res~lt in some radiation exposure in transit. The 
vanat10ns due to m-tran~1t exposure are 1~d1cated by the data m Table 3 for badges that were shipped by air 
from Santa ~e, New Mexico, to C.edar Rapids, Io_wa! and then returned immediately to Santa Fe for reading. 
Results for eight out of eleven shipments were withm a 2 to 6 mrem range which can be attributed to natural 
background. Three. of the ~hi pm en ts . were 10 mr.em or high~r, indicating some exposure above normal 
background.1:h1;1.s •. m-t~ans1te~posure1s an unpre~1catable vanable that causes a positive bias in some of the 
results. To .mm1m1ze m-tr~ns1t expos~re, Eberline has established three regional service facilities and 
encourages m-plant annealmg and readmg for plants not located near one of these service facilities. 

PRECISION OF MEASUREMENT 

Ea.ch environmental TLD b!'ldge con~ains five dosi~eters: The average reading for the five dosimeters is 
considered the dose for the penod from fame of anneahng to fame ofreading. The precision of measurement at 
the 95% confiden~e level is indicated ~Y the error te~m_in Table 2. At a dose level of 100 mrem, the precision 
(95% confidence) is 3% to 5% for energetic gamma rad1at10n, and approximately 10% for lower energy x-rays. 
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MONTHLY VARIATIONS 

Data from an extensive program of pre-operational environmental radiation monitoring at the Duane 
Arnold Energy Center (DAEC) near Cedar Rapids, Iowa, are summarized in Table 4. These data provide an 
indication of the magnitude of monthly variations in natural background readings. Time dependent 
variations are primarily a function of weather conditions (snow, rain, and barometric pressure); however, the 
data in Table 4 includes some variation due to annealing and reading which cannot be identified separately. A 
total of 48 stations were monitored for one complete year. Results were grouped by reference stations (those 
greater than five miles from the site), on-site stations, perimeter stations, and stations located one to three 
miles from the site. The ranges of average dose rates in mrem per week for these four groups were 1.03 to 1. 73, 
1.26 to 2.24, 1.06 to 1.85, and 1.10 to 1.89, respectively. The low-reading for each group occurred in mid-winter 
(December, 1972), and the high-reading occurred in the fall (September, 1972). This is consistent with 
published information about the effects of snow cover and soil moisture on natural background dose rates. 

The magnitude of these monthly variations indicates the potential error associated with making 
background dose measurements over a period of one month or less, and extrapolating that to an annual dose 
rate. These data indicate the need for pre-operations TLD measurements at carefully selected locations over a 
period of at least two years. 

CONFIRMATION OF MONTHLY READINGS WITH 
ANNUALLY EXCHANGED BADGES 

The data in Table 4 may be used also to compare the annual average dose rate based on badges exchanged 
monthly with others exchanged annually. The badges that were read monthly were annealed and read on-site 
to avoid intransit exposure. One set of annual badges was annealed and read on-site and another set was 
annealed and read in Santa Fe, New Mexico. Assuming that the DAEC annual badges provide the best 
indication of the annual average dose rate, the results for annual badges read in Santa Fe seem to be biased 
high by 3% to 5%. This is excellent agreement, but even this small bias may be due to in-transit exposure. The 
annual average dose rates based on badges exchanged monthly seem to be high by about 25%. This may be 
associated with the very low readings (near the sensitivity of LiF) obtained after only a month. TLD badges 
exchanged quarterly and annually may provide better documentation than badges exchanged monthly and 
annually. 

COMPARISON OF INDICATOR AND REFERENCE STATIONS 

Data were obtained in 1970 at the Dresden Nuclear Power Station to compare TLD and ion chamber results 
at "indicator" and "reference" stations near an operating nuclear power station (EPA, 1972c). The data in 
Table 5 and 6 were obtained by annealing and reading the TLD badges in Santa Fe, New Mexico; therefore, 
the readings may include some in-transit exposure as previously discussed. Ion chamber readings should not 
be considered absolute values because they are affected by energy response, temperature, atmospheric 
pressure, humidity, calibration method, charge leakage, and readout error. The Dresden badges were placed 
in a locked metal enclosure which also contained the air sampling equipment. This equipment causes some 
shielding and also produces secondary electron scatter from metal surfaces. Even with known errors, the TLD 
and ion chamber results indicate that on-site and site perimeter readings are significantly higher than more 
distant off-site readings. Environmental TLD badges would be expected to provide the most usable data with 
local read-out and a program that is designed to compare dose at "reference" (background) locations with dose 
at "indicator" locations to distinguish changes due to natural causes from changes attributable to operation 
of the nuclear power plant. 

RECOMMENDATIONS 

One of the most difficult ALAP measurements to make is 10 mrem per year of environmental radiation dose 
attributable to the operation of a nuclear power plant. For this purpose, the following TLD program is 
recommended using solid LiF dosimeters and the Eberline TLR-5 method ofreading: 

(a) Use local annealing and reading to avoid unpredictable in-transit exposure during shipments by mail or 
commercial carrier. 

(b) Anneal the dosimeters just before they are placed out in the environment, and read them within one or 
two days after they are removed from the location being monitored. 

(c) Use two sets of badges, exchanged quarterly and annually. 
(d) Design the program to include reference stations located five to ten miles from the site, indicator stations 

located on the site perimeter, and indicator stations located within three miles of the site perimeter. Th~ 
number of stations in each group depends on the site. Use ofTLD is very economical in comparison to other 
environmental measurements, and a large number of stations should be included in the monitoring program. 
Averages for each group should be compared to help identify changes attributable to the nuclear power plant. 

(e) Use pre-operational measurements to establish the relative average background dose rates for groups of 
reference and indicator stations. 
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TABLE 1. Variations in Terrestrial and Total Background Dose Rates 
at Different Locations Near the Allens Creek Site. 

Dose Rates (mrem/week*) 

Station In-Situ Estimated TLD TLD 
Number Terrestrial Total lstQtr. 2ndQtr. 

1 0.62 1.3 1.4 1.5 
2 0.47 1.1 1.4 1.1 
3 0.50 1.2 1.2 1.2 
4 0.45 1.1 1.2 1.4 
6 0.50 1.2 1.3 1.2 
7 0.37 1.0 1.2 1.2 
8 0.39 1.0 1.4 1.3 
9 0.62 1.3 1.6 

10 0.76 1.4 1.6 1.6 
11 1.3 
12 0.54 1.2 1.5 1.4 
13 0.40 1.0 1.2 1.0 
14 0.35 1.0 1.0 1.2 
15 0.76 1.4 2.0 1.8 
16 0.25 0.9 1.3 
17 0.47 1.1 1.5 1.0 
18 0.55 1.2 1.4 1.2 
19 0.47 1.1 1.1 0.9 
20 0.32 1.0 1.1 0.8 
21 0.37 1.0 1.0 1.5 
22 1.1 
23 1.2 
24 0.42 1.1 1.3 1.2 
25 1.3 

*Terr~strial dose rates were measured by in-situ gamma spectrometry. The cosmic-ray dose rate at the site 
was esti!Uated to be 33 mrem/ye.ar. The "es~imated total" dose rates were obtained by adding the measured 
terrestrial c?mponent to the es!1mated_cosm1c ?omponent. TLD results are based on annealing and reading in 
Santa Fe without any correct~on for m-trans1t exposure, and is the total reading for the period divided by 
number of weeks from .annealing to readi~g. Each in-situ measurement was made on one day over a large 
area, whereas the TLD mtegrates over a penod of three months for a smaller area. 
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Table 2. Energy Calibration ofLiF TLD Area Badges* 
(All Badges Exposed in Air to 100 mR). 

Average of Ten Badges± 2 a 

Photon Energy and Source 50mg/cm2 300mg/cm2 

23. 7 ke V, K-Fluorescence 121±10 76±6 

58 keV, K-Fluorescence 117±7 119±8 

120 keV, FilteredX-Ray 94±10 99±9 

662 ke V, 137Cs Gamma 100±5 100±5 
1250 ke V, soco Gamma 108±3 98±3 

*The TLD badge used for routine environmental monitoring has a total plastic thickness of 50 mg/ cm2 

covering the dosimeters. If only penetrating whole body dose is to be measured, an aluminum shield should be 
used to increase the total absorber thickness to 300 mg/ cm2• 

Table 3. In-Transit Exposure Via Air 
(Santa Fe, New Mexico to Cedar Rapids, Iowa and Return*). 

Date 
Annealed 

06-28-71 
07-26-71 
08-30-71 
09-27-71 
11-29-71 
02-28-72 
03-27-72 
04-24-72 
05-30-72 
07-31-72 
03-16-73 

Date 
Read 

07-02-71 
07-30-71 
09-03-71 
10-04-71 
12-06-71 
03-06-72 
04-03-72 
05-10-72 
06-07-72 
08-16-72 
04-09-73 

*Normal route via Denver or Chicago. 

2±1 
10±1 

2±1 
4±1 
4±1 
6±1 
3±1 
6±1 

18±2 
2±1 

10+1 
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Readings Obtained 
(mrem.±2 a ) 

2±1 
10±1 
1±0 
4±1 
4±1 

3±1 
6±2 

14±1 
5±1 

2±1 

6.±1 

1±1 



Table 4. Monthly Variations in Dose Rates Measured with LiF TLD 
(Duane Arnold Energy Center). 

Average mrem/week• 

Period of Reference Stations On-Site Perimeter Stations 1 
Ex2osure > 5 Miles from Plant Stations Stations Miles from 

Apr.1972 1.51 1.58 1.52 1.57 
May1972 1.52 1.58 1.62 1.67 
June1972 1.52 1.61 1.65 1.75 
July1972 1.55 1.85 1.70 1.77 
Aug.1972 1.50 1.93 1.71 1.89 
Sep.1972 1.73 2.24 1.85 1.89 
Oct.1972 1.48 1.81 1.55 1.62 
Nov.1972 1.29 1.44 1.33 1.36 
Dec.1972 1.03 1.26 1.06 1.10 
Jan.1973 1.42 1.67 1.56 1.60 
Feb.1973 1.47 1.38 1.58 1.61 
Mar.1973 1.23 1.30 1.34 1.41 

12-Month Average 1.44 1.63 1.53 1.61 

Annual Badges: 
On-Site Annealing 
andReading 1.27 1.31 1.33 1.32 

Santa Fe Annealing 
andReading 1.31 1.44 1.37 1.46 

*Data are for the pre-operational period. Any differences noted are not due to plant operation. 
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TABLE 5. Comparison ofTLD Data for Reference Stations and Indicator Stations 
(Dresden Nuclear Power Station, 1970). 

Net Dose• 
Distance from Stack Ion-chamber TLD 

Reading Location (miles) (mrem/yr) (mrem/yr) 

On-Site: 
#1 NW 33 37 
#2 NE 69 77 
#3 s 24 33 

Perimeter: 
Bennet 1 NE 26 32 
Breen 32 27 
Hansel 1.5NNW 27 29 

Off-Site: 
Lorenzo 2.lSSE 9 2 
Clay Product 2.5S 9 16 
McCabe 2.9WSW 6 11 
Channanon 4.2NE 6 9 
Minooka 4.4NNE 5 5 
Coal City 8.0S 7 3 
Morris 8.0SW 4 5 
Elwood 8.2E 14 7 
Wilmington 8.6SE 5 8 
Lisbon 12.3NW 5 4 
Joliet 12.7NE 9 0 
Plainfield 15.7NNE 3 5 

Summary: 
On-Site 42 49 
Perimeter 28 29 
Off-Site 7 6 

*Net dose is actual readings in 1970 with natural background subtracted based on 4th quarter of 1969 when 
the Dresden Station was not operating. For details, see reference (EPA, 1972c). 

TABLE 6. Comparison ofData for Indicator and Reference Stations. 

Location 

On-Sitel 

On-Site2 

On-Site3 

Average On-Site 

Perimeterl 

Perimeter2 

Perimeter3 

Average Perimeter 

Average ofl2 Off-Site 
Stations > 2 miles 

~et Dose ~mrem/ a~ 

Ion Chamber Im 
33 37 

69 77 

24 33 

42 49 

26 32 

32 27 

27 29 

28 29 

7 6 
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Abstract 

As a standard practice, uranium mill tailings are returned to the mine as backfill to stabilize stoped out 
areas. The tailings returned to the mine are the coarser fraction as separated by hydrocyclones. These 
"sands" still contain significant quantities of radium. Being in a finely divided form, the sands offer a much 
larger area for the emanation of radon as compared to the unbroken ore. The emanation of radon from the 
backfill is, therefore, expected to be much higher than from the ore body itself. 

This paper describes a method for estimating the radon emanation from mill tailings used as backfill. The 
effect of increased emanation rates on ventilation requirements is discussed. 

INTRODUCTION 

The process of mining ore leaves voids underground which can be hazardous if not stabilized. A standard 
practice in uranium mines, as elsewhere, is to use the tailings left over after extracting the useful minerals 
from the ore as backfill. For this purpose, the tailings are separated into two parts with hydrocyclones of 
which the coarser "sands" are used for backfill. 

AtJ aduguda in India, where the work being described was carried out, nearly 50 percent of the uranium mill 
tailings was used as the backfill material. The sand slurry was pumped to the worked out stopes. The water 
percolated through, and the sand settles under gravity. The sands are made up predominantly of particles 
above 7 4 µmin size. 

While aiding in the stabilization of the ground, the mill tailings used for this purpose create certain 
problems. Although uranium itself has been extracted, the tailings are still left with significant quantities of 
radium, which give rise to radon. Being in a finely divided form, the sands offer a much larger surface area for 
radon to emanate through. The sands, even after settling down to a consolidated mass, are still highly porous 
as compared to the original ore. All these factors may combine to eventually increase the rate of radon 
emanation into the mine atmosphere, and thereby raise the ambient levels ofradon and daughter products. 

This work deals with a laboratory method devised to study the rate of emanation of radon from the sands. 
Emanation studies carried out under actual field conditions are also described. 

EXPERIMENT AL DETAILS 

1. Laboratory Setup. 

The apparatus we built is shown in Figure 1. It consists of a chamber Cl with a B-55 standard joint at one 
end and a tightly stretched thick polyster filter cloth at the other. The filter end can be sealed off completely if 
necessary. 

The sand sample normally occupies almost the entire volume of Cl, as shown in the figure. A second 
chamber C2 which is open at both ends fits into the open end of Cl. The other end of C2 is connected to a third 
chamber C3 with a wide collapsible rubber tube. The other end of C3 is closed with a single-hole rubber stopper 
provided with a stopcock. The air space in the upper chambers C2 and C3 serves as the accumulation volume 
for the radon gas emanating from the sample of the sand placed in the lower chamber Cl. 

Sands are collected in chamber Cl in the form of a slurry from the tailings fraction sent to the mines for 
backfilling. The slurry is generally filled up to the brim of the chamber. The water is allowed to drain 
completely through the filter cloth by gravity. As the water drains, the sands get consolidated to a certain level 
somewhat below the brim. The lower end is then sealed off and the chamber C 1 is connected to the remaining 
part of the emanation setup after flushing the space in Cl above the sands with air to remove all radon already 
present. 

Radon emanates through the sand surface and accumulates in the air space in the system. After a known 
interval 't' (usually on the order of a few hours), the passage between chamber C2 and C3 is pinched off with a 
pinch cock. Next, an evacuated scintillation flask is connected to the stopcock and a sample of air from 
chamber C3 is drawn ~nto the scintillation flask. The purpose of pinching the passage between C2 and C3 is to 
ensure that the partia. vacuum created in the system during sampling does not enhance emanation from the 
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sands. The stopcocks are closed and the scintillation flask is then detached from the system. The pressure in 
the chamber C3 is equalized with the outside by introducing the required amount ofradon-free air into it. The 
pinch cock is then released. Sampling is repeated several times. 

2. Field Setup. 

Six sets of experiments were carried out under actual field conditions in some of the stopes in the mine, 
where sand stowing was in progress. The apparatus consisted of a drum about 25 liters in capacity and with a 
cross sectional area of about 600 cm2. It was open at one end and a stopcock was attached to the other end 
which was otherwise closed. The drum was buried in the sand to a depth of about 20 cm, open end downwards. 
Radon collected in the drum was measured twice, once immediately after inserting it in the sand, and again 
after a time lapse varying between 7 and 65 hours. 

THEORETICAL CONSIDERATIONS 

Throughout this treatment the following notations are used: 

1. Laboratory Experiment. 

V =total volume wherein radon from the sand sample accumulates (liter) 
V 1 =volume of chamber C3 plus half the volume of the passage between C2 and C3 (liter) 
V2 =volume of the scintillation flask (liter) 
A = area of cross section of chamber Cl which is also the area of the surface through which radon 

emanates, (cm2) 
ri =concentration ofradon measured from theith air sample from each sand specimen, (Ci/liter), i = 1, 2, 3, 

..... n 
Rj =total radon activity in the system just before the collection of the ith sample, (Ci) 
t =time interval between any two sampling instants 
,\ =decay constant ofradon 
J =radon emanation rate during any interval 't', (Ci/ cm2 .s) 

Let { V1 + VzjV = (P) 
V1 

Itcanbeshownthat,Ri =(P)riand (F) -Vz = (Q) 
The sampling depletes the system of a part of the accumulated radon. The radon activity so removed is V 2ri, so 
that the total radon activity remaining in the system immediately after the ith sample has been drawn is 
given by, 

Ri = ( Q) r i ( 2) 

Th~ (i + ~)th sample is. collected afte~ a lapse of ti:t~e 't'. During this interval, two simultaneous processes may 
be imagmed to be takmg place withm the emanat10n system, finally resulting in a total radon activity in the 
system equal to Ri+ l· · 

(1) Activity ofrad~n already present decays to a v8:lu~ exp-At times the original activity. 
(2) Du~ to emanation from t~e. sand; fres~ ~adon is mtroduced into the free space in the system, thereby 

tending to mcrease the radon acfaVIty. The acfaVIty ofradon introduced by the second process can be expressed 
as, 

R" A x J -\t 
2.097 x lo-6 (l - exp ) (3) 

where 2.097 x 10-6 is the decay constant ofradon expressed in s-1 

Now, Ri+l = R~ exp 
-\t 

+ R" 

so, (p) ri+l = (Q) -At A J -At ri exp + lo-6< 1 - exp ) (4) 2.097 x 

and hence J = 2. 097 x lo-6· fe) ( -y A (1-exp-At) r. 1 - Q)ri exp (5) i+ 
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2. Field Experiments. 

In the field experiments, only two samples were collected in each case, the first at the commencement of 
experiment and the second after a time t. The emanation rate in this case can be calculated from 

J = 2.097 x io-6 
A (1-exp-Xt) 

InthiscaseV1 =V,sofrom(l)and(2) 

RESULTS 

( 6) 

Table 1 presents the emanation rates obtained from .the different sand specimens in the laboratory, and 
Table 2 presents the emanation rate in the mine stopes. In the case of laboratory experiments, the 'J' values 
were determined several times for each sand specimen. The mean of the several determinations is given. The 
corresponding radium contents of the sand specimens are also given. 

DISCUSSION 

Table 1 shows that the emanation rates and the radium content of the different sand specimens are of the 
same order, and we are, therefore, justified in calculating the mean values (Table 2). The emanation rate in the 
stopes was about 4.5 times more than the corresponding value obtained in the laboratory. The reason is that 
the sand mass in the stopes was very large compared to the small quantity of the sands used in the laboratory 
experiments. 

It may be concluded that the rate of radon emanation from the sands used as backfill at Jaduguda is 
(27.2±9.5) x 10-16 Ci/ cm2.s on the average. A gram of J aduguda ore contains about 200 pCi ofradium while the 
radium content of the tailings sands is only a third of this value. Khan and Raghavayy (1972) have shown 
that a representative radon emanation rate from the ore body itself is only 0.41x10-16 Ci/cm2.s despite the 
higher radium content. The ratio ofradon emanation rates of the sands to that of the ore, when radium content 
is normalized, is 217. This is understandable in view of the higher porosity of the sand, and the increased 
surface area as a result of the fractionation of the ore. The porosity of the sand is about 50% while that of the 
ore was found to be about 0.5%. The increase in surface area was found to be about 470 times. The porous sands 
are affected by changes in barometric pressure in the mine which is also likely to affect the emanation of 
radon from the sands more than that from the ore. 

At Jaduguda, it was observed that the radon concentrations in stopes where tailings sands were used as 
backfill were more than the radon concentrations in other stopes. The average concentration ofradon in filled 
stopes was 120±15pCi/l while in other stopes it was 45±12 pCi/l, denoting an increase ofradon concentration 
by a factorof2. 7. To compensate for the elevated radon levels, ventilation in these stopes was correspondingly 
increased. 

It can be concluded that the use of uranium mill tailings as backfill in worked out stopes increases the 
ambient radon concentrations as a result of an elevated emanation rate. The increase in emanation rate is so 
large that the emanation from the ore body itself becomes negligible when compared to that from the sands. 
Ventilation has to be increased in these stopes to cope with the increased radon emanation. The actual 
increase must be worked out in each case. 
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TABLE 1. Radon Emanation Rates from Sand Samples 
(Laboratory Experiments). 

Emanation rate Radium content 
Sample No. (xl0-16 Ci/cm2.s) (pCi/g) 

81 5.1 68.4 
82 5.2 92.3 
83 2.9 83.0 
84 6.7 69.4 
85 12.5 67.3 
86 4.8 66.9 
87 8.7 57.2 
88 4.5 45.9 
89 6.5 67.3 
810 9.2 58.7 
811 7.8 53.6 
812 7.5 75.3 
813 5.0 78.3 
814 1.9 41.3 
815 2.1 44.2 

Mean 6.0 ±1.3 64.6 ±6.6 

TABLE 2. Radon Emanation Rates in Mines Stopes 
(Field Experiments). 

Emanation rate Radium content 
Sample No. (x10-16Ci/cm2.s) (pCi/g) 

Ul 26.7 72.6 
U2 27.2 69.3 
U3 38.9 
U4 13.3 51.5 
U5 41.4 56.6 
U6 53.1 

Mean 27.2 ±9.5 60.6 ± 9.4 
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Abstract 

This paper presents the experience with radioactive noble gases during t~~ OJ?eration of the 400 M~ e twin 
Boiling Water Reactor station at Tarapur. The design measures to m~nimize, co_nt~ol, and '!"onztor the 
discharge of noble gases from the station into the environment are descr~bed. The limits l!rescnbed for the· 
gaseous effluents from the station are given along with the assumptions used to derive them. Actual 
environmental releases during the four years of station operation are tabulated. Gamma spectra and decay 
curves of typical off gas samples are present~d and anql'J'zed. . . 

The effects off uel defects on the isotopic comp?sition of. the gaseous ~eleases, during operation and the 
problems encountered in operating the reactors with defective fuel are discussed. 

INTRODUCTION 

India's first atomic power station (TAPS Report, 1969) is at Tarapur, on the west coast, about 100 km no:th 
of Bombay. The power station has two dual-cycle boiling water reactors (BWR's), each of ~10 MWe capacity. 
The station started commercial operation in October 1969. At the end of July 1973, the station had generated 
6 7 48 million kWh of electricity for the two states of Maharashtra and Gujarat. 
'The second station (RAPS Report, 1971), consisting of two identica.l unit~ of 200 MWe each of the CANI?U 

type, is located on the Rana Pratap Sagar Lake, 67 km from Kota m Ra1asthan State. One of ~h~se umts 
attained criticality in August 1972 and is now operating at about 100 MWe. The other umt is under 
construction. 

DESCRIPTION OF SYSTEMS 

At Tarapur, the fuel is in the form of sintered U02 pellets, stacked in the Zircaloy-2 tubes forming the fuel 
rods. Thirty-six such fuel rods are arranged in a six-by-six array to form a fuel bundle. The Rajasthan reactor 
also uses sintered U02 in Zircaloy-2 tubes. Each fuel bundle has 19 elements. 

By far the largest amount of radioactivity in any reactor is produced by fission which is mostly contained 
within the fuel itself. Gaseous and volatile fission products, which diffuse out of the fuel, are trapped by the 
cladding and collect in the gas plenum provided in the fuel. Gaseous radioactivity can come out of the fuel if 
the cladding is defective or develops defects during operation. Tramp uranium in the cladding also contributes 
to fission product activity in the reactor water. 

Removal ofradioactivity from the reactor coolant takes place by several processes; namely, (1) radioactive 
decay, (2) deposition on surfaces and accumulation in recesses as crud, (3) removal in the cleanup filter and 
demineralizer, and (4) carry-over with the steam to the turbine and condenser (in the case of BWR's). It is the 
last process which contributes mainly to the release of gaseous wastes to the environment during the normal 
operation of the Tarapur Reactors. The different streams of gaseous radioactive effluents reaching the 
Tarapur stack are shown in Figure 1. At Tarapur the radionuclides carried over to the turbine-condenser in the 
steam phase are mostly xenon, krypton, nitrogen-16, and nitrogen-13. Nitrogen-16 decays rapidly in the 
condenser due to its short half-life (7.3 seconds), and is almost completely removed from the waste steam 
before it reaches the environment. Nitrogen-13 (half-life of 10 minutes) is the only activation product [160 
(p.~) 13N] worth considering among the gaseous wastes released to the environment. In fact, it is the most 
important gaseous radioactive waste during the initial phase of reactor operation, when fuel defects are at a 
minimum. However, with increased irradiation of the reactor cores, the fission gases have overshadowed the 
release ofnitrogen-13. BWR type reactors are not provided with on-load refueling facilities and, as such, they 
operate with failed-fuel. Hence, the fission product noble gas release rate increases during the fuel cycle. 

The Rajasthan reactors are designed for on-load fueling, so that defective fuel bundles can be replaced 
immediately after detection with fresh ones. As such, fission product noble gases in the exhaust stream can be 
minimized by careful operation. However, the use of heavy water as the moderator and coolant causes the 
presence of tritiated water vapor in the exhaust. In addition, the use of air for cooling certain reactor 
components contributes to the presence of argon-41 in the effluent stream. 

Radioactivity from the Tarapur condenser is continuously removed along with other non-condensable 
gases by the air ejector~. More than 99% of the gases in the steam go to the air ejector system. This stream flows 
at the ra~ of about 20 hters per second from the condenser and is allowed to decay for about 30 minutes in a 
holdup hne of volume 60 m3

, thereby almost completely eliminating short-lived radionuclides like 1sN, ssKr, 
9°Kr, 91 Kr,_ 97Kr, 1 ~7Xe, 139~e, and 140f{e. Befo!e the gases are released to the base of the 100 m stack, they are 
filtered usmg a high-efficiency particulate air (HEPA) filter. Gaseous wastes released to the stack are diluted 
by v~ntilation airw~ich flows at therateof55 m3/s. Less than 1% of the process gases escaping through the 
turbme gland seals is separated from the steam by the gland seal condenser and is exhausted through a 
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holdup line providing a delay of about 100 seconds. Some of the gases circulate in the primary reactor water. 
This is indicated by the fact that any primary system leak is accompanied by the release of noble gases, which 
are readily detectable by the presence of their particulate daughters. Airborne contamination in the occupied 
areas of the station is almost always caused by such leaks and is due to noble gases and their short-lived 
daughter products, especially 88Rb and 138Cs. In addition, argon-41 has been detected in the operational areas 
atRajasthan probably due to inadequate ventilation. 

EXPERIMENTAL RESULTS 

Gamma spectra of the off-gas sample from Tarapur Station 30 minutes and 6 hours after collection are given 
in Figures 2 and 3. Figure 3 shows that 133Xe, 85mKr, and 135Xe are the only isotopes present after a few hours of 
tJ.ecay. Theradioactivedecaycurveofthe off-gas sample (Figure 4) indicates that about 3 days after collection 
the entire activity is due only to 133Xe. 

RELEASE LIMITS 

ICRP has recommended that populations in the neighborhood of nuclear installations should not receive 
radiation doses in excess of 500 mrems annually from all sources of radiation. To allow for environmental 
dose from other routes, 50% of the ICRP limit is apportioned to the air route. Based on meteorological studies at 
the two sites, release limits are specified for the two stations. The annual average continuous release limit for 
noble gases works out to 246 mCi/ s (21,250 curies/ day) for Tarapur Station (Ab:raham, et al., 1973). At RAPS, 
the limits (Sah and Subbaratnam, 1973) are as follows: 

Noble gases 
Tritium 

2,500 Ci/ day 
29,500 Ci/ day 

Actual release rates at Tarapur during operation were well within the permissible limits, as is evident from 
Table I. 

However, these releases were higher than the values expected by design due to defects in the fuel. It was 
expected that, after refueling, the off-gas releases would be reduced. However, off-gas releases were not 
significantly lower after refueling. The small relative difference in the radioactivity content of the samples 
taken from the fuel bundles for identification of the defective bundles made the job very difficult. It should be 
noted that operation with failed-fuel increases not only the gaseous effluent releases, but also the liquid 
effluents and the in-plant radiation levels. In order to keep the radiation exposures to station personnel and 
liquid wastes as low as possible, it is advisable to remove defective fuel as quickly as possible after 
identification. When defective fuel is present in the core, any reactor transient (increase or decrease in reactor 
power) causes the activity (in reactor water as well as in the off-gas) to increase and then to level off. This is 
probably due to the thermal stresses caused by the transients. To overcome this problem for the environment, 
some BWR's like the KRB nuclear power station (Eickelpasch, 1972) in Germany are using augmented off-gas 
facilities for the past several years to enable operation of the station without off-gas affecting station output. 
The KRB facility reduces the releases from the station by a factor of about 1,000. The radioactive gases 
undergo adsorption and desorption processes and are, therefore, transported through the charcoal beds more 
slowly than the accompanying air, thus giving the gaseous radioactive nuclides more time to decay during 
their passage through the delay line. It is reported that it is possible to achieve a delay time of 14 days for 
xenon. At present, proposals are being examined for the augmentation of the off-gas system at Tarapur by 
additional holdup capacity to reduce the environmental releases. This is being done as a part of the efforts to 
reduce environmental radiation levels to as low a level as practicable. Systems which have been proposed 
include catalytic recombiners followed by low-temperature or cryogenic adsorption on charcoal, gas storage 
under pressure, or cryogenic distillation. Operational experiences on these systems are not readily available. 

DISCUSSION 

The off-gas composition at the Dresden BWR is reported (Blomeke and Harrington, 1968) to be 40% 
hydrogen, 20% oxygen, and 36% air. This means that at least 96% of the gas passing through the delay line is 
non-radioactive, and in the company of the non-radioactive component, the radioactive gases are speeded 
through the delay line into the environment. Effective removal of the accompanying gases by using a 
recombiner (catalytic combustion of the hydrogen and oxygen with the aid of a palladium catalyst or other 
techniques) can increase the delay time by a factor of 25 or more. The present delay line, which causes a delay 
of30minutes with a flow of20 l/s, will be able to provide a delay of 12.5 hours if the non-radioactive gases are 
removed. Perusal of the decay curve would show that 12.5 hours delay will reduce the concentration by a factor 
of about ten, and the off-site dose (Martin, et al., 1973) by a factor of about 25. This would be enough to reduce 
the annual environs dose from stack effluents at Tarapur to less than ten millirems even for the periods when 
the off-gas generation rate is as high as 500 mCi/s. During normal operation, the generation rates in BWR's 
are considerably lower, and, hence, the dose rates will be less. In other words, the provision of facilities to 
remove the non-radioactive gases from the stream reaching the delay line would be adequate to reduce the 
environmental release rates from BWR stations so as to achieve the "as low as practicable" limits currently 
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under consideration throughout the world. Further increases in holdup may not be necessary to achieve this 
objective. Martin, et al., (1973), have reported that the discharge of processed effluents after 25-30 days holdup 
would reduce the off-site dose by a factor of5,000 at a substantial increment of cost. 

Argon-41 concentrations are constant when the power level is not varied. Isolating the exhaust from areas 
where D20 leakage is possible, and condensing the moisture from it, can substantially reduce environmental 
releases from CANDU-type stations in addition to recovering the heavy water if on-load fueling is adopted 
scrupulously to remove defective fuel immediately after detection. 
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TABLE 1. Gaseous Radioactivity Releases from Tarapur. 

Year 

1969 
1970 
1971 
1972 
1973 
(up to June) 

Release rate, mCi/s 

3.0 
19.2 
67.2 
38.7 
55.2 
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NOBLE GAS SURVEILLANCE NETWORK, APRIL 1972 THROUGH MARCH 1973* 

V.E. Andrews and D.T. Wruble 
Monitoring Operations Division 

National Environmental Research Center 
U.S. Environmental Protection Agency 

Las Vegas, Nevada 

Abstract 

In April 1972, the National Environmental Research Center-Las Vegas initiated a ten-station network of 
continuous air samplers to monitor noble gas radioactivity on and around the nuclear explosive testing 
ground (Nevada Test Site). The network uses compressed air samplers designed and built by the Center. The 
samplers are described and operating experience and sample results are reported. After one year of operation, 
the network has shown its ability to document ambient levels of krypton-85 and to detect the occasional low
level releases of xenon-133 at the Nevada Test Site. Analysis of the data shows a small, but significant, higher 
level of krypton-85 concentrations measured at on-site locations compared to off-site. Average concentrations 
over the year were 15. 7 ± 2.4 pCi! m3 off-site and 16.2 ± 2.4 pCi! m 3 on-site. A systematic variation in krypton-85 
levels at off-site stations was similar to that found in weekly grab samples collected off-site in Las Vegas 
during the preceding year. 

INTRODUCTION 

Since 1958, the National Environmental Research Center-Las Vegas (NERC-LV) has operated a system of 
surveillance networks to monitor the nuclear testing activities at the Nevada Test Site (NTS). The purpose was 
to document the sources and magnitude of radiation exposure to the off-site population. Prior to 1971, these 
networks monitored external gamma radiation, and routinely collected air, water, and milk samples which 
were analyzed for various radioisotopes. For the types of radioactive releases normally occurring at NTS, 
these networks successfully documented the significant sources of exposure. 

The sole transport medium for radioactivity to the off-NTS area is the atmosphere. Accordingly, an 
extensive air sampling program was conducted throughout the continental United States west of the 
Mississippi River. (EPA, 1972). Until September 1973, integrated 24-hour samples were collected daily and 
mailed to NERC-LV for analysis. Three 48-to 72-hour samples are now collected each week. All stations collect 
airborne particulates on glass fiber filters. Selected stations routinely use activated charcoal cartridges after 
the filter for the collection of gaseous radioiodine. These cartridges are also used at the other stations 
whenever needed. 

For the past several years, the underground testing program has experienced a high degree of success in 
preventing accidental releases of radioactivity to the atmosphere at detonation time. However, at least two 
pathways exist for releases of small amounts of radioactive noble gases. First, some gases may be released 
during post-detonation drilling for the collection of samples for radio-chemical analysis. Second, slow seepage 
of gases to the surface may allow some additional noble gas radioactivity to leave NTS. 

Beginning in 1970, NERC-LV began collecting a weekly 20-minute compressed air grab sample at two 
locations on NTS and one at NERC-LV. These samples were analyzed for 85Kr and radioxenon. In 1971, the 
Center was requested by the AEC-Nevada Operations Office to establish a network for continuously 
monitoring radioactive noble gases and atmospheric 3H at ten locations on- and off- NTS. The weekly grab 
sample collection was continued until the ten-station continuous sampling network was put into operation in 
April 1972. (Figure 1 shows the station locations.) This report covers the first full year of continuous 
monitoring at these stations. 

NETWORK REQUIREMENTS 

Results of the weekly grab samples collected at NTS demonstrated that any radiation exposures off-site 
would be very low. In order to adequately monitor the impact of any small releases of noble gases on the off-site 
populated areas, a monitoring system capable of detecting any change in ambient levels was desired. The 
Technical Services Division at NERC-LV had recently completed development ofa new gas analysis system 
capable of detecting 2 pCi/m3 of radioxenon or radio krypton in a 1-m3 sample of air (Stevenson, et al., 1971). 
Atmospheric krypton samples analyzed at NERC-LV and at the Eastern Environmental Research 
Laboratory, Montgomery, Alabama (Shearin, et al., 1971 and Jaquish, et al., 1973), showed that current 
ambient levels of ssKr are approximately 16±2pCi/m3• Theoretically, the normal background for 133Xe and 
135Xe should be zero, because of infrequent releases and short half-lives. 

The design concept, then, was to provide a sampler capable of taking advantage of the high-sensitivity 
capability of the laboratory for radio xenon, and to be able to detect changes in the 85Kr concentration. Since 

*This surveillance performed under a Memorandum of Understanding (No. AT(20-1)-539) for the U.S. Atomic 
Energy Commission. 
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the samples would be compressed air, it would be necessar~ t~ have them collect~d at regular intervals by 
NERC-LV personnel to eliminate shipping problems. The lo~istics of sample collect.10n from the 1opoo squ:ire 
mile area, plus analytical time required in the laborato!y, dict~te.d a weekly collect10n schedule. Fmal design 
considerations were that the sample should be unfraction.ed air, it should .he collect~d at a constant rat~ over 
the I-week period, the system should be as reliable as possible, and the entire operat10n must be economically 
feasible. 

SAMPLER DESIGN 

The basic design was similar to a sampler in use by Isotop~s, Inc. (I?-ow.Teledyne.Iso~opes). A schemati.cof 
the sampler is shown in Figure 2, and a photograph of a typical station is shown m Figure 3. An aquanum 
aerator pump draws air at 3 cm3/sec through a glass fiber filter, and pumps it into a 38-1 low-pressuretank.:\ 
pressure-actuated switch activates a solenoid, starting a high-pressure compressor. The compressor pumps 8;lr 
from the low-pressure tank, and through a manifold, to two 38-1 high-pressure storage tanks conn~cted m 
parallel. When pressure in the low-pressure tank drops to 1.5 mm Hg, a second pressure-actuated switch de
activates the solenoid, stopping the compressor. Sample pressure in the high-pressure tank is about 2.8 MPa 
(400 psig). 

The high-pressure tanks are collected weekly, and replaced with evacuated tanks containing o.n~ ml of 
carrier xenon. One tank is analyzed in the laboratory, while the second serves as a backup for analyslS m case 
the sample in the first tank is destroyed, lost during analysis, or exhibits unusually high concentrations. The 
actual standard sample volume in a pressure tank is determined by weighing the full tank as it enters the 
laboratory, and subtracting the tank tare weight. A normal volume is approximately one m3. A separate 
sampler was designed for collection of atmospheric moisture, and H2 for 3H analysis, the satisfy the 
requirements of the Atomic Energy Commission. Methane gas collected by the compressed air sampler is also 
analyzed for 3H as CH3T. The operation and results of the 3H sampling network will be described in a later 
paper. 

NETWORK EXPERIENCE 

After 1 year of operation, the noble gas surveillance network can be termed successful. It has demonstrated 
the ability to satisfactorily meet most design requirements, although design changes are being studied to 
improve sampler operational reliability. The network produced successful sample results 85 percent of the 
time. Although most of the lost samples were due to sampler failure, some resulted from loss of sample during 
laboratory analysis. Because of the sample work load in the laboratory, duplicate analysis was not performed 
on the few samples lost in analysis - unless results of other stations indicated the possible presence of 
elevated levels over the network. Table 1 shows the success rate by month. The improved performance during 
the final 5 months of the period was due, primarily, to replacement of sub-standard components, which were 
responsible for the high failure rate experienced during the first few months. Based on 85Kr results, the total 
collection and analytical process has proved to be as accurate as any technique currently available. As shown 
in the following section, the network is capable of documenting small changes in 85Kr concentrations. As 
expected, most radioxenon concentrations have been below the 2 pCi/m3 detectable l.:ivel; however, several 
samples have contained measureable 133Xe. 

Table 2 summarizes the results of 85Kr analyses for the ten stations for the period April 1972 through March 
1973. It can be seen that the average concentrations measured are very near the 16 pCi/m3 determined from 
other studies. The ranges observed, and number of results at the extremes are consistent with statistical 
predictions based on counting data. ' 

The total annual cost of the noble gas sampling network is about $31,000. The average cost per sample, 
assuming a 100 percent success rate, is about $60, including approximately $10 for collection and $50 for 
analysis. The actual cost attributed to operation of the network is greater than the incremental cost incurred 
by NERC-LV; this is because some of the personnel and equipment used to operate the network were also 
nec.e~s~ry t? provide the ba~ic capability for off-si~e surveillance and noble gas analysis of event-related 
activities. Smee the network includes an atmosphenc 3H sampling system, the field collection costs must be 
shared by ~hat system, as well. '.J'herefore, ~he actual c~st of operating the noble gas sampling network at 
NERC-LV is somewhat less than it would be if a 3H samplmg network was not operated in conjunction with it. 

DATA ANALYSIS 

Several questions arise from the operation of a new network such as this: 
(1) Do differences exist between on-site and off-site stations or between off-site stations in different sectors? 
(2) Do releases of radioactive noble gases occur which ar~ detectable at off-site locations? 
(3) Are the background. concentrations of r'."ldioactive noble gases constant and predictable? 
(4) If the back~round is constant or predictable, what increase above background can be considered 

detectable for a smgle sample? 
(5) W~at sources of random variation are associated with sampling, analysis, and background 

fluctuations? 
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(6) Is there a time-dependent, or seasonal, variation in the background concentration of B5Kr? 

(7) What effects of meteorology are reflected in on-site and off-site station comparisons, and between 
stations? 

An attempt has been made to answer these questions, although additional data will be required to 
satisfactorily answer all of them. A superficial examination of the data in Table 2 shows that the average 
concentration on-site is greater than the average concentration off-site, with the greatest average at BJY. This 
was expected, as BJY was selected on the basis of terrain, location, and meteorology to reflect the higher on
site concentrations. Other areas on-site may have higher concentrations, but are not as accessible or do not 
have power available. The data were subject to X 2 tests to determine if they were drawn from a population 
having a normal distribution. At the 5% level of significance, the sample distributions are consistent with the 
hypothesis that the population distribution is normal. In Table 3 are listed the average monthly 
concentrations for off-site stations and on-site stations. In eight cases the on-site concentrations are greater 
than off-site, and in one case they were equal. An analysis of runs (Crow, et al., 1960) was performed which 
showed that at the 5% level of significance the two samples have the same distribution. At-test on the data 
(Crow, et al., 1960) in Table 3, to determine ifthere is a significant difference in the means, showed the means to 
be different at the 10% significance level, but not at the 5% level. A similar analysis was performed on the 
weekly averages. In this case, 31 out of 48 on-site averages were greater than off-site. A comparison of weekly 
averages, to determine if a significant difference exists between on-site and off-site means, shows a significant 
difference at the 5% (and 1 %) level of significance. An analysis of variance, performed on the weekly on-site 
and off-site averages, showed the mean difference to be significant at the 10% level of significance, but not at 
the 5% level. Since these analyses indicated significantly higher concentrations on-site than off-site, it can be 
stated that releases of 85Kr occur which are detectable at on-site locations. 

Prevailing winds at NTS are generally from the south to south-west during the summer months, and from 
the north during the winter months. If the prevailing winds carry noble gases from NTS to the off-site areas, 
comparison of stations north of NTS to stations south of NTS would be expected to demonstrate any resultant 
effects. 

Weekly and monthly average concentrations of stations to the north ofNTS were compared to those to the 
south. The northern stations are Diablo Maintenance Station, Biko, and Tonopah. Those to the south are 
Death Valley Junction, Desert Rock, Beatty, and Las Vegas. The monthly averages are summarized in Table 
4. For 9 months out of 12, the northern stations averaged higher than the southern. An analysis ofruns shows 
that at the 5% significance level, both samples are from the same distribution. A comparison of monthly 
averages, to determine if any difference exists between the means, showed no difference at the 5% level of 
significance. 

Twenty-nine weekly averages were higher for the northern stations compared to 19 for the southern 
stations. An analysis of runs indicates that, at the 5% level of significance, the two samples were taken from 
the same distribution. At-test of the hypothesis that the difference in the means is zero could not be rejected at 
the 5% level of significance. An analysis of variance was performed to compare northern to southern stations 
for two periods of time - April through September, and October through March. In neither case could the 
hypothesis that the means are equal be rejected at the 5% level of significance. All tests for both monthly and 
weekly averages indicate that the 85Kr concentrations measured to the north of NTS were not significantly 
different from those to the south. 

From the data generated to date, it is not possible to state what increase in 85Kr above background can be 
considered detectable from a single sample; nor can the background be stated with great precision. Jaquish, et 
al., (1973) found that 85Kr in grab samples collected in Las Vegas from April 1971 to March 1972 followed a 
second degree polynomial curve of Y = 0.0386X - 0.00006X2 + 10.9; where Y = concentration in pCi/m3 and X = 
days after January 1, 1971. The equation was found to be significant at the 5% level of significance, but not at 
the 1 % level. Concentrations of 85Kr, measured with the continuous sampling network from April 1972 to 
March 1973 at Las Vegas, and averaged over the off-site stations, followed a similar curve. However, since two 
years of data collected by the same technique are necessary to accurately determine any cyclic or periodic 
variations in the background, no attempt has been made at this time to do so. No ready explanation is 
available to account for such a variation since the observed annual maximum (if there really is one) occurs in 
September, rather than in the late spring as with the peak of particulate radioactivity from stratospheric 
fallout. This phenomenon will be investigated further after another year has passed. 

Both the data presented by Jaquish and Johns, and that shown in Table 3, indicate that the annual 
variation in ssKr concentration may be as much as 3 pCi/m3 • It is, therefore, important to establish this 
variation as accurately as possible. Some determination must also be made as to the relative contributions to 
the total error from counting and analytical errors. Since June 1973, a duplicate analysis has been performed 
each week on one sample selected at random, using the spare high-pressure cylinder. It will take 
approximately a year to collect enough data to assess the probable analytical error. If, and when, an annual 
variation can be described, and the counting and analytical errors can be assessed, it will be possible to 
establish a background, a:::id a detectable level above background, for a single sample. 

The problem is much simpler for radioxenon. As stated earlier, the theoretical background for 133Xe and 
135Xe should be zero. With a detection limit of 2 pCi/m3 for radioxenon, essentially any increase above 
background can be considered detectable. Table 5 lists those few samples, out of the 287 collected, which 
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contained measurable 133Xe. In most cases, they are well above the detectable level. Positive 133Xe results are 
not well correlated with higher B5Kr results in the same samples. Several of the higher 133Xe concentrations 
were associated with higher concentrations of 85Kr, but others were associated with average or below average 
B5Kr concentrations. 

CONCLUSIONS 

One year of operation of the continuous noble gas sampling network has demonstrated success in producing 
a workable sampling system, and in measuring ambient concentrations of 85Kr and 133Xe. The failure of 
several sampler components to meet specifications resulted in a large number of sampler malfunctions during 
the first few months. Replacement with suitable parts resulted in greatly improved reliability. 

Although insufficient data is available to predict background concentrations of 85Kr as a function of time of 
year, and minimum detectable increase above background for a single sample, it is anticipated that such 
information will be available after another year of operation. Statistical analysis of the 85Kr data indicates 
that although no individual samples could be said to be above background, average concentrations on the 
NTS were above those off-site. Average concentrations north of the NTS were not significantly different than 
those to the south for the entire year or for summer and winter seasons. The conclusion is that low-level 
releases of 85Kr occur at NTS which are detectable on-site, but which do not result in measureably increased 
concentrations in the off-site area. 

Measurable concentrations of 133Xe were collected at off-site stations five times during the year. The 
maximum concentration of 133Xe measured off-site was less than 1 percent of the radioactivity concentration 
guide (AEC, 1963) for exposure to a suitable sample of the population. 
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TABLE 1. Total Sampling Success Rate by Month 
April 1972 through March 1973. 

Month Percent Successful Samples 

April 75 
May 78.5 
June 68 
July 88.5 

August 71.5 
September 74 

October 75 
November 89 
December 77 
January 96.5 
February 86 

March 93 
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TABLE 2. Mean Annual 85Kr Concentration by Station 
April 1972 through March 1973. 

Mean Annual Standard 
Concentration Deviation Range 

Station Location (pCi/m3) (pCi/m3) (pCi/m3) 

Area 12 On-Site 15.8 2.6 11-23 
BJY On-Site 17.2 2.9 12-25 
Gate 700 On-Site 15.7 1.9 13-23 

Average On-Site 16.2 2.5 11-25 

Beatty Off-Site 15.8 2.4 12-22 
Diab lo Off-Site 16.0 2.2 12-22 
Death Valley 

Junction Off-Site 15.0 3.5 10-25 
Desert Rock Off-Site 15.7 2.6 12-25 
Hiko Off-Site 15.6 1.6 12-19 
Las Vegas Off-Site 15.5 1.9 10-18 
Tonopah Off-Site 15.9 2.0 12-21 

Average Off-Site 15.7 2.4 10-25 
Average All 15.8 2.4 10-25 

TABLE 3. Mean Monthly 85Kr Concentrations 
On-Site and Off-Site Locations 

April 1972 through March 1973. 

On-Site Average Off-Site Average 
Standard Standard 

Concentration Deviation Concentration Deviation 
Month (pCi/m3) (pCi/m3) (pCi/m3) (pCi/m3) 

April 16.5 1.9 16.1 1.5 
May 17.4 2.1 15.8 1.6 
June 14.7 1.5 15.2 1.9 
July 16.6 3.1 16.5 2.2 
August 16.3 2.6 16.9 2.8 
September 18.0 3.5 18.0 3.0 
October 15.6 2.2 15.1 2.0 
November 15.1 2.2 15.3 2.1 
December 15.5 2.2 15.1 2.2 
January 17.9 2.6 15.7 1.5 
February 17.2 3.1 15.0 1.0 
March 15.0 1.5 14.6 1.6 
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TABLE 4. Mean Monthly 85Kr Concentrations 
North and South Off-Site Stations 
April 1972 through March 1973. 

B5Kr Average Concentrations, pCi/m3 

Month North (a) South (b) 

April 15.8 16.2 
May 16.3 15.5 
June 15.5 14.9 
July 17.0 16.2 
August 16.2 17.4 
September 17.6 19.0 
October 15.7 14.7 
November 15.7 15.1 
December 15.2 15.0 
January 15.5 15.1 
February 15.5 14.6 
March 15.1 14.3 

(a) Diablo Maintenance Station, Hiko, Tonopah. 
(b) Beatty, Death Valley Junction, Desert Rock, Las Vegas. 

TABLE 5. Positive 133Xe Results 
April 1972 through March 1973. 

Collection Concentration, 
Period Station (pCi/m3) 

3/22-3/29172 Area 12 14 
514-5/10172 Diablo Maintenance 33 

Station 
5/8-5/15172 Desert Rock 30 
5115-5122172 BJY 380 
5/22-5/30/72 BJY 530 
5/23-5/31172 Beatty 17 
5/24-6/1172 Hiko 570 
6/12-6/19172 BJY 430 
6/14-6/21172 Hiko 230 
7 /24-7 /31172 BJY 9.9 
7 /24-7 /31172 Area 12 4.6 
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V. Separation and Containment 

of Noble Gases 



GENERAL SURVEY OF TECHNIQUES FOR SEPARATION AND CONTAINMENT OF NOBLE 
GASES FROM NUCLEAR FACILITIES 

C. L. Bendixsen andJ. A. Buckham 
Allied Chemical Corporation 

Idaho Falls, Idaho 

Abstract 

Radioactive noble gases produced during uranium fission constitute a waste materia~ r~qu/ring special 
treatment and handling techniques if releases to the environment are to be reduced or m_mz~zz_ed. To date, 
treatment has been confined to short-term holdup of reactor off-ga.ses to allow sh?rt half-Zife fzsswn pro~ucts 
to decay. Although the required degree of noble gas separatt<;m and contaz":ment zs not yet. defined, 
considerable development effort has been expended on a variety of s~paratwn proce~ses. Wzth so~e 
separation processes, the technology is sufficiently advan~ed that commerczal separa.twn !"mts are now be.mg 
offered for sale. Early installations of these will be mainly at reactors where thezr pnme advantage is a 
reduction in size of the holdup system required and an increase in the holdup time for radioactive decay. 
Eventually, separation processes may be installed at fuel processing plants to collect the long-lived krypton-
85. The separation processes potentially applicable to removing noble gas fission products from off-gas 
streams include absorption in liquids (liquid air, carbon dioxide, or fluorocarbons), adsorption on charcoal 
and other solids thermal diffusion, electrostatic diffusion, and diffusion through a selective membrane. 
These processes' are at a variety of technological levels and each has its own particular advantage or 
disadvantage. A cryogenic liquid-air absorption process has been operated intermittently at the Idaho 
Chemical Processing Plant for many years to recover krypton-85 for a variety of uses, but total recovery has 
never been attempted. High pressure storage in steel cylinders presently appears to be the most practical 
means of ultimate disposal of the krypton-85. However, inclusion of the krypton-85 into glasses, resins, 
clathrates, molecular sieves, and metals offer ways of reducing the effective vapor pressure in a cylinder. 
Long-term disposal means that have been considered including placement of the cylinders into an engineered 
storage facility, dumping of cylinders into the sea, and direct discharge of the krypton-85 into an appropriate 
geologic formation. 

INTRODUCTION 

Radioactive noble gases produced during uranium fission constitute a waste material requiring special 
treatment and handling techniques if releases to the environment are to be reduced or minimized. To date 
treatment has been confined to the short-term holdup of nuclear reactor off-gases to allow for the decay of 
short half-life fission products. Although the required degree or efficiency of noble gas separation and 
containment is not yet determined, considerable development effort has been expended on a variety of 
separation processes. With some separation processes, the technology has advanced sufficiently for 
commercial separation units to be offered for sale. Early installations of these units will mainly be at reactors 
where their prime advantage is a reduction in the size of the holdup system required and an increase in the 
holdup time for radiolytic decay. Eventually, separation processes may have to be installed at nuclear fuel 
reprocessing facilities to collect the long-lived krypton-85. 

NOBLE GAS SEPARATION 

The separation pro~esses (Nichols, et. al., 1971;. Dunster, et al:, 1970;. Kovah, 1970; Slansky, et al., 1969; 
Slansky, 1969; and Swieger, 1973) potentially apphcable to removmg fission-product noble gases from the off
gas streams include absorption in liquids (liquid air, carbon dioxide or fluorocarbons) adsorption on 
charcoal or other solids, and diffusion through a selective membrane. These processes ar~ at a variety of 
technological levels, and each has its own particular advantage or disadvantage (summarized in Table 1) 
with respect t~ the recovery efficiency, pur!ty and the ultimate containment requirements of the noble gases. 
The technological level, advantages, and disadvantages of each process are discussed individually as follows: 

1. Cryogenic Distillation. 

The maj_or advanta~e ~f th~ cryogenic distillat~on p;ocess for absorption of noble gases is its present high 
technological level. Liquid ai~ plants have be~n m existence for decades and, thus, considerable knowledge 
has be~n assembl~d ~~ maten~ls of constrl;lct10n, valves, compressors, distillation column design, modes of 
operation, and rehabihty. Specific cryogemc processes recovering natural krypton from air have also been 
operated for some time. Because of this projected capital and operating costs for a fission-product noble-gas 
removal system_ar~ well defined. In addition, the cryogenic distillation process is the only process to have 
operated on a sigmficant scale at a !uel reprocessing facility for the recovery of production quantities of 
kryp~on-8? (AIRC9, 1958; and Bendixsen,_ ~t.al., ~968, 1~71, and 1973). A number of U.S. companies a;e 
offenng similar umts fo: u~e at nuc~ear facihties with pro1ected krypton-85 recovery efficiencies typically m 
excess of99 percent. A sigmficant disadvantage of the cryogenic process is the explosion hazards associated 
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with the radiolytic formation and the concentration of ozone. Methods to minimize this specific explosion 
hazard include either total removal of oxygen from the process gas (Davis, et al., 1973) or dilution of an ozone
bearing stream through periodic flushing or dilution (Bendixsen, 1973) using appropriate operating 
parameters. Adequate control of krypton-85 leakage rates to achieve high recovery efficiencies has not been 
demonstrated yet, but appears achievable. A high degree of process gas cleanup is required and product 
purity is relatively high. ' 

2. Absorption in Fluorocarbons. 

A significant decrease in refrigeration costs can be achieved by using a fluorocarbon (Stephenson et al. 
1970) such as Freon-11or12, to absorb the fission-product noble gases at temperatures of -30 to -90°F ~nd at 
pressures up to 400 psig. Process system size, mode of operation, and capital costs are comparable to the 
cryogenic distillation process, although the quantity of mechanical cooling equipment is higher. The high 
pressure required for the process increases the possibility of gas leaks and product losses. The fluorocarbon 
process has been extensively pilot-plant tested at ORNL, but additional information on the effect of process 
gas contaminants is desirable. The solvent cost is relatively low, but solvent losses through volatilization and 
radiation degradation need more definition. Explosion hazards with ozone or xenon-tetrafluoride are 
estimated to be very low.No plant-scale tests at a power reactor or a reprocessing facility have been performed. 

3. Absorption in Carbon Dioxide. 

Absorption of the noble gases in distillation processes using liquid carbon dioxide appears possible for gas 
streams rich in carbon dioxide, such as those coming from reprocessing of graphite fuels (Glass, et al., 1972a, b 
and Wheatley, 1973). Scoping tests of the process have occurred at ORNL and are continuing in order to obtain 
basic carbon dioxide absorption data of the noble gases. Refrigeration needs, operating pressures, process 
equipment, mode of operation, and temperatures are similar to the fluorocarbon process. No explosion 
hazards from ozone or other radiolytic products have been identified, and a ready supply of solvent is 
available in the process gases. The process is specific for gas streams with high carbon dioxide concentration 
and is not applicable to other gas streams. 

4. Ambient-Temperature Charcoal Adsorption. 

Adsorption of fission-product noble gases on charcoal beds at ambient temperatures has been used for 
delaying the release ofradioactive off-gases from nuclear power reactors (Dunster, et al., 1970 and Keilholtz, 
1971). No attempt has been made to use the ambient-temperature adsorption process specifically as a recovery 
system for fission-product noble gases. The quantity of charcoal required for a typical nuclear facility is in the 
tens-of-tons range; thus, process equipment would be large and bulky, although operation could be relatively 
simple. A distinct fire hazard exists, although fires are easily extinguished by shutting off the flow of oxygen
containing gases. Use of adsorbent material other than charcoal cannot be considered because of increased 
bed volume and high unit costs. Due to the quantities of charcoal required, such a recovery process may be 
limited to small scale, batch processes. 

5. Low-Temperature Charcoal Adsorption. 

By reducing the temperature of the charcoal bed, the adsorption capacity is increased, thus reducing the bed 
volume required (Dunster, et al., 1970 and Keilholtz, 1971) by 50to 80%. Although a slightly more concentrated 
product then is possible, the other disadvantages with charcoal beds remain relatively unchanged. A 
cryogenic temperature adsorption system was used extensively at ICPP at one time, but proved to be 
unreliable, and refrigeration costs were prohibitive. The use of dual adsorptive beds of relatively small 
capacity in conjunction with a small cryogenic distillation system to achieve a high-purity product has been 
suggested. 

6. Perm-Selective Membranes. 

Differences in permeability of gases through a special membrane is the bases of a perm-selective membrane 
separation process.Using this difference at high pressures (150 psi) with a silicon rubber membrane, krypton 
and xenon gases can be separated from the bulk off-gases, as shown in tests at ORNL (ORNL-4572, 1970 and 
ORNL-4522, 1971 ). Large membrane surface areas and high pressures are required, and this results directly in 
high capital and power costs with a high mechanical ratio. Long-term radiation and chemical effects on the 
membrane are not known, and the membranes are particularly sensitive to ozone and NOx damage. The 
system also can be damaged by thermal and pressure shock. The concentration factors are in the range of 10-
500 ppm at the reported decontamination factor of 104• The system appears economical for low 
decontamination factors only. 
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NOBLE GAS CONTAINMENT 

High-pressure storage of the recovered noble gases. in ste.el cylinders prese.ntly appears to b~ the leading 
means for practical ultimate disposal. However, the inclusion o.r encapsulat!on of krypton-85 ~nto gl~sses, 
resins clathrates molecular sieves and metal offer ways ofreducing the effective vapor pressure in a cylinder 
and rr{ay provide.primary contain~ent for the radioactive gases. Long:t~rm dispo~al me~ns th~t have been 
considered include placing the cylinders into an enlPneered st?rage fac~hty, dumpin~ cylinders into the sea, 
and directly discharging krypton-85 into an appropriate geologic format10n. Commercial uses (Nuc. Ind., 1~71 
and Kir, 1972) will not utilize significant quantities of the recover~d kryptoJ?--85. Howeve~, a d~m~nd1~g 
market for the recovered xenon is envisioned. A comparison of the vanous containment techniques IS given m 
Table2. 

1. Low-Pressure Storage. 

Storage ofrecovered krypton-85 within steel cylinders at ambient pressure and temperature conditions has 
been studied. The storage volume required has been studied. The storage volume required h~~ ?een p;i-edicted 
to be similar to the volume of medium-level liquid wastes presently stored at nuclear fac1hties. With such 
storage conditions, rupture of a single tank is considered to be controllable and. very improbable. Ozone 
removal is considered necessary· the stored gas must also be free of either oxygen, nitrogen, or both to prevent 
formation of corrosive products through radiolysis. Although storage at ambient conditions appears possible, 
considerable economic evaluation appears necessary before considering use at reprocessing facilities. 

2. High-Pressure Storage. 

High-pressure storage (Blomeke, et al., 1969) appears to be practical and economical, and has extensive 
technical development obtained during many decades of use in a wide variety of systems. In addition, some 
experience with high-pressure storage and shipping has been obtained at ICPP during shipment of their 
product to ORNL. A well-engineered facility could provide a double containment design and minimize such 
things as leak probability, actual krypton-85 release if a leak occurs, and corrosive radiolytic products. The 
double-containment concept is deemed necessary because an instantaneous release of one high-pressure 
storage cylinder may produce unacceptable radiation doses. Further study into overall costs of the complex 
facility and the long-term effect of possible corrosion of storage cylinder walls by radiolytic products is 
required. High-pressure storage may require high-purity noble gases. to prevent formation of corrosive, 
oxidizing products through radiolysis. 

3. Storage Through Adsorption or Encapsulation. 

Inclusion or encapsulation (Slansky, 1969; Clark, et al., 1970; Isreck, 1964; Carden, 1969; Iso. Rad. Tech., 
1967; and Reist, 1967) of the krypton-85 into molecular sieves, clathrates, resins, glasses, and metals may offer 
a means to provide primary containment within a steel cylinder, and also reduce the effective vapor pressure 
within the cylinders. Cost, safety, and environmental adequacy of any of these inclusion methods are 
dependent upon storage capacity, temperature restrictions, and radiation damage of the materials. Present 
information is available only on a lab-scale basis. Storage capabilities of molecular sieves are fairly well
known, but are limited at ambient or elevated temperatures. Use of molecular sieves at low or cryogenic 
temperatures is not desirable since any loss-of-cooling accident would cause high storage-cylinder pressures 
which would increase the probability of massive, uncontrollable leaks. All of the encapsulation materials 
require extensive investigation to determine their storage capacities, and the long-term effects ofradiation, 
possible radiolytic corrosion products, and elevated temperatures. Possible engineering difficulties in 
constructing a truly effective (and efficient inclusion facility need considerable study. The proposed 
encapsulation methods are technically difficult, require very high pressures to achieve significant storage 
capacity, and require complicated and expensive equipment. At best, encapsulation is presently a laboratory 
possibility and requires lengthy investigation. 

4. Long-Term Disposal/Containment. 

Eve~tually, all recov.ered cylinders contai.ning krypton-85 must be transported to an AEC facility for long
te~ disposal or conta~I?-ment. ~ng-term ~1spos~l methods may include placement of the cylinders into an 
engmeered storage fac1hty, dumping of cylmders mto the sea, and even direct discharge of the krypton-85 into 
deep or shallow wells leading into a geologic formation (Reist, 1967; Tadmor, et al., 1967; Jacobs, 1967; Mudra, 
et al., 1965; an~ Schmaltz, 1969). ~n engineered facility could be specifically designed to monitor and protect 
the storage cylinders from t~e.e?vironment (storm, earthquake, etc.), and also provide secondary containment 
or recov~ry of gase~ should m1faal releases occu~. Dumping of storage cylinders into a deep-sea trench might 
be tec~nically fea~1ble an? acceptable, but pubhc acceptance would be difficult to predict. Disposal into deep 
geol?gical f?rmations (R~1st, 1967and1:'admor, et al., 1967) is in the same category. Very high pressures are 
~eq1!1red which create~ high leak potential and the required detailed knowledge of the deep geologic formation 
is difficult and expensive to obtam. In the public's eye, there is alwasy the fear of the "undiscovered crack" 
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which could release the radioactive gases into one's backyard. Some investigation and testing has been done 
on shallow-well disposal ofkrypton-85 (Jacobs, 1967; Mudra, et al., 1965; and Schmaltz, 1969). Such a disposal 
means does not involve high pressures and does not depend on an impermeable geologic formation, but 
assumes the soil will adsorb the noble gases and release them slowly over a period of decades. Such a method 
would require large volumes of loosely packed rock and relatively large ground surface areas. However, the 
concept suffers from the disadvantage of a constant, highly visible-to-the-public, release of krypton-85 to the 
atmosphere, however small. Well-engineered facilities for high-pressure storage of the radioactive gases still 
appear to have an important technological and experience advantage over other methods. 
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TABLE 1. Comparison ofKrypton-85 Separation Processes for Nuclear Facilities. 

Process 

Cryogenic Distillation 

Fluorocarbon 
Adsorption 

Absorption in Liquid 
Carbon Dioxide 

Ambient Temperature 
Charcoal Adsorption 

Low-Temperature 
Charcoal Adsorption 

Perm-Selective 
Membranes 

Development Status 

Developed and 
operated on a 
significant scale; 
commercial units for 
nuclear reactors have 
been sold. 

Developed and tested 
in pilot plant; no 
demonstration or 
operating experience 
at nuclear facility. 

Pilot-plant scoping 
tests performed and 
continuing; feasibility 
studies completed. 

Laboratory tests 
completed; presently 
used in delayed 
release facilities. 

Developed and 
operated on a 
significant scale. 

Bench scale tests; no 
pilot-plant tests. 

Advantages 

Low capital costs well 
defined; product 
purity relatively high; 
high technical 
background gives 
high reliability. 

Low refrigeration 
costs; low solvent 
costs; very low 
explosions hazards; 
reduced process gas 
pre-treatment. 

Zero solvent costs; 
low refrigeration 
costs; no explosion 
hazards identified. 

Simple operation; 
adequate technical 
background to assure 
reliability. 

Smaller volume beds. 

Room temperature 
operation. 
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Disadvantages 

Ozone explosions 
potential must be 
controlled, high
efficiency gas cleanup 
required. 

High-pressure (300-
400 psig) with high 
leak potential; low 
product purity with 
corrosion hazards. 

High-pressure with 
high leak potential; 
low product purity; 
restricted to HTGR 
nuclear fuels. 

Large-volume beds; 
fire and explosion 
hazard. 

Fire hazard and 
explosion; high 
refrigeration costs; 
reliability unproven. 

High capital costs; 
high pressures; high 
power costs; 
membranes sensitive 
to oxidizing chemicals. 



TABLE 2. Comparison ofKrypton-85 Containment Techniques. 

Technique Development Status Advantages Disadvantages 

Low-Pressure Tanks Feasibility studies Low pressures with Very large storage 
performed; no field low leak probability. volume; ozone 
tests. removal required; 

radiolytic product 
corrosion unknown. 

High-Pressure Used for shipment at Low storage volumes; Long-term corrosion 
Cylinders ICPP; no long-term long technical unknown; high 

tests. background. pressures increase 
probability of massive 
release; secondary 
containment required. 

Adsorption on Development data Reduces vapor pres- Large storage volume; 
Charcoal completed; short-term sures of containers. fire and explosion 

operation. hazard. 

Encapsulation Laboratory studies Reduces vapor Effects ofradiation, 
only partly completed pressures of temperature, and 
containers; provides containers. corrosion need 
primary containment. extensive study; 

process technically 
difficult. 

Engineered Storage Cost and feasibility Protection from High capital cost 
Facility studies continuing; no environment, earth- perhaps high 

field experience. quakes, and gas leaks, operating cost. 
secondary containment 
and recovery of 
leaked gases. 

Deep Sea Disposal Feasibility studies Long storage time; Public opinion; 
limited; field isolated from public; reliability not 100% 
experience on related simple concept. assured. 
chemicals. 

Deep Geologic Feasibility studies Long-term storage. Public opinion; very 
Formation performed. high pressures; 

complicated site 
investigation required. 

Shallow Geologic Field tests performed. Unaffected by Public opinion. 
Formation earthquake; long-term 

reliability; low cost. 
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A CRYOGENIC SYSTEM FOR COLLECTING NOBLE GASES FROM BOILING WATER 
REACTOR OFF-GAS 

G.E.Schmauch 
Air Products and Chemicals, Inc. 
Allentown, Pennsylvania 18105 

Abstract 

Industrial gas processing and cryogenic air separation technology provides an effective and reliable means 
for control and limitation of the environmental release of radioactive no bl~ gases from nucl~ar power reactor~. 
In boiling water reactors, noncondensible gases are expelled from the main conde~se!" This off-gas stream is 
composed largely of radiolytic hydrogen and oxygen, air in-leakage, and traces of fission product krypton and 
xenon. 

In the Air Products'treatment system, the stoichiometric hydrogen and oxygen are react~d to form water in 
a catalytic recombiner. The design of the catalytic recombiner is an exten~ion ?f industrial gas techn?log_y 
developed for purification of argon and helium. The off-gas after the recombiner is processed by cryogenic air
separation technology. The gas is compressed, passed into a r~versing_ h~at ~xchanger where wate~ vapo~ an~ 
carbon dioxide are frozen out, further cooled, and expanded into a distillation column where refrigeration is 
provided by addition of liquid nitrogen. 

More than 99.99% of the krypton and essentially 100% of the xenon entering the colum!'- are accumulated in 
the column bottoms. Every three to six months, the noble-gas concentrate accumulated in the column bottom 
is removed as liquid, vaporized, diluted with steam, mixed with hydrogen in sligh~ excess of oxygen con_te.nt, 
and fed to a small recombiner where all the oxygen reacts to form water. The resulting gas stream, containing 
from 20 to 40% noble gases, is compressed into small storage cylinders for indefinite retention or for decay of 
all fission gases except krypton-85, followed by subsequent release under controlled conditions and favorable 
meteorology. 

This treatment system is based on proven technology that is practiced throughout the industrial gas 
industry. Only the presence of radioactive materials in the process stream and the application in a nuclear 
power plant environment are new. Adaptations to meet these new conditions can be made without sacrificing 
performance, reliability, or safety. 

INTRODUCTION 

In recent months, we have heard a lot of discussion about treating gaseous radioactive waste from nuclear 
power plants. One of the major problems for light water reactor nuclear power stations is the environmental 
release of radioactive gases. In the design and construction of nuclear power stations, the utilities and their 
architects and engineers are confronted with the goal of limiting releases of radioactive gases to an 
"acceptable level" for licensing. When selecting a process and equipment to achieve this objective, special 
emphasis is placed upon the following factors: 

(1) System Performance. The system must perform the required duty effectively and efficiently. 
(2) Reliability. The system must perform continuously for extended periods of time with little or no 

maintenance or operator attention. 
(3) Safety. The system must not present any hazard with respect to the plant personnel nor to the plant 

itself. 
( 4) Cost. The system must meet these criteria with a minimum of capital and operating costs. 

These criteria are applicable to all light water reactors, but this paper considers the problem with respect to 
boiling water reactors (BWR's). 

A typical off-gas stream composition is shown in Table 1 for a nominal 1000 MW e BWR. 
The non-condensable gas from the main condenser consists of a mixture of approximately 150 scfm of 

hydrogen and 75 scfm of oxygen produced by the radiolysis of water within the reactor. The off-gas includes 
from 30 to 60 scfm of ambient air resulting from in-leakage at the condenser. This mixture contains trace 
q~antities of the fissi.on produ~ts ~rypton a!ld x~non from fuel ele_ment leakage, and is generally saturated 
with water vapo~. This stream is highly radioactive as a result of the gaseous fission products and activation 
products formed m the reactor. The problem is to reduce the radioactivity to a level which is compatible with 
the plant environment and ensures licensability. 

A vari~ty of systems have been off~red to solve this problem. These include short delay pipes to allow some 
decay pnor to release, long delay pip~s, and pressurized delay tanks to increase the period of delay, and 
ex~nde~ ~elay. by charcoal beds pnor to release. All of these techniques provide some reduction in 
radi.oactivity pnorto relea.se, but their overall effectiveness is limited either by size or cost. 

Air Products and Chemicals, Inc. (APCI) proposes a more effective and versatile solution to the problem. A 
solution. which woul~ provide activity reduction factors in the range of 10,000 as compared to the more 
conv~nt10n~l factors m the range of 5? to ;500 with respect to the 30-minute decay reference. 

Thi.s sol~ti~m, based upon the application of industrial gas and cryogenic processing technology, is widely 
practic~d m mdustry, and has proven to be highly reliable, safe, and economically competitive in the gas 
processmg market. 
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APcrs GASEOUS RADWASTE TREATMENT SYSTEM 

The APCl's Gaseous Rad waste Treatment System for BWR off-gas consists of two major sections. The first 
is a recombiner section for the removal of the radiolytic hydrogen and oxygen. This section provides a 
significant off-gas volume reduction by a factor of 3 to 6, and also removes the hydrogen explosion hazard. 
The second is a cryogenic section for the removal and collection of fission product gases from the residual off
gas stream after the recombiner, with subsequent release of an essentially radiation free effluent to the 
atmosphere. The removal and collection of the fission product krypton and xenon is accomplished by 
cryogenic distillation, since the residual off-gas after the recombiner, is air contaminated by the fission 
products. 

Examination of the normal boiling points of the components of this residual off-gas stream as shown in 
Table 2 illustrates that cryogenic distillation is an attractive technique for further volume reduction and 
collection of the fission product gases. 

The major components nitrogen, argon, and oxygen are all significantly more volatile than the krypton 
and xenon. This approach utilizes standard air separation technology for the concentration of the gaseous 
fission products, but certain other contaminants must also be considered. Water vapor and carbon dioxide 
must be removed to prevent freeze-up. Methane and ozone must be removed and controlled to eliminate any 
safety problem. These factors are discussed further in the description of the process. 

The overall system is described with the aid of the flowsheet shown in Figure 1. The off-gas from the nuclear 
power plant is expelled from the main condenser steam jet air rejectors, and is mixed with the diluent steam to 
produce a mixture which has a hydrogen concentration of 4% by volume on a wet basis, and is at 280°F with 
about 60°F superheat. This stream enters the catalytic recombiner which uses a pelletized catalyst (noble 
metal on ceramic base) called NIXOX(TM) where 99.99% or better of the hydrogen is reacted with oxygen to 
form water. The water is subsequently removed in the cooler condenser. This radioactive water is returned to 
the plant water system. 

The remaining uncondensed stream consisting of air in-leakage, trace fission gases, and about 200 ppm V 
residual hydrogen is compressed from 14.7 psia to 115 psia in a water-sealed compressor. The compressor 
discharge is cooled in an aftercooler which condenses additional water, and subsequently is passed through a 
short delay line to permit decay of most of the krypton isotopes greater than atomic weight 138, and most of 
the nitrogen-17, nitrogen-16, and oxygen-19. The compressed air stream enters the cryogenic section through 
a series of timed switch valves, which control the flow to a reversing heat exchanger. At approximately 10 
minute intervals, the flow passages for the warming (low-pressure) side, and cooling (high-pressure) side, are 
interchanged. The water and carbon dioxide, which is frozen out of the high-pressure stream, is evaporated 
from the exchanger surface into the outgoing low-pressure off gas stream, and, hence, to the atmosphere. 
Since the high-pressure passages will be filled with compressed air containing radioactive noble gases, the 
passages are first purged back to the compressor suction before venting the passages to the atmosphere. By 
careful selection of design flows, pressures, and temperatures, this scheme, which is common to most modern 
tonnage air plants, provides quantitative removal of water and carbon dioxide without allowing noble gases 
to escape to the atmosphere. The process stream, which is cooled in the freeze-out heat exchanger to about -
275°F, is further cooled and expanded into the distillation column. The boil-up from the column reboiler is 
provided by using warm nitrogen and radiolytic heat. Reflux in the column can be provided by either the direct 
or indirect addition of liquid nitrogen. More than 99.99% of the krypton, and essentially 100% of the xenon, 
entering the column is accumulated in the column bottoms. 

Light hydrocarbons, primarily methane, are present in the air in concentrations comparable to the noble 
gases. These hydrocarbons accumulate in the column bottoms at a rate comparable to the noble gases; and 
after prolonged operation, there could be sufficient quantities to be hazardous in the presence of liquid oxygen. 
However, the buildup of hydrocarbons is readily prevented by the continuous withdrawal of a small stream 
from the column bottom liquid, passage through a hydrocarbon oxidation chamber, and recycle to the suction 
of the feed compressor. This continuous hydrocarbon removal system has the additional capability of thermal 
decomposition of any ozone which might be formed by irradiation of the liquid oxygen. 

As noble gases are accumulated in the column bottom, the krypton-xenon enriched liquid oxygen is 
periodically removed and further concentrated on a batch basis by removing the oxygen. At 1 % fuel-leakage 
and 40 scfm air in leakage, periodically means about 4 times a year. This infrequent batch operation for 
secondary concentration of the fission gases is accomplished in about 24 hours. The liquid withdrawal from 
the column bottom for hydrocarbon and ozone control is shunted to the secondary concentrator at about 2 
scfm. This small flow is diluted with steam, mixed with hydrogen in slight excess of oxygen content, and 
passed through a small recombiner to effect oxygen removal. Hydrogen requirements range from 3 to 4 scfm 
over a 24-hour period for each batch transfer. This is insignificant compared to the continuous hydrogen 
addition concept. The diluent steam is removed in a condenser, and the residual gas is compressed to 500 psia 
and stored in cylinders. The composition of the stored gas is approximately 20% krypton and xenon, 5% 
hydrogen, 37% nitrogen and 38% argon. The stored gas can be held indefinitely or held until all fission gases 
except B5Kr are decayed: and subsequently released under controlled conditions and favorable meteorology. 
One major advantage of this system is its versatility. For example, the residual gas from the secondary 
concentrator can be further concentrated in a small cryogenic adsorber to yield a product which is 70 to 80% 
noble gases if storage volume is at a premium. 
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A major criticism of the cryogenic collection system is the accumulation. of.large quantities. of radi?active 
gases In our opinion both the quantity of collected gases, and the radiation levels associated with the 
collected gas, are reas~nable and manageable. For example, at 40 scfm airin-leakage and a 100 mCi/s ~ctivity 
release level referenced to 30 minutes delay, the total quantity of krypton and xenon collectec_l per yearis about 
25 standard cubic feet. At 20% purity, the total volume of stored gas is about 125 standard cubic feet per year. If 
stored at 500 psia, about 3 or 4 standard gas cylinders per year ar.e required_. . . . . . . 

The data in Table 3 are presented to illustrate the accumulat10n of rad10activity m the d1stillat10n colµmn 
sump during operation of the system and the subsequent decay after transfer to storage. The~e data a~e based 
upon a design level feed gas activity of 100 mCi/s after 30 minutes, and show the maximum b'!lildup of 
radioactivity in the sump during operation. Time intervals of 7, 14, 30, 90, and 180 dars are used to. illustrate 
the buildup. This table also shows the activity accumulation in the sump after contmuous operation at the 
design level for these time periods. The data are shown graphically in Figure 2. 

The inventory builds up rapidly during the first seven days, but soon levels off to a near steady-state level 
after 30 days. At this point, the accumulation rate is almost completely off-set by the decay rate except for 
theBsKr. The maximum accumulation in the sump for the design conditions reachs a steady-state level slightly 
in excess of8,000 curies. This level increases by about 50 curies per month due to the continuous accumulation 
of85Kr. 

Table 3 also contains data to illustrate the decay of the accumulated radioactive material after shutdown or 
transfer to storage. Data are presented for operation during periods of 90 days and 180 days prior to transfer. 
These data are also shown graphically in Figure 2. After shutdown or transfer, the accumulation rate becomes 
zero, and decay occurs rapidly. Within 7 days, the inventory has decayed to about 113 the original inventory. 
Within 90 days, the only undecayed activity is due to 85Kr. After operation for 90 days, the 85Kr residual is 152 
curies,; while after 180 days, the 85Kr residual is about 302 curies. 

These data show that the annual accumulation of 85Kr for the design conditions is about 600 curies. Since 
85Kris the only gaseous fission product that is accumulated over the long term, the increase in inventory over 
and above the steady-state level of 8,000 curies is about 600 curies per year. Therefore, the inventory difference 
between a delay system and a collection system is only 600 curies per year. Both types of system will contain 
up to 8,000 curies as inventory during normal operation. 

The system provides the added benefit that it can be operated as a delay system or as a collection and 
storage system. The collected radioactive gases can be stored indefinitely with no significant long-term 
accumulation of activity (600 curies per year of BSKr), or it can be released at a controlled rate when 
meteorological conditions are appropriate. Even when operated as a delay system, this APCI system allows 
the operator to select the period of delay. For example, when release rates are below design levels, the delay 
period can be short, but when release rates approach the design level, added delay may be desirable. Most 
competitive systems do not provide this flexibility. This versatility also provides insurance for the future 
when more stringent restrictions on release levels may be imposed. 

SUMMARY 

The APCI Gaseous Radwaste Treatment System does not incur the accumulation of higher levels of 
radioactive gases when operated as a delay system then do competitive systems. When operated without 
release of85Kr, this APCI system accumulates, at the design condition, a maximum of 600 curies per year of 
85Kr- over and above the steady-state inventory of8,000 curies required of all delay systems. 

The performance of this cryogenic system can be summarized as follows: 
(1) Activity Reduction Factor of 10,000. This is based upon a plant release rate of 100 mCi/ s after thirty 

minutes delay to yield a total release oflO µCi/ s. 
(2) Automatic and Safe Operation. 
(3) High reliability is achieved by using some redundancy on mechanical equipment. 
( 4) Low Operating Costs. This is possible because liquid nitrogen costs are less than $1 000 per month and 

compressorpowerrequirementsareabout40kW. ' ' 
This APCI system design is based upon many years of industrial operating experience in such fields as 

hydrog~n-oxygen recombination units for high-pui:i~Y argon and helium production, on-site industrial gas 
generation pla~ts,_portable oxygen generators form1htary use, and shipboard oxygen generators for the U.S. 
Navy. T~e ~es1~ is supported ?Y research and development programs which provided phase equilibria data 
fo~ th~ d1stillat10n colu~n ~es1gn, krypton-xenon solubility data, catalyst performance data, and catalyst 
P?Isomng data. The design is also supported by laboratory demonstrations ofrecombiner performance using 
diluent steam, and hydrocarbon and ozone control systems. 

In.conclu~ion, thi~ off-gas treatment system is based upon proven technology that is practiced throughout 
the ~nd~stn.al gas mdustry. Only the presence of radioactive materials in the process stream and the 
apphcat10n ma nuclear power plant environment are new. Adaptations to meet these new conditions can be 
made without sacrificing performance, reliability, or safety. 
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TABLE 1. Typical Off-Gas Stream (1,000 MWe BWR). 

150 scfm Hydrogen 
75 scfm Oxygen 
30 to 60 scfm Air 
Fission Product Krypton and Xenon 
Water Vapor 

-Water Radiolysis 
-Water Radiolysis 
-Condenser Leakage 
-Fuel Element Leakage 
-Reactor Steam 

TABLE 2. Physical Properties. 

Component 

Hydrogen 
Neon 
Nitrogen 
Argon 
Oxygen 
Methane 
Krypton 
Ozone 
Xenon 
Carbon Dioxide 
Water 
*Sublimation Point 

Normal Boiling Point, °F 

-423 
-411 
-320 
-302 
-297 
-258 
-244 
-169 
-163 
-109* 
212 

TABLE 3. Sump Inventory Accumulation During Operation. 

Time of Operation, Days 

0 
7 

14 
30 
90 

180 

Activity in Sump, Curies 

0 
5,410 
6,871 
7,815 
8,071 
8,223 

Inventory Decay After Shutdown or Transfer to Storage 
(After 90 Days Operation) 

Time After Transfer, Days 

0 
7 

14 
30 
90 

180 

Activity in Storage, Curies 

8,071 
2,672 
1,224 

307 
152 
150 

(After 180 Days Operation) 

Time After Transfer, Days 

0 
7 

14 
30 
90 

180 
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Activity in Storage, Curies 

8,223 
2,825 
2,376 

458 
302 
297 
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A CRYOGENIC APPROACH TO FUEL REPROCESSING GASEOUS RADIOACTIVE WASTE 
TREATMENT 

J. S. Davis andJ. R. Martin 
Union Carbide Corporation 

Linde Division 
Tonawanda, New York 

Abstract 

The coupling of industrial gas processing and cryogenic technology yields an approach for the efficient and 
reliable recovery of the radioactive fission product noble gases (especially 85Kr) from the off-gas of L WR and 
LMFBR fuel reprocessing plants. The fundamental processing step that is employed to s~parate the noble 
gases is the cryogenic or low-temperature liquefaction and distillation of the off-gas. The residual ffaS after the 
removal of the noble gases is rejected to the atmosphere through the plant stack as a decontaminated waste 
stream. System krypton recovery factors of greater than 99.9% can be achieved while minimizing the required 
krypton storage. All elements of the process design utilize proven technology which has been commercially 
demonstrated. 

INTRODUCTION 

Today, the United States and the world stands on the verge of an era of increasing industrial growth and 
energy consumption. To meet these new demands, it is expected that a phenomenal growth of the utilization of 
nuclear power will occur in the next decades. Coupled with this growth will be the continued expansion of 
ancillary services such as fuel reprocessing facilities. 

The purpose of this paper is to describe a cryogenic approach for the efficient and reliable recovery of the 
radioactive fission product noble gases (especially 85Kr) from the off-gas of LWR and LMFBR fuel 
reprocessing plants. The particular off-gas treatment system discussed in this paper is adapted for fuel 
reprocessing facilities utilizing a nitric acid dissolution process. This system can be easily designed to handle 
similar applications such as the hydrofluoric acid dissolution of zirconium fuels by minor modifications to the 
preliminary contaminant removal steps. 

Current experience in the utilization of a cryogenic system for this particular application area has until now 
been limited to operations at the Idaho Chemical Processing Plant (Bendixsen, etal., 1969 and 1971). A 
cryogenic system has been in use at this facility for the primary purpose ofremoving a portion of the krypton 
and xenon for isotopic utilization. The system was not designed to operate continuously or function as a high
efficiency recovery unit. Modernization is currently being contemplated for this unit to assure continuous, 
reliable, and efficient operation. 

This paper is intended to clarify misunderstandings which apparently exist on the status of krypton 
removal systems. 

OFF-GAS CONSTITUENTS 

Of primary importance to a discussion of gaseous radioactive waste systems is the identification of all 
constituents in the influent off-gas stream. These off-gases contain significant quantities of the oxides of 
nitrogen formed from the nitric acid dissolution process. As illustrated in Table 1, the oxides of nitrogen, 
fission product gases, and an air stream comprise the off-gas from the reprocessing plant. Air flow rates (10-75 
scfm) and compositions were examined in the design for typical fuel reprocessing plants as represented by the 
Midwest Recovery Facility (USAEC, 1972 and Martin, 1971). 

The fundamental processing step that is employed to separate the noble gases is the cryogenic liquefaction 
and distillation of the off-gas. The manner in which any off-gas constituent hampers or in any way reduces 
this objective must be recognized and handled in the system design. 

DESIGN CRITERIA 

The fundamenta~ criteria for the design of the off-gas treatment facility is the safe, reliable, and efficient 
recov~ry of~he fi~s10n product n?b~e ~as~s. Design considerations must include a fail-safe approach to the 
handlmg ofmtenm haz~rds, a mm1m1zation of operator required interaction, and a feasible system for long
term krypton storage. With due regard for a safe and reliable operational system, the design presented utilizes 
the concept of c?mplet~ oxygen rem~val from the off-gas prior to cryogenic processing. Thus, several potential 
problems associated with the operat10n of the cryogenic equipment are eliminated; these include: 

(1) Nitrogen Dioxide Formation. 
a. Radiolysis of Nitrogen-Oxygen Mixtures. 
b. Trace Reaction of Nitric Oxide With Either Oxygen or Ozone 

(2) Ozone Formation. · 
a. Cryogenic Radiolysis of Oxygen Mixtures. 

(3) Processing of Hydrocarbon-Oxygen Mixtures. 
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Of major importance in delineating the design criteria is the requirement that the potential presence of 
nitrogen dioxide (N02) be eliminated in the low-temperature processing equipment. Nitrogen dioxide exhibits 
a high freezing point temperature. In the off-gas treatment system, precautions must be included to maintain 
N02, xenon, an? other contaminants below their solubility limits in the various cryogenic fluid mixtures to 
prevent solids formation. Solid oxides of nitrogen have been a contributing factor to destructive explosions in 
industrial air separation plants. In addition to this aspect, the solid nitrogen dioxide represents a fouling 
problem in all cryogenic equipment. 

Nitric oxide exhibits a high reactivity with either oxygen or ozone to form nitrogen dioxide. Thus, it is 
virtually impossible to prevent this conversion from occurring in the presence of these oxides. Therefore, the 
removal of nitric oxide to the parts per million range is unacceptable if this trace quantity exists in 
conjunction with significant quantities of oxygen. 

An additional consideration in the elimination of the oxides of nitrogen in the cryogenic equipment is their 
potential formation from the radiolysis of nitrogen-oxygen mixtures. 

During normal operating conditions with an oxygen-rich environment, these products would be formed by 
the radiolysis of the liquid oxygen-nitrogen mixtures residing on the distillation trays near the feed point. The 
reaction occurs mainly in the cryogenic foam with a negligible contribution due to the gas phase formation in 
the intertray space. Although the nitrogen dioxide formation rate is much less than that of ozone, it is 
important due to the extremely low solubilities exhibited by the oxides of nitrogen in the various cryogenic 
fluid mixtures. 

The removal of oxygen also eliminates the danger inherent in cryogenic processing of a stream that 
contains large quantities of hydrocarbons. Although the hydrocarbons are catalytically converted to carbon 
dioxide, there is still a significant portion of the methane that is unconverted in the effluent from the 
hydrocarbon conversion. This methane presents no potential explosion problems in a cryogenic system in the 
absence of oxygen. 

Catalytic oxidation of the hydrocarbons is employed with the design concept of complete oxygen removal as 
a secondary safety design factor, and to aid in the minimization of krypton storage requirements. Methane 
has the characteristic nature of krypton in terms of its volatility or separation capability by distillation. If 
unremoved, the methane tends to accumulate with the krypton fraction and acts as a diluent in the krypton 
product. 

In the system design, the formation of ozone by the irradiation of oxygen must be considered. At cryogenic 
temperatures, thermal decomposition of ozone is negligible. Though in theory the ozone could be controlled 
below generally accepted safe concentrations by recycle, several incidents of apparent ozone explosions in 
cryogenic equipment under a radiation field have been reported in the literature. Due to the high reactivity of 
ozone, and the general lack of a complete understanding of its interactions with other molecules, it cannot be 
claimed that an off-gas system with an oxygen-rich environment is completely free from any explosion 
hazards. 

Ozone is similar to xenon in terms of its volatility or separation capability by distillation. Where 
commercial utilization of the xenon is contemplated, ozone from an oxygen-rich processing environment 
would be concentrated with the xenon product and would represent a significant oxygen impurity at ambient 
conditions. 

A second consideration in the radioactive waste system design is the elimination of the presence of high 
freezing point constituents in the cryogenic equipment. Coupled with this requirement is the necessity for 
proper system design to eliminate those potential operational modes in which certain constituent mixtures 
exhibit limited solubility behavior. Several components, notably water and carbon dioxide, exhibit freezing 
points at substantially higher temperatures than those encountered in the cryogenic equipment. These 
components are prevented from entering the cryogenic equipment to eliminate potential solids formation with 
subsequent blockage of the equipment. Methods that have been extensively employed in the industrial air 
separation industry are available forthe pretreatment and removal of these contaminants. 

In the second separation column of the off-gas treatment system, a krypton-rich product and a high-purity 
xenon fraction are produced. Below 25 psia, saturated liquid krypton-xenon mixtures form a solid third phase 
over a portion of the xenon concentration range. For this particular design, as illustrated in Figure 1, the 
operation of this column at a pressure exceeding 50 psia eliminates any problem associated with a freezeup. 
This approach is based upon the strong pressure functionality of the liquid-vapor thermodynamic equilibrium 
relationships as compared with the extreme insensitivity of the mixture freezing point to this parameter. 
Consideration must be given in the system design to eliminate this and other solubility problems due either to 
the presence of trace contaminants or the effects of operational conditions on thermodynamic equilibrium. 

The third major processing objective is the assurance that the unit design incorporates all steps necessary 
to achieve krypton recovery factors of greater than 99.9% while minimizing the required krypton storage. The 
design approach must provide for safe, and reliable system performance under any foreseeable modes of 
operation. Inherent to this concept, the off-gas system must be designed to minimize or eliminate any 
potential for the environmental release of the system's radioactive inventory during a component outage or 
the loss of a support system. 

The design philosophy is for the continuous, automatic, and unattended operation of the equipment under 
the supervision of an operator in the main control room. Alarms are provided to both alarm and indicate the 
source of the problem. Instrumentation and valving are selected for fail-safe operation. Reliability is a major 
consideration in the functional specfication of equipment, and redundancy is employed where necessary to 
assure continuous service. The safety of the system is enhanced by utilizing proven technology previously 
demonstrated on a commercial scale. 
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Dependent upon the fissile fuel employed, typical fission yield ratios of x~non to krypto8~ va17 between te~ 
and twenty on a volume basis. Therefore, due to the long-term storage requirements for a Kr nch P.roduct, it 
was deemed necessary to separate the krypton and xenon to reduce the ultimate storage volume requirements. 
All fission product xenon isotopes have half-lives so short (12 days ma.x.) .that n? detectable xeno.n 
radioactivity will exist one year after the fuel is removed from the reactor. This h1gh-punty xenon product ts 
thus available for commercial utilization. . . . . 

The proper application ofradiation technology.sh:"-res an e.qual r?le with ?ryogemc t~chnology m the des1pi 
of a safe, reliable off-gas treatment system. Radiat10n cons1derat10ns ar~ important m the areas of m8:tei;tal 
selection and stability, dose rate calculations to determine access a~d m:"-mtenance _problem areas? radiation 
chemistry effects in terms of contaminant formation rates, and fiss10n yield calculations to determme the off
gas system's influent concentrations ofradioactive and non-radioactive fission product gases. 

PROCESS DESCRIPTION 

The process incorporates complete oxygen removal from the off-gas of the fuel reprocessing facility. The 
hazards associated with concentrating radioactive xenon and krypton in the presence of oxygen (e. g., ozone 
and the higher oxides of nitrogen) are eliminated. At the start of the process, the feed gas and a krypton-rich 
recycle stream from the product column are com~ined prior t~ entranc:e in~o.a dual sta~e catalytic system. 
Recycling of the krypton-rich stream serves the primary funct10n ofmamtammg the desired krypton product 
purity at a minimum of75%. This stream is taken from the overhead of the second column to remove methane 
and nitric oxide from the krypton product. Thus, residual contaminant traces from the catalytic equipment are 
controlled at safe concentration levels in the cryogenic distillation system. 

Following preheating, the feed gas enters the first stage of the catalytic equipment where the hydrocarbons 
are oxidized (95% efficiency) to carbon dioxide and water. 

The effluent from the hydrocarbon conversion unit next passes through a catalytic recombiner where the 
oxygen is converted to water. Prior to entering the recombiner, a recycle stream around the catalytic unit is 
added to the process stream to dilute the oxygen concentration in therecombiner inlet stream. The temperature 
rise in the recombiner is a combined function of the influent preheating, oxygen concentration, and known 
heats of reaction. The influent reheating is accomplished by countercurrent heat exchange of the recycle 
stream with the catalytic unit hot effluent. The amount of preheat is controlled by the fraction of the catalytic 
unit effluent stream bypassing the preheater. Control of the outlet temperature is the means of minimizing the 
undesirable side reaction involving the methanation of small quantities of carbon dioxide to methane. 

Hydrogen, in excess of the stoichometric requirements, is added to the combined process-recycle before 
entrance into the catalytic recombiner. Two methods of hydrogen generation have been evaluated for 
utilization with this system. These consist of hydrogen generation by either the electrolysis of water or the 
thermal dissociation of ammonia. Final determination of the method for hydrogen generation is a function of 
the system's operational requirements in relation to a cost evaluation. The generator operates automatically 
and is designed to control hydrogen production in accordance with consumption. 

In the recombiner, the oxides of nitrogen are reduced by hydrogen to yield gaseous nitrogen and water, 
while the oxygen is eliminated from the process stream by the chemical reaction with hydrogen to form water. 
The effluent stream contains 150-200 ppm of nitric oxide and less than 0.1 ppm of oxygen. The heat of reaction 
and product water are removed in an aftercooler condenser. A small quantity of steam ejection is utilized to 
provide the motive power for recycling around the catalytic unit. 

The off-gas from the recombiner is essentially deoxidized air saturated with water; containing 2-4% residual 
H2 with the fission products xenon and krypton. After compression, carbon dioxide and water are removed 
from the off-gas prior to cryogenic processing. To minimize potential fission product losses and provide 
maximum reliability, either an adsorption (prepurifier) or a caustic wash-dryer unit may be utilized. The 
para~ount importance .of assuring the n;iinimization of potential system losses during this processing step 
due either to co-adsoprt10n effects or equipment malfunction warrants a fuller discussion of the alternative 
methods of carbon dioxide-water removal in a later section. 

From this prepurification process, the off-gas enters the primary heat exchanger of the cold box and is 
coo~ed to withi:r:i ~everal degz:ee~ of_its saturation temperature. The gas enters the cryogenic separation 
equipmen~ cons1st~ng of two d1sbllat10n columns. In the first column, the feed vapor joins the vapor from the 
lower sect10n o~ this column and has all traces of krypton, xenon, methane, nitric oxide, oxygen, and other 
gases less _volatile than argon removed from the vapor by a liquid nitrogen flow downward in the column. This 
deco~tammated vapor stream passes from the top of the column and is later utilized in a heat exchange 
funct10n temperature by countercurrent heat exchange with the influent feed stream in the primary heat 
exchan~er_. Liquid nitrogen addition is utilized as a refrigeration source for both columns. 
. The hqmd levels at the bottom of the recovery and product columns are controlled by the electrical energy 
mp~t to. the heaters. The heaters also function to provide the boil-up requirments in the column. A fixed L/V is 
Tamtam~~ 8:t t~e top of the recovery colun;in by measuring the feed to the column and the reflux through a 
flow cup. L1qu1d from the bottom of the pnmary recovery column containing mainly xenon and krypton is 

continuously withdrawn for processing in the product column. ' ' 
~e second distilla~ion .column separates a high-purity xenon product from the krypton fraction. The high

punty xenon product is with~rawn on a sch~duled basis. The vapors overhead pass from the top of the column 
and are heat exch8:nged agamst the cold mtrogen gas. A fixed L/V is maintained at the top of the product 
column by measunng the reflux flowing through a "flow cup" and controllin!l the temperature of the cold 
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nitrogen gas entering the heat exchanger. The krypton-rich vapor, which consists of the krypton recycle and 
product streams, is warmed to ambient temperature. The recycle krypton stream is exhausted into the feed gas 
prior to the hydrocarbon catalytic conversion unit preheater. The krypton product stream (containing 75% 
krypton) is periodically withdrawn and is available at 50 psig for further compression into shielded storage 
cylinders. Separately, the krypton and xenon are compressed for ultimate storage. Due to the short-life nature 
of the xenon radioactivity, disposal through commercial sale is feasible. 

ALTERNATIVEMETHODSOFC02-WATERREMOVAL 

The carbon dioxide-water removal procedure could represent a potentially significant area of process losses 
under normal operating conditions. Of the various processes currently employed in cryogenic applications, 
two approaches were evaluated as satisfactory for this application. As illustrated in Figure 3, the first 
approach embodies the concept of the adsorption of these contaminants by molecular sieves. Feed gas after 
compression is introduced into the prepurifier for carbon dioxide and water removal. A prepurifier back purge 
is required to recycle any xenon and krypton co-adsorbed in the prepurifier during the C02 and water 
adsorption. This assures the complete absence of any loss of the noble gases with water and carbon dioxide 
during the regeneration step. 

The portion of the decontaminated off-gas from the cryogenic unit that is not utilized as a prepurifier purge 
recycle is used to regenerate the adsorption beds in the prepurifier. The gas is heated to strip the C02 and 
water off the molecular sieve adsorbent. The off-gas is then vented to the atmosphere. To virtually eliminate 
the possibility of feed gas "short-circuiting" the adsorption system to the atmosphere, the prepurifier 
controller is designed to positively sequence the valves and prevent the opening of the wrong valves through 
various system interlockings. In addition, major modes of operation are checked and alarmed to prevent 
improper operation of the prepurifier. 

The caustic wash-dryer system, the second approach, represents a major step in the absolute minimization 
of fission product losses in an off-gas system. Prior to compression, the carbon dioxide in the feed gas is 
removed by the aqueous, caustic-solution scrubbing in the packed tower through the process of absorption and 
irreversible chemical reaction. A liquid recycle pump is utilized to maintain the proper liquid to vapor flow 
ratio in the packed tower. After compression, the effluent from the caustic wash tower enters the two-bed dryer 
unit.Water and residual carbon dioxide are adsorbed on the molecular sieve of the dryer bed. This application 
utilizes a portion of the dryer effluent gas for regeneration of the unit. The dryer recycle function is to provide a 
closed-loop circuit for regeneration of the adsorption beds while recycling any of the co-adsorbed fission gases. 
At no time, during the regeneration cycle, is any of the regeneration gas vented to the atmosphere. Water 
rejected from the dryer during the regeneration step is ultimately removed in the compressor's water 
separator, while the residual carbon dioxide is rejected in the caustic wash system. 

LONG-TERM STORAGE 

Due to the long life nature of the krypton-85 isotope, it is important that the radioactive waste system design 
incorporate a feasible solution for the problems associated with the handling and storage of the concentrated 
krypton product. The off-gas system design is not dependent upon the adaptation of a particular method of 
krypton product storage and disposal. Consideration must be given in the implementation of product storage 
design to the ease of handling and transportation, long-term storage integrity, storage volume minimization, 
and the elimination of potential sources of environmental releases. Table 2 illustrates typical influent noble 
gas conditions for the radioactive waste system. 

Due to the extensive commercial experience for high-pressure gas storage, it has been adopted for the 
product storage system. The approach involves the utilization of non-vented gas cylinders, designed with a 
complete sealing procedure after their initial filling. This is coupled with the separation in the cryogenic 
distillation equipment of the krypton and xenon to reduce the ultimate krypton storage volume. The process is 
capable of krypton product purities in excess of75%. Typical storage requirements are presented in Table 3. 

The system is designed for the automatic bottling of the krypton product. The product cylinders require orlly 
air cooling through convective and radioactive heat transfer mechanisms. The storage pressure is reduced 
significantly from the design pressure to enhance its safety characteristics - especially with respect to 
accidents involving incendiaries. It is envisioned that the cylinders would be shipped in a light cask, 
providing transportation protection and personnel shielding functions. The xenon product is compressed into 
commercial gas cylinders and held for a short delay period prior to commercial utilization. 

Commercial gas cylinder shipments number in the millions annually. It is common industrial practice to 
ship toxic gases such as phosgene in similar non-venting (absence of pressure relief device) cylinders. The 
bulk of commercial cylinder rejections are due to the detection of fabrication flaws or field induced defects by 
non-destructive testing procedures. Therefore, through the application of proven fabrication procedures, 
proper material selection and design, the utilization of high-pressure gas storage provides a viable answer to 
the krypton radioactive waste storage problems. 

EQUIPMENT DESCRIPTION 

To enhance overall system reliability and safety, all elements of the process design utilize proven 
technology which has been commercally demonstrated. Similar applications for the catalytic equipment exist 
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industry-wide - especially in nitric acid tail gas treatment. The contaminant pretreatment and cryogenic 
processing steps are representative of industrial gas processing technology. 

The major items of equipment supplied to accomplish the operations of catalyzed c~emical reaction, 
compression, adsorption, and cryogenic distillation can be packaged very compactly as illustrated by the 
preliminary arrangement diagram shown in F\gure 5. 

The equipment is provided skid-mounted with the exception of the free-standing cold box, liquid nitrogen 
tank, hydrogen generation system, and a control panel to allow for unattended operation. 

The cold box equipment contains the cryogenic distillation equipment and the necessary heat exchangers to 
cool the feed to cryogenic operating temperatures. The liquid nitrogen from the storage tank is directly added 
into the cold box to supply sufficient refrigeration to both cook the feed and provide the motive force for the 
distillation step. The xenon and krypton are not only separated from the off-gas in the cold box, but are also 
separated from each other by a distillation step within the cold box. This latter step thus allows the xenon and 
krypton to be ultimately disposed of in a separate fashion. 

The cold box pressure casing is designed to hold the equivalent of the distillation system's liquid inventory 
at ambient temperature. This pressure casing ensures that no portion of the radioactive inventory is released 
to the environment in the event of an internal equipment failure. 

SYSTEM MODIFICATIONS 

The off-gas treatment system can be designed to handle similar applications such as the hydrofluoric acid 
dissolution of zirconium fuels by minor modifications to the preliminary contaminant removal steps. 
Currently, a few reprocessing facilities operate at air in-leakage rates much higher than those examined in 
this paper. The adaptation of a cryogenic radioactive waste system to these situations must include a 
complete evaluation of the effects of possible system modications as compared to front-end reprocessing 
equipment modification in terms of the overall system economics, while retaining the design criteria 
guidelines. 

SUMMARY OF PERFORMANCE 

The following presents the performan.~e highlights fo,- the off-gas treatment system: 

!l) Design Conditions. 

:J 'l'PD Reprocessing 
Capacity 

Air 
Leakage( a) 

(scfm) 
60 

H2 
Addition 

(scfm) 
28 

<2) Utility Requirements (5 Metric tpd Capacity). 

Electrical(d) 
Steam 
Cooling Water 
J .iquid Nitrogen Requirements 

250-310 kW 
150-250 lb/hr 

90 gpm 
500-800 gpd 

(a) All flows on a dry basis at 60°F, 14.696 psia. 
(b) LN 2 requirements include: 

...!..:.. Column wash requirements(l06+ krypton D.F.). 
L Cold box heat leak. 

(c) Product storage requirements at 655 psig, 200°F. 
(d) Includes electrolytic H2 generation unit. 

Liquid 
Nitrogen(b) 
Usage (gpd) 

500-800 

FREON ABSORPTION SYSTEM 

Product 
Storage 

Requirements (acf)(c) 
150 

Recent literature has ir:dicated an increased interest in the possible utilization of the Freon Absorption 
~ystem f~r fuel reproces~mg. of~-ga~ treatment. Therefore, a brief review highlighting a comparison of the 
system with the cryogenic d1stillat10n system for this application is presented in Table 4. 
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TABLE 1. Influent Off-Gas Constituents 

Normal Boiling Point Freezing Point 

Air 
Nitrogen -320.4°F -346.0°F 
Argon -302.6 -308.9 
Oxygen -297.3 -361.8 
Methane -258.7 -296.4 
Carbon Dioxide 69.9 
Water 212.0 32.0 

Oxides of Nitrogen 
Nitrous Oxide -127.2 -131.6 
Nitric Oxide -241.0 -263.6 
Nitrogen Dioxide 70.1 11.7 

Noble Gases 
Krypton -244.0 -250.9 
Xenon -162.6 -169.1 

TABLE 2a. Influent Noble Gases 
(5 t/d Facility) 

Total Flow Radiation Level Half-
(scfd) ( µCi/s) Life 

Krypton ............... 14.5 
R~Kr 400,000 10.73 yr. 

Xenon ................. 144 
1:1:1xe 100 5.29 days 
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Isotope 

124 
126 
128 
129 
130 
131 
132 
134 
136 

TABLE 2b. Isotopic Composition (Rohrman, 1971). 

Xenon Krypton 

Fission Fission 
Natural Product Natural Product 
atmo/o atmo/o (approx.) Isotope atmo/o atmo/o(approx.) 

0.096 78 0.354 
0.090 80 2.27 
1.92 82 11.56 0.2 

26.44 0.15 83 11.55 11 
4.08 84 56.90 31 

21.18 8 85 6 
26.89 22 86 17.37 52 
10.44 29 
8.87 41 

TABLE 3. Annual Storage Requirements. 

Plant Capacity -

1 Ton/Day -

5 Ton/Day 

Specialty Gas Cylinder 
(24" D x 94" H) 
(Design P = 1800 psig) 

<2 Cylinders 
(Storage P = 655 psig) 

8 Cylinders 
(Storage P = 655 psig) 

TABLE 4. Comparison Highlights. 

(1) Freon Adsorption System cannot provide for the fractionation of the krypton from xenon, thus, the low 
krypton product purity (3-6%). 

(2) To provide refrigeration requirements, the utilization of a mechanical system with reciprocating 
machinery is necessitated in the Freon system. 

(3) The adsorption system has higher operating pressure (300-500 psia). 

(4) Even with the addition of peripheral solvent recovery steps, solvent makeup remains a major utility 
requirement. 
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EFFECTSOFCONTROLTECHNOLOGYONTHEPROJECTED 
KRYPTON-85 ENVIRONMENTAL INVENTORY 

E. E. Oscarson 
Office of Radiation Programs 

U.S. Environmental Protection Agency 
Washington, D. C. 20460 

Abstract 

Grou·th projections for the USA nuclear power industry may be used ~o make projections of futu~e 
radioacti1•1• matl'rial inventories available for potential release to the environment. Smee krypton-85 is 
producrd in reactors, the potential routes of release to the environment are at the reactors or the fuel 
reprorrssinR plants. . . 

The prcsen t Rcneration of reactors and fuel reprocessing plants do not use any systems to limit the release of 
krypton-86 into the biosphere. Clean-up systems are currently being designed and could be introduced when 
necessary. The rumulative inventory of krypton-85 in the environment is dependent upon the time of 
introduction oft hese clean-up systems and their efficiencies, in addition to the total quantity produced. 

Annual and cumulative inventories of krypton-85 are projected to increase dramatically over the next 50 
years. If controls are assumed to be initiated at various years, a series of graphs of different cumulative 
enuironmrntal inventories and the associated doses and health effects are drawn. Varying the year of 
introduction and the efficiency of these systems allows one to speculate as to the optimum time for control 
implrmentation. 

INTRODUCTION 

Population growth and increased per capita energy consumption are expected to continue into the 
foreseeable future. The combination of these factors leads to projections of energy needs which influence 
utility decisions on the construction of new electric generating capacity. 

With continued depletion of fossil fuel resources, and more stringent restrictions on air pollution produced 
from fossil fuel combustion, the utility industry is expected to increase their commitment to nuclear generated 
electric power. This projected proliferation of nuclear power implies significantly greater quantities ofreactor 
produced radioactive waste products. One of the consequences of this rapidly expanding waste inventory, is 
the potential for long-term environmental buildup of certain radionuclides. Under normal operating 
conditions, a nuclear reactor presents very little potential for significant releases of radioactive material; 
however, when spent reactor fuel is reprocessed, the release probability increases. 

Up to the present time, both commercial and government fuel reprocessing facilities have not attempted to 
prevent the release of noble gases, and have, in most cases, tried to release them as quickly as possible to 
reduce the in-plant exposure. Of the noble gases, only krypton-85, with a 10. 7-year half-life, is considered an 
important long-term environmental contaminant. 

Recent concern over long-term buildup of krypton-85 in the biosphere has prompted companies committed 
to commercial fuel reprocessing to examine potential noble gas removal systems (NEDO 14504-2, 1971). The 
removal efficiencies, costs, and feasibility of various processes are currently being investigated by potential 
vendors of such equipment. Data developed by these suppliers will help to determine the optimum time for the 
introduction of control measures. 

This paper explores nuclear power projections, the introduction of:krypton removal systems, and how they 
relate to the release to the atmosphere through the year 2020. Also considered are the doses and health effects 
to the world's population from the uncontrolled release of krypton. 

NUCLEAR POWER CAPACITY PROJECTIONS 

Projections of electrical power demand have traditionally been a controversial subject. Since energy 
consumption depends on population and per capita consumption, variations in one or both of these factors 
can significantly affect long-term power requirements. 

The Federal Power Commission (FPC) annually compiles the current U. S. installed electrical capacity, 
and, considering previous years capacities, predicts future power demands. The U. S. Atomic Energy 
Commission (AEC) and their contractors have often related the growth of nuclear power to these FPC 
projections. One study, published in 1970 by Oak Ridge National Laboratory on the siting of fuel reprocessing 
plant.s (ORNL-4451, 1970)~ contains nuclear ~ower capacity projections by FPC regions up to the year 2020. 
Also mcluded are the pro1ected spent fuel discharges, from which krypton-85 releases can be calculated. 
Another source of nuclear power projections comes from the Forecasting Branch of the AEC (WASH-1139, 
1~72). Their forecasts give a ran~e of installed capacity which includes high, low, and most likely estimates. 
Figure 1 compares these two particular forecasts, as well as one compiled by the Office of Radiation Programs 
of the EPA (EPA-S2019-73-003D, 1973). Of these three estimates the EPA forecast falls between the other two 
and will be used in this paper for making krypton-85 projection~. Examination of Figure 1 reveals a probabl~ 
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increase in U.S. nuclear generation capacity of 1,000% from 1975 to 1990, and 7,000% between 1975 and the 
year 2020. The nuclear capacity over the total 50 year period from 1970 to 2020 is expected to increase by a 
factorof103 (100,000%) from 2.6 to 2,700 gigawatts electric. 

FUEL DISCHARGE, REPROCESSING, AND KRYPTON-85 RELEASES 

The isotopic composition of fissile materials in nuclear fuels is expected to change significantly over the 
next 50 years. Thermal reactors, presently designed to use low enrichment uranium fuel, will probably utilize 
recycled plutonium; and breeder reactors, fueled with plutonium, will produce more fuel than they consume. 
Knowledge of the relative numbers of each reactor type are important primarily for the determination of the 
total quantities of actinides produced per unit of electric power generation. In the case of krypton-85, the 
amount produced per megawatt day is approximately the same for both thermal and fast reactors. Therefore, 
the annual inventory ofkrypton-85 is calculated from the total fuel discharged annually for reprocessing and 
is displayed in Table 1 and Figure 2. 

Since much of the fuel presently discharged from reactors has not been and will not be reprocessed in the 
near future, there may be a delay in the release of krypton-85 to the environment. This may cause fluctuations 
in annual discharges but should have little effect on the cumulative environmental inventory. 

CUMULATIVE ENVIRONMENTAL INVENTORY OF KRYPTON-85 

For purposes of calculating krypton-85 buildup in the biosphere, the projected annual releases, depicted in 
Figure 2, were used in conjunction with equation (1). 

C=l:Aie-Ati (1) 
WhereC = cdmulativeenvironmental inventory ofkrypton-85 (curies), 

Ai= annual release ofkrypton-85 in year i (curies), 
A= decay constant for krypton-85(6.45x10-2 years-1 ), 

and ti= decay time for krypton-85 introduced into the biosphere in yeari (years). 
The cumulative inventories calculated for the years 1970 through 2020 are listed in Table 2 and are 

displayed in Figures 3 and 4. 

EFFECTS OF CONTROL TECHNOLOGY 

Concern over long-term environmental buildup of krypton-85 has prompted government agencies, 
companies committed to operating fuel reprocessing facilities, suppliers of noble gas removal equipment, and 
citizen action groups to evaluate the practicality and desirability of reducing krypton emissions. Several 
vendors have indicated that they can supply systems to reduce krypton emissions by factors of 102 to 103 

(NEDO 14504-2, 1971). For this paper, we will consider that such systems can be built and installed when they 
are considered necessary. 

Determining the optimum time for the introduction of control measures depends on many factors including: 
costs of systems, decontamination factors, achievable growth of the reprocessing industry, health effects, and 
others. In this instance, only decontamination factors and cumulative fuel inventories are used as bases for 
suggesting optimum implementation times, alt}lough health effects will be considered later. 

If control systems with a decontamination factor of 102 were required to be installed on all reprocessing 
facilities at different years, and assuming the fuel inventories listed in Table 2, the series of curves in Figure 3 
represent the probable environmental inventories. With the additional assumption that the power supplied by 
nuclear fission levels off at the year 2020, it is apparent that the steady state cumulative krypton-85 
inventories would approach asymptotic values. Such values for the controlled and uncontrolled cases are also 
displayed in Figure 3. A similar analysis, carried out for controls with a 103 decontamination factor, produced 
the results plotted in Figure 4. 

If a lower constant environmental level is used as a criterion for krypton controls, and a decontamination 
factor of 102 is postulated, the most opportune date for control implementation appears to be 1980. Following 
the same line of reasoning, if a decontamination factor of 103 is assumed, the best year for control 
implementation might be 1974or1975. 

HEALTH EFFECTS 

Although the primary purpose of this paper is to illustrate the probable effects of controls on the 
atmospheric levels of krypton-85, some discussion of potential health effects is appropriate. For purposes of 
evaluating potential health effects, the recommendations of the Advisory Committee on the Biological Effects 
of Ionizing Radiation (BEIR Committee) of the National Academy of Sciences, National Research Council 
(BEIR, 1972) are used. 

Given information on the cumulative environmental inventory of krypton-85, its atmospheric 
concentration may be estimated by diluting it into the total atmosphere. The total atmosphere is assumed to 
contain 5.14x1021 grams of air (Coleman, et al., 1966) with a sea level density of 1.29 x 10-3 grams /cm3• The 
calculated values for sea level concentration are presented in Table 2 and Figure 5. 
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Conversion of atmospheric. concentration to in~egrated populB;tion doses req~ires populati~n _Projection~ 
and appropriate dose convers10n factors. The med~a-dose conversion f~ctor used m .this analysis is 1.5 x 10-
(rem/y)/(pCi/m3air), and represents the convers10n from atmosphenc concent:at10n to average wh?le body 
dose based on external photon exposures (EPA-52019-73-003D, 1973). Convers10n factors for genetic, lung, 
and skin doses are also available· however the whole body dose appears to yield the highest number of health 
effects and is used for this ana'lysis. Population projections must be based on past information with the 
additi~nal assumption that no dramatic changes in fertility rates will be experienced over the projection 
period. Beginning with the United Nations world population estimate of 3.632 bil~ion for t~e year 1970 
(UNSO, 1971), and using an average growth rate of 1.9= per year (UNSO, 196~), gives a proJecte.d world 
population of9.3 billion by the year 2020; i.e., over 150% increase in fifty years. The mtegrated population dose 
in any year is, therefore, a product of the air concentration of krypton-85, the total world population, and the 
dose conversion factor. The resultant population doses, in person-rem, are plotted in Figure 6 and listed in 
Table2. 

The transition from population dose to health effects also requires a number of assumptions. Consistent 
with the recommendations made in the BEIR report (BEIR, 1972), the health risks presented are based on the 
assumption that there is a linear relationship between dose and biological effect, and that any increased risk 
is in addition to that produced by background radiation (i.e., no threshold). For a given dose equivalent, the 
BEIR report estimates a range for the health impact per million exposed persons. Since these risk estimates 
neglect repair mechanisms, the range of mortality given by the BEIR Committee is probably an upper limit. 
The cancer mortality risk (including leukemia mortality) listed as "most likely" by the Committee, for whole 
body radiation, is about 200 deaths per year for 106 person-rem annual exposure. Cancer mortality is not a 
measure of the total cancer risk, which the Committee states is about twice the yearly mortality (i.e., 400 
health effects per 106 person-rem) (EPA52019-73-003D, 1973). These estimates are for a population with the 
characteristics of the U.S. or Northern European countries, and would not necessarily be representative of the 
total world population. However, with the assumption that the rest of the world will attain the present U.S. 
vital statistics by the year 2020, these risk numbers may be reasonably applied. 

Computation of health effects from continuous exposure to the population doses listed in Table 2 indicates 
that there will be approximately 110 total cancers caused per year, including 55 excess deaths per year, for the 
year 2020 from the U. S. nuclear industry. These health effects would be for the total world population with 
only about 5% occurring in the United States. By applying controls with a decontamination factor of 102, the 
health effects and excess deaths are reduced to 1 and .5 per year, respectively. Consequently, installing 
controls by 1980 would keep the yearly health effects from U.S. produced krypton-85 below these levels. 

It must be understood that the U.S. nuclearindustry will produce only a portion of the total world inventory 
of krypton-85, and our unilateral implementation of controls will reduce only that contribution. The U. S. 
contribution to the total world inventory is estimated to be about 50% by 2020. Since 110 total cancers per year 
would result from uncontrolled U.S. discharges, the total world cancer rate would be approximately 220 per 
year, if all krypton-85 from projected w.orldwide nuclear power production is discharged. 

SUMMARY AND CONCLUSIONS 

The above discussion of the effects of krypton-85 controls is intended to suggest some of the factors and 
approach~s which may be used to evaluate the desirability and possible timing of control implementation. 
The quest10n of whether or not krypton-85 releases should be controlled is one of wide interest concerning t'he 
nuclear industry, gov~~ment standard se~ting and regulatory agencies, and citizen action groups. 
~onsequ~ntly! final decisions as to the necessity of controls, their required efficiency, and the timing of their 
mstalla.t10n will probably not be made solely on technical grounds, but will consider the prevailing political 
and societal forces. 
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CJ) 

NUCLEAR ELECTRIC 
YEAR GENERATION: GW(e) 

LWR-U 

1970 2.6 25 

1975 40 700 

1980 110 1900 

1985 220 2700 

1990 420 3700 

1995 650 4100 

2000 1000 3700 

2005 1360 3700 

2010 1780 4300 

2015 2220 5300 

2020 2700 6100 

TABLE 1 

ESTIMATED U.S. NUCLEAR INDUSTRY 
AND ANNUAL INVENTORIES OF KRYPTON-85 

EPA-52019-73-0030 (1973). 

TONNES OF FUEL DISCHARGED ANNUALLY* 

LWR-PU LMFBR HTGR 

0 0 0 

90 0 0 

500 

2600 0 100 

3800 480 2.420 

4100 2,600 6,600 

3800 11,500 7,800 

3700 20,600 10,000 

4400 32,800 10,000 

5400 43,800 10,000 

6100 58,000 8,800 

* BURNUP: 33 GWd(tl/ TONNE AND 0.35 THERMAL EFFICIENCY. 

ANNUAL INVENTORY OF 

KRYPTON-85 

TOTAL (CURIES) 

25 2.6 x 105 

790 8.3 x 106 

2,400 2.5 x 107 

5,400 5.7 x 107 

10,400 1.1x108 

17,400 1.8 x 108 

26,800 2.8 x 108 

38,000 4.0 x 108 

51,500 5.4 x 108 

64,500 6.8 x 1oB • 

79,000 8.3 x 108 



KRYPTON-85 
CUMULATIVE INVENTORY 

YEAR (CURIESI 

1970 2.6 x 105 

1975 1.8 x 107 

1980 9.3 x 107 

1985 2.6 x 108 

1990 5.8 x 108 

1995 1.1x109 

2000 1.9 x 109 

2005 2.9 x 109 

2010 4.2 x 109 

2015 5.8 x 109 

2020 7.6 x 109 

*(EPA-52019-73-003D, 1973) 
**(UNSO, 1966 and 1971) 

TABLE 2 

ESTIMATED KRYPTON-85 CONTRIBUTIONS 
TO WORLD POPULATION DOSE 

SEA LEVEL WHOLE BODY DOSE 
CONCENTRA Tl ON CONVERSION FACTOR * 
(pCi/m31 IR EM/YEAR )/lpCi/ ml) 

6.63 x 10·2 1.5 x 1 o·8 

4.59 x 100 1.5 x 10·8 

2.36 x 101 1.5 x 10·8 

6.63 x 101 1.5 x 10-8 

1.49 x 102 1.5 x 10-8 

2.81 x 102 1.5 x 10-8 

4.77 x 102 1.5 x 10-8 

7.40 x 102 1.5 x 10-8 

1.08 x 103 1.5 x 10-8 

1.49 x 103 1.5 x 10-8 

1.95 x 103 1.5 x 10-8 

WORLD ** 
POPULATION 
x109 

3.632 

3.990 

4.384 

4.817 

5.292 

5.814 

6.388 

7.018 

7.711 

8.472 

9.308 

INTEGRATED WORLD 
POPULATION DOSE 
(PERSON-REM) 

3.6 

275 

1555 

4790 

11,821 

24,462 

45,692 

77,847 

125,057 

189,248 

272,259 
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FIGURE 1. PROJECTIONS OF NUCLEAR ELECTRIC GENERATION 

1970 - 2020 
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Abstract 

Because of the continuing emphasis on decreasing or eliminating noble gas emissions from nuclear power 
reactors, systems for the delay and retention of noble gases have been developed. Several of the_se systems rely 
on adsorption, either under ambient or refrigerated conditions. The usual adsorbents are activated charcoal 
or synthetic zeolites (molecular sieves). . . 

This paper discusses the design of such noble gas treatment systems. As an example, a description of the 
noble gas recovery system installed at the Wisconsin-Michigan Power Company's Point Beach Nuclear Plant 
will be presented, including the design philosophy, data upon which the design was based, and some test 
results on the final system. 

INTRODUCTION 

The continuing concern of utilities with the release of radioactive materials from nuclear power plants 
resulting in possible exposure to the public and to plant personnel has led to the development of many systems 
to limit these releases. Of major concern is the release of radioactive gases which leak from pinholes or cracks 
in reactor fuel rods, and find their way into the steam in a boiling water reactor (BWR) or into the reactor 
coolant system of a pressurized water reactor (PWR). 

In a PWR, which is continuously maintained at high-power levels, the noble gas concentration in the 
reactor coolant system slowly increases unless these gases are removed. As the noble gas concentration 
increases, the possibility of accidental leakage resulting in a hazard to the public and operating personnel 
increases because of the increased concentration of longer-lived noble gas isotopes, particularly krypton-85. A 
leak from the primary coolant system to the secondary system of as much as 500 gallons of water per day for 
each reactor has been postulated. This would provide a leak path to the atmosphere via the main condenser air 
ejectors. It is, therefore, desirable to continuously remove the noble gases from the coolant system to reduce 
the potential hazard. 

In the Fall of 1970 the owners (Wisconsin-Michigan and Wisconsin Electric Power Companies) of the Point 
Beach Nuclear Plant, a plant with two 500 MW(e) PWR's. asked Stone & Webster Engineering Corporation to 
provide waste treatment improvements at the plant consistent with the state of the art. In particular, the 
reduction ofkrypton-85 releases to the "as low as practicable" amount was specified. 

PROJECT DESCRIPTION 

It was determined that the ipost effective means ofreducing the long-lived noble gas specific activity in the 
coolant systems of the two reactors was to continuously strip these gases from the coolant water. This was to 
be accomplished by passing the maximum expected let-down flow through a gas stripper. The noble gases 
contained in this gas stream would then be separated in a new gas treatment system, and the hydrogen, which 
is the major component of the stream, would be returned to the primary system. 

The stripper design was based on the fact that short-lived isotope concentrations in the coolant system are 
limited primarily by decay as opposed to other forms of removal; ~e.g., a minimum decay period of only one 
hour would be sufficient to reduce the short-lived isotopes in the air ejector releases to a 1aaxe equivalent value 
approaching 1 percent of that specified by 10 CFR Part 20. The long-lived noble gases content would then be 
reduced by continuous stripping and subsequent decay or storage. 

In addition, another source of gaseous radwaste releases was recognized - that of boron recovery tank 
cover gas being displaced by tank filling operations with small leaks through nitrogen gas regulators. This 
gas would be delayed in storage tanks and periodically vented to the atmosphere through the gas treatment 
system. 

The basic design criteria for the gas treatment facilities involved two main tasks: 
(1) delay of noble gases to decay short-lived isotopes, with subsequent removal oflonger-lived isotopes from 

the hydrogen gas, which is continuously stripped from the reactor coolant and recycled; and, 
(2) removal of noble gases from the decayed cover gas prior to release to the environment. 
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Typical characteristics for these two gas streams are as follows: 

Flow 

Inlet Conditions 

Temperature, °F 
Pressure, psig 

Stripper Overhead Gas 

0.8scfm 

120 
1 

Composition (Note: Streams will be saturated with water.) 

(mole fraction dry basis) 
hydrogen 
nitrogen 
oxygen 
argon 
carbon dioxide 
stable krypton 
stable xenon 
radio krypton 
radio xenon 

9.39 
.060 
.003 

7.1x10-4 

3.7x 10-6 

18.9x 10-6 
l.9x 10-7 

2.1x10-7 

EXPERIMENT AL PROGRAM 

Cover Gas 

600scfpermonth 

120 
120 down to 30 

.494 

.501 

.0046 
8.0x 10-5 

8.0x 10-5 

2.5x 10-5 

8.0x 10-6 

2.8x 10-8 

7.5x 10-9 

In response to an inquiry, Cryogenic Technology, Inc., (CTI) proposed to Stone & Webster and Wisconsin 
Electric Power Company that the simplest, safest, most reliable method of concentrating and collecting noble 
gases is adsorption on charcoal at cryogenic temperatures because of: 

(1) the selectivity that charcoal exhibits for krypton; 
(2) the dramatic increase in the adsorption effectiveness of the charcoal at -315°F (capacity of charcoal for 

krypton per unit volume is about 1,500 times that at80°F); 
(3) the high decontamination factors that can be achieved (in excess of 1,000). 

CTI proposed that a study program be initiated in conjunction with Arthur D. Little, Inc. (ADL) to develop 
theoretical predictions concerning the adsorption of noble gases at cryogenic temperatures, and to establish 
the design parameters for the gas treatment system. Work was begun on the study program with the following 
specific goals: 

(1) preparation of a theoretical analysis of the multi-component adsorption in the beds; 
(2) building of a laboratory-scale test apparatus and conducting of a test program to verify the analysis; and 
(3) preparation of a preliminary process and mechanical design for the noble gas removal system. 

An experimental apparatus simulating the cryogenic section of the proposed design was built, and tests 
were conducted at the ADL laboratories. A flow schematic of the test system is shown in Figure 1. 

The test apparatus was designed so that the gas can flow forward through the adsorber beds for normal 
operation or backwards through the beds for regeneration. The system can be cooled with liquid nitrogen or 
heated with hot nitrogen for regeneration. Six sample taps are provided so that the relative krypton 
concentration at various points in the system can be monitored with radiation counting equipment. Two 
evacuated sample receivers are provided to collect the adsorbed gases as they are evolved during warm-up. 
One cylinder is connected to the first adsorption beds and the other is connected to the last bed. A shut-off 
valve can be closed to isolate the last bed from the rest of the system, thus providing the capability of sampling 
this bed separately. 

During normal operation, the hydrogen gas and the radioactive gas mixture flow from storage cylinders to 
Flowmeters 1 and 2, respectively, where they are then combined and flow through a heat exchanger, a filter, 
and the three adsorption beds, all of which are contained in an insulated dewar. Pressure on the system is 
maintained at the desired level by a back pressure regulator located downstream of the beds. Cooling of the 
beds (to -315°F) is accomplished by flowing liquid nitrogen through the cooling/heating loop which is in 
contact with the adsorber beds. A small portion of the process gas is continuously bled through one of the six 
sample taps, through Flowmeter 3, to the radiation counting equipment. The counts were fed to both a count 
rate meter and an automatic scaler for measurement. 

The radioactive counting apparatus consists of a modified windowless flow counter. A window of 1/4 mil 
aluminized mylar was used to separate the hemispherical counting chamber from the sample chamber, 
through which a flow of gas from any given sample point was maintained. Somewhat less than half of the 
beta particles emitted during decay of the 85Kr in the sample chamber passed upward, through the mylar 
window, into the counting chamber where they were recorded as pulses (counts) per second. 
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Warm-up and collection of the adsorbed gases involves shutting off t~e flow of proce~s gas, isolatin~ B~d 
No. 3 from the rest of the system, opening the valves to the sample receivers, and stopping the flow of hquid 
nitrogen. The beds are then heated to 300°F by heat exchange with hot gas. As the ~eds warm up the pressure 
rise is noted to determine the quantity of gas evolved from the beds, and the gas is collected in the sample 
receivers for analysis. . 

The pressure, temperature, and gas composition used in the test apparatus were essel!-tially the same as 
would be expected in processing the gas from the stripper except that 22.6 ppm of Kr with 85Kr tracer was 
substituted for 18.9 ppm Xe and 3. 7 ppm Kr, making the results conservative by a factor. of approximately 1.1. 
A higher level of radioactivity in the actual plant could result in somewhat reduced capacity because of 
radiation heating, but a check on the magnitude of this effect at the expected ra?iation levels predicts that it 
will be negligible (Glueckauf, 1959). The charcoal used was the same as that used in the full scale plant. 

The apparatus contained three 0.31 in. I.D. beds in series; the first two were 2.5 inches long, and the third 
was 11.5 inches long. The first two were intended to provide equilibrium and rate data while the third was 
intended to provide decontamination factor (D.F.) data as well as a back-up source of information if 
performance estimates were drastically in error. Because the data on the first beds were in close agreement 
with performance estimates, it was not necessary to run the last bed to breakthrough. 

After a number of familiarization test runs, three runs were made of duration 21 hours, 46.2 hours, and 50.8 
hours, respectively. The breakthrough data for these runs are as shown in Table 1. Additional tests have 
subsequently been run wherein varying temperatures, gas compositions, sorbents, flow rates, regeneration 
conditions, etc., were explored. The data from these additional tests were consistent with the results shown in 
Table!. 

The breakthrough times for Runs 2 and 3 (which were duplicated with respect to flow) are also shown as the 
experimental points on Figure 2; the correlating curves shown were based on matching with the theoretical 
plots of breakthrough given in Hougen and Marshall, (1961) as extended by Burnette, et al., (1961). 

The radioisotope level was increased on the third run to provide a more sensitive measurement of the 
.. decontamination factor. The inlet stream produced 2,200 counts per second. The background level was 1.3 + 

0.1 counts per second so that it would have been possible to detect 0.2 els change in the background. Prior to 
breakthrough on both Beds 1 and 2, there was no difference between the sample stream and the background 
which could be detected; this indicated that the decontamination factor was 2,200/0.2 = 104 or better. 

The results of the experimental program showed that for a charcoal bed operated at-315°F and 120 psig with 
a22.6ppmKrinletconcentration: · 

(1) the equilibrium capacity for Kr was 60 sec/gm vs. a value of 120 sec/gm which had been predicted by 
theory. The dynamic adsorption coefficient for Kr was thus 60/(22.6 x 10-6) = 2.6 x 106 sec of bulk gas/ gm at a 
pressure of 120 psig; 

(2) the test bed number of transfer units (NTU) was 14 per inch vs. an expected value of 105; and 
(3) decontamination factors of104 or better are possible with adsorption systems. 

Although the departures from theoretical estimates were significant, the agreement is adequate to provide 
assurance that the projected design would function as expected. The difference in the equilibrium capacity 
can be accounted for by slight differences in the literature values of pure component adsorption isotherms for 
N2'and Xe on charcoal. The differences in the dynamic transfer processes can be accounted for by other 
possible effects such as pore diffusion limitations or channeling, but are unimportant as long as a system has 
on the order of hundreds of transfer units. 

SYSTEM DESIGN 

With the completion of the experimental program, attention was then focused on the specific design 
requirements of the full scale noble gas removal system. Some of these requirements were: 

(1 )the ability to achieve a D .F. ofat least 1, 000 in processing both the gas from the stripper and the cover gas· 
(2) the ability to operate for 180 days on one adsorber before noble gas breakthrough- ' 
(3) the ability to retain the adsorbed noble gases for subsequent transfer to an eva~uated noble gas storage 

tank; 
( 4) the ability to regenerate the adsorption bed after transfer of the noble gas in such a way as to remove all 

of the residual noble gases and to permit a D.F. of at least 1,000 when the bed was put back on stream· 
(5) design for safety, simplicity, and reliability with particular attention being given to leak-tight rupture-

proof construction; and ' 
(6) design of a compact system to fit into the limited space available at the plant. 

The unit subsequently built is shown schematically in Figure 3. 
The plant provides two i~dependent systell?-s for proc~ssing the gas including compression, water knockout, 

oxygen removal, g~s drying, and cryo~emc ~eparat10n of the noble gases from the hydrogen-nitrogen 
streams., The plant is capable of pr~cessing stnpp~r gas (normal continuous operation) through either flow 
path while at the same time pr_oce~s~ng cover gas (intermittent operation) through the other flow path. Each 
cryosorber module and dryer circuit is capable ofregeneration independent of the other. 
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The equipment is arranged as shown in Figure 4 with all the components located on one 9 ft. x 4 ft. skid with 
the exception of the compressors, the ambient charcoal delay bed, and the cryosorber modules. These 
components are located behind concrete shield walls for operator protection. 

During normal operation the stripper gas is compressed to 150 psig by a diaphragm compressor, and then 
passed through a chiller/water separator operating at 35°F for bulk removal of moisture and attainment of a 
low relative humidity for effective utilization of the ambient charcoal delay bed. The gas then goes to the 
ambient temperature charcoal bed which delays the noble gases for several hours to permit the shorter-lived 
isotopes to decay, thus reducing the radioactivity level at the main skid for operator protection. The gas 
stream then goes to a catalytic oxygen removal system to remove trace quantities of oxygen and ozone so as to 
preclude the collection and/or formation of ozone on the cryogenic adsorption bed. The oxygen removal 
system consists of a preheater, an iodine preadsorber, and a precious metal catalytic hydrogen/oxygen 
recombiner.The iodine adsorber protects the recombiner catalyst from iodine, the only possible contaminant 
in the stream which would retard its oxygen conversion activity. The gas is then passed through another 
chiller/water separator and a molecular-sieve dryer. The dryer, containing adequate 5-A molecular sieve for 
180 days operation before regeneration, reduces the dew point of the gas to about-100°F before it enters the 
cryogenic heat exchanger. This high performance moisture removal is necessary to prevent frost plugging in 
the counterflow cryogenic heat exchanger where the gas is cooled to about -300°F. The cold gas then passes 
through the charcoal adsorption bed. 

The adsorption bed was designed using information obtained during the experimental program which 
showed that a bed containing 0.25 cubic feet of charcoal, 2 inches in diameter by about 140 inches long, 
operating at-315°F would be adequate for processing stripper gas for 180 days (plus 3,500 scf of cover gas) with 
a safety factor of 2. This bed would liberate approximately 38 scf of adsorbed gas during each regeneration. 
Since two regenerations per year were planned, the 525 cubic foot evacuated vessel in which the desorbed gas 
would be stored should be adequate for the storage of at least seven years regeneration gas without exceeding 
one atmosphere. 

Each heat exchanger and its adsorption bed is contained in a separate perlite-insulatea vessel. They have 
remotely operated valves on the inlet and outlet piping which will automatically close in the event of high 
temperatures in the .adsorber or high radiation downstream of the adsorber, thus preventing the release of 
any radioactive material. The heat exchanger vessel is oversized to act as a surge volume to reduce the 
pressure rise, which would occur if the vessels were to warm to the ambient temperature. These components 
are also designed to withstand the stresses associated with this pressure rise. The bed is maintained at-315°F 
by a continuous flyw ofliquid nitrogen. 

After passing through the adsorption bed, the clean hydrogen passes out through the heat exchanger and a 
back pressure regulator which maintains the operating pressure at 150 psig. The gas is then monitored for 
radiation and routed back to a volume control tank for reuse. 

The system is designed to operate for 180 days on one processing stream. Flow will then be switched to the 
other stream, the off-stream adsorber will be warmed and the adsorbed noble gases will be collected and 
stored; then the system will be regenerated by flowing clean, dry effluent gas from the on-stream system 
backwards through the adsorber and dryer. The regeneration gas will be routed to the volume control tank via 
the closed loop system and there will be no radioactive material vented to the atmosphere. After regeneration 
is complete, this processing stream will then be placed on standby until the 180-day cycle on the other stream 
is complete. 

When the nitrogen-rich cover gas is processed, the operation of the system is essentially the same except 
that the ambient temperature charcoal delay beds are bypassed, and the system is operated at one atmosphere 
to avoid nitrogen condensation in the cryogenic part of the system. This cleaned cover gas is vented to the 
atmosphere after passing through a radiation monitor rather than being recycled. 

The equipment and components used in the system were selected with safety and reliability as a main 
concern. Leak-tightness is assured by the use of diaphragm compressors, bellows seal valves, and all-welded 
piping construction whenever possible. The entire system was helium-mass-spectrometer leak checked after 
assembly. Vessels were built in accordance with Section III of the ASME code. The electrical equipment was 
designed for use in hazardous locations in accordance with the Class II, Division 1, Group B requirements of 
the National Electrical Code. 

To prevent the inadvertent release of radioactive materials, sample streams and relief valve vents are 
routed back to the process stream. Radiation monitors which will automatically close the system outlet valves 
and contain the adsorbed gases in the adsorbers are installed in the system effluent piping. Regeneration is a 
closed loop process with no release of gases to the atmosphere. 

Process variables such as temperature, pressure, and process stream oxygen content are continuously 
monitored and displayed on a local control panel. Critical variables are alarmed at this local panel and on the 
main reactor control panel. The system can be started and operated from the local control panel with a low 
radiation exposure hazard, because the components containing highly radioactive materials, the 
compressors, the ambient delay beds, and the adsorbers are isolated behind shield walls. This arrangement 
also results in a low radiation level at the main equipment skid and permits routine inspection and 
maintenance to be performed with the system in operation. 
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PRESENT STATUS 

Before the unit was shipped, a full scale radioactive 85Kr tracer test was conducted under design flow 
conditions. Gas mixtures approximating both the stripper overhead gas and the cover gas were processed 
through the unit for several days. All functions of the system were verified, including water removal, oxygen 
removal, and noble gas adsorption. The system demonstrated a D.F. of5,000 during a four-day continuous run 
at a flow rate of 1 scfm. 

The system was installed at the Point Beach plant and is in the final stages of checkout. The installed 
equipment is shown in Figure 5. The operating data from the plant will form the basis for future reports on the 
performance of the system. 

Construction and operation of the Point Beach system and a similar system installed by the CVI 
Corporation, at the Southern California Edison Company's San Onofre plant, to remove noble gases from an 
intermittent flow of cover gas, have proven the practicality of cryogenic adsorption systems. Other charcoal 
or molecular sieve delay beds have since been designed by CTI both for low PWR off-gas flow rates and for the 
higher flow rates from BWR' sand fuel processing plants. Adsorption systems for noble gas delay operating at 
higher temperatures have also been designed for use in lower performance systems. However, cryogenic 
adsorption has been shown to be appropriate and practical where noble gas removal or highly effective delay 
with an extremely high D.F. is required. 
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TABLE 1. Kr Breakthrough Times at 80°K from Experimental Gas Mixture. 

1 
2 
3 

8.6atm 
9.3 
9.3 

Mass Velocity 

3.0times 
4.6 
4.6 7.5 

(a) Plant nominal mass velocity= 18.5 lb/ (hr-ft2) 

Times to Indicated Breakthrough Ratio(hrs) 

9.8 

17.7 
14.1 
12.9 

(b) 
18.6 
16.6 21.8 27.0 

34.5 
31.5 

(b) Run terminated prior to reaching this breakthrough. 

- 330 -

(b) 
41.7 



(}.300 ·30·0-300 

Fl 

F2 

" _ _J 

JG 0 3CO 

·-.-----S2~, 

s.v. 
Purge 1 2 3 4 5 6 

HX1 

Cooler/• 

Heater 

Filter 

Bed No. 1 

ElecJ No. 2 

• :rc2 

Sorn pl ir\g 

Ttli' 

Cooler/ 
Hi:ater 

o FJ 

Bed No. 3 

TC3 

Figure 1. Test Rig Schmetic. 

- 331 -

l: 0-100 

0·1CO 

Legend: 

"•'..; ' 

\;J1t)T 

For Vac111.J111 

f'iPC~•·1c·r~ ------

0 = Pressure Gauge 

.JtU = Capillary Flowmeter 

------ ~ Process Lines, 

No.te: 

IC 
Denotes 

Heat 
E ~ch,1nge 



c 
.g 
~ c ., 
u 
c 
0 
u -., 
c 10·2 

0 
c 
.g 
u 
~ 

u. 

00 

" 

. 

I ---i---1-~ 1=- . I I -+- -' I -- ·t- ! - - T - -'' I I -r - ---+ _, .... , - i ~I I ,, 

+ .!. ,r; / 

--+-t I .r - / ,,.. 
/ 

, •r.:;, 

' / 
' I r 

I I 1/ I.I".'. I 

"'" I I 
J II 

I I { ...... 
...... ·,, ; - -17 Bed Length ~ 2.5 inches H-f--J [led Length = 5.0 ;.,..hes -
I I -
I' ,.Thcorctic;il Curve 

~-~ ThcoreticJI Curve -v for 35 Transfer fo.r 70 Transfer _ 1 
Unit~. t.i = 1.41 hr

1 -
J' I Units, b = 1.41 hr -

!J " ·O 11- I I J 

I 'I I I I 
I ,../ ! ' . I -$( ; I ---:1 ; ' ' ' 

± -- I I -=i-f ' I-LI ' : r- Ir-,-I J__ f±. ~I I I '+-+......;--t-- ---- r:=r:::i- ---r-
=l= --l-- -f-,_J_ ' ' I~_._ I --t i I -- -/ --

I I l ! . 
1 I 

I 

I I I I -
I Note: 

k 
0 ~ Experimental Points I ,.., ' c~,--=4- ,___ 

Q 
----i-- +- J -H- l 

l+ , __ ,_ I l I ~ >--- - I I $!+ r- ,. ,, i 
I I - ·-- I , - ·-~-

I 
,_ 11-- T ~-r~ J I 

1 :I m I 

I I l I h 
" ..... 

10 20 30 40 50 60 
Elapsed Time, Hours 

Figure 2. Breakthrough Performance for 2.5-inch and 5.0-inch bed length . 

.. 332 -



STEAM 
GENERATOR 

(HYDROGEN) 

STRIPP,ER 

(NITROGEN I 

COVER 
GASES 

CONDENSER 

ADSORPTIVE 
DELAY 

(AMBIENT 
CHARCOAL 

BED) 

COOLER 

NOBLE GAS 
TO STORAGE 

(INTERMITTENT) 

Figure 3. Noble Gas Separation by Selective Adsorption (PWR), 

HYDROGEN 
RECYCLE 

NITROGEN 
TO 

ATMOSPHERE 

~LN2 
CRYOGENIC 
ADSORPTION 



!-<---------------- 22·---~~=~~=~~=~~=~~=~~~~~~9~·=~~=~~~~~~~1-i --

SKID 
ASSEMBLY 
41-4 11

x 9'-6'' 

CONTROL 
CABINET 

,..______ /-CRYOSORBER 
1 ASSEMBLY 

I 
9' 

I, 
' 

0 0 

COMPRESSOR ASSEMBLY 
WITH WATER SEPARATOR 

Figure 4. Equipment Arrangement. 

1 

-1 

18
1 



Figure 5. Noble Gas Removal System at Point Beach Station. 



RECENT ADVANCES IN THE ADSORPTION OF NOBLE GASES 

D.W. Underhill and A.S. Goldin 
Harvard University 

School of Public Health 
Department of Environmental Health Sciences 

Boston, Massachusetts 02115 

Abstract 

The Harvard Air Cleaning Laboratory has had an active role in the design of krypton and x~non °:ds.orption 
beds for the FFTF reactor. We describe an inexpensive laboratory system for measuring fission gas 
adsorption on various charcoals, and present results of an extensive series of tests of adsorption of krypton 
from an argon carrier gas on Pittsburgh PCB charcoal. The effects of decay heat, as well as the release of 
fission gases from the rupture of a pressurized bed, are also discussed. 

INTRODUCTION 

From 1969 to 1973 basic research for the design of fission gas adsorption beds for the FFTF nuclear reactor 
was carried out at the Harvard Air Cleaning Laboratory. We summarize here some of the more interesting 
results of this work. 

MEASUREMENT OF ADSORPTION COEFFICIENTS OF KRYPTON AND XENON 

At the time this study began, some data (Collins, et al., 1967; Trofimov, et al., 1968; Barilli, et al., 1969; and 
Forster, 1971) were available for the adsorption of krypton and xenon from the argon carrier gas to be used as 
the FFTF cover gas, but there was little information available from studies in which the specific charcoal used 
was domestic. In order to make a preliminary design there was a pressing need for such data over a wide range 
of temperatures and pressures. We found that an experimental test system could be assembled rapidly from 
commercially available equipment (see Figures 1and2), using as the constant temperature chamber a foamed 
plastic picnic basket cooled by an internal liquid nitrogen spray. Ordinary copper refrigerator tubing was 
used to pre-cool the gases in the chamber before passing through the small iron pipe used to contain the 
charcoal adsorbent. Argon carrier gas was supplied from a commercial compressed gas cylinder, and liquid 
nitrogen coolant was obtained from a 160-liter cryogenic tank which had to be replaced once or twice a week. 
The fission gas isotopes, 85Kr and 133Xe, dissolved in isotonic saline, were obtained commercially. In this form, 
these fission gases are often used for medical studies of blood-gas interaction in the lung. For our purposes, we 
would withdraw~0.1to1.0 mCi of fission gas into a syringe, shake the liquid with a small amount of argon to 
bring the fission gas into the gaseous carrier, and inject the argon-fission gas into the carrier gas system 
entering the cryogenic chamber. The concentration of fission gas, and the quantity of carrier gas passing 
through the bed, were measured by an ionization chamber and a wet test meter, respectively. From these data, 
the dynamic adsorption coefficient can easily be calculated. 

There are three points that we would now like to make about this system: 
(1) It was quite inexpensive to construct. 
(2) The experimental data we otained on small samples of charcoal appear to be in good agreement with 

much larger scale (103 to 104 times larger) tests run more recently by Kahele, 1973 et al. 
(3) We found a surprising variability between commercially available char~oals in their ability to retain 

fission gases. 
The. variability ~etween charcoals is illustrated in Figure 3 which shows a plot of relative adsorptive 

capacity vs. relative surface area (as stated by the manufacturer). The correlation between these two 
parameters is quite small, showing the need for the experimental testing of charcoals before their use in 
fission gas adsorption beds. 

CALCULATION OF ADSORPTION COEFFICIENTS FROM BREAKTHROUGH DATA 

The use of moment i;i.nalysis to calculate adsorption coefficients from breakthrough curve data has the two 
adva~tages of: (1) usmg all .the data o! the breakthro_ugh. curve for the analysis (rather than depending 
heavily on a .fevi: of the expenmental pomts); and (2) bemg mdependent of the mechanisms of mass transfer 
that occur withm the bed. The theory behind this analysis has been reported elsewhere (Underhill 1970a)· 
here we show how it can be applied to the analysis of experimental data. ' ' 
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The moments of the breakthrough curve produced from a pulse input of a fission gas isotope into the bed, are 
calculated as: 

MN [tN e M c(t) ;(f ""e At c (t) dt 

where t =time following injection of fission gas, 

c(t) =concentration of fission gas in effluent at time, t, µCi! cm3 

X =decay constant for the fission gas isotope, s-1. 

From the first two moments, we can make some simple, but useful, calculations. 
The mean holdup time is equal to M 1 and the dynamic adsorption coefficient, k, is 

k=M1Vt 
m 

where k =dynamic adsorption coefficient, cm3 I gm 

Vt= flow of carrier gas, cm3 Is 
m =mass of adsorbent, gm 

M 1 =mean holdup time, s. 

The mass transfer in fission gas adsorption beds can be characterized by the number of theoretical plates, N, 
calculated as 

If it is desired to calculate the efficiency of the bed for the removal of a noble gas isotope, then the ratio of 
effluent to input concentration, at steady state, following a constant input of fission gas is 

R}":i.'2-' )tcf.t)1J"'Alc(t)dt 

where 'A. =decay constant of isotope used in pulse test, s-1 

>.=decay constant of the fission gas isotope under consideration, s-1• 

2 

The generality of this procedure is illustrated by applying it to current theories of mass transfer in fission gas 
adsorption beds. These same results are obtained when applied to breakthrough curves calculated from film 
controlled mass transfer (Young, 1958), interparticle diffusion (Madey, et al., 1962), intraparticle diffusion 
(Underhill, 1970a), and from the theoretical chamber model (Underhill, 1970b). 

As a computer exercise we calculated a breakthrough curve for which N = 20, M 1 = 10 days, input= 70 Ci, 'A. = 
0.148/day, and the mechanism of mass transfer was interparticle diffusion. Then we tried the inverse 
calculation. Starting with the value for 'A., and the breakthrough curve data, the values for N, Mi, and the 
input were correctly calculated using the above procedure. In making this calculation, no knowledge was 
needed of the mechanism of mass transfer within the bed. 

DECAY HEAT EFFECTS 

Good adsorbents - porous granular materials - are not good conductors of heat. Consequently, at steady 
state operation, a constant release of a relatively small quantity of decay heat can result in a rather large 
temperature increase. 

There is, at present, no complete mathematical solution availa hie for the calculation of the temperature rise 
in a fission gas holdup bed. The basic difficulty is the nonlinear effect of the temperature on the adsorption 
coefficient. Glueckauf (1959) did find an analytic solution for a non-linear radial distribution of fission gas 
resulting from the radial temperature distribution, but this solution neglects other factors - including the 
channeling of hot gases through the center of the bed, making it less useful than would first appear. 
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The analysis given here assumed initially that the temperature rise is small. On this assumption, a linear 
partial differential equation can be written describing heat transfer. By integrating this equation to meet the 
boundary condition of an initially ambient temperature for the entering gases, the average temperature and 
the centerline temperature can then be calculated. If the effective adsorption coefficient used for design 
purposes is based on this latter temperature, the design will be conservative. If the calculated temperature 
increase is large, it may be possible to redesign the bed to lessen the thermal effects, and in doing so to permit 
this analytic analysis to be valid for the final design. 

This analysis began with the following differential equation (First, et al., 1970) which gives the effects of 
radial and axial heat conduction, convection, and radioactive decay on the average bed temperature at a 
distance, x, from the inlet. 

= 

where ck= heat capacity of charcoal, where cal/gm-°C 
Cp =heat capacity of carrier gas at constant pressure, cal/ cm3-°C 

k =thermal conductivity of the charcoal, cal/ cm-s-°C 
K = adsorption coefficient for fission gas, cms I gm 
qr= production of decay heat per unit volume of bed from the rth isotope at the inlet, cal/ cm3-s 

tr= average temperature increase resulting from the decay of the 1th isotope, °C 

V5 =superficial carrier gas velocity, cm/s 

x= distance from inlet of bed, cm 

ll'J =linear decay Coefficient for the Jth isotope, Cm-I 

= 1'.p KIV s 

f3 =coefficient for radial heat loss, cal/ cm3-s-°C 

(For an infinite cylinder, {3=2k/r2. 

Y =convection coefficient, cal/ cm 2-s· °C 

A =isotopic decay coefficient, s.1 

P =bulk density of charcoal, gm/ cms 

T =time,s. 

A Assumingtha~~he!emperatureriseis_small, ~he adsoi:ption coef!icient will remain constant across the bed. 
t steady state, - I-o, and the above differential equat10n can be mtegrated to give 

07 

t = I 
I I 

2 
f e -arx _ e -r;2 

+ 413k -Y) x/2k j .. ) 
B-a y - {a } k 

The average temperature increase at a point, x, from the inlet is 
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Furthermore, a particular isotope, t 1 produces a maximum temperature at a distanee Xmax, found •vhere 

0. 

From the equation for t1, at steady state 

tn l(/r2 + 4Bk - v) /2k} 
(/y2 + 4ak - Y) /2k 

A general solution to the problem of decay heat can be obtained by numerical analysis with a digital 
computer. At present, we have only a one dimension model with a constant adsorption coefficient; i.e., a 
numerical equivalent of the analytical solution we have just described. These computer calculations :replace 
the differential equation with the following difference equation for t1(x), the temperature increase resulting 
from decay of the 1th isotope at a distance, x, from the inlet. 

* * k {tI(x-6x) + tI(x-6x) 2tI(x) - 2tI(x) + tI(x+6x) 

* 2 * + tI(x+6x)} /26x y {tI(x+6x) + tI(x+6x) 

* tI(x-6x) - t
1

(x-6x)} /46x b {t1 (x) 

* -a x * + t 1 (x)} /2 + qie I = pCk{t (x) - t(x)} /llr 
where 6x = incremental distance, cm 

* 6T = incremental time, sec 
tI(x) = tI(x) at time T + 6T 

The set of simultaneous equations describing the temperature increase across the bed is then solved by use 
of the tridiagonal matrix procedure described by Westlake (1968). We assumed, in making these computer 
calculations, that both the inlet and effluent gas temperatures were controlled by coming into contact with 
cold walls; in contrast, the analytical model discussed earlier assumed a semi-infinite adsorption bed with 
only one cold end. Figure 4 shows the heating in an adsorption bed following a steady state input of a fission 
gas mixture in an argon carrier gas starting at time T = 0. The numerical values used in this calculation are 
listed in Table 1. The important observation is that a significant temperature rise can result from a fairly 
small - but constant - input of fission gas. Table 2 gives a comparison between the steady state numerical 
and analytical solution. Where the difference in boundary conditions can be ignored, the agreement is quite 
close. 

It would be useful to extend this numerical analysis to a more general analysis which can take into account 
the differen~e in the adsorption coefficient brought about by radial and axial heating, and this will be the 
subject of future work. A particularly interesting result would be to extend this model to the point where it can 
be used to follow the affect of a sudden release of a large number of curies of fission gas isotopes into an 
adsorption bed. 

EFFECTOFDEPRESSURIZATIONOROFCOOLANTLOSS 

A theoretical equation for the fission gas release due to a sudden loss of pressure has been compared with 
experimental measurements of the same phenomenon (Underhill, 1972). The theory predicted that the loss of 
fission gas would be considerably less than the loss of carrier gas, but the experimental results showed an 
even smaller release than that predicted theoretically. We attributed this effect to the noticeable cooling of the 
bed which occurred as a result of the rapid desorption of the carrier gas. 

More recently, in work unrelated to FFTF design, we have examined theoretically the loss of fission gas 
from a bed undergoing an increase in temperature. As the bed warms up, some of the desorbed carrier gas will 
carry out some of the fission gases. This effect is closely related to the loss of fission gases during the rapid 
cooling and subsequent warming of a bed, which we found taking place during the loss of pressure accident, 
and we think that it will not be very difficult to develop equations which will prove to be more accurate than 
those developed earlier to describe this type of accident. As future work, we plan to test such results 
experimentally. 
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ADSORPTION OF CARRIER AND FISSION GASES 

In the course of our work, we made a number of measurements of the dynamic adsorption coefficients of 
krypton and xenon as well as of the adsorption coefficient of the argon carrier gas. We are presently preparing 
a report on the resuits of these measurements. As a summary of what was found, the following two figures are 
quite useful. The first (Figure 5) is a Polanyi plot of the adsorption of the argon carrier gas. In this plot they 
axis gives the volume ofliquid argon adsorbed per 100 grams of charcoal, and the x axis is proportional to the 
free energy required to compress argon to form a unit volume of the liquid phase. This plot represents, nearly 
as a straight line, results from a wide range of test conditions. The final figure (Figure 6) shows krypton 
adsorption as influenced by the adsorption of the argon carrier gas. The points which correspond to zero 
carrier gas adsorption were obtained using helium as the carrier gas. This figure shows clearly the strong 
effect of the carrier gas in reducing the adsorption of the fission gas; and, indeed, it was the accurate 
measurement of this effect that was one of the main goals of this research. 
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Table 1. Values Used to Calculate Temperature Increase in a Fission Gas Adsorption Bed. 

Bed Length= 310 cm 

Bed Diameter= 90 cm 

Thermal conductivity of Argon +Charcoal= 0.00021 cal/ cm-s-°C 

Heat Capacity (per unit volume) 

of Charcoal 
of Argon 

0.085 cal/ cm3-°C 
0.000194 cal/ cma-°C 

Adsorption Coefficient (volume/volume) 

for Krypton 14 ml/ml 
for Xenon 250 ml/ml 

FlowofArgon 1,610 ml/s 

Fission Gas Data: 
Curies Released 

Isotope per day 

1a1mxe 1.392 

1aamxe .03369 

133Xe 676.50 

13sxe 3,420. 

ssmKr 235.86 

ssmKr 391.50 

ssKr .026 

s1Kr 679.20 

ssKr 824.40 

Incremental distance= 1 cm 

Incremental time= 15,000 s 

Initial Volume 
production of 
decay heat, qi 

cal/ml-s 
xl0-8 

0.055 

1.9 

29 

481 

0.27 

5.2 

0.000183 

46 

53 
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Linear decay 
constant a1 
cm-1 xl0-4 

66.8 

34.8 

15.1 

20.90 

118 

50 

0.0023 

160 

78.5 



Table 2. Comparison of Numeric and Analytic Solutions for the Average Increase Resulting from 
Decay Heat. 

Note: For numeric analysis Ax= 1 cm and Ar = 15,000 s (See text for boundary conditions.) 

Distance from Inlet, cm 

0 

1 

2 

10 

100 

200 

300 

309 

310 
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Calculated Temperature Increase oc 
Numeric Analytic 

0.0 0.0 

11.52 11.52 

22.78 22.79 

104.79 104.80 

462.22 462.39 

453.67 458.39 

353.74 389.93 

81.16 383.34 

0.0 382.61 
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Figure 2. Apparatus for -determining adsorption coefficients at elevated pressures and reduced 
temperatures. *I-nitrogen spray head; *2-adsorption column; *3-carrier gas precooling coil; - 1-liquid 
nitrogen source; 2- carrier gas source; 3-pressure gauge; 4-injection system; 5-low temperature chamber; 6-low 
temperature controller; 7-potentiometer for column thermocouple; 8-ionization chamber; 9-west test gas meter; 
10-electrometer for ionization chamber. 

*Close up view. 
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ADSORPTION OF RADIOKRYPTON ON ACTIVATED CHARCOAL IN THE PRESENCE OF 
HYDROGEN* 

B. B. Fisher, A. E. Norris, and D. G. Rose 
Los Alamos Scientific Laboratory 

University of California 
Los Alamos, New Mexico 

Abstract 

Tests in 1972 of the Nuclear Furnace-I reactor at the Nuclear Rocket Developn:ient Station in Nevada 
marked the first time that fission product radioactivity in the effluent from a nuclear rocket engine 
development experiment was removed before the effluent was exhausted to the atmosphere. The final 
component in the effluent clean-up system was a stationary bed containing 1,565 kg of activated charcoal to 
remove radiokrypton and radioxenon from the effluent stream. 

Experiments with the charcoal trap operating at a different temperature during each of three reactor tests 
were conducted to measure the velocities of the krypton adsorption front, moving through the charcoal under 
operating conditions. Results from measurements of radioactivity associated with krypton-B5m, krypton-BB, 
and krypton-B9 are presented. At a charcoal temperature of 1B6° K, the measured adsorption coefficient agrees 
with that reported in the literature, but at 161°K and 172°K the coefficients are significantly lower than the 
literature values. Most likely the differences arise from interference by the majorcomponentoftheeffluent, 
hydrogen, with the adsorption of radiokrypton on the activated charcoal. 

INTRODUCTION 

The Nuclear Furnace-I (NF-I) was a small test reactor which was devised to provide an inexpensive means 
of testing nuclear rocket fuel elements and other core components. The various runs, called Experimental 
Plans, which took place in the period between May 24 and July 27, I973 were the first occasions in which the 
hydrogen propellant flow from a reactor rocket engine was scrubbed clean of all radioactivity before being 
liberated to the atmosphere by burning it in a flare stack. The last component of the NF-1 Effluent Cleanup 
System (ECS) was a fixed-bed activated charcoal trap operated at low temperatures to remove radiokrypton 
and radioxenon from the effluent gases. Experiments were performed to measure the velocity of the krypton 
adsorption-front through the charcoal trap by measuring the amounts of radiokrypton upstream, 
downstream, and in two locations within the charcoal trap. 

The following results were obtained: 
(I) When operated at the proper temperature, the NF-I charcoal trap removed the radiokrypton and 

radioxenon from the effluent stream. 
(2) The dynamic adsorption coefficients of krypton upon activated charcoal derived from these 

experiments are less than those in the literature for krypton adsorbed from helium. This effect can probably be 
ascribed to the fact that the hydrogen in the effluent is interfering with krypton adsorption. 

(3) The number of 89Kr atoms entering the charcoal trap as measured by these experiments is in fair 
agreement with the measurements made by Nuclear Rocket Test Operations, and both agree with the 
computations of the amount of89Kr released by the elements. 

THEORY 

Hydrogen effluent exiting the reactor at :: 2440°K was cooled by the injection of water into the effluent 
stream. Passing through a series of heat exchangers and water separators, the effluent was then cooled 
further and condensed; the added water was removed with a large fraction of nuclides that were in particulate 
form or were solubile in water. After this, the effluent passed through a fixed-bed silica gel drier, and a 
cryogenically cooled fixed-bed activated charcoal trap to remove the noble gas fission products, krypton and 
xenon. 

Xenon is adsorbed much more strongly upon activated charcoal than is krypton. Therefore, any trap 
designed to remove krypton from a gas stream is more effective for xenon. This discussion is limited to the case 
of the adsorption of krypton on activated charcoal, particularly N orthAmerican G-2I2, 8 x I6 mesh - the type 
~in~~~al~~ . . 

When the effluent stream from the reactor reaches the inlet to the charcoal trap, the effluent consists 
primarily of hydrogen gas, but contains gaseous impurities that result from fuel-element corrosion, and fro!ll 
the reaction of those corrosion products with the water added to cook the reactor effluent. It may also con tam 
some particulate matter, which need not be considered here. Table 1 lists a predicted composition of the 
effluent stream from NF-I at the inlet to the charcoal trap. 

Although such impurities as CH4 and carbon monoxide can reduce the amount of krypton adsorbed upon 
charcoal, an examination of the literature (Burnette and Lofing, I967) indicated that, in the concentrations 
found in the NF-I effluent stream, they do not affect krypton adsorption. Water vapor is so strongly adsorbed 

*Work performed under the auspices of the U.S. Atomic Energy Commission. 

- 349 -



upon charcoal as to completely prevent the adsorption of krypton or xenon, but the amount of water carried to 
the trap by the effluent is so low that it poisons only the first few millimeters of charcoal, and effectively 
shortens the trap by that short length. Hydrogen is adsorbed upon activated charcoal less strongly than 
either krypton or xenon. However, the amount of gas adsorbed on charcoal at any temperature will increase as 
the pressure of that gas is increased. What effect the hydrogen in the effluent, which is at= 4 x 105 Pa, would 
have upon the adsorption of krypton, which is at a partial pressure of only 5.45 x I 0-7 Pa, was unknown before 
the NF-I tests, and this was one of the facts to be determined by the experiments. 

Table 2 and Figure 1 present the dynamic adsorption coefficient of krypton upon activated charcoal versus 
the temperature for low concentrations of krypton in helium (Burnette, et al., 1961; Burnette and Lofing, 1967; 
and Kovatch, 1970). These values were measured in the absence of gases that would interfere with the 
adsorption of the krypton. 

When krypton is added at some definite time to a hydrogen stream flowing through a fixed charcoal bed, the 
krypton travels through the bed as a concentration-front which moves from the inlet to the outlet of the trap. 
Because the escape of fission products from the fuel elements is a very steep function of temperature, the 
krypton does appear in the effluent stream suddenly as the fuel elements reach their operating temperature. 
This front moves through the bed at a velocity that is a fraction of the velocity of the carrier hydrogen, 
depending upon the value of the dynamic adsorption coefficient. As the krypton concentration-front moves 
through the charcoal bed, the krypton becomes diffuse because of mass-transfer effects and diffusion. 
Burnette, et al., (1961) presents an expression that allows the concentration of the krypton in a hydrogen 
stream flowing through an activated charcoal bed to be calculated as a function of bed conditions, time of 
flow, and distance through the charcoal bed (this expression includes the effect of decay if the krypton is 
radioactive): 

1 
(:I, = ii' 

where 

LV 
~ =~;JIM , 

c0 =concentration in gas stream entering bed, moles/m3 

V =volume flow rate of gas, m3 Is 

H =height of mass-transfer unit, m 

H can be estimated from the following expression: 

fl = 0.168 
a 

[DcG] 0.51 [-tr-] 
p v 

where 

a =superficial area of bed particfos per unit volume, m2/m3 

Dp =average particle diameter, m 

G =flowrateperunitarea,kg/m2s 

µ =viscosity,kg/ms 

p =carrier gas density, kg/m3 

Dv =diffusivity of adsorbate in carrier gas, m2/s 
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c = concentration of adsorbate in gas stream, mole/m:i 

r =time, s 

x =distance along adsorber bed, m 

M =total mass of adsorbent in bed, kg 

F =void fraction in adsorber bed 

L =total length of bed, m 

A =radioactive decay constant, s-1 

r =Al/3 
I0 =modified Bessel function of the first kind and zero order. 

They found good agreement with this expression in experiments investigating the adsorption of krypton on 
activated charcoal from a helium stream. 

The experiments carried out on the NF-1 effluent cleanup system charcoal trap involved the use of activated 
charcoal sampling traps, cooled to liquid-nitrogen temperatures, which sampled the effluent upstream, 
downstream, and at two positions within the large charcoal trap. The sampling traps, operating at much 
lower temperatures than the large trap, are much more efficient and are able to remove all the krypton and 
xenon from the effluent. These traps integrate the concentration of 89Sr, 88Kr, and 85mKr in the effluent over 
the time of the reactor run. For comparison with the experimental results the integral of cl c0 was computed for 
each sampling trap in each experimental plan. The computations were done by using the proper operating 
temperature forthe large charcoal trap and length ofrun for each experimental plan. In addition, because the 
effect of hydrogen upon the adsorption of krypton is uncertain, the computation was performed by using a 
dynamic adsorption coefficient equal to 1, 112, 1/3, 115, 117, and 1110 the literature value for krypton 
adsorption upon charcoal. The results of these computations as well as the experimental results are discussed 
in the following section. 

EXPERIMENTAL 

The charcoal trap of the NF-1 Effluent Cleanup System has a diameter of 1.52 m, and is filled to a depth of 
1.8mwith1565 kg ofN orth American Type G-212 activated charcoal of2x16 mesh particle size. 

The experiments were planned to measure the velocity of the krypton concentration-front through the fixed 
charcoal trap by sampling the effluent in the charcoal trap at four locations. To do this, four bypass lines were 
installed in and around the large charcoal trap to lead small fractions of the effluent flow to the sampling 
traps. Figure 2 presents a schematic of the sampling system. The identifications and locations of the sampling 
positions are given below: 

(1) TRAP 20- immediately upstream from the large trap. 
(2) TRAP 30-0.152 m below the charcoal inlet surface. 
(3) TRAP 40 - 0. 762 m below the charcoal inlet surface. 
(4) TRAP 50- at outlet from charcoal trap; this is equivalent to 1.8 m below the charcoal inlet surface. 

The effluent sampling head placed in the charcoal trap itself consisted of 0.5-inch stainless-steel tubing, 
which was capped at the end and had holes of= 9.5 mm diameter drilled into the sides of the tube at such 
positions that gas flow was taken from 0.152, 0.244 and 0.337 m from the centerline of the charcoal trap. The 
holes were covered with 20-mesh wire screen to exclude charcoal from the bypass lines. The samples upstream 
and downstream of the charcoal trap were taken through 1.0-inch pipes which led from the main effluent 
piping. The effluent flow through each of the sampling traps, amounting to 6.3x10-4 m3/s, was led directly to 
the flare-stack header. The effluent flow to be analyzed was taken from the bypass and put through the 
sampling traps which collected the radiokrypton. The flow in the bypass line and in the lines leading to the 
sampling traps were adjusted so that the time of flow from the large charcoal trap to the small sampling traps 
would all be equal and less than 30 s. 

Each sampling line was associated with the following hardware: 
(1) a solenoid valve to allow the sampling flow to be saturated and stopped at a definite time; 
(2) a heater to warm the cold effluent; 
(3) a manual valve for flow control; 
( 4) a floating ball-type flow meter; 
(5) a cooling coil to cool the effluent before it entered the sampling traps; 
(6) the sampling traps; 
(7) a heater to warm the cold effluent; and 
(8) a check valve to prevent accidental backflow through the sampling traps. 

- 351 -



Each sampling trap consisted of two sections in a series. The up.stream. secti<?n (called irRONT) and t~e 
downstream section (called REAR) were of the same shape and size, a nght circular cylmder 0.203 mm 
diameter by 0.146 m deep. They each contained 2.132 kg charcoal. . . 

The bypass and sampling system without the flow meters was first operated dunng EP-II, but so httle 
radioactivity was found in the sampling traps that there was d_oubt that any flow had taken plac~ through the 
sampling system. To ensure bypass flow through the samplmg traps for EP-III and succeedmg runs, the 
following changes were made: . 

(1) the 0.250-inch tubing in the liquid-nitrogen bath, immediately ahead of each samplmg trap, was 
changed to 0.5 inch tubing to help prevent formation of ice blockage should any water enter the system; 

(2) the flow meters shown in Figure 2 were installed in the outlet line from each trap, just upstream from 
the check valve; a television camera was used to view the flow meters during the reactor runs; 

(3) a wet test meter was used to calibrate the flow meter before EP-III and EP-V, but not before EP-IV. 
Helium had to be used for the calibrations, the response of the flow meters to hydrogen flow had to be 
calculated. This computation was performed by NRTO. The calibration data were combined with the flow 
meter readings observed during each reactor run to obtain the rates of flow for each sampling trap during each 
experimental plan. The results are shown in Table 3. 

Of necessity, the flow calibrations were carried out rather crudely in the field, which leads one to expect that 
the largest source of error in the results of the measurements arises from uncertainties in the flow 
measurements. Before each reactor run, the small traps were filled with North American Carbon Type G-212 
activated charcoal 8 x 16-mesh, sealed, pressure-tested, and the charcoal was regenerated by a flow of hot N2 
for 86.4 ks. During installation of the traps, care was taken to minimize the atmospheric water that could enter 
the piping. 

On the day· following each reactor run, the sampling traps were removed from Test Cell C to the core sample 
building at the Nevada Test Site, where the charcoal in each trap was thoroughly mixed and aliquots taken. 
One aliquot was used for Y-ray spectrometric measurements, and the other was sent to LASL for 
radiochemical analysis of 89Sr. The Y-ray spectroscopy measurements were made with a 16x103 mma Ge(Li) 
detector at NRDS. 

RESULTS AND CONCLUSIONS 

Only the final ratios of activities in the various traps are presented below. 

1. Gamma Ray Spectroscopy. 

Table4gives theratiosoftheactivitiesof85mKr and 88Krin Traps 30, 40, and 50 to that found in Trap 20, as 
measured by y-spectroscopy. The specific y-ray peaks that were integrated for these results are the 151.1-ke V 
peak for s~mKr, and the 196.1-keV peak for 88Kr. The data have been corrected for radioactive decay, for 
branching ratios, for sample mass, and for detector efficiency. The detector efficiency was measured with an 
I.A.E.A. calibrated 22Na source imbedded in an appropriate mass of inactive charcoal. Inaccuracies in the 
absolute measurement of the detector efficiency cancel in the ratios. 

A potentially important source of error in these y-ray measurements results from the gradual desorption of 
krypton from charcoal at room temperature while the samples are being counted. One indication that krypton 
was being lost from the samples during the process of y-ray counting comes from measurements taken on 
Trap 30 from EP-IV. Triplicate aliquots of charcoal from the front cannister of Trap 30 were taken to measure 
the uniformity of sampling. The activity of each sample, corrected for mass and radioactive decay 
monotonically decreased with the order in which the samples were counted. The same three aliquots wer~ 
analyzed for 89Sr, and no such monotonic decrease in activity was observed. The plastic bottles that served as 
containers forthe charcoal during y-ray counting were not gas-tight. In Table 4 only the data from the qliquot 
that was counted first are shown. 

In all cases except for EP-V, the quantities of 135Xe, which was measured in the small traps, was higher in 
the downstream portion of the traps than in the upstream portion. In addition, the complete absence of i35Xe in 
EP-III Trap 30, and its presence in '.J'raps 20, 40, and 50 indicated that the iasxe might be entering the traps 
other than m the. normal way. Also, m E~-III the Trap-40 and Trap-50 data indicated significant quantities of 
a5mKr and 88Kr m the downstream portions of these traps. The probability that the data from Trap 40 and 
Trap 50 were compromised by extraneous effects is sufficiently high that no further use are made of these 
data. The check valve in each bypass. line was replaced before EP-IV, and the situation seemed to improve. 
The check va~ves were repla~ed :igam before EP-V, and further improvement was noticed - although the 
135Xe detected m EP-V Trap 50 mdicated that some small problem remained. 

2. sssr Analysis. 

The r~su.lts _of the 89Sr measurements are shown in Table 5. The principal source of error is likely to be 
uncertamties i~ the actua~ flow of H2 through each of the sampling traps, and the problem of back-flow in the 
traps. The rat~os shown m p~rentheses for EP-II~ were derived by considering only the activities in the 
upstream portion oft~e samplmg trap;_ all other ratios are formed by summing the activities in the upstream 
and downstream portion of each samplmg trap. 
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Sampling trap activities as calculated and as measured are compared in Tables 6 through 12. From such a 
comparison an estimate of the effective velocity of travel of the concentration-front or, alternatively, the 
effective dynamic adsorption coefficient can be obtained. Table 13 gives the estimates of the velocity factors 
thus obtained. Note that the 88Kr and s5mKr results, although suspect, do not disagree seriously with the 89Sr 
data. 

The dynamic adsorption coefficients obtained from these ratios are plotted in Figure 1. They fell below the 
measured line for the adsorption of krypton from helium onto activated charcoal. This decreased dynamic 
adsorption coefficient may be caused by the hydrogen in the effluent, decreasing the amount of krypton 
~~ -

Independent measurements of the amount of 89Kr entering and leaving the large charcoal trap were made 
during EP-IV and EP-V by NRTO under the technical direction of SNSO-N. In Table 14, the values labelled 
NRTO were obtained by the analysis of gas samples taken upstream and downstream of the charcoal trap 
during EP-IV and EP-V. The values labelled LASL were measured by adsorption of the 89Kr in cooled charcoal 
traps as described above. All values were corrected for aliquots taken, counter efficiencies, flow inequalities, 
and decay from the time of shutdown of each EP. 

Although the number of 89Kr atoms in and out of the trap in EPs-IV and-V, as measured by the two methods, 
are in fair agreement, differing only by at most a factor of 4; there is an anomaly in the NRTO data. Their 
measurements show the same amount of 89Kr release by the trap in both experimental plans, and this makes 
the calculated throughput less for EP-V than for EP-IV. Because the charcoal trap was operated during EP-V 
at a higher temperature and for a longer time, this result is most probable. Perhaps the NRTO data were 
compromised by a sneak source of activity as some of the LASL data were. 
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TABLE 1. EstimatedNF-1 Effluent Composition. 

Partial 
Constituent Mole Fraction Pressure, Pa 

H2 1.0 4.14x 105 

H20 7.09x10-7 4.89x10-3 
CH4 2.78x 10-6 1.92x10-2 
co 8.44x10-7 5.82x10-3 

Xe 1.54x10-7 1.06x 10-6 

Kr 7.91x10-11 5.45x10-7 

TABLE 2. Dynamic Adsorption Coefficients, Kn, 
For Krypton on Charcoal. 

1000/T (K-1) Kn(m3/kg) Reference 

3.55 0.103 (a) 
3.62 0.127 (c) 
3.62 0.152 (c) 
4.0 0.229 (a) 
4.0 0.275 (b) 

4.35 0.488 (b) 
4.45 0.700 (a) 
4.60 1.195 (b) 
5.25 5.230 (b) 

5.65 18.150 (b) 
5.95 135. (b) 
6.60 305. (b) 
7.00 940. (b) 
7.50 1953. (b) 

(a) Kovatch (1970). 
(b) Burnette, et al., (1961). 
(c) Burnette and Lofing (1967). 
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TABLE 3. Hydrogen Flow Data. 

TRAP20 TRAP30 TRAP40 TRAP50 

Hydrogen flow rate computed, 
from wet test meter results 
before EP-III 4.18x10-4 m3/s 4.2xl0-4 m3/s 4.18xl0-4 m3/s 3.85x10-4 m3/s 

Flow gage level computed 
for H2(a) 0.35 0.305 15.6 0.24 

EP-III observed flow 
gage level(a) 0.30 0.30 25.0 0.2 

Computed H2 flow rate 3.58x10-4 m3/s 4.13xl0-4 m3/s 6.69xl0-4 m3/s 3.21xl0-4 m3/s 

Normalization factor 1.000 0.866 0.535 1.115 

EP-IV observed flow 
gage level(a) 0.3 0.2 10.0 0.10 

Computed H2 flow rate 3.58xl0-4 m3/s 2.75xl0-4 m3/s 2.68xl0-4 m3/s l.60xl0-4 m3/s 

Normalization factor 1.000 1.300 1.337 2.232 

Hydrogen flow rate computed 
from wet test meter results 
beforeEP-V 4.18x10-4 m3/s 4.lxl0-4 m3/s 3.88x10-4 m3/s 2.28xl0-4 m3/s 

Flow gage level computed 
for H2(a) 0.38 0.32 16.0 0.25 

EP-V observed flow 
gage level(a) 0.47 0.33 15.0 0.19 

Computed H2 flow rate 5.l 7xl0-4 m3/s 4.23xl0-4 m3/s 3.64xl0-4 m3/s l.73xl0-4 m3/s 

Normalization factor 1.000 1.224 1.421 2.990 

(a) Arbitrary scale. 

TABLE 4. Gamma-Ray Spectroscopy Results. 

EP-111 EP-IV EP-V 

TRAP 30/TRAP 20 
TRAP 40/TRAP 20 
TRAP 50/TRAP 20 

si;mKr 

4.lxl0-2 

88Kr 

6.27x10-2 

s5mKr 88Kr 

6.5xl0-1 7.57x10-I 
9.86x10-6 

TABLE 5. 89Sr Analysis Results. 

TRAP 30/TRAP 20 
TRAP 40/TRAP 20 
TRAP 50/TRAP 20 

EP-111 EP-IV 

5.27xl0-2 3.26xl0-1 
1.06xl0-3(1.lx10-4) 4.42xlQ.5 
2. 7x10-3(6.5xl0-4) 7. 73xl0-5 
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s5mKr 

8.34x1Q.I 
5.96xlQ.l 
4.24xl0-1 

EP-V 

3.18xl0-1 
4.82x10-2 
l.31x10-3 

ssKr 

8.37xl0-1 

5.57xl0-1 

4.27xl0-1 



TABLE 6. Comparison of Computed and Measured 
Sampling Trap Activity Ratios of89Sr for EP-111. 

Trap Velocity Factor Measured 
.!!!!!:. I 2 3 5 7 10 Ratio - - - -
730 lQ.5 0.001 0.006 0.053 0.146 0.296 0.053 -720 
740 IQ.3 lQ.25 10.22 lQ.18 lQ.13 10-9 -720 
750 lQ.76 lQ.68 lQ.63 lQ.54 lQ.47 lQ.40 -720 

TABLE 7. Comparison of Computed and Measured 
Sampling Trap Activity Ratios of89Sr for EP-IV. 

Trap Velocity Factor Measured 
Pair I 2 3 5 7 10 Ratio - -
730 10-4 0.004 0.016 0.133 0.233 0.326 720 
740 lQ.22 lQ.16 lQ.12 lQ.7 lQ.9 lQ.4 10-5 
72o' 
750 lQ.58 lQ.50 10-42 lQ.30 lQ.40 lQ.14 10-4 720 

TABLE 8. Comparison of Computed and Measured 
Sampling Trap Activity Ratios of89Sr for EP-V. 

Trap Velocity Factor Measured 
Pair 1 2 3 5 7 10 Ratio 

730 0.208 0.450 0.580 0.709 0.773 0 .. 826 0.318 72o' 
740 lQ.4 0.016 0.061 0.182 0.302 0.443 0.048 72o' 
750 10-13 lQ.5 0.001 0.016 0.053 0.131 0.001 72o 

TABLE 9. Comparison of Computed and Measured 
Sampling Trap Activity Ratios of88Kr for EP-111. 

Trap Velocity Factor Measured 
Pair 1 2 3 5 7 10 Ratio 

730 IQ.4 0.002 0.012 0.089 0.233 0.435 0.063 720 
740 10-29 lQ.25 lQ.22 lQ.17 lQ.13 lQ.9 
720 
750 10-76 lQ.68 lQ.62 10-53 lQ.47 lQ.40 -720 
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TABLE IO. ComparisonofComputedandMeasured 
Sampling Trap Activity Ratios of88Kr for EP-IV. 

Trap 
Velocity Factor Measured 

Pair I 2 3 5 7 IO Ratio 

730 0.021 0.212 0.427 0.644 0.743 0.819 0.757 720 
liQ 10.20 10.13 
720 

10-8 10-4 0.014 0.170 

~ 10-58 10-46 10-38 10.26 10-19 10.10 
720 

TABLE 11. ComparisonofComputedandMeasured 
Sampling Trap Activity Ratios of88Kr for EP-V. 

Trap 
Velocity Factor 

Measured 
Pair I 2 3 5 7 10 Ratio 

730 0.838 0.939 0.956 0.960 0.961 0.963 0.837 720 
liQ 0.258 0.604 0.729 0.828 0.888 0.951 0.557 
720 
750 10-8 0.131 0.389 0.616 0.720 0.819 0.427 -720 

TABLE 12. Comparison of Computed and Measured 
Sampling Trap Activity Ratios of85IDKr for EP-V. 

Trap Velocity Factor 
Measured 

Pair I 2 3 5 7 IO Ratio 

~ 0.847 0.944 0.959 0.962 0.963 0.964 0.834 720 
liQ 0.271 0.621 0.742 0.837 0.895 0.956 0.596 720 
750 10-8 0.140 0.406 720 0.632 0.733 0.830 0.424 
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Source 

NRTO 
LASL 

TABLE 13. Charcoal Trap Velocity Factors for Various Isotopes. 

Velocity Factor for Isotope (a) 

Temperature, °K 89Sr ssKr slimKr 

161 
(EP-IV) -14 7.2 5 

172 
(EP,III) 5 4 4 

186 
(EP-V) 1.6 1 0.95 

2.5 1.6 1.6 
3.0 3.2 3.2 

(a) The velocity factor is the ratio of the 
Krypton-front velocity found in this work 
divided by the velocity reported in 
Burnette, et al., (1961). 

TABLE 14. 89Kr Atoms in and out of Charcoal Trap. 

EP-IV (2628 s) EP-V (3078 s) 

Tractional Fractional 
In Out Throughput In Out Throughput 

2.22xl019 1.9x1016 0.00086 3.22xl019 I.9xl016 0.00059 
8.25xl019 1.421xl016 0.00017 l.476xl020 5.77xl017 0.0039 
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Figure 1. Dynamic Adsorption Coefficients of Krypton on Charcoal. 

- 358 -



FLOW 

0.127m 

-4 3 
6.3x 10 m7s 

SOLENOID 
VALVE 

HEATER- J 
FLOW VALVE 

COOLING COILS ICHARCOAt 
I TRAPS 

I I STEEL BALLS 
------'---~---

6.3 x I0 4 m7s I I 0.152 m 

TEMP 
c- - - --

PROBE:,--

I 
CHARCOAL 

FINE 
WIRE 

a=& -4 3 
3.3x 10 m7s 

GAS 
SAMPLE 

-4 3 
6.3x10 m/s 

SCREEN _4 3 
6.3x10 mi's 

I 
I 
I 

/i __ J 
{_ Ll;UID N

2 
BATH 

NF-I CHARCOAL TRAP SAMPLING SYSTEM 

Figure 2. NF-1 Charcoal Trap Sampling System. 

- 359 -



REACTOR CONTRIBUTIONS TO ATMOSPHERIC NOBLE GAS RADIOACTIVITY LEVELS* 

J.M. Matuszek, C. J.Paperiello, and C. 0. Kunz 
Radiological Sciences Laboratory 

Division of Laboratories and Research 
New York State Department of Health 

Albany,NewYork 12201 

Abstract 

Nuclear power reactors produce copious quantities of several species of radioactive gases .. S.amples of these 
gaseous effluents were analyzed from two pressurized-water power reactors (PWR), one boiling water power 
reactor (BWR), one high-temperature gas-cooled power reactor (H'!~~), and a heav_y-w_ater-n:ode~a.ted 
pressurized-water research reactor (HWPWR). Several noble gas actw.ities_ were quantitatively identified; 
these included a1, 39Ar, B5Kr, and mm, 1aam, 1aaxe. Direct stack sampling in the case of the BWR ensured 
representative samples of actual releases. A variety of in-plant samples were collected from the other reactors 
in order to derive characteristic patterns for release levels. 

Gamma-emitting gaseous species were identified by spectral resolution using a Ge(Li) detector and 
associated electronics. The beta-emitters were identified by chromatographic separation on a series of 
molecular sieve columns, followed by spectral analysis using internal gas-proportional counting tubes and 
associated multichannel analyzer systems. 

The Laboratory's experiences in sample collection, handling, and analysis are summarized. Estimates of 
relative release rates and of total annual releases of the several species are provided for each type of reactor. 

INTRODUCTION 

Noble gas releases from nuclear facilities are usually monitored routinely by the facility operator to ensure 
against an excessive external (submersion) dose to the population living in the environs affected by the 
facility. Facility measurement systems are, therefore, designed to measure gamma-emitting radiogases. 
Some facilities also collect water vapor from the gas stream in order to measure releases oftritiated water. 

The Radiological Sciences Laboratory of the New York State Department of Health is conducting a study of 
the gaseous effluents from various types of reactors, searching particularly for radiogases which were not 
measured by the plant effluent monitors, but which might contribute to the total off-site dose. 

Certain noble and permanent gases, particularly 37 Ar and tritium, have found increasing use as 
atmospherictracers (Lal and Peters, 1967; Loosli and Oeschger, 1969; Agerter, et al., 1967). A number of these 
gases are released by certain reactors in sufficient quantities to influence atmospheric measurements, 
particularly if the collection locations are near the release sites. 

This paper presents the activity ratios of the long-lived noble gas effluents, the estimated annual release 
levels of the several nuclides of interest, and projections of potential release levels for larger reactors. 
Unfortunately, no commercial fuel-reprocessing facilities were operating during the period of this study, so 
only reactor effluents are discussed. 

EXPERIMENTAL PROGRAM 

1. Sample Collection. 

Several samples have been collected from three light-water reactors: a boiling water power reactor (BWR) 
and two pressurized-water power reactors (PWR). Samples were collected directly from the stack of the BWR. 
The PWR samples, collected from a variety of locations, included pressure-tank (cover gas), dissolved gas in 
the primary coolant (strip gas), and decay-tank gas (containment air). 

Samples receive~ from a high-temperature gas-cooled power reactor (HTGR) have consisted of the off-gas 
from the regenerat10n of two cryogenic charcoal beds used to purify the helium primary coolant. 

A set of samples has also been collected from the pressure vessel of a heavy-water-moderated pressurized
water research reactor (HWPWR). This reactor is probably of sufficient size to provide clues toward heavy
water power reactor performance. 

Sample containers in this ongoing study vary according to the collection facilities available at each 
reactor. If flow-through samples can be collected, conventional gas-sampling containers of 30 ml, 125 ml, and 
1,000 ml were filled to pres~ures of from.one to thr~e atmospheres. Otherwise, rubber-capped septum vials are 
fi~le.d through a. hypode~m1c ne~dle, as is conven.tionally done at most power reactor facilities. Containment 
air is collected ma 16-hter stamless-steel contamer. The largest gas volume possible is collected· i e the 
highest level the facility operator will allow off-site. ' · ., 

*Supported in part by USAEC contract AT(l 1-1)2222 and USEPA contracts 68-01-0522 and 68-01-LA-0505. 
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2. Chemical Processing. 

Immediately on receipt of samples at the Laboratory, gamma-emitting nuclides are measured on a Ge(Li) 
detector. Subsequent separations and purifications of specific radiogas species are conducted as many times 
as necessary to assure consistently reproducible data. A krypton fraction is separated from each aliquot to 
provide a reference point for all other nuclid~s separated from that aliquot. Thus, leakage of air through the 
rubber septum caps does not cause analytical errors. Details of the chemical processing technique are 
described in an associated paper (Kunz, 1973). 

3. Measurements. 

Separated fractions are counted in 100 ml stainless-steel gas-proportional counting tubes, using a plastic 
anticoincidence guard for nuclides in very low abundance. Details of the measurement techniques are 
provided by Paperiello (1973). 

RESULTS AND DISCUSSION 

Transit time to the Laboratory for most samples is at least 3 hours from time of collection. The first gamma
spectral measurements are normally made after 30 hours have passed, so data for noble gases with half-lives 
ofless than 10 hours are limited. The following results are, therefore, confined primarily to those nuclides with 
half-lives of greater than 1 day. 

Noble gas activities on each sample are normalized on 85Kr, then averaged for presentation in Table 1. In 
general, the consistency ofratios for repeated analysis of a given sample is better than :±-10% when counting 
statistics permit that precision. The consistency ofratios for a specific nuclide in multiple samples of the same 
type from a given reactor is± 20% if counting statistics are adequate. Fission gas ratios are consistent with 
decay times for each type of reactor. 

The 37Arratios for samples from the HTGRand HWPWR are startlingly high and consistent to ±20%. The 
39 Ar activity ratios, on the other hand, are very low for all reactors, so measurements are possible only on large 
samples, limiting any attempts at evaluating the consistency of39 Ar results. 

In Table 1, the first column under each nuclide reports the ratio for the sample at collection time. The second 
column reports the values corrected as necessary for decay from time of sample collection to the average time 
ofrelease. 

The amount of each noble gas released annually (Table 2) is estimated by multiplying the normalized 
activity ratio by tM'e published release levels of 85Kr or "total noble gas" for the two PWR's and the HTGR. 
Since 85Kr is not measured by the BWR operator and the total noble gas includes many short-lived activities, 
release estimates were made from reported 133Xe levels. The HWPWR reports only the amount of HTO released 
annually, so all noble gas release estimates were calculated from the operator's estimates of total pressure
vessel volume released and from the radionuclide concentrations measured at the Laboratory. 

Reported values for BWR fission gas releases normally include 133Xe as the longest-lived noble gas 
constituent. The data in Table 2 indicate that the other fission gases discussed here do not contribute 
significantly to the local submersion dose. In particular, the calculated amounts of 85Kr released appear low 
when compared to the values for other reactors. Radioargon releases from the BWR are lower than those from 
the other reactors with the exception of PWR(I). The maximum release rate of 37 Ar from the BWR could be as 
high as 1µ.Ci/s at a concentration of0.01 pCi/ml. Since the total release rate can vary downward from the 
maximum values as much as one order of magnitude at any specific time, BWR releases are not continuous in 
the strictest sense. The mean release rate for 37 Ar is 0.3µ.Ci/ s. 

Long-lived noble gas releases from PWR(I) are also low. Radioargon releases are lower than those for any 
other reactor studied. The maximum release rate of37 Ar could be as high as 2µ.Ci/ sat a concentration of 0.005 
pCi/ml. Sample volumes were too small to obtain a real value for 39 Ar releases. 

Release estimates for PWR(II) must be considered in two data groups. Core elements used in 1970, 1971, and 
1972 were of a type found to suffer densification and leakage (Gillette, 1972). Fission gas releases were high 
during these years, and releases of S5Kr were higher than those from the other light-water reactors studied. 
Installation of pressurized fuel elements appears to have reduced the amount of fission gases released in 1973 
by factors of 30 and 50 for B5Kr and 133Xe, respectively. The 1973 values are extrapolations of reactor 
performance using data for the first six months of operation with the new core. 

Releases of 37 Ar from PWR(II), however, remain the highest from the light-water reactors. The change in 
fuel element design has not significantly reduced them, indicating the 37Ar production likely occurs outside 
the fuel elements. Although these releases are too low to contribute to the submersion dose, they may be 
sufficiently large to affect atmospheric 37 Ar measurements. At a PWR of this type 37 Ar activity could be 
released for a few hours at a rate of12gCi/ sand a concentration of about 0.2 pCi/ml with a periodicity of 4 to 8 
weeks, depending on operating conditions. Puffs could, therefore, appear periodically at locations where 
atmospheric 37 Ar samples are being collected. 

Long-lived fission gas rebases from the HTGR appear limited to 85Kr and are similar in magnitude to the 
light-water reactors. The plant itself has approximately one-tenth the thermal power level of the light-water 
reactors. It will be interesting to follow the trend of 85Kr release as larger HTGR's become operational. The 
133Xe releases were not measurable because of the small size of the sample and its age when processed. A 
second set of samples has been collected, but the data are not available at the time of this writing. 
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If the measurements from the one sample obtained to date are representative, the release of 3~ Ar from the 
HTGR is doubly significant. Though B5Kr is the dose-limiting nuclide during releas~, 37Ar ~ontnbutes a 20ifii 
additional submersion dose. It may also have a pronounced affect on atmospheric studies: Not only are 
copious quantities of37 Ar released annually, but the releases occur as puffs o_f a few hours duration eve:y 3 to 4 
weeks. The release rate, calculated from the highest annual :el~a~e level in ~able 2, ~ould be.4 m91s ~ta 
concentration up to 500 pCi/s. Furthermore, the 85Kr rel.ease hmit in ~he plants techmc.al specifica~10ns is 6 
mCi/s The corresponding 37 Ar release level could be as high as 300 mCi/s at a concentration of30 nCi/ml. 

Fission gas releases from the HWPWR are also low and appear to consist ~redominantly of 133Xe. The 37 Ar 
release levels appear quite high; puff releases of approximately I-hour durat10ns would .occur monthly at the 
rate of approximately 5 µ.Ci/sand with concentrations of0.5 pCi(ml. However, o:i:ily a single sample has been 
analyzed to date, and this research reactor has a 4-week operating cycle, so buildup factors may be more 
sensitively related to the time of sampling within the cycle. Until more samples a:e processed, the H!"f>WR 
data must be considered somewhat tenuous. Plans have been made to collect a senes of samples at different 
times during the operating cycle in order to better define the noble gas releases from this reactor. 

The highest annual release values (Table 2) are not necessarily the maximum possible release rates. For 
PWR(I) and PWR(II), the values represent only about 60% of the plant operating capacity. Unfortunately, we 
have no estimate of plant capacity for the HTGR, but it seems reasonable to assume that these values 
represent 60% to 70% of the operating capacity for this reactor as well. As plant capacity improves with new 
reactor designs, scaling factors for noble gas releases might exhibit an increase greater than that based on 
thermal power levels alone. 

The mechanism for production of 37 Ar and 39 Ar in reactors is a matter of conjecture. Activity ratios for 
37 Ar/39 Ar for the light-water reactor effluents are reasonable similar (Table 3), but they are different from the 
air activation ratio calculated for each duty cycle. A likely source of 37 Ar, particularly in the case of the HTGR, 
would be via the 40Ca (n,o<)37 Ar reaction from calcium impurities in reactor materials such as the carbon 
moderator. The lack of 41 Ar data for these samples limits the comparison to the one ratio. 

A 37Ar39 Ar ratio lower than the calculated for air activation could be due to an inadequate accounting of 37 Ar 
decay. Except for the PWR(II)'s new core and the NWPWR, the calculations were made for continuous 
irradiation over the annual operating cycle. The power reactors actually made brief, periodic shutdowns, 
permitting some 37Ar decay; but, to explain the low ratio in this way, one would have to postulate 
approximately 100 days of shutdown each year which seems unreasonably long. A more likely explanation in 
the light-water reactors is that the reaction 39K(n, p )39 Ar leads to a greater abundance of 39 Ar, thus decreasing 
the value of the ratio below thatfor air activation. 

The 37 Ar/39 Ar ratio for HTGReffluents is greater than the air activation value by a factor of approximately 
1,000. Such a high ratio must come from calcium activation. The ratio for the HWPWR effluents is also 
markedly different from the air activation ratio. One the other hand, the 41Ar/37Ar ratio for the HWPWR is 
quite similar to the air activation value, leaving some question of the interpretation of the data. In general, the 
radioargon ratios indicate that air activation is a minor source of37Ar radioactivity in reactor effluents. 

The 37 Ar reactor release levels have an important relationship to atmospheric studies being conducted by 
several speakers at this Symposium. Lal and Peters (1967) estimated that the average tropospheric specific 
activityof 37Arwould be2.1x10-2 dpm per kg of air, which is equal to 2x10-3 dpm per liter of argon or Ix 10-14 
µQi/ml ofair. 

Using the atmospheric dispersion coefficients suggested by the U. S. Atomic Energy Commission in 
recently published :egulatory guides (USAEC, 1973a and b ), the 37 Ar concentrations at I 00 and 1,000 km from 
the stack can be estimated (Table 4). 

It is apparent that the BWR and PWR(I) would have only a nominal effect, if any, on measurements such as 
those being carried out at approximately 10-14µ,Ci/ml (Loosli and Oeschger, 1969). The short-term puffs from 
PWR(II) could contribute to such low-level measurements, particularly where most samples are collected 
within 150 km of a reactor identical in design to the PWR(II). 

The HTGR would apparently contribute significantly to atmospheric 37 Ar measurements at distances up to 
a few thousand kilometers. Furthermore, if 37Ar is released at the technical specification limit an 80-fold 
increase would result for the HTGR concentrations in Table 4. Since the HTGR is about 110 k~ from the 
National Bureau of Standards laboratory which is conducting atmospheric 37Ar measurements its impact 
there must be considered. The HTGR is relatively small compared to other gas-cooled reactors. A number of 
c~rbon-moderated, gas-cooled reactors in E~rope, particularl;y .in France (total of 2,700 MWt), and the United 
Kingdom (total of 8,000 MWt), could contribute large quantities of 37Ar to the global inventory and have a 
signifi~ant impact on atmo~pheric 37Ar stud_ies being performed at Bern. The newest U.S. HTGR, due to start 
operations soon, may contnbuteupto44 kCi/yearof 37Ar. Four HTGR's now on order in the U.S. could each 
release up to 130 kCi/year of37 Ar when finally operational. 

The influence of the HWPWR on any of the atmospheric studies' laboratories is less pronounced. To our 
knowledge, n~ samples of atmospheric 37 Ar are being collected near the facility in which this reactor is 
located. What influenc~ other resea.rch reactors of similar design might have is a matter of conjecture. The 40-
MWt power leve~ of.this HWPWR is als? very small compared to approximately 2,800 MWt of heavy-water 
power re!lctors distributed globally. The influence of these reactors on the global inventory of 37 Ar should also 
beexammed. 

Extrap?lation of noble gas r~lea~es for reactors of different design - or even for different reactors of the 
same d~sign - cannot be quantitatively exact. It seems fair to expect, however, that within a scaling factor of 
approximately 100 for total thermal power, there is a significant probability of perturbations on atmospheric 37 Ar levels by the several HTGR's currently operating and especially by those being constructed. 
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SUMMARY 

Noble gas releases from several types ofreactor have been measured, and annual releases of the long-lived 
constituents have been estimated. Of serious import to the atmospheric physicists are the copious quantities 
of 37 Ar produced in some of the reactors, particularly the HTGR. For those involved in atmospheric research, 
the important concern is the even greater unmeasured releases from many larger gas-cooled reactors. 
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Reactor 
Type 

BWR 

PWR(l) 

PWR(Il)(a) 

PWR(Il)(b) 

HTGR 

HWPWR 

Notes: 

(a) Old core. 

(b) New core. 

TABLE 1. Average Activity Ratios for Long-Lived Noble Gas 
Reactor Effluents at Time of Measurement and Time of Release. 

37Ar 39Ar 86Kr 1a1mxe 13amxe 

Meas. Rel. Meas. Rel. Meas. Rel. Meas. Rel. Meas. Rel. -
8.5xl0-2 8.5xl0-2 l.lxl0-4 1.0 9 9 95 95 

3.2xl0-3 3.lxl0-3 <4xl0-6 1.0 4xl0-1 4xl0-1 2 1 

3.9xl0-3 3.lxl0-3 <Ixl0·6 1.0 

1.0xl0-1 8xl0-2 6xl0·5 1.0 l.4xl0-1 8xl0·2 2.9xl0-1 1.lxl0-2 

49 49 4xl0-6 1.0 

19,000 19,000 17 1.0 
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13axe 

Meas. Rel. 

2,100 2,100 

42 32 

30 6 

17 5 

<3xl0-2 <3xl0-2 

14,000 14,000 



Table 2. Highest Annual Releases of Long-Lived Noble Gases. 

Power Estimated Releases (Ci) 
Level 

Reactor (MWt) Year 37Ar 39Ar s5Kr 131mxe t33mXe 133Xe 

BWR 1,538 1972 3 3x10-3 31 260 2,900 65,000 
PWR(I) 615 1970 l.7x10-1 <2xl0-4 53 20 50 1,700 
PWR(II)(a) 1,300 1971 12 <4xl0-3 3,700 23,000 
PWR(II)(b) 1973 7 5xl0-3 90 7 1 450 
HTGR 116 1971 6,000 5xl0-4 122 <4 
HWPWR 40 l.9xl0-1 2x10.4 9xl0-6 l.4xl0-1 
Notes: 

(a) Old core. 
(b) Based on first six months of operation with new core. 

TABLE 3. Comparison ofRadioargon Production Ratios to Air Activation Ratios. 

Source 37Ar/39Ar 

Annual duty cycle: 
Air activation l.5xl04 

BWR 9x102 
PWR(I) )l.6xl03 
PWR(II)(a) > 8xl03 

HTGR 8x107 
Monthly duty cycle: 

Air activation 9xl04 

HWPWR l.lx103 
PWR(II)(b) l.7xl03 

Notes: 
(a) Oldcore. 

(b) New core; sample collected one month after start-up. 

4tAr/37Ar 

58 
50 

TABLE 4. 37 Ar Concentrations (µCi/ml) at 100and1,000 km from the Stack. 

Release lOOkm 1,000km 
Reactor period at Stack distant distant 

BWR Continuous 1 x lQ.8 2x 10.1a 2x 10.11 
PWR(I) =: 1 week 5x10-9 1 x l()..16 1 x lQ.17 
PWR(II) = 8hours 2x10.7 1x10-12 1 x lQ.13 
HTGR = 8hours 5x10-4 3 x lQ.10 3x10-11 

HWPWR lhour 5x10-7 1 x lQ.12 1 x lQ.13 
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Abstract 

The effects of radioactive decay heat from the fission-produced noble gases on the characteristics of an 
activated charcoal holdup bed, and related problems, were studied. 

A computer code currently being developed for the evaluation of the radioactive decay heat effects; 
distortions in elution curves under various conditions; the formation of hot spots; the appearance of 
preferential paths; and risks of ignition is mentioned. 

An experimental facility was set up to test the behavior of a small charcoal bed. The facility and the adopted 
method are briefly described and the experimental results are reported. 

A preliminary comparison is made between the experimental results and the theoretical ones. 

INTRODUCTION 

The dynamic characteristics of an activated charcoal bed for use in the delay and retention of the 
radioactive noble gases, i.e., using the adsorption coefficient and the parameters of the Van Deemter equation 
for the evaluation of the reduced height of theoretical plates, can easily be evaluated in ideal work conditions 
(Underhill, 1967; Kovach, 1970; and Curzio and Gentili, 1972a and b). 

However, many factors can modify the ideal behavior of an activated charcoal bed; such as, the presence of 
moisture or other impurities in the carrier gas, irregular packing of the charcoal, vibrations, transient 
hydrodynamic and/or thermal conditions, and radioactive decay heat, (Kovach 1970; Curzio and Gentili, 
1972b; and Romberg 1964). 

Radioactive decay heat can be of considerable interest in beds of a small size designed to treat high 
activities of noble gases: In the literature there are several theoretical approaches to this problem (Kovach, 
1970; Underhill, et al., 1971; Glueckauf, 1958; and Shields and Davis, 1970). But, as far as we know, no direct 
systematic experimental approach exists. This is probably due to the practical difficulties involved in 
obtaining measurable variations of temperature from decay heat; this requires the use of hundreds of curies or 
more ofradioactive gas, which creates substantial safety problems. 

The only experimental data (Kovach, 1970 and Glueckauf, 1958) were obtained by injection of a 10 W pulse of 
85Kr into a charcoal bed the size of a gas chromatographic column; a drastic reduction was obtained in the 
delay time as well as an increase in the number of the theoretical plates of the bed.No quantitative theoretical 
correlation was attempted to obtain the relevant parameters of the phenomenon. This method can meet with 
considerable difficulties, however; not only in the setting up of a test, but also in the interpretation of the 
results if the high inlet activities are due to such quantities ofradioactive noble gas that the linearity limits of 
the adsorption isotherm are surpassed, and/or the adsorption heat becomes no longer negligible. 

In the normal work conditions of a delay bed, adsorption heat can be ignored, but its effects can become 
predominant if a strong concentration gradient should move through a filter. 

We can make an approximate quantitative comparison between the thermal effects of decay heat and 
adsorption heat produced by a bell shaped pulse ofl Ci ofB5Kr moving through a 1 cmz · cross section charcoal 
bed. 

Figures 1 and 2 illustrate the problem. The distribution of 85Kr along the bed is 

n(z,t)== ( n!l!/J2-TI u-)cxp\--< z - vt ) 2/2 <1 2J 
where v = 1 cm/ s andG = 1 cm. 

The decay heat source is roughly a Gaussian distribution (with a standard deviation slightly larger than 
one sigma due to the range of the beta particles from SSKr) and moves forward together with the 85Kr pulse. 

The adsorption heat production per unit of volume and time is QA= QA (dn/dt), where QA is the m?lar 
adsorption heat (assuming qA = 5,000 cal/mole (Kitani and Takada, 1965); at the front. of the pulse the:e is a 
heat source, and at the tail a sink. The resulting temperature profiles, as can be easily calculated without 
considering conduction and convection, are shown in Figures 1 and 2 (bulk density is assumed to be 0.5 g/ cm3 

and specific heat 0.12 cal/°C g). It can be seen that the effect of the adsorption heat source near the krypton 
peak is by far the predominant one. 

*This work was supported by CNR contract No. 72.007 49.07. 
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This fact suggests that it is possible to employ the heat production by adsorption for determining the 
parameters that characterize a charcoal bed designed for highly radioactive noble gases. 

Qualitatively we can expect that the krypton at the maximum of the pulse will pass through the bed faster 
than the krypton at the front and tail of the peak: therefore, the mean delay time will be shorter and the peak 
will assume an asymmetric shape. 

EXPERIMENTAL 

The feasibility of the suggested method was tested using the experimental setup shown in Figure 3; this 
consisted of a cylindrical bed, 155 mm long and 20 mm in diameter, using 83-90 mesh activated charcoal and 
dry air as the carrier gas. The thermostatic bath used ice. 

The tests were made by injecting krypton pulses into the bed and analyzing the elution curves. Comparisons 
were made between tests performed with small amounts of stable krypton (:4 x 10-3 cm3 (s.t.p.) traced with 
85Kr (::: 70 mCi/cma), and those performed with up to 60 cma (s.t.p.) of stable krypton with a specific activity 
(down to 1 µCi/cm 3). The upper limit of the amount of krypton was selected in such a way that the linearity 
limit of the adsorption isotherm of the krypton on the charcoal was not surpassed (Kitani and Takada, 1965). 

RESULTS 

Figure 4 shows two elution curves obtained at the same temperature and carrier gas flow rate; it can be seen 
that the test performed with the macroscopic amount ofkrypton has a delay time considerably shorter than 
the test done with krypton in the tracer quantity, and the elution curve appears very asymmetric. From the 
value of the time Tmax corresponding to the maximum of the elution curve, an effective adsorption coefficient 
K' can be calculated. 

The results of the preliminary tests are summarized in Figures 5 to 7. In the first two figures, the ratio 
between K' and the true adsorption coefficient at 0° C (K0 ) is shown first as a function of the inlet amount of 
krypton at constant carrier gas flow rate, and then as a function of the flow rate at a constant inlet amount of 
krypton. In the third figure, an increase in asymmetry is clearly due to an increase in the amount of inlet 
krypton. 

DISCUSSION AND CONCLUSIONS 

For a correct interpretation of the reported results, we plan to employ an IBM 360/67 FORTRAN code, 
which is about nearly completed. At present, it can be said that the code was successfully tested only in simple 
situations where either a comparison with analytical solutions was possible (e.g., the determination of the 
temperature profile due to a moving heat source with a known and constant shape, [Wilson, 1904]) or where 
drastic approximations were made. 

In the near future, the code will be completed, and on the basis of the predictions that will be obtained, we 
shall be able to plan further tests under meaningfully different experimental conditions. It would then be 
possible to assure a feasible extension of the results from our laboratory scale to a full-scale charcoal bed. 

At any rate, the experimental results are already in satisfactory agreement with those calculated. The delay 
time can presently be calculated by the computer code with an approximation better than 20%. In Figure 8 for 
example, an experimental elution curve is compared with a calculated curve, which was obtained by 
neglecting all the heat transfer mechanisms; the calculated delay time is about 15% less than the measured 
one, and the calculated curve profile is sharper than the experimental one. 

The introduction of the conduction mechanisms in the model of calculation will have as an effect the 
decreas~ of the maximum temperature rise (and, therefore, an increase of the calculated delay time), and the 
smoothmg of the temperature profile (and therefore, of the elution curve). 
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Ko - adsorption coefficient (at 0°C) 
K' -effective adsorption coefficient 
n - molar density of krypton 
n* - number ofinjected moles 

NOTATIONS 

qA - molar adsorption heat 
QA - adsorption heat production per unit of time and volume 
Qn-decay heat production per unit of time and volume 
t-time 
T max -time corresponding to the maximum of the elution curve 
v-velocity 
z - axial coordinate 

.6.T 1 - time necessary for outlet concentration to rise from the first half maximum value of the elution curve to 
the maximum 
1:1.T2 - time necessary for outlet concentration to decrease from the maximum of the elution curve to the 
second half maximum value 
.6.9 - temperature rise 
u- standard deviation 

REFERENCES 

Curzio, G. G. and A. F. Gentili, (1972a), Noble Gas Adsorption Characteristics of Charcoal Beds: Van 
Deemter's Coefficient Evaluation, Anal. Chem. 44, 8, 1544-45. 

Curzio, G. G. and A. F. Gentili, (1972b), Liberation de gas nobles par les centres nucleaires: quelques 
remarques sur le fonctionnement des filtres de charbon de bois, VI Congres International, Societe Francaise 
de Radio protection, Bordeaux 27-30March1972. 

Glueckauf, E., (1958), Gas Chromatography, pp 69-89. 
Kitani, S. andJ. Takada, (1965), Adsorption of Krypton and Xenon on Various Adsorbents, J. Nucl. Sci. 

Technol., 2(2)51-56. 
Kovach, J. L., (1970), Review of Krypton-Xenon Adsorber Design, Part I, North American Carbon, 

NACAR010005. 
Romberg, E., (1964), The Effect of Moisture on the Adsorption of Krypton on Charcoal, Dragon Project 

Report (D.P.R.) 276. 
Shields, R. P. and R. J. Davis, (1970), Ignition of Charcoal Adsorbers by Fission-Product Decay Heat, 

ORNLTM-3122, Oak Ridge National Laboratory, Oak Ridge, Tenn. 
Underhill, D. W., (1967), Dynamic Adsorption of Fission-Product Noble Gases on Activated Charcoal, 

NY0-841-8, New York University, New York, N.Y. 
Underhill, D. W., H. Yusa and 0. Grubner, (1971), Design of Fission Gas Holdup Systems, USAEC 

Contract-AT(30-1) 841, New York University, New York, N.Y. 
Wilson, H. A., (1904), On Convection of Heat, Proc. Ceb. Phil. Soc.12, 406-423. 

- 367 -



5. 10·4 
~e 

DECAY HEAT (oC) 
4. SOURCE 

.015 ............ 
,.... 

'(.) 
Cl) 3. tn 

M .01 
'E I 2. c.:i 

a.i (.) (X) 

I -C'CJ TEMPERATURE .005 -. Q 1. PROFILE / c 
a 

0 
-2 -1 0 1 2 

0 

z-vt (cm) 
Figure 1. Decay heat source and related temperature.profile. 



1. 
4.10·2 TEMPERATURE .a 

PROFILE 
3 . .6 AG ........._ 

"i"u 2. ·4coc> Cl> 

"' 1. .2 
(") ·e 0 0 I 

i:.:> 

-2 -1 0 1 2 ~ u ~ 
I -1. z-vt (cm) -ca 

--9 -2. 
d -3. ADSORPTION 

HEAT SOURCE 
-4. 

Figure 2. Adsorption heat source and related temperature profile. 



Flow path during a test 

Auxiliary branches 

1 - Dry air container 
2 - Stable krypton container 
3 - Regulation valve 
4 - Intercept valve 
5 - ssKr introduction device 
6 - Thermostatic bath 
7 - Charcoal bed 
8 - Measuring box 
9 - 3" x 3" Nal (Tl) scintillator 

10 - Analyzer 
11 - Flowmeter 

Figure 3. Test circuit flow-sheet. 
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VI, Chemistry of Noble Gases 



CHEMICAL METHODS FOR REMOVING XENON AND RADON FROM CONTAMINATED 
ATMOSPHERES* 

L. Stein 
Argonne National Laboratory 

Chemistry Division 
Argonne, Ill. 60439 

Abstract 

A number of solid reagents have been shown to react spontaneously with radon and xenon at 25°Cto form 
nonvolatile compounds. These appear very promising for such purposes as purifying uranium mine 
atmospheres, reducing emissions of xenon radioisotopes from nuclear power plants and fuel reprocessing 
plants, detecting failed fuel elements, and analyzing radon and xenon isotopes in air. Radon can be collected 
with halogen fluoride-metal fluoride complexes, such as Cl F2SbF6, BrF2SbF6, BrF4Sb2F11, andIF4(SbF6)3; 
with the dioxygenyl salt 02SbF6; and with the fluoronitrogen salts N2FSbF6 and N2,F3Sb2F11. Xenon can 
also be collected with 02SbF6 and N2FSbF6. All of these compounds are decomposed by water vapor; 
therefore, they must be used in conjunction with desiccants, such as Drierite, silica gel, or molecular sieve. 
Methods of preparation of the compounds and reactions of the compounds with radon and xenon will be 
described. Chemical separations of krypton and xenon and laboratory-scale decontamination experiments 
with samples of air containing radon-222 and xenon-133 will also be described. The possibility of finding solid 
oxidants for krypton (antimony salts, for example, that would be capable of forming the complex 
KrF+Sb2Ff1 and liquid oxidants for radon, xenon, and krypton that would be suitable for use in spray towers) 
are discussed. 

INTRODUCTION 

A number of physical methods for controlling noble gas emissions from nuclear power plants and fuel 
reprocessing plants have been tested in recent years. These include cryogenic distillation (Bendixsen and 
German 1971; Bendixsen, et al., 1971; and Wilson and Taylor, 1958), charcoal adsorption (Wirsing, et al., 1970; 
and Burnette, et al., 1962; Browning, et al., 1959 and 1960; Mecca, et al., 1971; and Slavsky, 1971), solvent 
extraction (Stephenson, et al., 1972 and Merriman, et al., 1968), and permselective-membrane diffusion 
(Rainey, et al., 1968 and 1971). However, very little attention has been directed to the possibility of using 
chemical methods to trap noble gases. This is clearly an oversight, inasmuch as compounds of the heavy gases 
(krypton, xenon, and radon) have been known for more than 10 years, and isotopes of these gases are involved 
in several environmental problems. For example, krypton-85, xenon-133, and xenon-135 are the chief fission 
gases released by boiling-water reactors, and radon-222, a member of the uranium-238 decay chain, is a major 
atmospheric contaminant in underground uranium mines. Xenon forms many chemical compounds, 
including halides, oxides, oxyfluorides, perxenate salts, and complex fluorides with alkali metal and 
transition metal fluorides (Bartlett, 1962; Hyman, 1970; and Malm and Appelman, 1969). Krypton and radon, 
however, appear to form only a small number of simple and complex fluorides (Hyman, 1970; Malm and 
Appelman, 1969; Turner and Pimentel, 1963; Streng, et al., 1963; Selig and Peacock, 1964; Frlec and Holloway, 
1973; Gillespie and Schrobilgen, Unpub.; Prusakov and Sokolov, 1971; Fields, et al., 1962; and Stein, 1969, 
1970a,b, 1972, and 1973a,b). Research on radon chemistry is somewhat limited by the fact that no stable 
isotopes of radon are known; therefore, most research on the chemistry of this element has been performed by 
tracer methods, with microcurie and millicurie amounts of radon-222. In this paper, some initial tests of 
laboratory-scale scrubbing units containing liquid bromine trifluoride, solid complexes of halogen fluorides 
and metal fluorides, and the dioxygenyl salt 02SbF6 are described. These tests have shown that radon can be 
removed from air efficiently by oxidation with bromine trifluoride and solid complexes containing the cations 
ClF2, BrF2, BrF4, and IF6, and that radon and xenon can both be removed efficiently by oxidation with 
02SbF6. 

Bromine trifluoride reacts spontaneously with radon at 23-25°C to form solutions of nonvolatile radon 
fluoride (Stein, 1969). The oxidized radon is present as a positive ion in these solutions since it migrates to the 
cathode in a D. C. field (Stein, 1970a). The oxidation and the interaction with the solv~nt are believed to occur 
as follows: 

Rn+ BrF 3 (large excess)..-solution of RnF2 +BrF 

*Work performed under the auspices of the U.S. Atomic Energy Commission. 
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Once it is oxidized, radon behaves very much like a metallic element. The solutions can be exposed to the 
atmosphere, can be poured from one container to another, and can be distilled to dryness under vacuum 
without loss of radon. (In the last instance, a deposit of solid radon fluoride is obtained.) This behavior is 
somewhat analogous to that of hydrogen, since hydrogen is also very volatile in its elemental state, but only 
slightly volatile in its oxidized state (i.e., as a solvated proton in aqueous solutions). 

Figure 1 shows the first scrubber unit that was tested with liquid bromine trifluoride and samples of air 
containing 2.4 to 4.5 mCi/l ofradon-222 (Stein, 1972). The contaminated air was passing through two Kel-F 
test tubes in series, each containing 4.0 ml of bromine trifluoride at 23-25°C, and through a trap which was 
cooled with liquid nitrogen to condense any unreacted radon. Flow rates of2.9 to 3.0 ml/min were used, and the 
air was dispersed as very fine bubbles by a stainless steel frit in the down-leg of each tube. At the conclusion of 
each test, the distribution ofradon was determined by measuring they -emission of its daughters (lead-214 
and bismuth-214) after several hours, when radon and its daughters were known to be in radioactive 
equilibrium. All of the radon was found in the first test tube each time; none was found in the second tube or in 
the cold trap. 

Since the concentrations ofradon were very high and the flow rates were very low in these tests, further tests 
were carried out with samples of ordinary air (not artificially contaminated with radon) with the apparatus 
shown in Figure 2 (Stein, 1973a). This was slightly more complicated than the first apparatus because a much 
more sensitive scintillation counting method was used. The air was passed through Ascarite, Drierite, and two 
tubes of bromine trifluoride, through a trap at -80°C and a bed of soda lime, to remove BrF3, BrF, and Br2 
vapors, and through a trap at-195°C to condense any remaining radon. The radon was then vacuum-distilled 
into an ampoule containing frozen scintillator solution (together with xenon carrier gas), and the ampoule was 
sealed and counted in a low-background scintillation counter. Figure 3 shows the type of c(-particle pulse
height spectrum that was obtained for radon-222 and its short-lived daughters, polonium-218 and polonium-
214. 

It was found that bromine trifluoride removed 76-95% of the radon from ambient air at flow rates of 130-740 
ml/min - the highest percentage removal being observed at the lowest flow rate. The concentration ofradon 
in the ambient air (measured by a condensation-scintillation counting method) ranged from 0.098 to 0.189 
pCi/l during the course of these experiments, whereas the concentration in the scrubbed air ranged from 0.009 
to 0.025 pCi/l. 

The results of the two series of tests indicate that radon can be removed from air efficiently by the oxidation 
process over a wide range of concentrations - pCi/l to mCi/l. It is only necessary for the air to be well 
dispersed in the liquid phase, and to remain in contact with the liquid long enough for oxidation to occur. 

Bromine trifluoride reacts violently with water and organic materials, and may, therefore, be too hazardous 
a reagent for large-scale use; other types of oxidants may be more acceptable from the standpoint of safety. 
Solutions of complex metal ions in unusually high valence states appear very promising for further study, as 
these are frequently nonvolatile and reactive. It has been shown that radon can be oxidized by solutions of 
K2NiF6 in liquid HF, for example, but liquid HF is unsatisfactory as a solvent because of its high vapor 
pressure and toxicity. If suitable nonaqueous solvents can be found, it may be possible to oxidize radon safely 
and conveniently with solutions of K2NiF6, K3NiF6, Cs2CoF6, K3CuF6. CsAgF 4, Cs2AgF6, and similar 
fluoro-salts. 

Figure 4 shows one type of system that could be developed in the future for purifying and recirculating the 
air in a section of a uranium mine, such as a working stope, where the radon radiation problem is generally 
most acute. This would include the following components: dust filter, blower, air drier, radon absorption tower, 
vapor trap, and liquid circulating pump. Radon-daughters suspended in the air on particulate matter would be 
chiefly removed by the dust filter, and radon would be removed by oxidation in the absorption tower (spray 
tower). Some lead or concrete shielding might be needed around the absorption tower, because radon and its 
daughters would build up to high concentrations in the recirculating liquid. One of the major problems would 
be that of adequately drying the air to prevent hydrolysis of the radon oxidant. (All of the oxidants that are 
known at present are easily hydrolyzed). This is not an insurmountable problem, however; refrigeration- or 
desiccant-type drying units similar to those now used by some chemical industries could probably be 
developed for this purpose. It has been estimated that this air-purification system should have a flow capacity 
of at least 5,000 cfm to appreciably lower the radon concentration in a single stope and that it should have a 
greater capacity, 15,000 cfm or more, to lower the concentration in several stopes. 

Table I lists a number of solid complexes of halogen fluorides and metal fluorides and also some simple 
fluorides that have been tested as oxidants for radon (Stein, 1972). The solid complexes are of two types: those 
formed by alkali metal fluorides, KF,RbF, and CsF; and those formed by Group (V) metal fluorides, SbF5, 
TaF5, and BiF5. The latter are better oxidants for radon than the former, since they contain halogen fluoride 
cations, BrF2, ClF2, BrF 4, and IF6, which can react with radon as follows: 

Rn+ BrF2+SbF6-~RnF+SbF6- + BrF 

Rn+CIF
2
+SbF

6 
~RnF+SbF 

6
" +ClF 

Rn+BrF4+Sb F ii~RnF+SbF6"+BrF2+SbF6 
Rn+ IF 

6 
+sb

3 
F 16~RnF+SbF 6 

·+IF 
4

+Sb
2

F
11

-
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The solid complexes are less hazardous to handle than liquid halogen fluorides, and can be used conveniently 
in packed bed reactors to remove radon from air. However, the air must still be dried, because the complexes 
are easily hydrolyzed by water vapor. 

None of the halogen fluorides or solid complexes listed in Table 1 have sufficient oxidizing power to react 
with xenon at 23-25°C. However, dioxygenyl hexafluoroantimonate (02SbF6) - a very unusual salt 
containing the 02 cation - has been found to react with both radon and xenon at 25°C (Stein, 1973a). Raman 
spectral analyses have shown that the xenon product is XeF Sb2F11, a 1:2 xenon difluoride (antimony 
pentafluoride complex). Mass spectrometric analyses have also shown that two molecules of oxygen are 
released for each atom of xenon absorbed as follows: 

Xe+ 20
2 
+SbF(3+ XeF+Sb2F 11-+ 202 

No spectral or analytical data have been obtained forthe trace amounts ofradon product, but radon probably 
forms an analogous 1:2 radon difluoride - antimony pentafluoride complex as follows: 

+ -+ 
Rn+202 SbF6+RnF Sb2 F 11+202 

The dioxygenyl salt can be prepared by several methods. At Argonne, it has been prepared by the 
photochemical reaction of oxygen, fluorine, and antimony pentafluoride, which was first reported by Shamir 
and Binenboym (1968). At the research laboratory of the Ozark-Mahoning Company, Tulsa, Oklahoma, it 
has been prepared by a high-pressure bomb reaction of oxygen, fluorine, and antimony pentafluoride (Beal, 
et al., 1969). And at Bell Laboratories, Murray Hill, New Jersey, it has been prepared by a similar bomb 
reaction of oxygen, fluorine, and antimony metal (Edwards, et al., 1973). All three products appear to be 
identical. An intermediate product, 02Sb2F11, has been obtained in some instances, but it has been shown 
that this can be converted to 02SbF6 by further reaction with oxygen and fluorine. (02SbFfl cannot be 
distinguished from 02Sb2Fu by appearance; both compounds are white powders at 25°C. However, the 
compounds can be distinguished by their characteristic Raman spectra (Bartlett and McKee, 1973). 

02SbF6 has been shown to remove xenon-133 and radon-222 from contaiminated air very efficiently in 
laboratory-scale experiments (Stein, 1973b). These were performed with metal and glass vacuum lines 
similar to the one shown in Figure 1. In each experiment, a noble gas-air mixture was passed through a glass 
U-tube packed with 02SbF6 powder at 23-25°C then through a trap cooled with liquid nitrogen to condense 
any unreacted radioisotope. The distribution of the radioisotope was afterwards determined by measuring 
the Y- emission of the CT-tube and the cold trap. (The distribution of xenon-133 was determined immediately; 
the distribution ofradon-222 was determined after 3 hours, when radon-222 and its daughters (lead-214 and 
bismuth-214) were known to be in radioactive equilibrium). In 5 experiments with the xenon isotope and with 
a bed of powder 6.5 cm long and 5.5 mm in diameter, 67-100% of the xenon was removed. In three experiments 
with the radon isotope and with a bed of powder 5.0 cm long and 6.3 mm in diameter, all of the radon was 
removed. The initial concentrations of radioisotopes ranged from 2.0 to 9.8 mCi/l (xenon-133), and 13 to 24 
mCi/l (radon-222); flow rates ranged from 12 to 15 ml/min. 

Because it has negligible vapor pressure at 25°C and produces oxygen as the gaseous product, 02SbF6 
appears to be a very "clean" reagent for air-purification purposes. It is less corrosive than halogen fluoride 
and metal fluoride complexes, and can be stored for long periods in glass or fluorinated plastic containers. 
Very little decomposition has been noted, for example in samples that have been stored for 6 to 9 months in 
Pyrex bulbs and Kel-F test tubes. Some corrosion ofKel-Fhas been observed, however, by products formedin 
the reaction with xenon - probably excited xenon, oxygen, or ozone species. The dioxygenyl compound is 
decomposed by moisture; in treatment of wet gases, it must, therefore, be used in conjunction with a 
desiccant, such as silica gel or a molecular sieve. 

02$bF6 and other solid oxidants can probably be used for such purposes as removing xenon isotopes from 
reactor and reprocessing plant off-gases; reducing radon concentrations in uranium mines (Argonne Study, 
Ongoing); separating xenon from lighter noble gases; and analyzing xenon and radon isotopes in air. In one 
of the methods that has been develol?ed to control emissions from boiling-water. reactors, large beds of 
charcoal are used as chromatographic columns. Waste gases are passed through the beds at ambient 
temperature, and the noble gases are retained long enough for short-lived isotopes to decay. Xenon isotopes 
may be held for ~O days, for example, and krypton isotopes for about a day. Small beds of 02SbF6 can 
probably be substituted for the large (25-50 ton) beds of charcoal to remove xenon isotopes from the off-gases 
completely). 

Following a suggestion ~fLiebman ~1973) two fluoron.itrog~n salts, N 2F3Sb2F11 and N 2FSbF6, have been 
prepa~ed by t~e~mal reactions of antimony pentafluoride with tetrafluorohydrazine (Ruff, 1965 and 1966), 
and difluorodiazme (R~ff, 1966; Roesky, et al., 1966; and Pankrator and Savenkova, 1968), respectively, and 
have been teste~ as oxidants for radon, xenon, and krypton. The first reacts only with radon, whereas the 
second reacts with both xenon and radon at 25-100°C. Mass spectrometric analyses have shown that in the 
second reaction, one molecule of nitrogen is liberated for each atom of xenon absorbed as follows: 
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Because nitrogen is liberated rather than oxygen, this reaction may not be as suitable for air-purification 
purposes as the reaction of xenon with 02SbF6. 

Thus, far, no solid or liquid reagent with sufficient oxidizing power to capture krypton has been found. 
However, krypton is known to form a stable complex fluoride, KrF+ Sb2F1C. in the reactio:Q of krypton 
difluoride with antimony pentafluoride (Selig and Peacock, 1964). (The krypton difluoride must first be 
prepared by an excitation method, such as the reaction of krypton and fluorine in an electric discharge at 
low-temperature (Streng, et al., 1963).) By substituting cations of very great oxidizing power for 02+and N2F+ 
in the complex antimony salts, it may be possible to prepare reagents which will combine directly with 
krypton to form KrF+Sb2F11 ~If so, these should be useful for capturing krypton-85. 
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TABLE 1. Some Complex Fluorides and 
Simple Fluorides That Have Been 

Tested as Oxidants for Radon. 

Compound Radon Retention(%) 

KBrF4 28 

CsBrF6 7 

KC1F4 19 

RbC1F4 16 

ClF2SbF6 100 

BrF2SbF6 100 

BrF4Sh2F11 100 

IF6Sb3F16 100 

BrF2BiF6 100 

BrF2TaF6 27 

IF4SbF6 76 

NOSbF6 0 

AgF2 0 

CoF3 0 
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STRUCTURAL CONSIDERATIONS IN THE CHEMISTRY OF NOBLE GASES 

W.E. Falconer 
Bell Laboratories 

Murray Hill, New Jersey 07974 

Abstract 

The structures of noble gas compounds provide insight into the bonding between noble gas atoms and 
various ligands and into the electronic environment of the bound noble gas atoms. Structural knowledge of the 
free molecules is thus important in advancing theories of chemical bonding. Structures inferred from infrared, 
raman, visible, and ultraviolet spectroscopy, microwave spectroscopy, electron diffraction, Mossbauer 
measurements, nuclear magnetic resonance, x-ray and neutron diffraction, electric deflection, and 
thermodynamic measurements are compared for self-consistency and with theoretical calculations and 
predictions. The structure of XeF6 has proved particularly elusive. Most physical measurements indicate that 
XeF6 is not octahedral and that the F-Xe-F bond angles are not 90°. However, electric and magnetic deflection 
of molecular beams of XeF6 have shown the absence of a static dipole moment and of significant electronic 
paramagnetism. Weakly bound noble gas molecules have been formed in hypersonic nozzles and examined 
using the molecular beam electric deflection techniques. 

INTRODUCTION 

From the inception of noble gas chemistry, physical measurements have played an indispensible role, 
partly in simply identifying species under study, but more importantly, in characterizing their properties. We 
may think of structure in the broadest terms as encompassing the spatial arrangement of atoms and the 
electronic environment surrounding these atoms responsible for the spatial array. In this paper, we direct 
attention to physical measurements which bear on the geometrical structures, emphasizing the technique of 
deflection of molecular beams by inhomogeneous electric fields, and using the structures of simple fluorides as 
examples. 

Early speculations suggested that new concepts of bonding 01· compound formation might be required for 
noble gas molecules. Experience quickly showed, however, that the properties of these molecules could ·be 
correlated qualitatively by either valence bond or semiempirical molecular orbital methods (Malm, et al., 
1965). The electron pair repulsion theory has in fact proved very useful in describing the geometries of the 
known compounds (Gillespie, 1963 and Yamada, 1963). 

Many structures of the simple molecules have been well established experimentally. For XeF2, the band 
shape of the gas phase infrared active antisymmetric stretching motion, v3, at 560 cm-1, tells us the molecule 
is D ooh· linear and symmetric (Smith, 1963a and Reichman, et al., 1969). The linear structure is confirmed by 
x-ray (Siegel, et al., 1963) and neutron diffraction (Levy, et al., 1963) studies of XeF2. XeF4 was shown by 
electron diffraction (Bohn, et al., 1963) to be square planar, D4h, consistent with gas phase infrared spectra 
(Claassen, et al., 1963a), Raman spectra of the solid (Claassen, et al., 1963a), neutron diffraction (Burns, et al., 
1963), and X-ray diffraction (Siegel, et al., 1963; lbers, et al., 1963; and Templeton, et al., 1963) measurements. 
The structure ofKrF2 is known to be analogous to that ofXeF2 from spectroscopic (Murchison, et al., 1968) and 
electron diffraction (Harshbarger, 1967) measurements. The arrangement of linear molecules in the 
tetragonal cell has been shown by X-ray diffraction (Burbank, et al., 1972). For XeOF 4, the microwave 
spectrum (Martins, et al., 1964 and 1968), the vapor phase infrared spectrum (Smith, 1963b and Claassen, et 
al., 1963b), the liquid phase Raman spectrum (Smith, 1963b and Claassen, et al., 1963b), and high resolution 
nuclear magnetic resonance (Brown, et al., 1963), all indicate C4v symmetry for this molecule, with the xenon 
atom close to the plane of the fluorine atoms and the oxygen at the apex of the square pyramid. These 
geometries of the binary fluorides are predicted by semiemipirical molecular orbital treatments (Bordreaux, 
1963; Lohr, et al., 1963, and Jortner, et al., 1963) as well as by the electron pair repulsion theory (Gillespie, 1963 
and Yamada, 1963) which also predicts the geometry of XeOF 4. 

The situation is less straightforward for XeF6. XeF6 has been subjected to three electron diffraction studies 
in the gas phase (Harshbarger, et al., 1967; Gavin, et al., 1968; and Hedberg, et al., 1966) and intensive study by 
infrared, Raman, and other spectroscopy in all phases (Smith, 1963b; Claassen, et al., 1972· and Kim et al., 
1968). These experimental studies are not consistent with a simple static structure for XeF6, a~d much thought 
has led to the conclusion that a dynamical description is needed for the actual configuration. The distortion 
may be viewed as a result of the role of the nonbonding electron pair in XeF6. The valence shell of XeFs 
contains 14 electrons, only 12 of which are involved in Xe-F bonds. The electron pair would behave as a 
seventh ligand. In any of the structures in Figure 1, six of the black dots representing ligands would be fluorine 
atoms, the seventh would be the non bonding pair. No matter which of these structures resulted, there would be 
a considerable distortion from octahedral Oh symmetry and a contradiction of the predictions of the simplest 
semiemipirical molecular orbital theory. 

One might hope that an X-ray study of the XeF6 molecule isolated in the solid state at a low temperature 
would resolve the structural question. However, the solid is a complex system, with four polymorphs (Jones, et 
al., 1970): a cubic form stable from 90°K to the melting point, and an interconverting and coexisting series of 
two monoclinic and one orthorhombic modifications. XeF6 exists either as hexameric rings or tetramericrings 
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in the crystals (Jones, et al., _1970; Bur ban~, et al.! 1971and1973; and Agron, et al., 1965). No simple molecules 
have been observed. The nngs are fluorme bndged, and the molecular units are far from being simple 
octahedra. 

Because of the extensive intermolecular interaction, solid-state measurements are unlikely to provide a 
clean-cut molecular structure for XeF5. Similarly, structural studies in the liquid are likely to be complicated 
by intermolecular interactions, especially since Raman (Gasner, et al., 1967) and heat capacity (Schreiner et 
al., 1969) data show that the liquid is associated. Therefore, we must rely on gas phase measurements' of 
unperturbed molecules. 

We have studied the behavior of molecular beams of XeF5 and related molecules in an inhomogeneous 
electric field (Falconer, et al., 1969). For those species where sophisticated spectroscopic techniques cannot be 
applied, or fail to provide an unambiguous interpretation, simply knowing whether or not a molecule 
possesses a permanent electric dipole can considerably narrow the range of possible structures. The electric 
deflection method is sensitive to dipole mome!1ts of around O.OlD for near symmetric tops, and can detect those 
of Cl 03F(0.02D) and CH3D(0.005) unambiguously. 

A schematic of the apparatus is shown in Figure 2. Molecules effuse from the source, 0, and are detected by a 
high efficiency electron impact ionizer, mass spectrometer, and electron multiplier, MS. The direct line of sight 
between the source and the detector can be blocked by a stop wire S, and a large electric field can be imposed by 
the quadrupoles A and B. For polar molecules the signal is increased with applied electric field; for non polar 
molecules, a decrease is observed. 

We have performed separate mass spectrometric measurements to show that XeF6 is monomeric in the gas 
phase under the effusion source conditions. The elect1ic deflection experiments show a decrease in signal, or 
defocusing for XeF2, XeF 4, and XeF5. An increase in signal or focusing is observed for XeOF 4. The results for 
XeF2, XeF4, and XeOF4 are consistent with their known structures, discussed above. However, these 
observations argue against any static polar distortion in XeF5. An analysis shows, equally, that the results 
argue against centrosymmetric inversions of polai· structures, analogous to that in the ammonia molecule. 

The electric deflection experiments do not define a structure for XeF5. However, they do set interesting 
restrictions on allowable structures. Models consistent with these measurements have been proposed by 
Burbank, et al., (1969), and by Bartell, et al., (1968), who have independently hypothesized a dynamic 
molecular structure for XeF5. The dynamic molecular structure for XeF5. The dynamic structural concept is 
being further developed by Pitzer, et al., (1973). 

An alternate model to describe the observed physical prnperties of XeF6 has been proposed by Goodman 
(1972). It suggests that XeF5 vapor is a mixture of molecular isomers differing in electronic state and nuclear 
geometry. Some of these states are triplets and should be paramagnetic. However, neither magnetic 
susceptibility measurements on the solid or liquid (Selig, et al., 1966), nor magnetic deflection experiments on 
molecular beams (Code, et al., 1967), similar to the electric deflection measurements described above, were able 
to detect paramagnetic components in XeF5. Thus, it is unlikely that electronic isomerism satisfactorily 
explains the structure of XeF6. The dynamic structural approach appears more promising. 

We have also used electric deflection and mass spectroscopy to examine noble gas molecules which are held 
together by a weak Van der Waals interaction. The experiments enable us to determine whether given systems 
are stable or nonstable, polar or non polar. We have expanded mixtures of noble gas atoms, fluorine atoms, and 
fluorine molecules together through hypersonic nozzles (Harris, et al., 1973). Under the conditions of the 
experiment, the diatomics Xe2, Kr2, and Ar2 were rnadily formed. With a room temperature source (no fluorine 
atoms), we observed the weakly bound systems Xe ... F2, Kr ... F2, and Ar ... F2. The mass spectral cracking 
pattern of Xe ... F2 was distinctly different from XeF2 (chemically bound). Similar experiments using FCl 
have provided the molecules Ar ... Cl -F and Kr ... Cl -F. A diatomic molecule of Kr and F has also been 
observed. These experiments have enabled us to study thermodynamically stable, but physically unstable, 
species. They provide insight into potential functions and important experimental comparisons with 
sophisticated calculations. These experiments which are continuing will resolve questions of the stability of 
these species and will provide estimates of the amount of charge transfer involved in the weak bonds. 

The above examples demonstrate that physical structural measurements of free molecules continue to 
advance our understanding of the chemistry of the noble gases which has excited the imaginations of 
scientists since the work of Cavendish, Ramsey, and Rayleigh. 
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AN OVERVIEW OF THE PHYSICAL-CHEMICAL PROPERTIES OF THE NOBLE GASES 

C. McKinley 
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Allentown, Pennsylvania 

Abstract 

This paper lists the concentrations of noble gases in the atmosphere and the relative abundance of the stable 
isotopes. Selected physical properties are tabulated; solubilities of noble gases in water and other liquids, and 
liquid-vapor equilibria data for binary systems containing a noble gas are presented. Adsorption data are 
tabulated for illustrative conventional adsorbents and are also presented by aPolanyi correlation.Clathration, 
biochemical effects, and chemical reactivity are highlighted. Analytical procedures are briefly described. 
Other relatively non-reactive gases present in the atmosphere in trace quantitites are mentioned: methane, 
carbon tetrafluoride, and sulfur hexafluoride. 

CONCENTRATIONOFNOBLEGASESINTHEATMOSPHERE 
' 

The five stable noble elements, which share a complete lack of activity towards many chemical reagents, 
range in atmospheric concentration from 9,340 ppm for argon to 0.086 ppm for xenon. The noble element 
concentration sequence, as seen in Table 1, is Ar>Ne>He>Kr>Xe>Ra. Radon, which has no stable 
isotopes, is present at an average concentration of about 6 x 10-14 ppm, but is quite variable in concentration, 
being exhaled from the earth's land masses (Junge, 1963). 

The concentrations of neon, krypton, and xenon in the atmosphere should be quite constant with time while 
the concentrations of helium and argon may be changing. Helium, 5.24 ppm, is composed of two isotopes, 3He 
and 4He, which appear in the atmosphere in the ratio of about 1.2x10-6 (Junge, 1963; Mamyrin, et al., 1970). 
4He is produced in almost equal parts by the decay of 238U and 232Th, and about 2% is due to decay of235U. 3He is 
produced by cosmic-ray spallation reactions with 14N in the atmosphere and by reactions with lithium and 
other elements in the lithosphere. Thus, helium is entering the atmosphere. It appears, however, that 
sufficient helium reaches escape velocity to somewhat stabilize the atmospheric content of helium for both 
isotopes. Atmospheric argon has been estimated (Moody, et al., 1964) to increase through the decay off2Kto 
fgAr , the rate being such that the Ar concentration would rise about 1 ppm each 700,000 years. 

Radon isotopei:rarise from decay of uranium and thorium. 2~g Rn, arising from uranium-238 (radium), is the 
dominant radon isotopein the atmosphere as its half-life of 3.8 (fays is significantly longer than that of the 59 
second half-life of220Rn derived from the decay ofthorium-232. The concentration ofradon over land has been 
noted to be 2 orderJ!6 of magnitude higherthan over the ocean.Actual concentrations vary substantially with 
height and atmospheric condition. The recording in a noble gases concentration table of an average value for 
radon, thus, is an enormous simplification of the actual concentration distribution at any one time. 

Naturally occurring isotopic concentration ratios are listed in Table 2. 

PHYSICAL PROPERTIES OF THE NOBLE GASES 

The noble gases are colorless, odorless, tasteless, monatomic, and non-reactive with all the usual chemical 
reagents. Perfect spherical symmetry results from the monatomic molecular structure and accounts for some 
of the interesting physical properties. The vapor pressures of the noble gases at the triple point are high, 
ranging from 0.4273 atm for Ne to 0.806 atm for Xe. The helium isotopes, indeed, cannot be frozen under their 
own vapor pressure; an external higher pressure must be supplied. Selected physical properties are listed in 
Table 3 (Kirk-Othmer, 1966 and Comprehensive Inorganic Chemistry, 1973). 

The principle of corresponding states (Leland, et al., 1968) is illustrated in excellent fashion by Ar, Kr, and 
Xe. The classical corresponding states principle (CSP), in which reduced parameters are obtained by dividing 
the particular temperature, pressure, and density by the corresponding critical values, is well-suited to the 
heavier noble gases. An illustration of this empirical CSP is shown in Figure 1, in which the reduced vapor 
pressures of the various gases are plotted as a function of the reciprocal of the reduced temperature. The 
experimental points for krypton and xenon are seen to fit the line obtained for the extensively studied gas, 
argon, quite well. The fit of the Rn data is not much better than for Ne, however, these data are quite old (1909), 
and the temperature scale is possibly the cause for the poor correlation. The deviation from the argon line is 
apparent for neon, is substantial for 4He, and becomes greatest for the lightest element in the group, 3He. To 
include these lighter noble gases, it is best to use theoretically based molecular parameters to obtain reduced 
variables. This allows the introduction of an additional parameter to account for the deviations from the 
classical behavior caused by quantum effects. P-V-T transport properties and other similar data can be 
obtained for Xe, Kr, and especially Rn from the extensively determined properties of Ar using CSP. 

This useful tool should allow the establishment ofradon properties which are difficult to measure because of 
its scarcity and radioactivity. Neon to some extent exhibits anomalous behavior at low temperatues caused by 
Quantum-mechanical effects; the two helium isotopes exhibit substantial anomalies. Critical point and 
normal boiling point properties for 3ffe and 4He differ substantially (see Table 3); these two isotopes have been 
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much studied because of their unique low temperature properties. (Helium is the only matter in the universe 
existing as a liquid below the triple point of hydrogen.) 

Figure 2 illustrates trends in several noble gas properties as a function of atomic number. The critical 
properties, pressure, temperature, and density increase with increasing atomic number; however, ionization 
potential and minimum exitation energy decrease. He and Ne are seen to depart from the smooth curves, 
which fit the four larger molecules. 

The Ar-Kr pressure-temperature projection, shown in Figure 3, is typical of a binary system which forms 
solid solutions in that the S-L-V locus is a smooth continuous curve connecting the respective triple points. 
Figure 4 is an isothermal section for this system at the temperature of the peak in the S-L-V curve. This 
pressure-composition diagram indicates the compositions of the various phases including the solubility or 
triple point composition. Such data are of theoretical interest because of the simplicity of the molecules, and 
are of practical use in the cryogenic separation of these gases. 

ADSORPTION OF THE NOBLE GASES 

Adsorption processes are used both in the production of noble gases and in the removal of trace quantities of 
radioactive noble gases from nuclear power plant vent gases. For activated carbon, silica gel, 5A and 13X 
zeolites, the affinity of the adsorbent for the noble gases increases with increasing molecular weight. This is 
shown in Table 4 which gives data for the adsorption of all of the noble gases except radon on activated carbon 
and 13X zeolite. (Silica gel and 5A zeolite capacities are similar to those for 13X.) Because of the limited amount 
of available data, there is some variation in temperature and pressure, but the trend of increasing capacity 
with molecular weight can be seen. As can be seen from the table, the helium and neon adsorption capacities 
are about two orders of magnitude lower than the capacities for argon, krypton, and xenon. Also, the capacity 
of the 13X zeolite for the noble gases is lower than that of activated carbon. In the case of the 4A zeolite, the 
krypton and xenon are excluded because of their size, while the argon capacity is reduced at temperatures 
below -165°C apparently because of a slight pore contraction. Argon, xenon, and krypton are excluded from 3A 
zeolite. Adsorption data for radon are not readily available. A review of the adsorption of noble gases is given 
by Cook (1961). 

Figure 5 gives a correlation of adsorption data for krypton on activated carbon using the Polanyi technique. 
Examples of the use of adsorption in the production of the noble gases are: the separation of helium-neon 

mixtures by neon adsorption on activated carbon, removal of oxygen from crude argon by adsorption on 4A 
zeolite, and separation of krypton-xenon mixtures using activated carbon. A description of these processes is 
given by Barron (1966). Activated carbon adsorbers are also being considered to remove or reduce trace 
radioactive krypton and xenon impurities from nuclear power plant vent gases. A review of this work is given 
by Kovach (1970). 

CLATHRATION 

The noble gases, as "guest" molecules, may be trapped in crystalline cages formed by "host" molecules. 
Water, hydroquinone, and phenol have been found to be such "hosts' for clathration of the noble gases. 
Examples of several such crystalline structures are given in Table 5 along with some of the observed 
properties. The heat of formation of the clathrates is relatively low. If one subtracts from the heat of formation 
of the Kr and Xe hydrates an approximated 8.3 kcal, representing crystallization of 5. 75 gm moles ofH20, one 
obtains 5.6 and 8.4 kcal, respectively, per gm atom of noble gas, which values correspond approximately to the 
heats of adsorption of the same gases. The forces which hold the noble gas in the hydrate are seen to be of the 
same order as Van der Waals bonding forces (Cook, 1961). 

Bartlett, et al., (1973) provide an excellent summary of the noble gas clathrates. 

SOLUBILITY 

The solubility of the noble gases in water is shown in Figure 5 for the temperature range Oto 70°C and at 
atmospheric pressure. The solubility increases with increasing atomic number. The two smallest molecules 
helium and neon, exhibit a minimum solubility in the temperature range illustrated. ' 

PHYSIOLOGICAL AND BIOCHEMICAL EFFECTS 

The no~le gases, although c~e~ically iner.t, do affe~t living systems when present in sufficient 
concentrations. The ~ff~cts upo!l hvmg system~ mcrease with increasing molecular weight for several of the 
phenomen8:. Narcosis is sufficiently strong _with xenon that surgery has been conducted at atmospheric 
pressure usmg 80%Xe:20%02 as the anesthetic. The depth of anesthesia obtained with xenon is intermediate 
between nitrous ~xide and ethylene. Krypton exhibits slight narcosis at atmospheric pressure; several 
a~mospheres partii;i.l pressure of _krypton would probably be required to induce deep anesthesia and even 
higher pressures with argon .. Hehum has be~n used to repl~ce nitrogen in breathing atmospheres for work at 
severa~ hundred feet depth m the ocean with no narcotic effects, these depths being such that nitrogen 
narcosis would have been a severe problem. 
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Helium-oxygen mixtures for breathing have found utility also in medicine, in aviation, and in other 
operations under pressure. 

Members of the noble gas family have been studied, in addition to their applications in breathing mixtures 
and in medicine, for effects upon metabolism, upon responses to stimuli and upon oxygen-dependent 
sensitivity to radiation. Cook (1961) provides an excellent historical summary of noble gas related biological 
research. 

CHEMICAL REACTIONS 

Bartlett (1962) reported the interaction of xenon with platinum hexafluoride to form a red solid of 
composition Xe (PtF6)x. Interest in noble gas compounds spread very rapidly; shortly a large number of brief 
communications appeared in the literature followed by several excellent reviews: Hyman (1963), Moody 
(1964), Holloway (1969), Hom (1970), Jha (1970), Geovold (1972), and Bartlett (1972). Many compounds 
containing xenon have been prepared and their properties measured; only a few containing krypton and 
radon have been made. Moody's (1964) summary listed 24 compounds containing xenon, 2 containing 
krypton, and 1 containing radon. 

ANALYTICAL PROCEDURES 

Frequently noble gas samples contain one or more of the noble gases in very low concentration and, as a 
consequence, extraordinary precaution must be taken to ensure that the sample is initially collected in a 
fashion to be truly representative. Further, care must be taken tbat adsorption and/ or absorption do not bring 
about composition changes. With appropriate handling care one can select an analytical procedure to fit the 
specific requirement. Gas chromatography is very useful, allowing separation of all the noble gases and their 
determination to very low concentration levels; mass spectrometry is particularly effective in stream 
monitoring for specific masses and for determination of isotope ratios; emission spectroscopy is valuable in 
stream monitoring of a high-purity inert gas for the presence of a trace of an impurity (Cook, 1961 and 
Schmauch, 1971). Radioactivity measurements are useful to supplement analysis by chromatography or mass 
spectrometry when radioactive isotopes are present. It is necessary to ensure that the radiation being counted 
is uniquely from the isotope of interest. Gibbs (1973) describes a portable radon monitoring instrument, and 
the techniques for avoiding background radiation and radiation from radon-daughters. 

OTHER RELATIVELY NON-REACTIVE GASES IN THE ATMOSPHERE 

Man's activities have resulted in the introduction into the atmosphere of some gases which will have a 
relatively long life in the atmosphere. Sulfur hexafluoride is an interesting example. Clemens (1968), based on 
production and consumption data provided by manufacturers and users, has estimated that the worldwide 
average concentration of SF6 should be at least 10-7 ppb. He found that a number of samples ofairtaken in and 
around Cincinnati, Ohio ranged from 0.04 to 0.20 x 10-3 ppb, and that no sample taken was free of SF5. SF5 
lends itself to use in meterological tracing because of its chemical inertness. SF5 concentration in air can be 
measured down to a sensitivity of 1 x 10-5 ppb by a gas chromatography procedure using an electron capture 
detector. The SF5 content of the air sample is concentrated by adsorption onto charcoal at a low temperature, 
and then is desorbed for introduction to the chromatograph. The technique has been used to trace air 
movements over distances of 75 miles with a release rate of SF5 of about one pound per minute for an hour. 

Methane, although an unusually stable hydrocarbon, in contrast to sulfur hexafluoride, has a relatively 
short atmospheric life estimated to be in the range of 10 to 20 years (Ehhalt, 1967 and Wofsy, 1972). A very 
large fraction of the methane entering the atmosphere is from decomposition oforganic material at the earth's 
surface. The sinks for methane are not well understood. Electrical discharges, photolysis of methane and 
bacterial action may be involved. The generation rate is of the order of 3 x 1014 grams per year. Whatever the 
sinks are, they effectively reduce the methane concentration in the atmosphere to the relatively constant 
average of about 1.2 to 1.6 ppm (Cavanagh, et al., 1969). The generation rate, with no sinks, would increase the 
atmospheric concentration of methane about 0.1 ppm per year. 

Carbon tetrafluoride, a very stable molecule, is present in the atmosphere at very low concentrations. CF 4 
has entered the atmosphere through its production and use, and probably also to a significant extent through 
the venting of fluorine to the atmosphere through carbon beds. The concentration of CF 4 in the atmosphere 
can be estimated from its appearance during commercial production of krypton and xenon. CF 4 boils between 
Kr and Xe, the normal boiling points being Kr 119.8°K, CF 4 145.1 °K, and Xe 165°K. Hence, in the fractionation 
process CF 4 is concentrated in the intermediate fraction between the pure Kr and pure Xe. From a material 
balance around the entire distillation process, it is possible to calculate the CF 4 concentration in the air feed to 
the air separation plant. In the spring of 1966, the air feed to the separation plant described in G. G. Handley:s 
paper at this Symposium was found to contain about2.3x 10-5 ppm by volume ofCF4. A few months later, m 
the early fall, the concentration of CF4 in the air feed was calculated from material balances around the 
krypton-xenon recovery unit to be 2. 7 x 10-s ppm. CF 4 has also been found in krypton and in xenon produced in 
other parts of the world. One must conclude that it is distributed throughout the atmosphere, although we do 
not have information on its concentration variability. 
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TABLE 1. Concentration of Noble Gases in the Atmosphere (Kirk-Othmer, 1966). 

Atomic Atmospheric Concentration 
Element Symbol Number ppm by Volume (Dry Air) 

Helium He 2 5.24 

Neon Ne 10 18.18 

Argon Ar 18 9,340 

Krypton Kr 36 1.14 

Xenon Xe 54 0.086 

Radon Rn 86 6xlQ-14 

TABLE 2. Naturally Occurring Isotopic Abundance of the Noble Gas Elements (Schmauch, 1971). 

Element Atomic Number Mass Number Abundance, Atom% 

He 2 3 0.00013 
4 99.9999 

Ne 10 20 90.92 
21 0.257 
22 8.82 

Ar 18 36 0.337 
38 0.063 
40 99.600 

Kr 36 78 0.354 
80 2.27 
82 11.56 
83 11.55 
84 56.90 
86 17.37 

Xe 54 124 0.096 
126 0.090 
128 1.919 
129 26.44 
130 4.08 
131 21.18 
132 26.89 
134 10.44 
136 8.87 

Rn 86 no stable isotopes 
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TABLE 3. Physical Properties of the Noble Gases (a) (Kirk-Othmer, 1966). 

Elements 

Property Units 3He 4He Ne Ar Kr Xe Rn ---
Atomic number 12C= 12 2 2 10 18 36 54 86 

Atomic weight 12c= 12 3.0160 4.0026 20.183 39.948 83.80 131.30 222 

Critical Point: 
temperature OK 3.324 5.199 44.40 150.86 209.4 289.74 378 
pressure atm 1.149 2.261 26.19 48.34 54.3 57.64 62 
density g/ml 0.0413 0.0693 0.483 0.536 0.908 1.100 

Normal boiling point (nbp) OK 3.1905 4.215 27.09 87.28 119.80 165.04 211 

Triple point (tp): 
temperature OK notp notp 24.54 83.81 115.77 161.38 202 
pressure atm notp notp 0.4273 0.6800 0.7220 0.806 (0.7) 

Densitv: 
gas, 1atm,273.15°K g/liter 0.1347 0.17850 0.90002 1.78380 3.7493 5.8971 9.73 
gas,nbp g/liter 23.64 16.714 9.552 5.763 8.6 11 
liquid,nbp g/ml 0.0589 0.1249 1.206 1.3936 2.415 3.057 4.4 
liquid, tp g/ml notp notp 1.247 1.418 2.451 3.076 
solid, tp g/ml notp notp 1.444 1.623 2.826 3.540 

Gas/liquid vol ratio (b) 437.4 700 1,340 781 644 518 452 

Heat of vaporization at nbp cal/g-mole 6.09 19.4 429 1,550 2,154 3,020 4,325 

Heat of fusion at tp cal/g-mole notp notp 80.1 283 392 548.5 776 

Heat capacity at constant 
pressure: 
gas, 1atm,25°C cal/ g-mole)(°K) (4.968 4.968 4.969 5.969 5.008 5.022 (5) 
liquid, nbp (c) cal/g-mole)("K) 4.0 4.33 8.9 10.9 10.6 10.65 

Sonic velocity: 
gas, 1 atm, 0°C m/sec (1,122) 974 433 307.8 213 168 

Thermal conductivity: 
gas, I atm, 0°C cal/(sec)(cm2)(°K/cm) (391) 339.0 110.1 40.5 20.9 12.l 
liquid,nbp cal/(sec)(cm•)(°K/cm) 51 75 310 290 211 175 

Viscosity: 
gas, 1 atm, 25°C µP (172) 198.5 317.3 226.4 253 231.0 233.2 
liquid, nbp mP 0.0161 0.030 1.24 2.75 4.31 5.28 

First ionization potential eV 24.586 21.563 15.759 13.999 12.129 10.747 

Min excitation energy eV 19.818 16.618 11.548 9.915 8.315 6.772 

(a) Numbers in parenthesis are estimated. 
(b) Volume of gas at I atm and 273.15°K (0°C) equivalent to unit volume liquid at nbp. 
(c) Heat capacity of saturated liquid. 
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TABLE 4. A Comparison of Adsorption Capacities of Noble Gases 
on Activated Carbon and Zeolite Type 13X. 

Activated Carbon Zeolite 

Gas Temp Press Capacity Temp Press Capacity oc mmHg ml* oc mmHg ml* 
g g 

He -190 100.00 0.28(a) -250 0.5 5.6(c) 

Ne -195 1.0 1.14 (a) ** 

Ar -196 1.0 224 (b) -183 0.8 80 (a) 

Kr -170 0.8 242 (a) -183 0.018 47 (a) 

Xe -170 0.03 230 (a) -183 0.09 84 (a) 

* ml of gas at 0°C and 1 atm pressure per gram of adsorbent. 
**No data were found for neon adsorption on zeolites. 
(a)(Cook, 1961) 
(b) (Grant, et al., 1964) 
(c) (Stein, et al., 1962) 
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TABLE 5. Noble Gas Clathrates With Water, Hydroquinone and Phenol (d)( e). 

Formula Noble Gas, wt% Heat of 
Formation 

Theoretical Observed Theoretical Observed kcalmole-1 

8Ar.46H20 Ar.6H20 27.8 "-'27 

8Kr.46H2o Kr.6H20 44.7 ""44 13.9 (a) 

8Xe.46H20 Xe.6H2o 56.0 ,._, 53 16.7 (a) 

8Rn.46H20 68.2 

Ar.3C6Hi0H)2 0.8Ar.3C6H i0H)2 10.8 8.8 5.1 (b) 

Kr.3C6Hi0H)2 0.74Kr.3C6H4(0H)2 20.3 15.8 

Xe.3C6Hi0H)2 0.88Xe.3C 6H 4(0H) 2 28.5 26.0 

4Ar.12C6H50H 2.92Ar.12C6H50H 12.4 9.4 9.85(c) 

4Kr.12C6H50H 2.92Kr.12C6H50H 22.9 18.0 8.97(c) 

4Xe.12C6H50H 4Xe.12C6H50H 31.8 31.8 8.8 (c) 

(a) Heat of formation based on composition ratio of (one atom noble gas) (5.7 5 H20). 
(b) Heat of formation based on composition ratio of (one atom noble gas) (3C6H4 (0H)

2
). 

(c) Heat of formation in the range of 0° to 40°C, kcal per gm atom of inert gas absorbed. 
(d)(Cook, 1961). 
(e) (Kirk-Othmer, 1966). 

Decomposition 
Temp,°Cat 

one atm. press. 

-42.8 

-27.8 

- 3.4 

Dissociation 
Pressure, atm., 

at0°C 

105 

14.5 

1.5 

33 

6 

1 
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A TEST OF INTERMOLECULAR POTENTIALS FOR THE NOBLE GASES BY COMPARISON 
WITH EXPERIMENTAL THERMAL DIFFUSION FACTORS 

W.L.Taylor 
Monsanto Research Corporation 

Mound Laboratory* 
Miamisburg, Ohio 45342 

Abstract 

The description of the equilibrium and transport properties of dilute gases follows from a knowledge of the 
pair interaction energy of the gas particles. We have used a second order effect, the thermal diffusion factor, 
which is extremely sensitive to the intermolecular potential, as a test of various potentials which have been 
proposed for the noble gases. Measurements of the thermal diffusion factor were made over a wide range of 
temperatures in a trennschaukel; and these results, along with other values reported in the literature, were 
fitted to empirical equations within the experimental uncertainties. Many proposed intermolecular 
potentials, including some recently obtained from solid state properties and molecular beam scattering, were 
used to calculate transport collision integrals and thence theoretical thermal diffusion factors which were 
compared to the empirical equations. In the case of helium, quantum mechanical calculations were made. The 
"best" potentials for each noble gas were then used to evaluate other macroscopic properties of the 
homologues. 

INTRODUCTION 

Knowledge of the intermolecular forces between atoms and molecules can be obtained from both 
experimental observations and theoretical considerations. However, the successful determination of the 
interaction forces from empirical data requires the existence of an accurate theoretical description of the 
physical property, and further requires that the measurements be made in a temperature (or relative kinetic 
energy) region which is "sensitive" to the intermolecular potential. Traditionally, the properties of dilute 
gases or those of the crystal lattice have been employed because of the existence of rigorous theoretical 
treatments. More recently, primarily due to improved experimental techniques, the powerful method of 
molecular beam scattering to obtain total and differential scattering cross sections has been added to the list. 
From the practical point of view, once the intermolecular potential has been accurately determined by 
whatever method, other properties required, for example in engineering applications, can generally be 
calculated without the need for extensive experimental measurements. 

In the present work, we have used one of the transport properties of the dilute gas, the thermal diffusion 
factor, as the empirical test. Thermal diffusion is especially well suited for this task because transport 
properties of monatomic dilute gases are very adequately described by the rigorous kinetic theory of Chapman 
and Enskog, plus the fact that thermal diffusion, being a second-order effect, is the most sensitive to the 
interaction. 

The major drawback to measuring thermal diffusion factors lies in the fact that the effectisverysmall, 
particularly for isotopes; and, in fact, was predicted theoretically before it was observed experimentally. 
Essentially, the measurement consists of determining the isotopic separation in a temperature gradient. 
There are three basically different methods or types of apparatus that can be used for making the 
experimental measurement: (a) the thermogravitational column; (b) "two-bulb" apparatus; and (c) the 
trennschaukel or "swing separator". In the first method the separations are large, a great advantage, but it is 
difficult to operate a column over an extended temperature range; and theoretical treatment of the column 
behavior is complicated because of the convective flow caused by the horizontal temperature gradient. The 
"two-bulb" apparatus suffers from the fact that the separation is very small. We have chosen the 
trennschaukel, developed by Clusius and Huber (1955), as the preferred method for the present work because it 
cascades the single stage separation of the "two-bulb"; and a rigorous theoretical treatment of its operation 
has been given by van der Waerden (1957). 

Of the noble gases, far more experimental determinations have been conducted on helium and neon than on 
argon, krypton, or xenon. Unfortunately, much of the data are widely scattered; and in some cases it is felt 
that systematic experimental errors are present. We have measured the temperature dependence of the 
isotopic thermal diffusion factor of the noble gases from approximately 200 to 900°K, and in the case of helium 
the temperature range was extended down to 5°K. In addition, a wide variety of proposed intermolecular 
potentials were selected for evaluation. The transport collision integrals were evaluated and used to com~ute 
theoretical thermal diffusion factors which were compared to the experimental data. Quantum mechanical 
calculations were used for helium at low temperatures and classical theory for the heavier gases. 

*Mound Laboratory is operated by Monsanto Research Corporation for the U.S. Atomic Energy Commission 
under Contract No. AT-33-1-GEN-53. 
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EXPERIMENTAL 

The experimental appartus utilized for the present work is shown schematically in Figure 1. The 
trennschaukel (C) consists of 20 Inconel tubes heliarc welded into two massive nickel blocks of toroidal 
shape with each tube connected top to bottom with an Inconel capillary. The top end of the first tube and the 
bottom end of the twentieth tube are connected to either end of a micro bellows pump mounted on the upper 
block. This assembly is mounted in an environmental chamber (B). The top block and micro bellows pump are 
held at the temperature of the chamber, TH ; and the bottom block, which is insulated (insulation not shown), 
is maintained at temperature Tc by passing either air or liquid nitrogen from source (F) through passages in 
the lower block. The temperature gradient, i::.T, is sustained in the exposed middle one-third of the tubes. 
During an experiment, the gas is swung back and forth by means of the bellows pump (A). At the end of an 
experiment the gases from the two sides of the bellows pump are sampled in the sampling manifold (D). The 
lines are first purged, and then duplicate samples are withdrawn from the bellows. 

The expression for the thermal diffusion factor in terms of the experimental quantities is obtained from the 
mass flux equation for a binary mixture in a one-dimensional temperature gradient. The resulting expression 
for ar is 

ar= lnq/ln (TH/Tc) 

where q is the separation factor in a single tube defined by the ratio of concentration ratios (x1/x2) at TH to 
(x1/x2) at Tc . Three corrections must be applied to the measured concentrations to compensate for the 
operating characteristics of a trennschaukel. These are derived in the theory by van der W aerden (1957). After 
some minor manipulation, the expression for the experimental thermal diffusion factor from the 
trennschaukelisobtained. [a. :-i =lnQyn k ln (1 + f::.T;) 

~exptJ - l: -
k ; = 1 Tc 

Here Q is the overall separation with corrected compositions, n is the number of trennschaukel tubes, and k is 
the number of stations (in this case four) at which the temperature gradient is monitored by differential 
thermocouples. 

Feed gas mixtures were obtained for helium, neon, and argon by mixing equimolar amounts of 3He/4He, 
20Ne,and 36Ar/40Ar, which are available from Mound Laboratory's stable isotope inventory. Special mixtures 
containing approximately equal amounts ( = 5%) of the end isotopes of krypton (7BKr/B5Kr) and xenon 
( 124Xe/136Xe) were produced in Mound's thermal diffusion systems. The isotopic composition of the samples 
was measured by repetitively scanning the peaks of the desired mass numbers on a mass spectrometer and 
averaging the isotope ratios obtained. 

THEORETICAL 

The theoretical expression for a T is most readily expressed in Chapman's determinant notation, 

[ar]m =~ lim (X1 X2Aoo ( ml)-1 {x A (ml [ I J~ 
( ~ )m[..-oo I J } 1 01 (M1 + M2) 2M1 2 

+X 2Ao-1 (M1+ M2) 2M 2 Y2. 
The quantities A;J ( ml are determinants obtained from a master determinant A<ml of order 2m + 1 by 
striking out row i and columnj. Here Xis the mole fraction, M is the molecular weight and m is the order of the 
approximation. The elements of 1¥ m l , which are complicated functions of the transport collision integrals, 
molecular diamet~rs, and molecular weights, have been given for up to the third order, [a T] , by Mason 
(1957). The theoretical values computed herein are [a T J 3, except where otherwise noted. 3 

In the event the gas has several isotopes, it is sometimes convenient to remove the mass dependence, or 
convert to another mass pair, by use of a reduced thermal diffusion factor 

a 0 = [(M1 + MJ} ;'(M1 -MJ)J ar. 
Where the necessary values of a1 reported by previous workers have been converted to be directly 
comparable to our measured values. 

The collision integrals for the Lennard-Jones (12-6) and certain integral values of a for the modified 
Buckingham (exp-6) potentials are given in Hirschfelder, et al., (1954). Classical collision integrals for the 
Parson, et al.,(1~7?) a~d Barker, et al., (1971) potentials were calculated by Neufeld and Aziz (1973). Since only 
lower order colhs10n mte~als.werp reP-orted by Neufeld, the additional integrals required for the second 
~hapman~Enskog appr?XIII?-ation, La r ] 2 , were generated from the recursion relations using Lagrangian 
mterpol~1on for the denvative. This was necessary because from previous calculations we have determined 
that La r may be off as much as 5 or6%, but[ar] 2 generally converges to[a1] 3to within a few tenths of a per 
cent. Co ision integrals for the remaining potentials, including non-mtegral values ofafor the (exp-6) 
potential, were calculated u~ing a method developed by Keller and Taylor (1969). The parameters for the 
Parson, et al., (1972) potential for the noble gas~s other than argon were obtained from Lee (1973). The 
parameters for the Barker, et al., (1971) potential for the gases other than argon were obtained from 
Rutherford (1973), and adjusted for the slight difference in parameters. 
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RESULTS AND DISCUSSION 

The experimental and theoretical results of xenon are shown in Figure 2. For several years it has been 
suspected that th~ values for the isotopic thermal diffusion factor for xenon, which were reported by Paul, et 
al., (1965b), were m error. Ross and Rutherford (1970) studied the separation of xenon isotopes in a thermal 
diffusion column and o.btained exp~rimental values for the column coefficients Ho' , Kc' , and Kd . They also 
evaluated these coefficients theoretically using the best available transport property data. The values of the 
two remixing coefficients, Kc', and Kd, which are not dependent upon the thermal diffusion factor were 
found to be in good agreement with their experimental values. The values of H 0 ', the initial tra~sport 
coefficient, were calculated using the data of Paul and were in poor agreement with experimental results. Roos 
then proceeded to make a corresponding states plot of a 0 (the reduced thermal diffusion factor) for all of the 
noble gases (except helium) and noted that this plot indicated values for a.,lower than those Paul reported. 
Using the corresponding states predictions, they were able to reconcile the ,difference between their 
experimental and theoretical values of Ho~ ·Recently, Rutherford (1973) made additional separation 
measurements on xenon isotopes in a precisely constructed thermal column and extracted values of arfrom 
the column performance which were approximately 40% lower than Paul's data. We have performed the 
measurements from an average temperature of 250 to 850°K and substantiate the predictions of Roos and 
Rutherford. Furthermore, the theoreticalcalculations of a 1using either the Parson, et al., (1972) or the Barker, 
et al., (1971)potentials agreewith the present results within the experimental uncertainty. 

The results for krypton are shown in Figure 3. There are no major disagreements among the experimental 
data except at low temperatures. Below 300°K the present results are higher by a factor of two over those of 
Paul and Watson (1966). The higher value was predicted by Rutherford (1973) and is also substantiated by a 
semi-empirical method due to Weissman and DuBro (1970) using isotopic diffusion data. Once again, the 
potentials of Parson, et al., (1972) and Barker, et al., (1971) represent the data best. The M.B. (exp-6) potential 
with parameters by Mason (1960) fails at low temperatures where it falls well below the new values. 

Most of the experimental data for argon are in agreement within the mutual experimental uncertainty with 
the exception of de Vries andLaranjeira (1960) and van der Valk and de Vrie!.' (1963). Surprisingly, none of the 
potentials investigated represents the data particularly well. The Parson, et al., (1972) and Barker, et al., 
(1971) potentials accurately predict the behavior of a1 at low temperatures, but fall considerably lower than 
the data above approximately 500°K. The M.B. (exp-6) potential with parameters by Mason and Rice (1954b) 
is excessively high at intermediate temperatures, and the Lennard-Jones potential derived from second virial 
coefficient data is inadequate as in the previous cases. 

A considerable :r;rumber of workers have reported experimental results for neon which are shown in Figure 5. 
The temperature range of the data spans l,100°K which provides a rigorous test of the potential. 
Unfortunately, much of the data scatter widely; and without some selective proc~ss very little information 
can be obtained concerning the intermolecular forces. The present data pass roughly through the median 
results of other workers, and since the Mound Laboratory data have appeared to be accurate for the other 
noble gases, behavior of the theoretical curves is compared to the present measurements. The experimental 
thermal diffusion factor appears to reach a plateau between 0.026 and 0.027 at high temperatures. The Parson, 
et al., (1972) and Barker, et al., (1971) potentials never approach this level and fall off markedly at the higher 
temperatures. The Lennard-Jones potential predicts values which are too high over the entire range. The 
potential due to Mason and Rice (1954b) is probably the best choice, but approximates the data well only in the 
intermediate temperature range.We find no really satisfactory potential for neon. 

The results of helium, which have been reported elsewhere by Taylor and Weissman (1971) and Taylor 
(1973), are given in Figure 6 for the sake of completeness. The Mound Laboratory data, which span 900°K are 
in good agreement with other workers, except at very low temperatures, where it is felt that the data of van der 
Valk (1963) are erroneously high (see Taylor, 1973). The potentials given by Beck (1969) and Bruch and McGee 
(1967) represent the data quite well, but from a comparison with other transport properties by Tay~or and 
Keller(1971), we have a slight preference for Beck's potential. The Lennard-Jones and (exp-6) potentials are 
entirely inadequate for helium. 

CONCLUSIONS 

We have measured the isotopic thermal diffusion factors for the noble gases over an extended temperature 
range and have computed theoretical thermal diffusion factors from a variety of intermolecular potentials. 
Because thermal diffusion is a property which is relatively sensitive to the nature of the intermolecular forces, 
we have compared the theoretical values to the experimental data in order to test the validity of various 
potentials. The Lennard-Jones and (exp-6) potentials are generally inadequate. We found that potentials 
proposed by Parson, et al., (1972) and Barker, et al., (1971) quite accurately predict a1 for xenon and krypton, 
but fail at high temperatures for argon and neon. This leads us to the conclusion that these workers have, for 
the noble gases, characterized the well of the potential quite well, but have failed to obtain an accurate 
representation of the repulsive region of the potential. This follows from the successively poorer beha~or of 
their potentials at higher reduced temperatures. Helium is somewhat of a separate problem, and for this gas 
we prefer Beck's potential. 
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TABLE 1. Intermolecular Potential Parameters 
for the Noble gases. 

Gas Source ( /k a rm Reference 

Xenon 2nd Virial 221. 4.100 Beattie, et al., (1951) 
Thermal Diff. 257. 3.963 Paul, et al., (1965a and b) 
Mol.Beam 282.5 4.43 Parson, et al., (1972) 
Liquid Data 280.3 4.358 Barker, et al.,(1971) 

Krypton 2nd Virial 172.7 3.591 Beattie, et al., (1951) 
Transport Prop. 200.0 4.036 Mason (1960 
Mol.Beam 201.5 4.100 Parson, et al., (1972) 
Liquid Data 199.7 4.007 Barker, et al., (1971) 

Argon 2nd Virial 119.8 3.405 Michels and Wijker (1949) 
Transport Prop. 123.2 3.866 Mason and Rice (1954b) 
Liquid Data 142.1 3.761 Barker, et al., (1971) 

Neon 2nd Virial 35.60 2.749 Buckingham (1938) 
Transport Prop. 38.0 3.147 Mason, et al., (1954b) 
Mal.Beam 37.15 3.17 Parson, et al., (1972) 
Liquid Data 36.82 3.142 Barker, et al., (1971 

Helium 2nd Virial 10.22 2.556 deBoer and Michels (1938) 
Viscosity 86.20 2.158 DiPippo and Kestin (1968) 
Transport Prop. 9.16 3.135 Mason and Rice (1954a) 
Viscosity 36.1 2.725 DiPippo and Kestin (1968) 
2nd Virial 10.38 2.96 Beck(1969) 
Transport Prop. 12.13 2.975 Bruch and McGee (1967 
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Figure 1. Schematic diagram of apparatus. A, pump drive; B, environmental chamber; C, bellows pump and 
trennschaukel; D, gas sampling manifold; E, feed gas supply and evacuation system; F, air or liquid nitrogen 
supply to adjust Tc . 
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Figure 2. Thermal diffusion factor 134Xe-136Xe. The experimental points are: e, present data; X, Paul, et al., 
(1965b); and CJ, Rutherford (1973). The theoretical curves are:-_ -- Parson, et al., (1972);-- -Beattie, et 
al., (1951);-- ---Paul, et al., (1965a); and------,Barker, et al., (1971). 
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Figure 3. Thermal diffusion factor for 78Kr-86Kr. The experimental points are: e, present data; X, Paul and 
Watson (1966); and o, Rutherford (1973). The dotted line represents the semi-empirical values of ay obtained 
by Weissman and Du bro (1970) from isotopic diffusion data. The theoretical curves are: ,Parson, et al., 
(1972); -- - , Beattie, et al., (1951);-· - - - , Mason (1960); and- - -- --, Barker, et al., (1971). 
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Figure 4. Thermal diffusion factor for 36 Ar-4o Ar. The experimental points are: e, present data; X, Paul, et al., 
09.63); o, Rutherford (1973); V, Stevens and de Vries (1968); .A, van der Valk and de Vries (1963); and 6., de 
Vnes and Laranjeira (1960). The theoretical curves are: -- , Parson, et al., (1972); -------,Barker, et al., 
(1971); - ----,Michels and Wijker(1949); and----, Mason andRice(1954aand b). 
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Figure 5. Thermal diffusion factor for 20N e-22N e. The experimental points are: e, present data; V, Saxena, et 
al., (1961); +,Nier (1940);*:, Stier (1942);~. Moran and Watson (1958); X, Fischer (1959);(), Laranjeira and 
Kistemaker {1960);0, Grew and Mundy (1961); o, Watson, et al., (1963);.6., Laranjeira and Cunha (1966),<:>, 
Cunha and Laranjeira (1972);~. Rutherford (1973); and T, Raman, et al., (1965). The theoretical curves 
are:-, Parson, et al., (1972); - - -, Barker, et al., (1971);----. Mason and Rice (1954b); 
and - - , Buckingham (1938). 
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Figure 6. Thermal diffusion factorfor 3He-4He. The experimental points are:e, present data; A, van der Valk 
(1963);•, Watson, et al., (1963); o, Paul, et al., (1965a);O, Saxena, et al., (1961);'\7, Mclnteer, et al., (1947); and .. 
. . , the smoothed data ofW eissman (1969). The theoretical curves are: Lll, de Boer and Michels (1938); LJ2, Di 
Pippo and Kestin (1968); MBl, Mason and Rice (1954a); MB2, Di Pippo and Kestin (1968); - - , Beck 
(1969);and ---- ,BruchandMcGee(1967). 
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Abstract 

The noble gas series of elements, for many years considered "inert" in a chemical sense, are known to have 
biologic activities that must be considered in any attempt to assess the possible hazards of having radioactive 
isotopes of these elements liberated in our environment. Although most is known about the biology of xenon, 
reports of effects from low concentrations of helium have been made. The anesthetic properties of xenon will 
be reviewed in some detail including the possible biologic implications of xenon's binding at very specific 
internal sites of proteins and the effects of this binding on the affinity of heme proteins. The surprising 
observations that helium substituted for nitrogen at ordinary pressures reduced the baseline heart rate and 
the concentration of endogenous plasma catecholamines of dogs will also be discussed. Possible mechanisms 
by which these gases might be altering normal biologic responses will be presented. Biologic effects of neon, 
argon, and krypton are less well-documented, but the theoretical aspects of their possible associations in 
biological systems are discussed. 

INTRODUCTION 

One of the important questions to be addressed during this symposium concerns the biological effects of the 
noble gases. Are there such effects? If so, what are they? And what are the implications of these effects, 
particularly when some of these gases may be at times represented in our environments by some of their 
radioactive isotopes? 

We shall describe briefly the relatively little that is known about the physiology or biology of these gases 
without specific reference to the factor ofradioactivity, which will be considered by others. 

It is not surprising that we know most about the two ends of our scale - helium and xenon. (Radon will 
receive special attention later in this symposium), During this presentation we shall mention briefly the scope 
of the studies on the whole series of gases, then describe some specific studies with xenon and helium, and 
conclude with comments on the dilemma confronting us with respect to neon, argon, and krypton. 

As tools to probe some of the complexities of molecular mechanisms in biology, the noble gases are ideal for 
focusing on the smaller binding forces among molecules - the non-covalent, non-ionic, and non-hydrogen 
bonding forces. Also, with these noble gas elements there is never the necessity of considering the possibility 
of a metabolite whose identity has escaped detection. 

Studies have shown that, over a range of pressures appropriate for the relative size of the poble gas atoms, 
and the sensitivity of the test situation, that the activities of a number of enzymes, including tyrosinase, 
lipoxidase, acetyl-cholinesterase, alpha-chymotrypsin, leucine amino peptidase, (Powell, 1973) and ATPase 
(Trevor, et al., 1969) are all affected by the noble gases. On the whole cell level, Neurospora crassa growth, 
(Powell, 1973) cell division ofHeLa cells growing in culture (Powell, 1973) and the growth of some Escherichia 
coli strains (Hegeman, 1973) are all inhibited by the noble gases at appropriate pressures. 

Physiological effects on nervous activity have been studied in several situations. Gottlieb and others have 
shown a reversible inhibition of nerve conduction by 200 psi xenon and 950 psi krypton (Gottlieb, et al., 1968). 
Xenon anesthesia in man has been known and studied extensively for over 20 years (Featherstone, et al., 
1963). More recently, the tremors and convulsions of the "high pressure neurological syndrome," caused 
apparently by helium in environments simulating greaterthan 600 feet of sea water, has elicited considerable 
attention (Bennett, et al., 1971). 

The first question, then, of the presence of altered physiology in the presence of supernormal amounts of at 
least some of these noble gases has to be answered affirmatively. 

XENON EFFECTS 

Let us consider xenon first in some detail. The fact that it can produce anesthesia in man at 0.8 atm. with 
room for adequate oxygen, and in other. organism~ at. higher pressures (monkeys at 2 atm., dogs at 3 'atm., 
rats at 5 or 6 atm., etc.) has been the subject of studies m our laboratory and others for over 20 years Early in 
this period we used radioactive xenon (the first produced by neutron bombardment) to learn that x~non was 
taken up by equal rates by the.cerebral cortex, the caudate nucleus, the thalamus, the hypothalamus, and the 
medulla oblongata of the bram, as well as by the kidneys. The adrenal gland for some unknown reason 
absorbed xenon to a ~uch greater extent than di~ the brain, and other tissues absorbed it more slowly and t~ 
lesser degrees, depend1!1g more or less on vasculanty (Featherstone, et al., 1952; Pittinger, et al., 1954). We also 
learned that blood carnes almost half of the xenon bound to hemoglobin. 

*On sabbatical during 73-74 in Geneva. Department of Physiology, University of Geneva, Switzerland. 

- 416 -



We shall summarize briefly what we have learned about the nature of the association of xenon with some 
macromolecules of known biological importance - a system that is serving us well as a model for still 
unknown systems that are possibly even more important. Comparisons can be made of the size of xenon with 
other anesthetic molecules and with the gases that make up our normal environment. Xenon is about the size 
of nitrous oxide and ethylene; it is much smaller than chloroform, ether, or halothane; and larger than 
hydrogen, oxygen, nitrogen, and carbon dioxide. The only mechanism seemingly possible is the attraction of 
the electrons of xenon to a dipole, thereby having a dipole induced in the xenon, which in turn can attract 
other electrically neutral molecules, inducing in them also a dipole moment. Both the size' and pol~rizability of 
these molecules are important and are closely related. 

Interactions of anesthetics like xenon with proteins can now be explored at a molecular level. Myoglobin, a 
small protein whose three dimensional structure is known almost completely, is a compact unit with little 
empty space inside. Xenon, a tiny molecule by comparison with myoglobin, combines with some specific sites 
with myoglobin. Two xenon binding sites have been identified by x-ray diffraction studies (Settle, 1973). The 
first binding site is nearly equidistant between the proximal histidine and the heme. The binding energy of 
this site approximates 10 kcal/mole (roughly equivalent to two ionic bonds), but composed of over 30 small 
additive forces. The second site is nearer the surface but still completely within the protein molecule -
between the AB and GH corners. In hemoglobin, which is made up of four units similar to myoglobin, binding 
of xenon has been observed in the second region. In the alpha chain of hemoglobin, the binding site is nearer 
the GH corner; in the beta chain the site is nearer the AB corner. These sites are inside and near the surface, 
and are composed essentially of the same non-polar amino acid side chains as those of the myoglobin sites. 
They compose in each case a small lipid-like pocket. 

Studies with lysozyme, another protein whose structure is almost completely known, have shown that 
xenon does not associate with this protein - there are no suitable environments in it. Our preliminary 
experiences with some other proteins indicate that some proteins do associate specifically with xenon. 

Myoglobin combines with oxygen and carbon monoxide on the side of the heme opposite the first xenon site. 
When xenon is present, the binding of carbon monoxide is altered. Binding constants of xenon to deoxy and 
car boxy myglobin indicate that xenon in the site near the heme causes a small increase (10%) in CO affinity; 
and xenon in the site near the AB and GH corners (see Figure 1.) causes a much larger increase in CO binding 
(90%)(Settle, 1973). Another site is known to exist in some forms of myoglobin, but it has not yet been 
identified, although the xenon in it is known to decrease CO affinity. 

The diagramatic representation Perutz has recently published on the movement of a hemoglobin subunit 
upon ligand binding (Perutz, 1970) can be considered in relation to xenon and carbon monoxide binding. 
Remember that the primary xenon site is near the heme and histidine of the F helix, and that the secondary 
site is near the GH corner. Upon ligand binding the heme becomes planar, and the distance between the heme 
and the F helix decreases by 0.9 A. This causes a movement of the F helix 2 A toward the G helix, with the F 
helix pivoting at the FG corner and middle of the E helix, thus producing movements of several angstroms in 
the region Of the secondary xenon site between the AB and GH corners. One can postulate that xenon, when 
present, can alter the affinity of a ligand (like carbon monixide) by perhaps holding the hemoglobin in a more 
favorable state for liganding to occur or to be maintained. It is interesting to note that xenon alone, however, 
does not change the structure of hemoglobin merely by its presence. 

This postulate about the mechanisms by which xenon causes increased liganding of carbon monoxide is 
supported by recent observations (Stewart, et al., 1972) that methylene chloride (dichloromethane) breathed 
for two hours in low concentrations (probably equivalent to the exposure received from using the compound to 
remove paint from a small piece of furniture) will cause a tenfold increase in the carboxyhemoglobin level, and 
that Benno Schoenborn (Pifarre, et al., 1970), of Brookhaven National Laboratory, has shown that this 
compound, which is only slightly larger than xenon, combines with heme proteins in the "xenon" sites. 

HELIUM EFFECTS 

Let us turn now to some biological consequences of the presence of helium in a biological system. Here, the 
observations are mainly phenomenological at this stage. Five examples are cited briefly. 

(1) In diving gas mixtures, the use of helium has led to an avoidance of nitrogen narcosis allowing man to 
descend to far greater depths, although not without limit, as will be indicated later. No depressant effects have 
been observed on the respiratory centers for up to 19 atmospheres of helium (Powell, 1973). However, it must be 
remembered that these centers are among the last to be affected in the CNS by foreign substances like 
anesthetic molecules. Consequently, such a measure is not ideal if one is looking for some effects ofhelium -
more sensitive systems are necessary. 

(2)A series of three papers, published since 1968, describe the effects of helium. In the work described in ~he 
first two papers (Pifarre, et al., 1970) ventricular fibrillation was induced in a series of dogs by acute ~cclus10n 
of the left circumflex artery. The surprising observation was made that the presence of 20% hehum was 
sufficient to block these ventricular fibrillations. The data do not show clearly that more oxygen was not also 
necessary, but the implication of helium seems probable. The authors propose that helium (perhaps coupled 
with more oxygen) promoted in some way the development of coronary collateral circula~ion so tJ:iat more 
blood was available to the ischemic area and the infarcted area was smaller. Work reported m the third paper 
(Raymond, et al., 1972) was with dogs not subject to circumflex ligation. The sensitiyity of blood press~re, 
heart rate, and extrasystoles to experimental epinephrine IV was not altered by hehum. However, hehum 
(75%) did reduce baseline heart rate (112/119) and concentration of endogenous catechol amines. These 
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authors concluded that the antiarrhythmic effect of helium may be mediated by changes in symphathetic 

ac¥h!?e· studies are of probable clinical importance in reducin!f the likli~ood of ventricula~ arrhythmias in 
persons having myocardial infarctio!ls, but for pui:pos~s of t~is symposmm these effects illustrate a clear 
example of a biological effect from as httle as 20% heh um m the mspired gases.. . 

(3) Hamilton and Schreiner (Hamilton, et al., 1970 a and b) and_ their colle!'lgues have s~udied the 
biochemical and metabolic effects of a six-montl). exposure of small ammals to hehum-oxygen mixtures. In 
rats and two generations of mice they found no changes except for greater food and water uptake by the mice, 
possibly due primarily to the differing heat transfer properties of helium. In rabbits they also observed 
decreases in hemoglobin and red cell levels in blood. 

(4) Another example of helium effects is that studied by a group working in Geneva and Lausanne (Sauter, 
et al., 1973). They are stimulating the isolated cervical sympathetic ganglion of rats preganglionically at 
6/second and measuring the electrophysiological answer on the postganglionic nerve. Stimulation is 
maintained for 30 minutes followed by 30 minutes of rest. The control responses in 95% 02 and 5% C02 at 1 
atm. are that the height of the action potential falls at once to 70% of the initial value and then, during the 
stimulation period, increases to 85% of the initial value. After the stimulus is stopped, there is a 
hyperexcitability lasting for 30 minutes where the action potential is above the initial value. When 6 atm. of 
helium are added, with P02 and PC02 corrected to control levels, the same fall in action potential at the 
beginning of the stimulus period is observed, but the recuperation does not occur, and the height of the action 
potential remains below the initial value for at least 30 minutes after stimulation is stopped. This work is still 
in its preliminary stages. Pressure alone has not been eliminated as a possible cause of the effects, but these 
experiments may constitute another example of helium effects. 

(5) The last example of helium effects to be cited today is the "high pressure neurological syndrome" noted in 
divers at simulated depths below 600 feet of sea water (Bennett, et al., 1971). This syndrome is characterized 
chiefly by tremors and convulsions. Its existence probably has little significance for the topic of this 
symposium, but it, like the other examples cited, helps raise questions about the molecular mechanisms by 
which helium and xenon can cause changes in physiology. 

CONCLUSIONS 

Now, having described in some detail the molecular mechanisms by which xenon can alter physiology, and 
having mentioned some examples of effects by helium, the question arises as to whether the other members of 
this series, neon, argon, and krypton, cause changes in physiology, and if so, do they all do so by the type of 
interaction shown for xenon, although, of course, through interactions with different sized receptive 
environments at the submolecular level. 

At present we are left with the guess that all members of this series can interact to some degree with proteins 
and other biologically important molecules, and that such interactions are involved in any changes that 
occur. Those changes with helium and xenon are most noticeable - these two are farthest away from nitrogen 
in size and other properties, and nitrogen is the gas with which we are always living unless we replace it or 
remove it. It is not surprising that neon, like helium, can be used in diving to avoid nitrogen narcosis. It is also 
not surprising to find that krypton, at pressures higher than xenon, produces some degree of anesthesia. The 
data on N eurospora and HeLa cells help predict these events. Perhaps argon is so close to nitrogen in size and 
properties that it will be shown to have almost no unique biological properties in complex multicellular 
organisms like man. Schatte (Schatte, et al., 1972) has indicated that argon substituted for nitrogen would 
require a 10% decrease in oxygen tension to keep the P-arterial tension of oxygen equal to that in air. Likewise, 
he predicts a 5.6% increase of oxygen would be necessary if helium was used instead of nitrogen concluding 
that argon and helium may significantly alter arterial oxygen tension. ' 

In any event, the demonstrated effects of the gases in this series, both progressive effects with size in the 
studies with whole cells, and the more pronounced effects of helium and xenon suggest that members of this 
series do combine, in the chemically subtle ways of which they are capabl~, with biologically important 
molecules and may change physiological functions - for better or worse - depending perhaps on their 
deviation from nitrogen and, of course, on their concentrations in some key biological sites. 

Actually, relatively little is known about the physiology of these noble gases. If one adds a concern about 
the association of radioactivity with them, it seems apparent that all the members of this series need much 
further study, with appropriate support from government agencies and industries associated with any of 
these fascinating noble gases. 
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Figure 1. Diagrammatic sketch of sperm whale myoglobin showing the course of the polypeptid~ chain from 
the same view as the photograph of a model shown by Settle, 1973. The amino acid residues noted m t~e sketch 
are those which have side chains within the van der Waals contact of the xenon atoms. (Repnnted by 
permission of Marcel Dekker, Inc. , New York, from A guide to Molecular Pharmacology-Toxicology, edited by 
R. M. Featherstone, 1973.) 
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Abstract 

A person exposed to an infinite cloud of krypton-85 is exposed to at least seven sources of radiation: (1) 
photons emitted in air, (2) beta particles emitted in air, (3) photons and beta particles emitted by krypton-85 
present in the air passages of the lungs, (4) photons and beta particles emitted by krypton-85 present in body 
tissues, (5) bremsstrahlung produced in air, (6) bremsstrahlung produced by beta particles incident on the 
body, (7) bremsstrahlung produced within the body. The energy spectra of scattered photons are calculated by 
the method of Dillman and half these spectra are taken as incident on the body, producing doses to body 
organs as in MIRD Pamphlet No. 5. Doses to various organs, e.g., red bone marrow, gonads, etc., from sources 
(1) and (5) above are calculated by interpolation from these results. Dose to skin from source (2) is calculated by 
integration of Berger's point kernel (MIRD Pamphlet No. 7) in air. Doses from sources (3), (4), (6), and (7) are 
calculated by methods developed by the authors of internal sources of photons and beta particles. If the 
intensity in the cloud is 1 p.Ci!ma, a dose to skin at a depth ol7 mg! cm2 is "-l.8 rad/ a; to the lungs, 32 mrad! a; 
ovaries, 6.2 mradla; and testes, 16 mradla. 

INTRODUCTION 

The calculations of absorbed dose to a person exposed to 85Kr is at once simple and complicated. It is simple 
if one is willing to ignore all but the highest dose (i. e., the dose from beta particles incident on the skin), but if 
one asks for genetic dose, particularly the dose to the ovaries, it is quite another matter. In the latter only the 
calculation of the absorbed dose for a person exposed to a large cloud of85Kr, which is assumed to be uniformly 
distributed in air, is considered. The methods to be described, however, are general and also apply to exposures 
to infinite clouds of other noble gases. The problem of exposure to a finite cloud or "plume" of 85Kr is not 
considered here, and will likely demand some different techniques. 

The decay scheme as usually shown is given in Figure 1, which is taken from MIRD Pamphlet No. 6. Note 
that there is only one photon given with an intensity of only 0.41 % per disintegration. The Internal conversion 
is less than 1 % of this, and hence is not shown. Only two betas are emitted and these have endpoint energies of 
0.67MeVand0.16MeV.Therangeofthe0.67MeVbetaintissueisabout0.14cm. 

In all, six sources ofradiation need to be considered: 
(1) photons and beta particles emitted directly from the B5Kr present in the air; 
(2) bremsstrahlung radiation emitted in the air; 
(3) bremsstrahlung radiation emitted by the beta particles as they penetrate the skin; 
( 4) photons and beta particles emitted by 85Kr present in the air passages of the lungs; 
(5) photons and beta particles emitted by 85Kr present in the body; and 
(6) bremsstrahlung radiation from beta particles emitted from 85Kr present in the body. 

Calculations are based on an anthropomorphic phantom which exists as a mathematical object defined by 
inequalities and equations programmed into the computer's memory. The most complete description of the 
phantom and of the calculational techniques is that given in MIRD Pamphlet No. 5. A schematic diagram of 
the outer surface of the phantom and a cutaway view showing some of the principal organs are given in Figure 
2. The attempt here is to give a gross representation of the geometry of the human body without attempting a 
detailed representation. The phantom, however, is composed of three types of tissue: 

(1) skeletal tissue (bone plus marrow) with specific gravity of 1.5; 
(2) general soft tissue with a specific gravity near 1; and 
(3) lung tissue with a specific gravity of0.3. 

The elemental composition of these tissues approximates that of the averages for such tissues and is given in 
Berger, (1971). 

Several changes have been made in the phantom since MIRD Pamphlet No. 5 was published. Those of 
particular importance for this study are mentioned briefly here. 

(a) Regions of bone have been defined in which the active marrow of an adult is largely present thus 
enabling dose estimation for the active bone marrow. ' 

(b) The legs have been separated to place the male gonads near the surface of the body as is shown in 
Figure3. 
· (c) The top of the head has been rounded to remove the excess of soft tissue which would provide unwanted 

shielding forthe red marrow present in the skull. 

•Research sponsored by the U. S. Atomic Energy Commission under contract with Union Carbide 
Corporation. 
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DOSE FROM PHOTONS PRODUCED IN AN INFINITE CLOUD 

The primary photons are scattered by the air, producing a continuum of photons of lower energies. The 
energy spectrum of these photons may be calculated as has been shown by Dillman (1970b). Since the cloud is 
infinite and the primary photons are distributed isotropically in angle, all subsequent generations of photons 
will likewise be distributed isotropically. Thus it suffices to compute this energy spectrum of scattered photons 
in energy space. This calculation has been performed for twelve monoenergetic photon sources. The energy 
spectrum for 0.5 Me V photons is shown in Figure 4 (this is the spectrum emitted from each volume element of 
the infinite cloud and is very nearly the energy of the photon emitted by S5Kr). The photons from each of these 
twelve energy and angular spectra were used as a source on the phantom. The orginal monoenergetic source 
energies extended from 0.01 MeV to 4 MeV. (Doses for photons of other energies are obtained by linear 
interpolation.) The results for each of the twelve sources have been scrutinized, and when the coefficient of 
variation of an estimate exceeds 30%, the estimate is rejected, and a value estimated on the basis of the depth
dose profiles is substituted. The technique used and the data arein course of publication (Poston, et al., 1973). 

For most practical purposes, one is concerned with a person on the surface of the ground, and thus a ground 
effect must be considered. For an energetic photon (i. e., one having a mean-free path in air which is many 
times the diameter of the body), the presence of the man on the earth's surface means that essentially half the 
source in air to which he is exposed (half the infinite cloµd) is missing. This assumes there are no surface 
deposits of B5Kr, as these would be expected to be negligible in view of the chemical characteristics ofB5Kr as 
one of the noble gases. There is some backscattering of photons from the earth, but direct measurement of 6°Co 
sources in air indicates this ground effect is perhaps a correction of some 10-20% or less (Haywood, 1964; 
Berger, 1957). Of course, the measurements are for essentially a point source, but summation of such sources 
indicates an increase of dose of this order due to scattering from the ground. Thus one may use half the 
intensity of the energy spectrum for photons without greatly falsifying the dose received. This argument 
depends on the fact that even at energies of 10 ke V, the mean-free path of photons in air is comparable to the 
body height, and hence essentially half the source is missing for irradiation of the lower portions of the body, 
and about 25% is excluded by the ground by irradiation of the upper portions of the body. For higher energies, 
the ground interface essentially excludes half the source. 

The dose to the various body organs from photons emitted by 85Kr in air is shown in the top line of Table 1. A 
concentration of 1 µ.Ci/m3 (STP) is assumed, and the dose is shown per day of the person's presence in the 
infinite cloud. The dose to the skin from photons is an average for a thickness of 0.2 cm extending over the 
entire body. These doses are determined by a Monte Carlo-type calculation using the source described earlier. 

DOSE F:riOMBREMSSTRAHLUNG PRODUCED IN AIR, IN TISSUE, ORIN SKIN 

Bremsstrahlung is emitted whenever an electron is produced or whenever the electron passes through a 
medium. In fact, the so-called internal bremsstrahlung is emitted from the atom of 85Kr, and the external 
bremsstrahlung is emitted as the beta particle passes through air or tissue. The energy spectra of these five 
sources of bremsstrahlung all lie within the shaded area shown in Figure 5; that emitted in skeleton (bone plus 
marrow) being highest and adipose tissue lowest. The internal bremsstrahlung is combined with the external 
for all themedia; in each medium the units are per disintegration of85Kr. Note that there is not great difference 
between the spectra of the bremsstrahlung produced in air and in tissue, but that produced in skeleton and fat 
varies considerably. The dose from this bremsstrahlung has been obtained by interpolation on doses 
computed for the twelve monoenergetic sources of photons mentioned earlier for estimation of dose from a 
semi-infinite cloud. These doses are shown in the second line of Table I. 

Electrons incident on skin produce bremsstrahlung as they move through skin, but in this case the electron 
only expends a portion ofits energy in the skin, and the energy spectrum is computed taking this into account. 
The values shown in Figure 6 are for the total number of photons produced in the remaining portion of the 
electron's range after it has entered the skin, and the number shown is opposite the median of the 
corresponding energy interval. Note that the units here are necessarily quite different.than those in Figure 5. 
The dose distribution for these photons was obtained by interpolation on the doses due to twelve 
monoenergetic sources originating in the skin of the phantom (i. e., in a layer of thickness of 0.2 cm.). Thus the 
calculation involves the assumption that these photons are uniformly distributed in angle and in depth, 
neither of which is strictly true, but this should not matter greatly for estimation of dose. These doses are 
shown in the third line of Table I. 

DOSE FROM.86Kr IN THE BODY 

A person immersed in an atmosphere of 85Kr at 1 µCi/ms would quickly come into equilibrium with it. The 
concentration in the body tissues would be the concentration in air multiplied by Ostwald's coefficient -
namely, 

(tissue concentration) 1-1.Cil ems= 10-6 x T x (concentration in air) µCi/m3 

where T is Ostwald's coefficient. In applying this, one should not consider the air passages of the lung as part 
of the lung; thus it is equivalent to 

(tissue concentration) µCi/ g = 10-6 T x (air concentration in µ.Qi). . . . ms 
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Only a few measurements on bone have been reported, and these have been, for the most part, on whole bone 
plus marrow. Since the value of T for fat is appro:ximate~y an order ofma~itude in excess ofits value for other 
tissues, it is likely that the measurements reflect largely the uptake of85Kr mto the marrow. 

Some authors (Kirk, 1972; Yeh, et al., 1964) have used a formula 
Ttissue= Tfatxffat+ Tbloodx(l-ffat) 

where f'fat is the fractional content of fat in the tissue. This procedure is followed here. The total body can be 
considered as composed of two tissues - fatty tissue and nonfatty tissue. On the basis of a few measurements 
and in vitro studies, the Ostwald coefficient for these two types of tissue is about 

Tfat=0.45 and Tnonfat= 0.07. 

The tissues considered are shown in Table 2 together with the fat content, the estimated Ostwald coefficient, 
and a few measured values. The basis of these values is discussed below· in detail. On this basis an average 
coefficient forthe body is obtained. Actually, however, the concentration is not uniform for the concentrations 
in adipose tissue are almost an order of magnitude higher than in most tissues. 

Bremsstrahlung is produced in the body by the beta particles emitted from 85Kr present in body tissues. 
Because of the greater concentration of B5Kr in fatty tissues, there is a greater source of bremsstrahlung in 
these tissues, and the production of bremsstrahlung is taken here as proportional to the concentration (i. e., 
the fact that some portion of the range of the beta particles is outside the organ or tissue of origin is ignored). 
Likewise, bremsstrahlung is produced in the skeleton to a greater extent than in soft tissues because of the 
higher charge number of many of the constituents of bone. The spectra produced in adipose tissue, soft tissue, 
and bone all lie within the shaded area of Figure 5. These have been normalized to the bremsstrahlung 
produced by one disintegration in the tissue. 
· The body is considered as composed of fat and a nonfat tissue with the values cited for the Ostwald 
coefficient. According to Tipton (1973), the reference body contains about 15 kg of adipose tissue of which 12.5 
kg is separable, i. e., occurring in easily distinguishable masses of adipose tissue such as the subcutaneous 
fatty layer, fat about the kidneys, etc. Of this mass, some 10 kg is fat. Usingtheformulacitedearlier, one finds: 

Tad= 0.8x 0.45+ 0.2x0.07= 0.36+ 0.014= 0.374. 

This adipose tissue is distributed rather generally throughout the body, and hence is assumed here to be 
contained in the total body minus the totality of specified organs as ·defined in the phantom used in MIRD 
Pamphlet5. 

The skeleton, which here consists of bone plus marrow plus connective tissues, etc., contains a total of 1900 g 
of fat, most of which is distributed among 1500 g of yellow marrow. Thus 

T skel = 1900 x 0.45 + 8100 x 0.07 = 0.0855 + 0.0567 = 0.142. 
10,000 

The Ostwald coefficient is essentially a ratio of concentrations per ml of the substances, and hence a 
correctfon for average density of the skeleton (including marrow, etc.) is in order. Thus 

T skel/1.5=0.142x2=0.0948. 
3 

The soft tissues are not devoid of fat. In addition to interstitial fat, there is a lipid constituent of most tissues 
w~ich includes the ess~ntial fat. In the remain~er of the body (i. e., to~al body minus separable adipose tissue 
mmus skeleton),there1s about 1.5 kg of essential fat out of a total tissue mass of 47.5 kg. Accordingly the 
Ostwald coefficient is given by ' 

T skel = 1.5 x 0.45 + 46 x 0.07 = 0.0820. 
47.5 .. 

Assuming a concentration in air of 1 µCilm3 = 10-6, one has, at equilibrium concentrations of O 37 x 10-6 
g of separable adipose tissue, 0.095 x 10-6 µ.Ci/g of skeleton, and. 0.082 x ·fo_6 µCi/g of soft tissue As 
mentioned above, the concentration in the soft tissue is for the "other tissues" of the body that remain ~fter 
skeleton and separable adipose tissue are subtracted. This is equivalent to putting: 

0.082x10-6 x 70,000=5.7x10-3 µ.Ci in the total body; 
(0.095- 0.082) x 10-6x104 = 1.3x10-4 µCi in the skeleton 

(in addition to the activity already there as part of the total body activity)· and 
(0.37·0.082)x10-6 x 12,500=3.6x10-3 µCiin the "other tissues" compartme~t 

(in addition to those already there as part of the total body activity). 

When this is done, the photon, beta, and bremsstrahlung doses due to ssKr absorbed in these tissues, and 
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present there at this equilibrium level, are found to be the values given in lines 4, 5, and 6, respectively, of Table 
1. Actually, the calculation of the dose from the bremsstrahlung is slightly more complicated in that it is not 
merely the total source strength that must be subtracted, as above, but also the spectrum of the soft tissue dose 
with the proper weighting factor (i.e., [0.095 x spectrum of skeleton -0.082 x spectrum of soft tissue] x 10.s x 104) 
must be used to allow for the difference in spectra of these two media. A similar remark applies for separable 
adipose tissue. 

BETA PARTICLES IN AN INFINITE CLOUD 

The depth dose in skin and subcutaneous tissue from beta particles in an infinite cloud was produced by 
integration of the point kernel given by Berger (1971). There is a slight interface effect due to the differences of 
density and composition of air and skin at the interface. However, because of the near equivalent of the 
average Z of these materials, it is not expected to be more than a few percent of the total dose. This is presently 
under investigation by Berger. A graph of the depth dose is shown in Figure 7. 

The skin will be considered here as consisting of an epidermal layer (of which the.first 10%, on the average, 
consists of dead tissue), and a deeper layer, the dermis. Values for the thicknesses of these layers have been 
given by several authors for a variety ofregions of the body (Southwood, 1955; Whitton, 1973). For example, a 
recent series of measurements by Whitton (1973) would indicate values of 30 to 80 JLm for the epidermis on 
various regions of the body, exclusive of hands and feet, with a mean thickness of perhaps 50 µ.m. This would 
indicate a value of "-5 µ.m for the stratum comeum. Thus an average dose to skin ("-5 µ m) is about 1.8 
(rads/yr)/µ.Ci/m 3) with a maximum dose of2(rads/yr)/(µCi/ms). 
' The lenses of the eyes would be at a depth of "-3-4 mm and hence would receive essentially no irradiation 
from the betas emitted in air. This value is expected to be much the same as for the average dose to the skin. 

D08EFROM86Kr INTBEAIRWAYSOFTBELUNGS 

A certain activity of85Kr would be present in the air passages of the lungs. The volume of these air passages 
varies considerably as the person breathes, but an average value would be about 4 liters, where the functional 
residual capacity is 3.5 liters and the tidal volume is about 0.5 liters for an individual in the resting state 
(Morrow, et al., 1966). Assuming that the air in these passages is at the same concentration as the outside air, 
the activity present in the lung air is 4 x 0.001 = 0.004 µ.Ci. At equilibrium the person would have a daily dose 
to lungs of 

51x0.004x2.45x10-4 =5.0x10-5 rad/ day. 

This is essentially the dose from the beta-like radiation. The daily dose to lungs from the gamma radiation 
would be approximately 3 orders of magnitude less than this. The daily doses to the ovaries and testes from 
this source in lung are 2.4x10-10/rad/day and 4.1x10-11 rad/day, respectively. The red bone marrow dose 
would be about 1.6x10-9 /rad/ day. These daily doses are in addition to those given in Table 1. 

SUMMARY OF DOSES 

Table 3 summarizes the total dose to various body organs in terms of (rads/yr)/( µCilm 3). 
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TABLE 1. Dose to Body Organs from an Infinite Cloud of s&Kr 
(rads/day/ µCi/m3ofair). 

Adipose Red Bone Total 
Skin Tissue Lungs Marrow Skeleton Ovaries Testes Body 

Photons in air 4.1x10-5 3.2x 10-5 3.1x10-5 3.Bx 10-5 4.1x10-5 

Bremsstrahlung 
inair B.7x10-6 5.7x 10-6 5.2x 10-6 9.9x10-6 1.1x10-5 

Bremsstrahlung 
in skin 1.6x 10-7 1.9x 10-8 1.1x10-8 1.0x10.s 2.9x10-8 

Photons in 
the body 3.Bx 10-9 6.2x 10-9 6.0x 10-9 6.7·x 10-9 6.3x10-9 

Betas in 
the body I.Ox 10-6 3.1x10-6 I.Ox lQ.6 2.1x10-6 I.Ox 10-6 

Bremsstrahlung 
in the body 1.1x10-9 2.1x10-9 1.9x 10-9 3.0x 10-9 2.5x 10-9 

TABLE 2. Percentage of Separable Adipose Tissue and 
Nonfat Tissues and the Ostwald Coefficient for 

Subdivisions of the Human Body. 

Separable Skeleton Other 
adipose tissue (bone plus marrow) soft tissues 

Total Mass 12.5 10 47.5 
(kg) 

Fat Content 10 2 1.5 
(kg) 

Ostwald 0.374 
Coefficient 

0.142 O.OB2 

ILCi/13: t\ssue 
#LCi/ml air 

0.374 0.0948 0.0B2 

Tissue Content 
( 1-tCi) for 4.6Bx 1oa 

1 µCilm in air 
9.4Bx 102 3.90x 10s 
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1.3x10-5 3.7x 10-5 3.3x 10-5 

3.1 x lQ.6 6.9x10-6 6.4x 10-6 

5.B x 10.-9 2.7x 10.s 2.5x 10.s 

7.6x 10-9 B.5x 10-9 6.2x 10-9 

I.Ox 10-6 I.Ox 10-6 2.0x 10-6 

2.1x10-9 2.5x 10-9 2.1x10-9 

TABLE 3. Total Dose Rate to 
Organs of the Body 
(rads/yr)/( µCi/ma). 

Organ 

Skin 
Adipose tissue 
Lungs 
Red bone marrow 
Skeleton 
Ovaries 
Testes 
Lenses of the eyes 

Dose Rate 

I.B 
1.5x 10-2 

3.2x 10-2 

I.Bx 10-2 

1.9x 10-2 

6.2x 10-3 

l.6x 10-2 

I.Bx 10-2 



Radiation 

Beta-1 
Beta-2 
Gamma-1 

INPUT DATA 

Transition 
%/disin- energy 
tegration (MeV) 

0.4 
99.6 

0.41 

0.16 * 
0.67 * 
0.514 

Other nuclear 
parameters 

Allowed 
First forbidden unique 
M2, <XK = 0.007, 

K/l = 12 

Ref.: Lederer, C. M. et al, Table of Isotopes, 6th ed. 
* Endpoint energy (MeV). 

OUTPUT DATA 

Mean 
number/ Mean 

6i 
dlslnte· energy 
gration (MeV) ( g-rad) 

Radiation (I) (nil (il;) µCi-h 

Beta-1 0.0040 0.0437 0.0004 
Beta-2 0.9960 0.2455 0.5218 
Gamma-1 0.0041 0.5140 0.0045 

Figure 1. 
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DOSIMETRY FOR RADIOACTIVE NOBLE GASES* 

J. K. Soldat, P. E. Bramson and H. M. Parker 
Battelle 

Pacific North west Laboratory 
Richland, Washington 99352 

Abstract 

This is a szm•i•y of conventional methods and results in the dosimetry of ~he .noble gases, with specir:-l 
rcfcrrncc to th<' cn 1•ironmcntal considerations. relating. to ri:uclear energy apphcati?ns. J!-ado_n problems will 
be c:xrlud<'d. as zcill all issues specific to medical applications of the .gases. (J'_hyswlogical input data from 
mrdica 1 U'ork is. of course, an important part of the required dosimetry information.) . . 
Among the dosimetry methods is the well-known Monte Carlo met~o~ of W. Sri:yde~, et al., at ORNL. This will 

be briefly put in perspective, as a relevant paper by the ORNL group is inclf!ded in th~s volume. 
Thr norm a llv low and variable concentrations of the mixed noble gases in the environment lead to probl~ms 

both in "ralcuiational dosimetry" and in field measurements. The phases sele~ted for comment will mainly 
rf>latc to reasonable perspective in accounting for such secondary and tertiary intake pathways as the 
drinking of u·a ter containing dissolved noble gases. 

INTRODUCTION 

The dosimetry of the radioactive noble gases is of widespread interest. Naturally occurring radioactive 
noble gases are limited to isotopes ofradon, but they are important contributors to th.e in~ernal doses received 
by uranium mine workers. Radioisotopes of argon are .formed by the ne~tron ~ctiv'.3-tion of stable ~~on. 
Radioisotopes by krypton and xenon are produced as fission products resu~tmg pi;im.anly from the fiss1onmf;l'. 
of uranium of plutonium fuels in nuclear reactors. They are generally retamed withm the fuel elements until 
the fuel is chemically reprocessed. Small amounts of fission products, however, are released from reac;tor 
facilities as a result of fuel element leaks. 

The dosimetry of 85Kr was discussed in detail by Dr. W. S. Snyder. It is my intent to extend the dosimetry 
discussion to several other artificially created radioactive noble gases. 

GENERAL DOSIMETRY CONSIDERATIONS AND CALCULATIONS 

As Dr. Snyder has demonstrated, the complete dosimetry of the noble gases requires the calculation of 
several factors; such as, (1) external dose to the skin from both beta and gamma radiations; (2) external dose to 
the total body, gonads, and internal organs; (3) dose to the lung from inhaled radioisotopes; and (4) dose to 
body from noble gases dissolved in the bloodstream, and then absorbed in the various tissues. 

Doses from the ingestion of noble gases are generally not addressed in the literature since noble gases have 
low solubility in water. Although noble gas solubility is higher in pressurized water systems, the release of the 
pressure results in escape of the gas. Hence, the ingestion of unusually high concentrations of noble gas in 
wateris unlikely. The concentration of the noble gases in the water at the time of ingestion would be difficult to 
estimate. Adding to the uncertainty in such an estimation is the fact that xenon may be retained in the water 
to some degree when organic material is present. 

It has been aptly demonstrated by several workers (including Dr. Snyder) that the dose from noble gases 
absorbed in tissue is generally small compared to the dose from direct external radiation, and from inhalation 
(Hendrickson, 1970; Kirk, 1972; Snyder, et al., 1973; and Whitton, 1968). These internal doses are, however, the 
ones to consider for medical applications of these nuclides. In subsequent sections some of these results are 
tabulated and compared with each other, and with external and inhalation doses. 

External doses resulting from submersion in a large plume ofradioactive gas can be easily calculated ifthe 
concentra~io~.ofth~ ~.8:terial in the air ~s relatively uniform. Dos~s can be determined on the assumption that 
the plume is mfimte m volume relative to the range of the emitted radiations. Under this assumption, the 
energy absorbed per gram of ma teri~l ~s equi v~len t to the energy emitted per gram. All that is required then is 
to convert. the av~rage energy per d1sn1;tegration to dose, and to ~orrect for differences in energy absorption 
between air and tissue, and for the physical geometry of each specific exposure situation. 

Fre9uently the airborne concentra~ion. surr?unding a :per~on is very non-uniform; for example, when he is 
standmg close to a tall stack. For this situation the radiation from the overhead plume must be taken into 
cons~deration w~en evalua~ing. the ex~ernal dose. Se_veral computer programs have been developed for 
treatmg the req~ir~d nu~enc;al mtegrat10~ of the co~tnbution from each finite cloud element (Strenge, et al., 
1973). Such specialized s1tuat10ns were not mcluded m the present work, but the calculations are manageable 
once the geometry has been defined. 

The ~ose from submersion.in air is an extern8:l d?se to either the skin only, or the skin and the total body, 
dependmg upon the penetratmg power of the radiation emitted from the airborne radioisotope. 
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All of the noble gases conside~ed in thi~ paper emit only beta and gamma radiation. For the present work, 
we have converted tad to rem usmg aquahtyfactorofl; however, a quality factor(QF) ofl.7 was used for beta 
particles and electrons with ma:rimu~ energies ~qu~l to or less than 30 ke V (ICRP, 1959). It has been reported 
by H.J. Dunster that the ICRP is senously cons1denng the use of a QF of 1.0 for all beta and electron energies 
(Dunster, 1969). 

In addition, we have chos.e~ to calculate the skin dose at a depth of7 x 10-3 cm (7 mg/ cm2) and the total-body 
dose at a depth of 5 cm as ongmally suggested by the NCRP (NBS, 1964). Recent measurements indicate that 4 
or 5 mg/cm2 might be more appropriate than 7 mg/cm2 (Whitton, 1973). The dose to the male gonads was 
calculated at a depth of 1 cm in tissue.No separate dose calculation was made, however, for the female gonads. 
(The total-body dose can be used as an upper limit to the female gonad dose from external radiation.) 

The ratio of surface to depth dose was estimated for each maximum beta energy by methods given by 
Loevinger,etal.,(1956) and summed by nuclide. Gamma radiation dose at each of the 3 depths in tissue was 
determined from the values of absorption coefficients for muscle and the ratio of stopping power for muscle 
and air tabulated by the National Bureau of Standards (NBS, 1964). The decay schemes for the nuclides were 
taken from (the tables on pages 73 and 285 from) Lederer, et al., (1967). 

For a person standing on the ground su1Tounded by a very large hemisphere of radioactive gas, the 
geometry for gamma radiation is obviously 2 TT. For beta radiation with its shorter range in air, the physical 
arrangement approaches the infinite volume (47Tgeometry). However, since the beta is of limited penetrating 
power, it will irradiate the skin from only one side and again the geometry will be 27T. (Minor exceptions can 
occur in thin membranes, such as a protruding ear, which could receive beta radiation from both sides, 
approaching a 47Tgeometry .) . 

(1) Equation 1. The resuliing~quation for calculation of the dose from air submersion is (Soldat, 1971): 
(D.F.)air sub= 0.887 (E13+ Ey) 

where(D.F.)airsub is the dose factor in units ofmrem/h perµCi/m3, EB· Ev are the effective energies of the 
beta and gamma radiations, respectively, calculated at the depth of interest (7 x 10-1 or 5 cm) and corrected for 
relative stopping power. 

The constant takes into account the density of air (1.2x10-3 g/ml@20°C), the conversion from Me V to mrem 
and the factor of 1/2 for 211 geometry. 

(2) Equation 2. The dose to the lung from the air within it can be calculated from the following equation: 
(D.F.)inhalation = 2.13 VL8/m mrem/h per µCi/m3 

where VLis the volume ofair within the lung, 4 liters, (Snyder, et al., 1973) 
e is the effective energy deposited in the 1 ung, Me V per disintegration, 
mis the mass of the lung, 100 g. (ICRP, 1959) 

The concentration of the noble gas in the air within the lung is taken to be the same as that in the inspired 
air. The effective energy ,e, is calculated from the formula of the ICRP (1959) using an effective radius oflO cm 
for the lung. _ 

The results obtained from applying Equation 1 to calculation of the external dose rates to skin, testes, and 
total body from 14 radioactive noble gases are summarized in Table 1. Also included in Table 1 are the dose 
rates to lung tissue from inhalation of these noble gases, as well as the combined dose to the lung from both 
inhalation and external gamma irradiation. 

Two important daughter radionuclides, 8BRb and 138Cs, have been included in Table 1. These two nuclides 
make significant contributions to the dose rates from their parent activities. Rubidium-88 (18-minute half-life) 
is nearly always present at equilibrium with its parent 88Kr (2.8-hour half-life). The total dose rate from the 
parent-daughter combination is from 30% to 300% higher than from the parent alone, depending upon tissue 
depth. 

Both I3BXe and 13scs have relatively short half-lives, 14 minutes and 32 minutes, respectively, and the 
daughter contributes a varying amount to the total dose from the 138Xe, depending upon the time since release 
of the noble gas to the atmosphere. The dose rate per unit concentration_ )f 138Cs is 150% to 200% of that from its 
parent 138Xe, but its longer half-life may reduce its relative contribution slightly. 

Precise lung dosimetry would require that these two daughter radionuclides be treated as attached to 
particles. As such there would be a buildup in the lung with an attendant increase in the dose calculated. On 
the practical level, this buildup may be disregarded becaus.e of the short radioactive half-lives of the 
daughters. ' 

DOSE TO THE SKIN AND TESTES 
The detailed results for the beta and gamma contributions to the dose to the skin and testes are given in 

Table 2 (A and B), where they are compared to similar data presented by Schaeffer (1973) at the recent IRPA 
Congress in Washington, D.C. Dr. Schaeffer calculated the beta dose at a point 'P' in tissue by integrating the 
contribution from all of the beta particles which were able to reach that point. All of the beta particles were 
assumed to travel in a straight line through air and tissue. There is excellent agreement between Dr. 
Schaeffer's results and those obtained with the empirical formula ofLoevinger for all nuclides, except perhaps 
87Kr, where our values are 30% higher. . 

Dr. Schaeffer's calculations indicated that no beta rays from any of the noble gases were energetic en?ugh 
to penetrate through the 1 cm of tissue assumed to be over the male gonads (Schaeffer, 1973). The Loevmger 
formula, however, implies a small beta contribution to the doses to the testes, especially for the 88Rb daughter 
of88Kr, and forB7Kr and 137Xe (Loevinger, et al., 1956). 
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TOTAL-BODY DOSIMETRY 

Table 2 (C) lists the results obtained by us for the total-body dose rate and compares them with those of 
Schaeffer (1973) and Russell, etal., (1972). The latter authors employed the reciprocity theorem (Loevinger, et 
al., 1956) for their calculation wherein: 

"the internal gamma (total-body dose from an external cloud equals the dose to the cloud from the 
radioactivity in the body if the concentrations are-equal. .... This dose is then the difference .between the dose to 
a point in an infinite medium with uniform source. distri?utio~ and. the do.se ,?bsorbed m the body from a 
uniform source in the body with the same concentrat10n as m the mfimte media. 

This method of calculation yields an average dose over the entire body - rather than a dose at a single depth 
in tissue. Nevertheless, the results obtained by Russell, et al., (1972) are in reasonable agreement with those 
obtained by Dr. Schaeffer (1973) and in the present work utilizing the half-infinite cloud calculation. 

Dr. Schaeffer's values do not include a correction for attentuation in the first few centimeters of tissue. The 
attenuation becomes important for the very low energy radiation such as the bremsstrahlung from 85Kr. For 
this nuclide the dose calculated in the present work is 2/3 of that calculated by Dr. Schaeffer. Neither of these 
two sets of calculations, however, include a "build-up factor" which could compensate somewhat for the 
omission of the attenuation corrections in Dr. Schaeffer's calculations. In addition to the results shown in the 
table, Dr. Snyder has reported values of 1.6x10-3 for 85Kr (Snyder, et al., 1973) and 0.020 for 133Xe (Hilyer, et al., 
1972). 

INTERNALDOSETOTHELUNGS 

The calculated internal dose to the lungs from inhalation of noble gases is summarized in Table 3 along with 
the values calculated by Russell and Galpin. The latter authors assumed a lung volume of 5.6 liters - rather 
than the 4 liters employed in the present work. As a result our values are generally, but not always, lower then 
those of Russell and Galpin. The two exceptions are BBKr and 135Xe. 

Table 3 also tabulates internal doses to lung and other tissues calculated by Mrs. Whitton (1968) for 85Kr and 
133Xe. The value used by Mrs. Whitton for the lung volume was not stated, but her calculated values for lung 
dose agree well with ours. As can be seen in the table, the doses from noble gases absorbed in tissue are 
significantly lower than those from external gamma radiation. 

INTERNALANDEXTERNALDOSESFROMKRYPTON-85 

Table 4 lists the results obtained by several workers for internal and external doses from B5Kr. The 
assumptions used by the various authors were not always the same. This is especially true of the depth at 
which the "skin" dose was calculated, and the lung volume. The value for the lung dose attributed to Dr. 
Schaeffer was not actually given in his paper, but was estimated by us from the value of the (MPC)a which he 
calculated for lung as the critical organ. As such the value of 5.8x10-3 probably includes the contribution from 
external radiation. 

CONCLUSIONS 

When th~ variations ~n assumptions ar~ taken into account, there is reasonable agreement among the 
values obtamed by the different ~uthors. It 1s also obvious that the internal doses are insignificant compared 
to the.e~ternal tot::il-body '.ind skm doses: Fo~ noble gas nuclides with relatively little penetrating radiation, 
the cntical organ 1s the skm - even cons1dermg its less restrictive dose standard. For the other noble-gases 
the total body is the critical organ. ' 

If one were the calculi;ite the (MPC)a values for these noble gases based upon the dose rates presented in this 
paper, the values obtamed would be much less. restrictive than the ICRP values currently accepted. For 
example, t~e ICRP (MPC)a for 168-hour occupational exposure to B5Kr is 3 µCi/ms. Dr. Schaeffer calculated 
co;~espondmg values of20, ~ 70, and 290 for skin, total body, ~n<;i lung (internal and external), respectively, as 
cntical o;gans. As a. result,on.e should always rely on first pnnc1ples when calculating radiation doses, rather 
than to simply multiply fract10nal MPC by the dose standard. 
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Tablel. Dose Rates to Selected Tissues from a Semi-Infinite Cloud of Noble Gases 
-

(mrem/h µCi/m 3)(a). per 

External Internal 

Total Total 

Nuclide Skin(b) Testes(c) Body(d) Lungs(e) Lungs 

39Ar 0.12 0.00043 0.00033 0.0016 0.0019 
41Ar 1.6 1.1 1.1 0.0067 1.1 

sJmKr .0.00076 0.0 0.0 0.00037 0.00037 
s5mKr 0.32 0.13 0.13 0.0024 0.13 
85Kr 0.16 0.0022 0.0022 0.0019 0.0041 
s1Kr 2.7 1.3 1.3 0.013 1.3 
BB Kr 2.0 1.5 1.5 0.0067 1.5 
(BBRb) (2.7) (0.93) (0.56) (0.019) (0.58) 

131mxe 0.048 0.0028 0.0028 0.0012 0.0040 
133mxe 0.060 0.027 0.027 0.0015 0.028 
!33Xe 0.069 0.025 0.025 0.0012 0.027 
13smxe 0.50 0.35 0.35 0.0019 0.035 
13sxe 0.49 0.21 0.21 0.0033 0.21 
131xe 1.8 0.22 0.12 O.Q15 0.14 
i3sxe 1.7 1.2 1.2 0.0066 1.2 
(138Cs) (3.1) (1.8) (1.8) (0.012) (1.8) 

(a) No credit taken for attenuation by clothing. 
(b) At a tissue depth of7x10-3 cm. 
( c) At a tissue depth of 1 cm. 
(d) At a tissue depth of5 cm. 
( e) Assuming a lung volume of 4 liters. 

Table 2. Comparison of External Dose Rates to Selected Tissues from a Semi-Infinite Cloud of 
NobleGases(mrem/h per µCifm3). 

A.Skin This Paper 

Schaeffer 
Nuclide (1973) Beta Beta( a) Gamma(b) 12.E!! 
39Ar 0.12 4.5xl0-4 0.12 
41Ar 0.37 0.40 1.2 1.6 
83mKr 0 7.6xl0-4 7.6 x 10-4 
ssmKr 0.17 0.18 0.14 0.32 
B5Kr 0.17 0.16(0.21)(c) 2.8 x 10-3(2.1 x 10-3)(c) 0.16(0.21)(c) 
s1Kr 0.83 1.1 1.6 2.7 
BB Kr 0.32 1.70 2.0 
(BBRb) (----) (2.1) (0.64) (2.7) 
131mxe 0.045 3.2xl0-3 0.048 
13amxe 0.028 0.032 0.060 i33Xe 0.040 0.040(0.0075)(d) 0.029(0.026)( d) 0.069(0.034)( d) 1a5mXe 0.029 0.41 0.50 iasxe 0.23 0.25 0.24 0.49 131xe 1.6 0.17 1.8 13BXe 0.38 1.36 1.7 (138Cs) (----) (1.0) (2.1) (3.1) 

(a) Including conversion electrons. 
(b) Including Bremsstrahlung. 
(c) Values reported by Dr. Snyder, et al., (1973). 
( d) Values reported by Dr. Snyder (Hilyer, et al., 1972). 
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Table 2 (Contd). Comparison of External Dose Rates to Selected Tissues from a Semi-Infinite 
CloudofNobleGases.(mrem/h per µ.Ci/m3). 

B. Testes This Paper 
- - - -- --- -- . 

Schaeffer 
Nuclide (1973)Beta Beta( a) 

39Ar 0 
41Ar 0 2xl0-4 

s3mKr 0 
ssmKr 0 0 
ssKr 0 0 
s1Kr 0 0.047 
ssKr 2xl0-3 

(SBRb) (----) (0.37) 

131mxe 0 
iaamxe 0 
13axe 0 0 
iasmxe 0 
iasxe 0 0 
131xe 0.10 
13sxe 9xl0-4 

(13BCs) (----) (0.012) 

(a) Including conversion electrons. 
(b) Including Bremsstrahlung. 

Gamma(b) Total 

4.3x10-4 4.3x 10-4 

1.1 1.1 

0 0 
0.13 0.13 
2.2 x 10-3(1.8 x 10-3)(c) 2.2x 10-3(1.8x 10-3)(c) 
1.3 1.3 
1.5 1.5 
(0.56) (0.93) 

2.8xl0-3 2.8x 10-3 

0.027 0.027 
0.025(0.020)(d) 0.025(0.020)(d) 
0.35 0.35 
0.21 0.21 
0.12 0.22 
1.2 1.2 
(1.8) (1.8) 

(c) Values reported by Dr. Snyder, et al., (1973). 
(d) Values reported by Dr. Snyder (Hilyer, et al., 1972). 

C. Total Body 

Nuclide 

39Ar 
41Ar 

s3mKr 
ssmKr 
s5Kr 
s1Kr 
ssKr 
(BBRb) 
89Kr 

131mxe 
13amxe 
1a3xe 
13smxe 
iasxe 
131xe 
13sxe 
(13sCs) 

Russell, 
Schaeffer (1973) et al., (1972) 

1.16 

0.15 
3.3x 10-3 
0.90 

(----) 

0.074 

0.24 

0.076 
1.2x 10-3 
0.90 
0.88 
(----) 
4.2 

6.8x 10-3 
0.030 
0.030 
0.24 
0.14 
0.090 
1.7 
(---) 

(Snyder, et al., 1973 
Hilyer, et al., 1972) This Paper 

l.6x 10-3 

(---) 

0.020 

( .... ) 

3.3x 10-4 

1.1 

0 
0.13 
2.2xl0-3 
1.3 
1.5 
(0.56) 

2.8x 10-3 

0.027 
0.025 
0.35 
0.21 
0.12 
1.2 
(1.8) 

(a) 1.:.. The authors used the reciprocity theorem (Loevinger, et al, 1956) to calculate total body dose. 
]._The values presented here do not include the contribution from beta radiation as did those 

presented in the original paper. 
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Table 3. Comparison oflnternal Dose Rates from Inhaled Nob le Gases 
(units ofl0-3 mrem/h per µCi/m: 1

). 

Russell and Galpin (1972) Whitton (1968) (b) This Papel' 

Total Adipose Remaining 
Nuclide Lungs(a) Body(b) Lungs(c) Tissue Tissue(b) Testes(c) 

39Ar 
41Ar 
a3mKr 
asmKr 3.0 0.14 
85Kr 3.0 0.11 1.6(2.l)(e) 0.24(0.13)(e) 0.030(0.02-0.09)(e) 0.030(0.042)(e) 
a1Kr 17 0.80 
BB Kr 5.2 0.52 
(SBRb) 20 1.6 
131mxe 
133ffiXe 1.8 0.21 

2.2 0.27 133Xe 
135ffiXe 1.7 0.20 1.0(1.l)(f) 0.53(0.48)(f) 0.095(0.062-0.075)(f) 0.059(0.063)(f) 
i3sxe 4.0 0.33 
i37Xe 1.5 0.54 
13axe 18 2.1 
(1:J8Cs) 13 2.4 

(a) Based on a lung volume of5.6 liters. 
(b) Used an average value of Ostwald coefficient for entire body. 
(c)Lungvolumenotstated. 
( d) Based on a lung volume of 4 liters. 
(e) Values of Dr. Snyder, et al., (1973). 
(f) Values of Dr. Snyder (Hilyer, et al., 1972). 

Lungs(d) 

1.6 
6.7 
0.37 
2.4 
1.9 
13 
6.7 

1.2 
1.5 
1.2 
1.9 
3.3 
15 
6.6 

Table 4. Comparison of Radiation Doses to Various Tissues from a Semi-Infinite Cloud of 85Kr 
(mrem/h per µCi/m3). 

Snyder, Russell, et al., 
Pathway etal.,(1973) (1972) Whitton (1968) 

External - Skin 0.21(a) 1.6x 10-'(c) 0.19 
Beta 2.1x10·3(b) 
Gamma Bremsstrahlung 0.19 
Total 

1.6x 10-3 1.2x 10-'(t) 2.3x 10-3 

External-Total Body l.8xl0-3 1.2 x 10·3(t) 2.3x 10·' 
Gonads 

2.1x10·3(g) 3. 0 x 10-3(h) 1.6 x 10-'(i) 
Inhalation - Lungs 8.4x10-5 1.1x10-' 

Tota!Body 1.3x 10-' 2.4x 10-' 
Adipose Tissue (2-9)x 10-5 3x 10-5 

Remaining Tissue 4.2x 10-5 3x 10-5 

Gonads 

(a) Average dose to skin layer 5 x 10-3 cm thick (maximum is .-.,, 10% higher). 
(b) Average dose to a layer 0.2 cm thick. 
(c) Assumed skin depth of0.1 cm. 
(d) Assumed skin depth of 0.007 cm 
(e) Assumed skin depthofO.O cm. 
(t) Based upon reciprocity theorem. 
(g) Assumed lung volume of 4 liters. 
(h) Assumed lung volume of 5.6 liters. 
(i) Lung volume not specified. 
(j) Assumed lung volume of 3.5 liters. 

Schaeffer (1973) 

0.17(d) 

0.17 

3.3xl0-3 

3.3x10-' 

5.8 x 10-3(k) 

(k)Estim~ted from Dr. Scha~ffer's calculated values of (MPC) for lung and probably includes the 
contribut10n of external radiation, a 
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Hendrickson 
Kirk(1972) (1970) This Paper 

0.24(e) O.ll(d) 0.16(d) 
1.9x 10-3 2.7x 10-3 2.8x10·3 

0.24 0.11 0.16 

1.5x 10-3 2.7x IO-' 2.2xl0-3 

1.5x10-3 2.7x10·3 2.2x 10"' 

1.9x10-'(j) l.9x 10-'(g) 
8.7x 10-' 
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Abstract 

The in vivo behavior of 85 Kr can usually be predicted if the protein/water! fat composition of a body or tissue 
and its blood perfusion characteristics are known. The amount of isotope taken up by thP tissue is the weighted 
sum of component tissue: air partition coefficients multiplied by the concentration of 85 Kr in alveolar air, while 
the rates of saturation or desaturation are determined by perfusion. 

Equations describing postulated kinetic behavior of noble gases are presented and compared with 85 Kr data 
reported for individual organs and tissues from several species in the literature, and data obtained with whole 
guinea pigs and rats. 

Partition coefficients are discussed and theoretical values compared with in vitro data from this laboratory 
and the literature, and with in vivo data for blood and 22 other organs! tissues obtained with guinea pigs in 
current work. 

Equilibrium beta radiation doses to various organs/tissues from a contained isotope in guinea pigs 
breathing 85 Kr at present MPCa are given. 

INTRODUCTION 
For several years the author has been investigating the physiological behavior and radiation effects of85Kr 

to provide the EPA with in vivo bioeffects data upon which various standards for 85Kr can be based. Included 
in these investigations have been determinations of the saturation and desaturation kinetics of 85Kr in 
unanesthetized guinea pigs and rats, and determinations of in vivo partition coefficients into guinea pig blood 
and tissues. 

The literature search associated with these studies yielded a substantial amount of information on the 
behavior of Kr in an assortment of organs/tissues in several species. A dichotomy of purpose exists, however. 
The investigators were usually interested in evaluating blood flow, with the details of kinetic behavior being 
somewhat incidental, while the reverse is true in the present studies. Reports giving details of kinetic behavior 
or partition coefficient determinations are mostly those concerned with development of methods using 85Krto 
determine organ blood flow with modifications of the Fick principle. Some "use" papers also report kinetic 
data for control animals. Most investigations have been concerned with one organ, or part of an organ, and 
have used animals in an abnormal physiological state due to anesthesia, surgical trauma, restraint, or use of 
circulatory control drugs. 

This review discusses the behavior of 85Kr in animals primarily from the empirical viewpoint - what has 
been seen in vivo - rather than trying to present or support any elaborate mathematical model. The author's 
interests and the scope of this paper have been largely limited to understanding what happens internally 
when an animal is placed in an 85Kr atmosphere. 

THEORY 

The saturation or desaturation of R5Kr, and other presumably metabolically inert gases in the body have 
almost always been describable as an exponential or sum of exponential functions. Kety (1951) has discussed 
the various possibilities in detail. The simplest of the models presented is derived from the Fick principle, 
which Kety states as "The amount of inert gas taken up by the tissue per unit of time is equal to the quantity 
brought to the tissue by the arterial blood minus the quantity carried away in the venous blood." The 
derivation, as given by Kety (1951), for a single homogenously perfused tissue is: 1 

(1) dQi -
dt - Fi (Ca - Cv) 

assuming: 

arterial inflow = venous outflow = F · 
l' 

ca= concentration in arterial blood, 

Cv = concentration in venous blood, 

Qi= quantity in tissue i having volume Vi (including contained blood). 
(2) dCi ~ 1 dQi Fi 
dt- Vi dt =-Vi (Ca-Cv) 

1The symbol A, which Kety used for partition coefficients has been replaced with L, (used for the Ostwald 
solubility coefficient) to avoid confusion with radiation decay constants. 
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Assuming that venous blood from a tissue is in equilibrium with the tissue itself with respect to the inert gas: 

(3) Ci= LiCv where Li= tissue: blood partition coefficient 

then ( 4) ~Ci =Ei(C. -L·C ) 
t Li I I a 

and in saturation: 
(5) Ci= 4Ca (L-e·kit) where: ki =_F--=.i __ 

L.V . . 1 1 

(6) Q= Ca I Vi4 (1- e -kit)whereQ =total quantity in system. 

or in saturation: 

(7) Ci= <ff_ e-k1t where'df. =concentration at t = 0. 

However, for an animal breathing the gas, Ca= CL where C = conce~~ra~ion in air and L = the blood: i;tir 
partition coefficient if: (1) the gas being considered has a very low solub1~1ty m blood; (2) alv~ola1:' and artenal 
concentrations remain constant; and (3) gas is introduced abruptly at its final concentration mto alveolar 
spaces (or the exposure continues long enough for complete equilibrium to occur). 

Kety also presents several more complicated models which account for the ambient air-alveolar air 
equilibrium functions, various flow perturbations in the body, etc. 

The partition coefficient is central to any analysis based on the foregoing equations. Usage has not been 
standard in regard to the units used for partition coefficients. Some investigators have expressed their results 
in terms of the weight of the receiving medium and others have used the volume. A variety of symbology is also 
encountered. In this review, albeit arbitrarily, the following symbols/units are used: 

asLblood:air orLtissue: blood 

when the source merlium is air, L =the Ostwald solubility coefficient for the receiving medium. 

(Note: L,3:1 =L3:2 x L2:1 Example: Ltissue:air = Ltissue:blood x Lblood:air) 

Lw2:l = L2:llp1 and 

1w3:1 =1w3:2xP21w2:1 =1w3:2x12:1 

Except for the direct determinations of Lw tissue:air reported elsewhere (Kirk, 1973) use of Lw has been as Lw 
tissue:blood. In most cases, Lblood:air has not been needed for the determinations. 

It has been demonstrated in vitro that the Ostwald coefficient (L) of blood, saline solutions of beef brain, or 
rabbit muscle homogenates are the weighted sum of the fat, protein, and water (saline) solubilities for the 
solution (Yeh, et al., 1965); (i.e., Lsolution:air= I.fiLi where fi.= fraction of solution made up of componenti and 
Li is tJ:ie Ostwald solubility coefficient for fraction i). With blood, hemoglobin, which has a much higher 
coefficient than other protein, must be treated separately; similarily in brains non-neutral fat is separately 
accounted for because its coefficient is lower than that of neutral fat. ' 

The variation in solubility of noble ~ases in solvents with temperature has been investigated (Hardewig, et 
al., 1960; MarkJ:iam,~t~l., l94l;~ornson,etal., 1954; and Yeh, et al., 1963, 1964, 1965)andshown to follow the 
Clap~yron. relat10nsh1p m orgamc solvents, and the Valentin er equation in aqueous solutions. The Clapeyron 
relat10nsh1p can be expressed as: Log L = A + BIT where 

L = Ostwald solubility coefficient 
A, B = constants for system 
T = temperature (OK) 
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The Valentiner equation is usually written: 
Log L = a /T + blog T + c, where a, b, c, are constants for the system. 
Most of the blood flow studies considered have used the Fick derived model presented earlier, and none of the 

R°Kr data presented herein is sufficiently detailed to justify considering any of the more complicated analyses. 
The key to blood flow determination with the Fick relationship is evaluating the exponential coefficient k 

used in equations (5) through (8). As stated, ki = Fi/ViLj. (or ki = Fi/WiLwi). By defining a specific flow F = 
ml/g/min and using k = .693/ T 112 where T 1/2 = halt~time of saturation or desaturation, the flow can be 
determined by: 

F = Lwki = (Lw x .693)/ T l/2i = (Li x .693)/(Pi x T l/2i) 
If the tissue has a constant, uniform flow and uniform partition coefficient, T 112 can be easily evaluated 
graphically from a semi-logarithmic plot of (Cv- Ca) vs time, or a comparable plot ofradioactivity in the tissue, 
as measured externally by an appropriate detector, vs time2• 

Most organs, however, possess neither uniform perfusion nor uniform partition coefficients, and the curves 
obtained from them are multi-exponential in form. Accurate determination of blood flow by the Fick method in 
this case requires the determination of an average value3 for k. Two approaches that have been used 
extensively are: 

(1) Determine the T 1/2 and corresponding k for a monoexponential curve tangential to the combined 
semilogarithmic plot at t = 0. If the partition coefficients involved are closely similar, and the initial 
concentrations in the compartments are equal, the initial slope will represent the total flow in the organ. 
Many protocols have been used with varying success in fulfilling the latter condition. 

(2) Follow saturation or desaturation (preferred) long enough to accurately resolve the multi-exponential 
curve into its components, and determine the respective half-times and relative magnitude (extrapolate to 
equilibrium), and determine a weighted exponential constant or half-time to use in the equations. Best 
accuracy also requires some notion of the partition coefficients for the compartments. 

The author feels more comfortable with results obtained by the second method; but, when multiple 
determinations are required, as in a clinical situation, the initial slope method is much faster and has been 
more extensively used. 

The method of 85Kr administration has been ignored so far because it has not been material to the 
mathematical discussions. It will obviously affect the degree to which the experiment conforms to the 
assumptions stated in the method of analysis. 85Kr has been administered by: 

(1) Inhalation from a closed circuit system, or constant concentration source; and analysis of: (a) the 
disappearance of 85Kr from the exposure system, (b) (Cc - Ca) determined in either saturation or desaturation 
by assay of simultaneous arterial and venous blood samples; and (c) the quantity of isotope in the organ - as 
determined by external counting of the radiation emitted, vs time, in saturation or desaturation. 

(2) Continuous infusion of 85Kr in solution (saline, dextran, etc.) into the arterial supply to the organ, and 
analysis of saturation or desaturation curves obtained by plotting (Cv Ca), or emitted radiation vs time in 
phase. 

(3) Fast injection of a bolus of B5Kr, in a small volume of solution, into the arterial supply to the organ, and 
evaluation of the desaturation curves obtained by plotting either (Cv - Ca), or externally detected activity vs 
time. 

(4) Direct injection of 85Kr into the organ or tissue (usually in saline), and analysis of desaturation curves 
obtained by plotting externally detected activity vs time. 

The clearest kinetic data in most organs, regardless of the mode of administration, has been obtained by 
external counting of either the beta (0.672 Me V) or gamma (0.514 Me V) radiation emitted from the organ. The 
morphological characteristics of the organ, and the characteristics oftheradiationvis-a-visthe detector, must 
be clearly understood, however, to correctly interpret the data. 

LITERATURE 

The pertinent literature can be broadly divided as follows: 
(1) Determinations of blood flow in various organs and tissues, for a variety of clinical reasons; and, 

incidental to that purpose, study of the fine structure of saturation/desaturation curves and tissue: blood 
partition coefficients. 

(2)ln vivo whole body fat determinations. 
(3) Studies of whole-body kinetic behavior and partition coefficients in small animals. 
(4) Determination of Ostwald solubility coefficients or tissue:air partition coefficients for blood, various 

biological solutions, and whole animal organs. 

2\Yith any radioactive gas selected for experimental use, one criterion is that its radioactive half-life be long 
with respect to the duration of the experiment, so that radioactive decay will not significantly affect the slopes 
of the curves obtained. 

:JAnother method is to determine the total quantity of isotope entering or leaving the tissue by integrating the 
area under the curve. 
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In the first category, only those papers presenting i_nformation on Kr: beha.vior in normal or control subjects, 
albeit anesthetized or surgically traumatized, are mcluded. Data ~n-:en m terms of blood ~ow was back 
calculated to half-times or exponential coefficients, whenever the ongmal method ~f calcu~at10n was clear. 
Information from sick animals or those treated with vasoactive drugs to alter their phys10logy, has been 
omitted_ although control val~es from those papers were included if information was needed for that organ 
and species. . . . 

Only information pertaining to partition coefficients and. c?mpartmental analysis is covered. No claims are 
made regarding completeness of literature coverage or cred1tmg of firsts. 
1. Blood Flow Determinations. 

a. Brain. 

Lassen, et al., (1955) pioneered use ofB5Kr in the Fick principle circulatory studies wit~ a modification of the 
Kety, et al., (1948) nitrous oxide method of determining cerebral blood flow. They determine~ blood flo;w for the 
whole brain using (Cv - Ca) from simultaneous samples from the femoral artery ~nd the Jugular v~m, t':1k.en 
while the subject (cats, dogs, rabbits) breathed 85Kr from a closed system for 14 mmutes. Blood rad10act1VIty 
was assayed by counting the blood in mica-windowed cuvettes with an array of GM detectors.4 No useful 
kinetic data were reported however. Lw brain:blood for the whole brain was determined to be 1.06 (S.E. = 
.0075) at a hematocrit of 50.'Lw was found to vary with hematocrit, and a relationship given to relate the two. 

In a similar study, Albert, et al., (1960) used a two-minute saturation time, and plotted (Cv - Ca> in 
desaturation for the first four minutes after the end of exposure, to determine a cerebral blood flow of 0.37 -
0.642 ml/g/min (t 1/2 = 1.08-1.86 min) in human patients who had no overt evidence of cerebral dysfunction. 
ThessKrin blood was eluted and assayed in a gas flow counter. 

Lassen, et al., (1961) infused ssKrin saline for six minutes into the common carotid artery of an anesthetized 
-cat, and followed desaturation by counting the beta radiation emitted from the cortex, exposed by craniotomy, 
with a collimated end-window GM detector. Desaturation was reported to be essentially complete within 15-20 
minutes. The curves were clearly multi-e:icponential. The CBF was calculated, using the initial slope method, 
and a previously determined, but unpublished, Lwcortex:blood of0.9, to be 0.4 -1.6ml/g/min(T112 = 0.43-
1. 73 min). In a sub@2quent investigation, using the same technique, Ingvar, et al., (1961) found CBF of 0.65 
ml/g/min (T 112=1.07 min) in dogs and 0.51 - 0.53 ml/g/min in a human brain tumor patient (T 112 = l.31-
l.36min). 

Cerebral blood flow determinations on anesthetized dogs were reported by Glass, et al., (1961) and Harper, et 
al., (1961) who used the Lassen and Ingvar methods and partition coefficient. They held anesthesia, blood 
pressure, temperature, and pC02 constant during the experiments, and found an average CBF of about 1 
ml/ g/min (T 112 "' 0. 7 min), using the initial slope of clearly multi-exponential desaturation curves. 

In an amplification of their method, Ingvar, et al., (1962) improved the accuracy of CBF determinations by 
correcting for unequal compartment saturation. Their semi-logarithmic curves were graphically resolved into 
two components, and the components were extrapolated to equilibrium. An average exponent, weighted by 
compartment size, was then used to calculate CBF. The fastest component was assumed to be cortical gray 
matter, and the slower to be white matter. An autoradiographic technique was used to determine the ratio of 
85Kringraymattertothatin white matter with slices of brain from a cat that had been fully saturated in vivo 
with 85Kr. The ratio (0.73), the previously determined Lw brain:blood of 1.06 and an estimated 60:40 
gray:white ~atter weight ratio ~as used to est~m';lte Lw cortex: blood and Lw white matter: blood of0.92 and 
1.26, respectively, at a hematocnt of 50. The vanat10n ofLw cortex: blood with hematocrit was reported to be: 

Lw cortex: blood= 0.92 .843 where H = hematocrit 
(H/100) + .685 [1-(H/100)] 

The improved method was used on dogs, cats, and rabbits to determine CBF but no compartmental 
breakdowns were given. ' 

Glass, ~t al., (1962), using a double isotope t~chnique, found an in vivo partition coefficient for the cortex in 
anesthetize~ dogs of 0.91 ± 6% at a hema~ocnt of 50. Th~ coe!ficient reported was neither L or Lw, since they 
used the rat~o of beta counts from the b:ain, and .a beta-mfimte layer of blood in their calculations. Since the 
beta r~nge is mass d~pendent! the umts of their ~oefficient would be ( µCi/g cortex)/( µ.Ci/g blood), and, 
assummg a blood specific gra:rzty of 1.05! the coeffic1e~t would be about 5% higher than Lw. 

Lassen, et al.,. (1963~ deterrm~ed CBF m unanesthetized humans by counting the gamma radiation emitted 
from the cramum wit~ a collimated NaI detector after injection of ssKr into the carotid artery. Two
compartment exponential. curves were assumed and CBF calculated using a weighted exponent. The CBF was 
reported to be 0.6 ml/ g/mm (S.D. = .13) (Tl/2 = 0.8 - 2.0 min), but no specific information was mven on curve 
breakdown. ... 

1For benefit of those w~o d~ n<?t routinely deal wit_h ra~ioacti_vity, the abbreviation GM stands for Geiger
Mueller and. N~I for sodmm 10d1de. GM detectors pnmanly register beta radiation· NaI detectors are used for 
gamma radiation. ' 

- 442 -



Alexander, et al., (1964), using the Lassen, et al., (1955) technique, found half-times for the whole brain of 
anesthetized human volunteers to be in the range of three to six minutes. In a subsequent paper (Wollman et 
al., 1965) with two-compartment analysis of similar CBF data, from both anesthetized and unanestheti~ed 
subjects, was reported as shown in Table 1. 

McHenry (1964) used a modification of the Lassen, et al., (1955) technique, and the counting techniques of 
Albert, et al., (1960), to determine CBF in 25 normal males by analysis of desaturation curves. The CBF 
reported was 0.565 ml/g/min (S.D. = .077) (T 1/2 = 0.96 -2.3 min). 

Lassen (1965), using his GM detector over exposed brain technique, reported average half-times of0.27 and 
1.4 minutes for the two components resolved from four cat brain desaturation curves. 

The most elaborate studies of the kinetic behavior of85Krin brain appear to be those reported by Haggendal, 
et al., (1965b), and, less extensively, by Nilsson (1965). They used anesthetized, curarized dogs and made 
concurrent recordings with a N al detector positioned over the skull, and an end-window GM det~ctor over a 
craniotomy. 85Kr was administered by fast injection into either the vertebral or external carotid artery, or by 
direct injection (1-5 /,L l) into the brain, using a fine needle inserted through a craniotomy adjacent to the one 
with the counter. In the latter case, dye was injected with the 85Kr so that the point of injection could be located 
morphologically in histological sections of the brain. Desaturation was followed until the longest component, 
on a semi-logarithmic plot, was flat enough to ensure good resolution in curve stripping. (The major problem 
was reported to be counting statistics.) Their results indicated that the total brain desaturation curve consists 
of four components as follows: 

(1) A very fast component with a half-time of about 0.10-0.20 min, which was identified by auxiliary 
experiments as arterial blood. This component was only resolvable with the fast intra-arterial injections and 
was usually associated with low total blood flow. 

(2) Another fast component, attributed to gray matter, with half-times of 0.35-1.9 min (wide variations of 
CBF and pC02). 

(3) A slower component, associated with white matter, with half-times of 1.5-11.6 min (also under varying 
conditions). · 

(4) A component with half-times of 14-20 min, which was identified as originating in extra cranial tissue 
(scalp muscle, neck muscle, connective tissue, etc.) 
TheNaI and GM curves agreed well and indicate that, in dogs, the GM detector records beta radiation from 
white matter, as well as from the gray matter, unless the cortex is thicker than usual (in one large dog, whose 
cortex was 3 mm thick, the GM curve was mono-exponential). Clearance curves from the injections were mono
exponential if the injection was entirely in either gray or white matter. The curves from cortex injections 
matched component 2 from the NaI or GM curves obtained with the same animal with intra-arterial injections 
while injection into white matter resulted in curves that matched component 3. If injection was on the border 
of the gray and white matter, both components 2 and 3 were seen. 

In an investigation of blood flow autoregulation, Haggendal, et al., (1965a) injected 85Kr into the vertebral 
artery of anesthetized curarized dogs, and recorded desaturation curves from the brain by external gamma 
scintillation. The semi-logarithmic curves were resolved into two components, and the faster assumed to be 
gray matter. The half-times found with the fast component, with varying blood pressures, ranged from 0. 7 4 -
2.3 min. Using the same techniques, Haggendal (1965) investigated the effects of vaso-active drugs on 
cerebral circulation in anesthetized dogs. The fast component obtained from normotensive controls had half
times of0.47 -1.31 min. 

b. Heart. 
The Lassen, et al., (1955) technique was applied to the heart by Hansen, et al., (1962) who had anesthetized 

dogs breathe an 8°Kr-air mixture for 14 minutes. After the 14-minute saturation, they took arterial and 
coronary sinus blood samples to establish initial (saturated) levels, and shifted the animal to breathing air. 
Five pairs of A-V samples were taken during the first 10-18 minutes of desaturation. Blood radioactivity was 
assayed by GM counting in thin-windowed cuvettes, and (Cv- Ca) plotted semi-logarithmically to determine 
the half-time. A partition coefficient of 1 was assumed and coronary blood flow calculated to be 0.48 - 1.33 
ml/g/min (T 1/2 = 0.52 - 1.44 min). No original data were given. The curves were assumed to be mono
exponential. 

Herd, et al., (1962) injected ssKr in saline into the left anterior descending coronary artery through 
chronically implanted catheters in three unanesthetized dogs, and recorded the washout (desaturation) curve 
with a NaI detector over the precordium. The slope of the first two minutes of the semi-logarithmic plot was 
used to calculate coronary blood flow. The carves were obviously not mono-exponential, but the authors 
claimed that the deviation was due to isotope recirculation. This does not appear probable since a reduction in 
blood concentration by a factor of about 500 would be expected before the isotope returned to the heart 
(dilution x 25 in the right heart and 95% removed on the way through the lungs). The half-time on the long 
component from the one curve shown was about 7 minutes. 

Ross, et al., (1964) determined coronary blood flow in anesthetized dogs using 85Kr and 133Xe clearance, and 
calibrated the method against direct measurements. They cannulated either the left, or all three coronary 
arteries, and supplied blood to the coronary arteries from the carotid artery through a rot?1?1eter. 85Kr, in 
saline, was injected into this arterial supply and washout followed with a Nal detector positioned over the 
heart. They used a direct-fit initial slope from the semi-logarithmic desaturation curve to calculate blood flow. 
The initial half-times were 0.4 -1.07 minutes. 
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Cohen, et al., (1964) determined (Cv - Ca) by inje~ting 85Kr. in saline in~o the left ventricles of 11 
unanesthetized humans and nine anesthetized dogs, takmdg five p_a1;s ot! consecdu~he 30-seco~d (~~I) hlamJts 
of arterial and coronary sinus blood starting 45 secon. s post-1~1ec io!1, al?- en ass~ying e oo y 

ti. g 1·n a NaI well detector and analyzing sem1-loganthm1c desaturation curves. Mono-
gamma-coun n ' h d · t• t I tt t' Bl d exponential curves were claimed. Those shown, however, seem to . ave some evia ion a a er imes. oo 
flow was varied with drugs and the data were ~ot separated by species. ~e total r~nge of ~oronary blood flow 
was o.30-1.99 ml/g/min (T 112 x 32-2.3 min) with a mean ofl.12 ml/g/mm (T 112- 0.57 mm). The curve from 
one human control had a half-time of0.65 minutes. . . . . 

Johansson et al (1964) reported two-component washout curves m dogs with artificial coronary 
occulsions. The mai~ component had a half-time of0.44 - 1.2 ~inutesi and. the second ~omponent had a half
time of about 30 minutes, as determined by analysis of sem1-loganthm1c desaturation curves ta~en after 
injection of B5Kr into the coronary artery (external Nal detector). The long component was attnbuted to 
collateral circulation in the artificially ischemic area. 

Subsequently Linder (1966) reported on a detailed investigation of coronary blood flow meas;urements in 
anesthetized dogs (artificial ventilation). 85Kr was inject~d into. the ?oronary artery; desaturat10n followed 
and was monitored with a collimated NaI detector. On sem1-logar1thm1c plots, a very fast component (T 112 of 
5-15 seconds) was seen followed by the main phase, with a half-time of0.38-1.08 ~inutes; a.nd, when 5-20% of 
the peak activity remained, by a slower component with a h~lf-time of 5 or more mm;nte~. 'fl?.1s slow component 
was attributed to a combination of: (1) recirculation of the isotope due to bad ventilat10n m parts of the lung 
(slight effects); (2) connective and fatty tissues in the ventric~l~r walls and along the coronary vessels (main 
cause); and (3) isotope in the coronary veins (shown to be negligible). 

c. Kidney. 

A very complete study of ssKr desaturation in the kidney was reported by Thorburn, et al., (1963) who 
injected ssKr in saline into chronically cannulated renal arte~es of :una~esthetized dogs, and fol.lowed 
washout with an external NaI detector. The data were plotted sem1-loganthm1cally and resolved graphically. 
The components were associated with various parts of the kidney by sequential radiography. Their results are 
given in Table 3. 

Bell, et al., (1965) determined an in vivo partition coefficient for dog kidney cortex of 0.96 ± .054, using the 
ratio of GM (beta) counts from the cortex of85Kr saturated kidney, and the corresponding count from a cuvette 
containing arterial (renal) blood. The same comments made on the Glass, et al., (1962) determination ofbrain 
partition coefficient apply. These authors also reported mono-exponential washout curves from kidney cortex, 
determined by GM counting at the exposed cortical smface, after a one-minute infusion of 85Kr in saline into 
the renal artery. Half-times of 0.2-0.24 minutes were found in 30 anesthetized dogs. 

In a similar study, Cosgrove (1965) reported average half-times of 0.23 minutes for mono-exponential half
times of0.18-0.39 minutes in normotensive control dogs (anesthetized, curarized, ventilated). 

Carriere (1970) monitored 85Kr washout with a N al detector over the kidneys of anesthetized dogs after fast 
injection into the renal artery. He found four components, as reported by Thorburn, et al., (1963), but only 
reported values for the fastest two. Their half-times and percent of activity were 0.11 min/83% and 0.51 
min/13%, respectively. A subsequent report from the same laboratory (Lockhart, et al., 1972) reported half
times of0.1-0.16 minutes and 0.825-0.9 minutes for the fastest two components. 

d. Liver. 

Blood flow in livers of anesthetized and unanesthetized dogs was investigated by Hollenberg, et al., (1966). 
They did two series of animals. In an acute series, catheters were placed in the portal vein and hepatic artery of 
anesthetized dogs, and clearance curves were recorded externally with a NaI detector after injection into 
either vessel. In the chronic animals, only the portal vein was used (previously cannulated), and the animals 
were awake. LJiver:blood was determined to be 1.056± 0.56 and the specific gravity of liver found to be 1.02. 
With either type ofinjection, they found either one or two component exponential curves in the same animal at 
about the same total flow. Washout by HA injection was found to be about 75% of the PV washout. The half
times from the chronic unanesthetized dogs were reported to be from 0.34-0.46 minutes. Clearance in the 
anesthetized dogs was considerably slower. One complete desaturation curve was given which had two 
components with half-times of0.37and17.3 minutes. 
T~e !Ilo~t COJ?ple~ study of 85Kr. clearance from li~er (dog) w~s reported by Birtch, et al., (1967), who used 

fas~ m1ections mto e1~h~r the ~epatic artery, portal vem, or both simultaneously, followed by monitoring of the 
em1tt~d g~mma radiation with a Na.I detector coupl~d. to a digit~l printer. The data were plotted semi
loganthm1cally and resolved graphically. The partition coefficient and specific gravity reported by 
~ollenberg, et al., (1~66) were used. Most dogs were anesthetized but four were awake and had chronically 
i~planted ?atheters m bot~ vessels. F~ur compartment desaturation curves were found - the longest half
time of which was 19-~6 mmute.s. The~r data (converted from blood flow to half-times) are summarized in 
Table 4. These ~ata and sequent~al rad1ographs show that component 1 is from a vascular bed perfused only 
by the portal vem, co~ponent 31s from a be~ perfused only by the hepatic artery, component 2 is from a bed 
perfused by both supplies, and component 41s from extra-hepatic tissues and intra-hepatic fat. 
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e. Stomach. 

Jansson, et al., (1966) administered 85Kr by intra-arterial injection to anesthetized cats and followed 
desaturation with a Na! detector placed over the stomach. Three-component semi-logarithmic desaturation 
curves were found. The half-times of the two faster compartments, believed to be gastric mucosa and 
muscularis, were 0.5-1.2 minutes and 3.5-5.8 minutes, respectively. The half-time of the third component 
identified as being tissues outside the stomach wall, was not given. ' 

Bell, et al., (1967a) reported mono-exponential desaturation curves, with half-times of0.68 minutes (S.D. = 
0.09 min), from gastric mucosa of anesthetized control dogs in an investigation of the effects of pC02 on 
gastric mucosa! flow. The stomach was opened and an end-window GM detector placed adjacent to the 
mucosa. 85Kr was given by intra-arterial injection. L gastric mucosa: blood was determined to be 0.84 (S.E. = 
0.04). The same control data were reported by Bell, et al., (1967) in an investigation of histamine effects on 
gastric mucosa! flow. In another series from the same laboratory, half-times of 0.44-0.48 minutes were 
reportedforthegastricmucosaofcontroldogs (Bell, et al., 1969). 

f. Intestine. 

The behavior of 85Kr in the small intestine of anesthetized, atropinized cats, with the splanchnic nerve 
severed, was investigated by injecting it into the superior mesenteric artery, and recording the washout curves 
with an external N al detector coupled to a ratemeter and recorder (Lundgren, et al., 1966; and Kam pp, et al., 
1968 a,b). The semi-logarithmic curves were resolved graphically into four components. The total flow was 
regulated and measured by a regulating flow-meter in the mesenteric vein. In most experiments, the GI tract, 
except for the 20-50 gram of the test segment, was removed to avoid interference. The temperature of the test 
segment was controlled. Readings from a lead-shielded end-window GM detector placed close to the serosal 
surface, and another GM detector in the gut lumen, were used to help identify the morphological origin of the 
different curve components. Local injection of85Krin dye, and autoradiography with antipyrine 14C, were also 
used for localization. The data obtained are summarized in Table 5. 

g. Eyes. 

The retinas of anesthetized cats were reported to have four-component 85Kr clearance curves, as determined 
by counting with a GM detector in contact with the posterior aspect of the sclera, after intra-arterial injection 
(carotid)(Friedman, et al., 1964; and Friedman, et al., 1965). Their data for cats are summarized in Table 6. 
Dogs and monkeys were reported to have similar curves. Rabbits had three-component curves with one 
component having a half-time of 2.5-5 seconds and the other two having half-times of 1.5-30 minutes when 
measured with the GM detector. When a more sensitive solid-state probe attached to the eye was used, and the 
85Kr was injected into a branch of the ciliary artery, all species had four-component desaturation curves. 

h. Testis. 

Setchell, et al., (1966) investigated blood flow in ram testes by analysis of washout curves obtained after 
injection of 85Kr, via a chronic implant, into the testicular artery. The animals were usually awake. The 
scrotum was held in a temperature-controlled harness and a 5 cm NaI detector, coupled to a ratemeter and 
recorder, was used to record the desaturation curve. Several experiments were done with direct injection of 
85Kr into the testis. Lw testis:blo~d was determined to be 0.85 (S.E. = .03) by infusing 85Kr in saline into the 
heart for 75 minutes, determining equilibrium by counting blood taken from the abdominal aorta every 15 
minutes, killing the animal, removing and weighing the testes, sealing the testes in parafin in a soldered-top 
can, assaying the contained radioactivity by gamma counting, and comparing the testis specific activity with 
the blood activity. The desaturation curves were mono-exponential with half-times of 4.46-16.4 minutes for 
conscious rams (66 determinations), and 7.65-10.8 minutes for anesthetized rams (16 determinations). 

i. Skin. 

Mono-exponential clearance from dog skin following femoral artery infusion ( 4 min) was reported by Bell, et 
al., (1964). The curves were recorded over the leg with a GM detector. Half-times of 10.97-27.4 minutes were 
found. 

85Kr clearance from rabbit skin after intra-arterial bolus injection was found to be bi-exponential with half
times of 3-4 minutes and 17.3-23.1 minutes, respectively, as measured by a GM detector. (Casey, et al., 1965; 
and Thorburn, et al., 1966). 

The results of extensive investigation of skin blood flow in humans, using 133Xe and 85Kr, were reviewed by 
Sejrsen (1971) who summarized several of his earlier publications. He concluded that the parallel competitive 
exponential model used in other blood flow studies does not hold with human skin because: (1) 85Kr or 133Xe is 
removed from the cutaneous blood supply preferentially in subcutaneous tissue, which has a h.igh fat content, 
and then is released slowly; (2) some of the isotope is cleared by sweating; and (3) the iso~ope migrates between 
cutaneous and subcutaneous tissue by diffusion. The curves recorded from human skin were, therefore, not 
simple functions of blood flow. The only consistent exponential component reported had an average half-time 
ofl68 minutes (S.D. = 41 min), and was attributed to subcutaneous tissue. 
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j. Limbs. 

Tobias, et al., (1949), in an investigation of the causes of the bends i~ aviator~, had unanest~e~zed 
volunteers breathe 19_s1 Kr from a closed-circuit system for three hours while countmg gamma radiation, 
emitted from one hand and one knee, using very heavily collimated GM detectors. After three ~ours the 
subjects breathed room air while counting continued for 12 more houz:s .. Three-component exponential c1;1rves 
were found for both hands and knees. The fastest component was negligible for the knee, however. Exerc.ise or 
heating of the hand caused faster clearance; vasoconstrictive dru.gs caused slower e~change. The kmetic 
information reported is given in Table 7. It was also found that radiokrypton was readily absorbed from the 
intestinal tract, especially the doudenum. 

Holzman, et al., (1964) injected ssKr in saline into for~arm muscle i~ human ".olun!eers and followed 
washout with an external NaI detector. The curves obtamed were multi-exponential with a great deal of 
variation. Blood flow was determined using the initial slope. The first half-time was reported to be 17.8 
minutes (S.D.:;; 8.2 min). 

2. Whole-Body Fat Determinations. 

The uptake of Kr from a closed system (with C02 scrubbing, and 02 replacement) has been used by several 
investigators to estimate body fat content. Lesser, et al., (1963) used inert Kr and reported that equilibrium 
was not complete in 6-7 hours with human subjects. (Their system had a water spirometer which may have 
permitted leakage of Kr.) In their discussion, they propose a model for uptake of metabolically inert gases, 
consisting of blood in equilibrium with the gas in lungs, and three parallel competitive compartments in 
contact with blood. The compartments proposed, in order of their speed of saturation/ desaturation, were: (I) 
rapidly perfused lean tissue (as heart, brain, kidney); (2) more slowly perfused lean tissue (as resting muscle, 
skin); and (3) adipose tissue. This model was used by the reviewer to make some predictions about whole body 
behavior of85Krin man (Kirk, 1972) which were subsequently found to be too simple (Kirk, 1973). 

Whole body fat determinations were made in another laboratory (Hytten, 1964; and Hytten, et al., 1966) 
using a similar closed system with a neoprene bellows spirometer replacing the water spirometer, which they 
felt was the cause of Lesser and Zak subjects not reaching equilibrium. Equilibrium was claimed in 90-120 
minutes for normal human subjects, and by 180 minutes for obese subjects. Radioactivity was monitored with 
a radiation counter coupled to a ratemeter and recorder; equilibrium was considered complete when the 
recorder trace was flat for ten minutes. Desaturation was found to be much slower than saturation, and a 
component with a half-time ofabout 18 hours was reported. From his own experience with other animals, this 
reviewer believes that the criteria for saturation were not adequate, and saturation was not complete in the 
time stated. 

3.Studies of Whole-Body Kinetic Behavior and Partition Coefficients. 

The ~uthor has i.nvestigated the ~hole-body kinet~c behavior of 85Kr in guinea pigs and, superficially, in 
rats (Kirk, 1972; Kirk, et al., 1972; Kirk, 1973; and Kirk, et al., 1973). Saturation and desaturation curves in 
unanesth~tized guinea pigs breathin~ 85Kr in ~ close~ system were found to be three- or four-component 
expon~ntials as measure? externally with a h.eavily collimated N al detector. Half-times of 0.25-2.2 minutes, 6-
11.8 mmutes, 21.5-41. 7 mmutes, and 88-178 mmutes were found. Of the eight animals studied one did not have 
th~ faste~t component, ~nd ?ne did no.t have the slowest. The desaturation curves (semi-loga'.rithmic) for eight 
gumea pigs are shown m Figure 1. Figure 2 shows the saturation and desaturation data for one guinea pig 
plotted. on the same grap~ as a smooth curve g?nerated with kinetic parameters determined by graphic 
resolution of the desat~ration phase. The saturation phase usually agreed fairly well with the desaturation 
phase for the same ammal. However, substantial variation was noted between animals L h l b d . 'r 
(fur-free) was found to be 0.1444 (S.D.:;;.0148).Females had a slightly higher Lwthan mal~s bu~h~ diffe~~~e 
was not ~i~ificant. '.!'he m~~n h~irless weight of these animals was 840.1 grams (S.D.:;; 33.9). 
Th~ kmetic behavior of Kr m 250-gram fe~ale Rochest~r Wistar rats was investigated in preliminary 

expenmen.~. Three or four. rats were saturated with 85Kr for either 12 or 33 hours in an exposure chamber, and 
t~en repetit!vely ~ounted.m a large NaI well detector until preexposure background was reached. Counting 
did n?t begm until 3-~ mmutes after the animals were removed from the ssKr atmosphere. In the 12-hour 
expenme~t, desaturation curves had three components with half-times of3.87-4.6 minutes, 20-23 minutes, and 
81,-143 mmutes. After ~he 33-hour exposure, two-~ompo~ent curves were found with half-times of 7.6-15.7 
mmutes and 41.8-85 mmutes,. Three of the four ammals m the 33-hour exposure had also been used in the 12-
hour expo.sure. ~he c?ange m. c~rve fine structure is believed to be due to increased stress in the longer 
exi;iosure, mcludmg higher radiation dose, and ~he fact that counting did not begin until 5-6 minutes after the 
a~imals were removed from the ch.amber -which would.obviate seeing any very short half-time component. 
Figures 3 and 4 show the desaturation curves from one ammal for both exposures The a L 
determined to be 0.092 (S.D.:;; 0.019) (seven determinations). · verage w rat: air was 
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4. Tissue:Air Partition Coefficients. 

Tissue:air partition coefficients, both Land Lw, have been determined for a number of biological solutions 
and tissues. 

Hardewig, et al., (1960) s~udied solubility of 8"Kr in human blood at 37° C and found Lplasma:air to be 0.051 
(S.D. = .001) and Lblood:air = .05199 + .0001573 H where H = hematocrit. 

Mellemgard, et al., (1962) reported Lblood:air to be 0.0635 at 37°C and a hematocrit of 40. 
Lassen (1964) reported that Lblood:air was about 0.06. 
Yeh and Peterson's elaborate series of determinations of Kr solubility in lipids, aqueous solutions blood 

albumin, and hemoglobin have been mentioned previously. Figure 5 is a plot of their data fitted to Cla'peyro~ 
and/ or Valentiner curves. These equations were used in the predictive model discussed later. 

The Bunsen coefficient for 85Kr was reported to be 0.420 for pooled human fat, and .414 for abdominal fat by 
Masson, et al., (1967). 

Kitani (1972) reported on determinations of 85Kr solubility in human plasma, RBC, and whole blood. The 
values were reported were: Lplasma:air = 0.0499; LRBC:air = 0.0718 and Lblood:air = 0.0002223H + .04961 
where H = hematocrit. The solubility of Kr in human liver was related to triglyceride content (in vitro) and the 
Ostwald coefficient found to be equal to 0.004072L + 0.04924 where L= lipid concentration (tripalmitin as % wet 
weight) ((Kitani, et al., 1972). 

In vitro partition coefficients (Lw tissue:air) were determined for blood (guinea pig, dog, cat, Chinese 
hamster), guinea pig brain homogenate, normal saline, and EDTA solution (Kirk, 1973; and Kirk, et al., 1973). 
These data are given in Table 8. In vivo determinations of Lw tissue:air were made in guinea pigs for blood 
and 22 other tissues using a dual-isotope technique which permits simultaneous determination of Lw for 
whole tissue and bloodless tissue. This data are summarized graphically in Figure 5. 

DISCUSSION AND CONCLUSIONS 

The compartmental half-times already presented are summarized graphically in Figure 6. If one looks 
closely, with a prejudiced eye, it appears that some grouping, reminiscent of the Lesser and Zak hypothesis, 
may be present. The half-times for dogs only are shown in Figure 7. Here, grouping of compartmental half· 
times seems to be fairly clear (0.1-0.4 min, 0.4-1.5min,1.5-13 min, and over 13 min). A priori, one would hardly 
expect the multitude of differently perfused tissues in the body to group themselves so conveniently. That this 
is the case appears to be confirmed by the rat and guinea pig whole-body data. It is also abundantly clear that, 
on both the organ or whole-body level, "compartmental" composition and rate constants will change with 
changes in physiological state, and an externally observed compartment will very likely have no firm 
morphological or physiological meaning. There does seem to be a trend toward slower saturation or 
desaturation with larger animals. The whole-body clearance of guinea pigs was slower than that of rats, and 
man seems to have some compartments with substantially longer half-times than any of the smaller animals. 

Fortunately, if one is assessing hazards associated with environmental exposure to B5Kr, the rates of 
saturation and desaturation will usually be of minimal import. Most exposures will be long with respect to 
saturation times, and the equilibrium concentrations in tissue; the resulting dose will be determined almost 
entirely by the partition coefficients. 

It would be very convenient to be able to calculate partition coefficients from organ composition, using a 
model such as that proposed by Yeh, et al., (1965). If this can be done, direct determination of partition 
coefficients would not be necessary ifthe fat-protein-water composition of the organ or tissue, and the fraction 
of the fat that is non-neutral, were known. 

The Yeh and Peterson values were incorporated into a predictive program for the Hewlett-Packard 9810 
calculator(Kirk, 1973). This program calculates Lw tissue:air when given temperature (°C), the percentage of 
fat, protein, and water in the tissue, and the non-neutral fat fraction. This program has been used, with limited 
organ composition data from the literature, to predict the partition coefficients corresponding to a number of 
experimentally determined values. In several cases, tissue:blood partition coefficients were converted to 
tissue:air coefficients by using appropriate average blood:air coefficients. The experimental and predicted 
values are summarized in Table 9. Comparisons for some guinea pig tissues are shown in Figures 8 through 13. 
The predicted partition coefficients are plotted against the experimental coefficients in Figure 14. A least 
squares regression reveals good correlation - despite the fact that directly determined tissue composition was 
available in only a few cases and considerable variation existed in a few tissues. The most notable deviation 
was noted with the guinea pig brain. The experimental Lw is much lower, both in vivo and in vitro, than the 
predicted - even when a 50<J1t, non-neutral fat correction is· made. The reason for this has not been determined, 
but may be due to inappropriate tissue composition data. It is felt, however, that this model can be used 
without major inaccuracy in determining equilibrium levels of 8"Kr in the body, if the exposure concentration 
and tissue composition are reasonably well defined. 

The beta dose to guinea pig tissues resulting from exposure to ssKr at the (MPC)a levels are given in Table 
10. These doses form only a part of the total internal dose resulting from this exposure, and contributions from 
gamma and Bremsstrahlung radiation arising both within and outside the body must be added. 
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TABLE 1. Compartmental Analysis from Cerebral Blood Flow Determinations 
in Human Subjects from Wollman, et al., (1965). 

Subject Average 

Condition Compartment % of Brain T 112 (min) 

Awake Slow 50.8 4.36 
Fast 49.2 1.07 

Hypoxic Slow 31.5 2.26 
Fast 68.5 .80 

Anesthetized (pC02=40) Slow 47.2 4.85 
Fast 52.8 1.35 

Anesth. (pC02=10-20) Slow 68.6 5.63 
Fast 31.4 1.34 

TABLE 2. Analysis of 85Kr Desaturation from Cat Brain with GM and 
Semi-Conductor Detectors from Brock, et al., (1967). 

Fast Component Slow Component 

Detector T 1/2 (min) % of Act. T 1/2 (min) % of Act. 

GM 0.48 44.7 2.48 55.3 
Semi-conductor 

over cortex 0.63 44.1 3.01 48.7 
Semi-conductor 

over artery 0.42 48.7 2.39 51.3 

TABLE 3. Analysis of85Kr Desaturation in Dog Kidney from Thorburn, et al., (1963). 

Component T 112 (min) % of Total Act. 

I Outer cortex 0.16 80 
II Inner cortex and 0.65 16 

outer medula 
III Inner medula 5.5 2 
IV Perirenal and hilar 44.2 2 

fat 

TABLE 4. Analysis of 85Kr Desaturation in Dog Livers from Birtch, at al., (1967). 

Type Component 1 Component 2 
E __ x_p_e_r_im_e_n_t __ I_n_,j'-e_c_ti_o_n __ T.=...:1::.:/-=2=-i..:(m=in~):.._:o/c~o...:.A.:::c::.:t:.:... _ __::T~l/2_ (min) % Act. 

Component 3 
T 1/2 (min) % Act. 

Acute-(anesth.) HA .38 .8 55 1.13 - 2.3 45 
PV .25 .38 83.5 .55 2.8 16.5 
Both .26 .39 15.9 .55 - .75 34.6 1.33 - 2.2 49.5 

Chronic-( awake) HA .45 - .55 55 1.63 2.8 45 
PV .33 .45 77 .74 - 1.7 23 
Both .22 .42 38.5 .51 - .82 37 1.33 - 3.3 24.5 

One chronic dog HA .53 2.4 
PV .38 1.3 
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TABLE 5. Analysis of 85Kr Desaturation in Cat Small Intestine 
from Lundgren, et al., (1966); and Kampp, et al., (1968a). 

Component No. Identified As T 1/2 (O') (min) % orig. act. (CT) 

I 

II 
III 

IV 

Counter-current exchange in 0.104 ((.04) 
in mucosal vascular loops 

Mucosa 1.55 (.48) 
Muscularis and serosa about 5.29 (1.93) 

equally 
Perivascular fat, mesentery, 61.8 (44) 

delayed recovery from vascular 
loops of villi 

39.9 (10.1) 

32.1 (10.5) 
28 (12.3) 

Not given and not 
counted in% 

TABLE 6. Analysis of85Kr Desaturation in Cat Retina 
from Friedman, et al., (1964). 

_C_o_m_p_o_n_e_n_t __ I_d_e_n_tified As _____ T_l_/_2_(_m_i_n_) 
I Blood flow in choroid .050 - .083 
II Retinal vessels .25 - . 78 
III Sclera, choroidal stroma, 1.5 3.0 

vitreous, tapetum, etc. 9 44 

TABLE 7. 79_ s1Kr Kinetic Parameters in Human Hands and Knees 
from Tobias, et al., (1949). 

Average Hand Average Knee Average 
Component T 1/2 (min) Fract. Act. T 1/2 (min) Fract. Act. 

I 4.3 .11 
II 35.9 .55 55 .34 
III 188 .33 402 .67 
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TABLE 8. In Vitro Ostwald Coefficients (L) for 85 Kr into Selected Biological Solutions (a) 

Temperature Number of 
Solution (oC) Determinations L a 

Guinea Pig Blood 39 6 .0513 .0041 
37 8 .0538 .0033 
36 16 .0546 .0076 

Guinea Pig Brain (b) 37 12 .0494 .0179 
Dog Blood (c) 35.5 8 .0691 .0054 
Cat Blood 36 7 .0595 .0065 

39 8 .0559 .0040 
Chinese Hamster Blood 37 IO(d) .0822 .0014 
0.9% NaCl Solution 37 4 .0472 .0012 
10% EDTA Solution 37 8 .0406 .0028 

(a) Assuming 760 mm Hg total pressure. 

(b) Solubility was determined for a 20% brain homogenate in normal saline 
and the coefficient for brain calculated from that value. 

(c) Dogs were fed 30-60 minutes prior to bleeding. 

(d) Five determinations were made on each of 2 pooled samples 
(Each sample represented 20 animals.) 
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TABLE 9. Comparison of Predicted and Measured Partition Coefficients for ss Kr. 

Calculated Measured 
Species Organ or Tissue Coefficient Coefficient Ref. for Measured Coeff. 

Cow Brain Homogenate .0488(b) (c) .0454(b) (j) Yeh, et al., (1965) 
Cat Brain Whole .0544(a) (d) .0625(a) (f) (i) Lassen, et al., (1955) 
Dog Liver Whole .0544(a) (d) .0625(a) (f) (i) Hollenberg, et al., (1966) 
Rabbit Muscle Homogenate .0442(b) (c) .0439(b) (j) Yeh, et al., (1965) 
Man Blood .0433(b) (c) .0455(b) (j) Ibid. 
Rat Whole Body .076(a) (g) .0921(a) (i) Kirk (unpublished data) 
Guinea Pig Whole Body .1482(a) (e) .l 444(a) (i) Kirk (1973) 

Omental fat .4254(a) (e) .4213(a) (i) Ibid. 
Subcutaneous fat .4254(a) (e) .4054(a) (i) Ibid. 
Adrenal .1067(a) (e) .1017(a) (i) Ibid. 
Liver .0524(a) (e) .0768(a) (i) Ibid. 
Muscle .0752(a) (e) .0396(a) (i) Ibid. 
Bone Marrow .0863(a) (d) .1342(a) (i) Ibid. 
Brain .0744(a) (d)) (h) .0405(a) (i) Ibid. 
Brain Ibid. 

(a) Lw tissue: air· 

(b) Ltissue:air· 

(c) Direct determination of tissue composition. 

(d) Tissue composition from Handbook of Biological Data, Spector (1956). 

(e) Tissue composition from Pace, et al., (1945). 

(f) Calculated from reported tissue:blood coefficient using Lblood:air= 0 
•
059

• 

(g) Tissue composition from Caster, et al., (1956). 

(h) 50% non-neutral fat correction used. 

(i) Determined in vivo. 

(j) Determined in vitro. 
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TABLE 1 O. Annual Dose (a) to Guinea Pig Tissues and Organs from Respiratory 
Exposure to 85Kr at Current (MPC)a Levels. 

Occupational (b) Unrestricted (c) 
Tissue rad/year (] rad/year a 

Omental fat 4,460 681 586 90 
Subcutaneous fat 4,290 957 564 126 
Thymus 2,740 1,390 360 183 
Lymph nodes 1,460 794 191 104 
Bone marrow 1,420 1,260 187 165 
Adrenal 1,080 404 141 53 
Thyroid 877 395 115 52 
Liver 813 298 107 39 
Large intestine 788 765 104 59 
Small intestine 764 414 100 54 
Testes 613 160 81 22 
Ovaries 608 145 80 19 
Kidneys 455 199 60 26 
Uterus 442 134 58 18 
Stomach 439 218 58 29 
Brain 429 177 56 23 
Eyes 425 136 56 18 
Muscle 419 183 55 24 
Seminal vesicles 391 72 51 10 
Spleen 386 96 51 13 
Heart 317 157 42 41 

(a) µrad/year beta dose to organ/tissue from contained B5Kr. 
Values are for bloodless tissue; dose from isotope outside the tissue 
is not considered. 

(b) 2,000 hours at 10-0 µCi/cm'.l. 

(c) 24 hours/day, 365 days at 3 x 10-7 µCi/cm3. 
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THE BIOLOGICAL EFFECTS OF THE RADIOACTIVE NOBLE GASES* 

D.A.Morken 
University of Rochester 

Rochester,NewYork 14642 

Abstract 

The biological effects of the noble gases depend on the physical properties of these gases, since they are non
reactive chemically under physiological conditions. A property of interest for the non-radioactive gases is 
their solubility in the various body tissues and fluids. 

Some of these noble gases have the additional property of radioactivity. The combination of radioactivity 
and solubility permits the identification of a critical organ according to established procedures. The 
pathological response is not always greatest, or even of singular importance, in the organ so identified by 
calculation. Biological responses are desired for a prudent evaluation of the biological effect, but the choice of 
response and the mode of irradiation pose a large problem. 

The radioactive gases decay schemes include the emission of alpha particles, beta particle$, positrons, and 
electron capture; and this decay is sometimes accompanied by gamma radiation. The resulting daughter 
products may be foreign or natural to the body; whether stable or radioactive, all are reactive chemically. The 
effects due to the radiation, however, probably exceed those chemical effects which may result. 

Radon has no stable isotope. The radon isotopes decay primarily through the emission of alpha particles. 
The biological effects from radon may arise in greater measure from its daughter products, which include 
alpha particle, beta particle, and gamma ray emitters, than from the parent radon. 

The consequences of these properties are discussed with particular reference to krypton-85 and radon-222. 

INTRODUCTION 

A prudent evaluation of biological responses to the noble gases can only be obtained by direct 
experimentation, but such experimentation has not been the general rule for the noble gas series of elements. 
Only radon has been studied in depth, but a beginning has been made on the effects of inhaled krypton. 

Biological studies with radioactive argon, xenon, neon, and helium are difficult to perform in animal 
systems bacause of their very short half-lives. These elements, except for radon, are beta emitters; their 
solubility in tissues is a physical property dependent on their molecular weight. Due to these similarities 
information about one of these gases should be applicable in evaluating the others. Recent experiments with 
radon suggest that the chemical properties may be more important than radiation in producing long-term 
effects. It is also necessary to consider the role played by the daughter products. 

The isotopes of helium decay either to hydrogen, a natural constituent of the body, or to lithium. Neon 
decays to either sodium or fluorine, and argon decays to either potassium or chlorine - all of which are normal 
constituents of the body. Krypton decays to either rubidium or bromine; and xenon decays to either cesium or 
iodine. Radon decays to polonium, and thence through a series of elements which includes lead and bismuth. 
The decay ofradon and its daughter products is accompanied by alpha, beta, and gamma radiation. 

A proper study of the biological effects of these radioactive gases should include the effects of the daughter 
products which, in general, are stable isotopes. External irradiation by these radioactive gases does not 
involve the stable daughters, but inhalation of these gases includes the stable daughters. Thus, the age of the 
radioactive gas may not be the most important factor in evaluating biological effects when the effects are duP. 
to chemical properties and not to radiation alone. 

The isotopes of greatest environmental interest are krypton-85, which produces rubidium-85 (stable) by beta 
emission; xenon-133, which produces cesium-133 (stable) by beta emission; and radon, which decays by alpha 
emission to a series of short-lived elements that are alpha, beta, and gamma emitters. The 5.3-day half-lif~ of 
xenon-133 limits its usefullness in biological experiments. The 10.6-year half-life of krypton-85 makes it a 
particularly useful isotope for biological experimentation. Krypton is also of environmental concern because 
of its relatively long half-life, and its release from nuclear reactor and fuel processing plants. 

Because these gases are not accompanied by large amounts of chemically reactive materials, they offer a 
purity ofradiation invaluable for studies involving internal emitters which is not available outside the series 
ofnoble gas elements. The purity of the radiation, or lack of chemically active materials, may approach t~at of 
x-or gamma radiation for all practical purposes. The comparatively uniform distribution ~f t~ese ~ases .m the 
body tissues, as determined by solubility studies, results in a relatively uniform dose distnbution with no 
great differences in effect from similar doses of x- or gamma radiation. 

*This paper is based on work performed under contract with the U. S. Atomic Energy Commission at the 
University of Rochester Atomic Energy Project and has been assigned Report No. UR-3490-383. 
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BIOLOGICAL EFFECTS 

The acute lethality by inhalation (30-day LD-50) for krypton-85 in guil.~a pigs has been reported by Kirk 
(1973). The experimental arrangement Kirk used minimized the external exposure. The LD-50 dos~ re~uired 
about 12 hours at a concentration of 375µ.Ci/ cm3 • The whole body absorbed dose calculated from this air dose 
amounted to 340 rads - which is within the range of x- and gamma ray doses reported for the guinea pig. Kirk 
also described the appearance of beta bums on the nose, and epilation around the n?se and eyes, but skin 
healing and hair regrowth were complete in 4 to 10 weeks. He concl~ded that deaths whwh occurred bef?~ the 
30 days were due to a hematopoietic syndrome, whereas those which occurred later were due to lung mJury. 
The lung dose at the LD-50 level was estimated to have been 8,000 rads. 

Kirk's report constitutes essentially all that is known about the internal distribution, dose estimates, and 
the biological responses for inhaled krypton-85. Radon has been studied more extensively in terms of 
biological effects. 

Inhaled radon presents the body with three different kinds of exposure. Exposures from radon alone could 
be compared to krypton exposures-ifit could be obtained alone. Radon, however, is accompanied by a series 
of short-lived radioactive decay products; consequently exposures with radon must always account for these 
additional radioactivities and distributions of the decay products. These products are produced within the 
animal from the inhaled radon. Thus a second kind of exposure, from the isotopes of polonium, lead, and 
bismuth, delivers a radiation dose to the entire animal. The distribution of this dose is essentially non-uniform 
because the isotopes are treated independently by the body tissues -within the confines of the short half
lives. It is possible with injection techniques to produce whole body exposures to these decay products alone 
(Hollcroft,et al.,1951), and the histopathology and acute toxicity following such injections have been reported 
(Hollcroft,et al.,1955). 

The third kind of exposure is to the inhalation of these short-lived radon decay products present in the 
inhaled atmospheric air. These products are attached to dust particles which may be deposited in the lung 
when inhaled. Because of their short half-lives (·3 to 30 minutes), these products accumulate and decay within 
the lung structure, since the clearance mechanisms which operate on dust in the lungs are thought to be 
ineffective in such short times. This method of exposure might deliver large doses to lung alone, and is 
believed to be the kind of exposure which results in the bronchial cancer found in uranium miners. In the 
absence of other information, the large physical dose which can be delivered to the lung by this airborne 
radioactivity is considered sufficient reason to designate the lung as the critical organ for exposure to radon 
by inhalation. 

The radon experiments in this paper consider only the inhalation ofradon and its subsequent decay within 
the animal body. The effects of the inhalation of the daughter products are described in another paper in this 
symposium (Morken, 1973). 

These experiments were conducted with a closed respiration system in which mice (CAF1 strain) could be 
exposed to a radon-222 concentration of 0.22 mCi per liter for periods of up to 40 hours. The contained air was 
kept free from the decay products ofradon by air filtering and a rapid air turnover rate. 

In this system, mice exposed from 5 to 40 hours showed a 30-day LD-50 near 7.5 mCi-hours/liter (Morken, 
1955). This amounted to about 400 rad, when converted to an internal dose, and fell within the range of the x
ray doses required for the same effect. On an energy basis, this is not different from the LD-50 found with 
krypton-85. Emaciation, reddening of the ears, and dullness of the eyes were the first signs of tissue damage. 
The mice, which died within a few days after exposure, exhibited the pseudoparalysis which has been 
reported. The fur generally became bristly, even for the low doses. Deaths which fell within the 30-day period 
occurred in the first two weeks; no further deaths occurred until after 60 days. The limited pathology 
information describes changes similar to those following whole-body exposures to x-rays. The changes in the 
circulating cell numbers were not as great as with an equivalent x-ray exposure. A definite, but not 
pronounced, anemia occurred. More profound effects were found following x-ray exposures. 

The histopathologr in mice exposed to radon at ~he sub-acute level (one-half the LD-50) has been reported 
(Scott, 1955). Of the internal organs, the spleen evidenced the greatest early damage - and also evidenced 
rapid repair. Late injury was found in the kidney. The estimated dose to the kidney due principally to the 
cumulation of the decay produc;ts, was 2.88 rad, compared to a whole-body dose of255 :ad (Morken, 1959).'The 
lung and trache~ showed. no l~s10i;is! dunng the early perio~ following exposure, that could be attributed to the 
radon. Changes m the epithelial ~mmg of ~he si;riall b~onchi appeared at 2 and 5 months, and were fairly clear 
at 7 months. The changes consisted mau~lY: m an irregularity of the cells, some loss of polarity, and the 
presence ~f '.l- number of large cell~ contammg large hyperchromatic nuclei (in many of which were large 
deeply-stammg clumps of chromatm). 

Mortality, growth, and the hemogram were studied in mice which received single exposures to radon. The 
doses r~nged from 50 to 150 r~d average dose to the whole body (Morken, 1961). Lifespan was shortened in 
~roport1on to dose, but the II?-aJor effect appeared to be an early effect for a small part of the population and 
httle or no effect on the remamder. ' 

The blood cell picture following si~gle doses was essentially that seen after other kinds of irradiation -
ex~ept for the erythr.ocyte co~nt, which became depressed in the normal manner, but showed no recovery. 
This red cell depression ~emamed at the depressed level for nearly one year after exposure, after which it 
~erged and decreased with the control data. The amount of the depression was fixed at about 15 percent 
mdependent of dose. ' 
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Growth of mice following single doses was stopped within a few weeks after exposure. After this initial 
phase, growth resumed and appeared to follow the normal pattern, but the control values were not attained. 
Stunted growth appeared to be an early and permanent effect. 

Of these changes none appeared to result from the late effects of irradiation, since the initial change in each 
occurred early in the period following exposure. Only the weights of the mice remained different from those of 
the controls during the late period oflife. 

These same parameters were followed in mi?e which received doses from radon in one or several exposures, 
with average whole body cumulated dose rangmg from 150 to 600 rad (Morken, 1964). Lifespan was shortened 
in proportion to total dose, whether given in one or several exposures. The mortality data suggested a bimodal 
response composed of one group which died early after the exposure or group of exposures, and another group 
which died later. As the total dose was made larger, a greater fraction of the population was transferred from 
the late to the early deaths group. The probability of a radon-induced kidney lesion was found to have no 
significance on mortality in these experiments. 

The injury which produced lifespan shortening was found to be repaired by 50% over a two-week interval, 
and the irreparable fraction of total injury was the same whether the injury was produced by single or multiple 
doses. 

Growth of mice was stopped immediately after exposure. After this initial phase, growth resumed in an 
apparently normal pattern, but with a permanent decrement in body weight. The decrease was proportional to 
total dose, whether delivered in one or several exposures, although the initial rate of loss of weight was 
proportional to the individual doses. 

The hemogram, following either single or multiple exposures to radon, was essentially the same as that 
found after exposure to other kinds ofradiation. Multiple doses produced immediate injury proportional to the 
individual dose, but recovery processes were more influenced by the total accumulated dose. An exception to 
this general picture was the erythrocyte count, which was depressed by 15% following the first exposure, from 
which no recovery was evident, and was not further changed by additional exposures. 

Of these parameters, lifespan and body weight were affected in proportion to total dose, whether 
fractionated or not, thereby allowing the conclusion that the injury due to the alpha dose delivered from radon 
is repaired to the same extent of 50% in each case. The effect on the red cell illustrates that permanent, but 
delimited, injury can be produced by alpha irradiation. The remainder of the blood cells suggest that some 
injuries from alpha radiation can be completely repaired. 

From these experiments with radon we obtain a general conclusion that because of the relationship of effect 
to cumulated dose, the early effects found here with short exposures would not be evident in experiments with 
continual exposure to radon at lesser concentrations, or with long-lived internal alpha emitters. 

SUMMARY 

The effects of inhaled krypton-85, a beta emitter, and radon-222, an alpha emitter, are similar at the acute 
lethal level to each other and to those from external x- or gamma irradiation. Work with krypton has just 
begun. Radon has been studied more extensively in terms of mortality, body weight, and the hemogram. In 
general, the effects are not different from those found with x- or gamma radiation. 

Radon produces a few specific differences from x- or gamma irradiation. Red cell forming tissue is only 
slightly injured, although the other blood cell forming tissues respond in the expected manner. The growth 
pattern is altered with permanent stunting a result. These specific effects may be a result of a special kind of 
injury which the alpha particle can produce. Similar experiments with beta particles from krypton-85 may 
resolve this difference and may lead to a better understanding of the nature of these effects. 
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Abstract 

The kinetics of 85 Kr and 133 Xe metabolism were studied in experiments on 15 male human. beings whose ages 
ranged from 25 to 50 years. The half-life of 133 Xe in the lungs varied from 18 to 42 seconds, with an average half
life of 30 seconds. The elimination of 133 Xe from the blood is nearly the same as that for the lz:ngs. The half
lives of 133 Xe in the muscle and fat tissues ranged from 0, 1 to 0, 42 and 4.6 to 7.4 hours, respectively. The 133 Xe 
uptake by the skin does not exceed 0.4 per cent. 

The elimination of 85 Kr from the human body is well described by the sum of exponents. The average half
life of 85 Kr in the blood and lung is the same as those for 133 Xe, however, in the fat tissue it ran!Jed from 1.8 to 3. 7 
hours, with an average half-life of 2. 7 hours, and in the muscle tissue it ranged from 4to11 minutes. 

INTRODUCTION 

In connection with a broad program of nuclear energy development throughout the world, much attention 
should be given to the problem of controlling radioactivity releases into the atmosphere. Besides the problem 
of protecting small groups of people living in the vicinity of the release source, there are problems connected 
with the global contamination of the atmosphere. 

In order to estimate the degree of risk of environmental contamination with the noble gases, one should 
know the factors which influence tissue doses within the human body. 

Internal radiation tissue doses can be predicted only on the basis of data concerning the accumulation, 
distribution, and elimination of these gases from the human body. 

There is limited data at present on the behavior of the radioactive noble gases within the human and animal 
bodies. According toKalantarov,et al., (1966), the kinetics of 133Xe elimination from the human body after an 
intravenous injection is described by four exponents. The half-lives ranged from 0.3 to 30 minutes. The 
retention of 133Xe in respiratory organs after a one-hour exposure equals 4 percent and after ten hours 0.5 
percent of the total activity (Osanov, et al., 1970). This paper presents experimental data on the kinetics of 85Kr 
and 133Xe metabolism in the body. 

METHODS 

Experiments on the kinetics of 85Kr and 133Xe metabolism were carried out on 15 male volunteers with ages 
ranging from 25 to 50 years. These experime:g,ts were performed in cooperation with E. S. Trukhmanova and S. 
V. Levinsky. 

In order to ensure contact with radioactive gas, the subject was placed into a hermetic exposure chamber 
with a volume of3.1 m3. The duration of the exposure ranged from 0.5 to 66 hours. After each timed exposure 
the subject was again enclosed in the chamber for periodic measurements, until all the accumulated gas was 
eliminated. These experiments showed that noble gases are eliminated from the body almost completely 
during a J?erio~ of 10-?0 hours. Figuz:e 1 gives a typical pi~ture of the change in the radioactive gas 
c~nc~ntr!'ltions m the air of the measunng chaml;>er at tl:ie vanous intervals. From this data the noble gas 
ehmmation rate can be calculated by means of differentiating the curves Q = f(t) since 

dQ d 11
1
_ 

C - v \. t - , -
. . ... c dt; - d.;-

where V k is volume of the measunng chamber and A k is gas activity in the cfi'amber. 
In the case where the con~e~tra~ion was measured only once before the subject left the measuring chamber, 

the !'lve;age .value o~th~ ehmmation ;ate was found by dividing the gas activity (Ak) by the time "t" of the 
sub1ect s residence time m the measunng chamber, which in this case is 

- Ak 
ct = t 0 

Figure 2 gives data characterizing a change in the ssKr elimination rate f th b d f b" Th 
kinetics ofBSK d 133X l t" b . rom e o yo a su 1ect. e . r a~ . ~ accumu a 10n were o tamed by a numerical integratio f · t 11 bt · d functions of the ehmmat10n rates. no expenmen a Yo ame 

In addition to determining the activity of the gas by its release into a l d l · · 
distribution within the body by means of a whole b d . t .11 . c ose vo ume, we also studied its 
13) coupled with a pulse height analyzer Th b k y scud 1 atrnn counter (N al crystal 40 x 40 mm and PEM
also served as a collimator The counti~g raet ac groun wads reduced by a lead screen 30 mm thick, which 

· e was measure at the back the ch t th bd d th buttocks. Measurements were carried out as d t · d . , es , e a omen, an e 
chamber. Thus, thedynamicsofiaaxeeliminatf:~fr ermthme i_ntervals when the subject left the measuring 

om e vanous parts of the body were determined. 
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The 133Xe concentrations in blood and urine were measured for gamma radiation with a scintillator 
calibr_ated using an ~queous solution of 133Xe of a known activity. Urine samples were placed in polyethylene 
con.tamers each havm~ a volume. of 250 ml. Blood samples we.re taken from the elbow vein into 10 ml glass 
synnges when the subjects were m the exposure chamber. This was accomplished when the subject's hand 
was stretched out of the transmission hatch of the chamber. The minimum values ofiaaxe concentrations that 
could be measured in blood and urine were 15 and 2 pCi/ml, respectively. The B5Kr concentration in blood and 
urine was measured by its beta radiation with a cylind1·ical counter of the CTC-6 type. The samples were 
injected into the counter through rubber plugs using a syringe. In order to reduce the background radiation 
the counter was placed in a lead housing furnished with a anticoincidence shield. ' 

When the uptake of85Kr and 133Xe through the skin was being studied, the respiratory organs were isolated 
with a helmet and "clean" air was fed into the space under the mask. In these studies the asKr and 133Xe 
concentrations in the air of the exposure camber were 0.5 to 5 µ.Ci/I, while in the experiments related to uptake 
by the respiratory organs, concentrations used ranged from 0.05 to 5µCi/l. 

When the experiments were carried out in a hermetic exposure chamber, comfortable living conditions were 
provided. The temperature within the chamber was maintained at 20-23° C with a relative humidity of 48-64 
percent and a C02 content not higher than 0.7 percent. The oxygen content used was kept within 24-27 percent 
which is slightly higher than ambient concentrations. 

RESULTS 

1. Experiments with 133Xe. 

The accumulation of 133Xe within the human body was found to increase for a period of about 20 hours 
exposure; after which period, even with the continuing intake of the gas, its content in the body changes 
insignificantly (see Figure 3 and Table 1). 

The numerical values which summarize the activity of 133Xe within the body of the subjects as related to its 
concentration in the air of the exposure chamber A/Qe, 1, are given in Table 1. The activity of133Xe uptake was 
found to be proportional to the subjects weight and the amount of body fat. Thus, for example, in the case of a 
man weighing 100 kg of which weight 28 kg is fat (the subject was M.P.), the value of A/Qe at saturation is 54, 
while in the case of a 65 kg subject with 9 kg of fat (the subject was A. Shch.) A/Qe is only 24. 

Figure 4 gives typical curves forthe accumulation and elimination of 133Xe from the lungs of a subject when 
he is in a resting state. The accumulation of133Xe via breathing results in an equilibrium state being reached 
within 3-5 minutes. After intake of 133Xe ends the activity in the lungs is reduced by 70 percent within 3-5 
minutes, after which the rate of elimination decreases. An analysis of the curves of 133Xe accumulation and 
elimination from the lungs of nine subjects showed that the kinetics of 133Xe metabolism in the lungs is well 
described by the exponential law. 

Table 2 shows that the effective iaaxe half-life in the lungs of nine subjects at the time of exposure and after 
exposures range from 18 to 42 seconds - with an average value of 30 seconds. Studying the dynamics of 133Xe 
uptake in human blood shows that after an exposure of 3 to 40 hours, t concentration of 133Xe in blood remains 
practically constant (see Table 3). 

This data indicate that the saturation of blood with 133Xe occurs quickly. Due to a large contact surface 
with blood, the process of accumulation and elimination of 133Xe proceeds at practically the same speed at 
which it exchanges in the lungs. This supposition is confirmed by the fact that no 133Xe activity could be 
measured in blood samples taken from a subject 3 to 10 minutes after the end of the exposure. 

The half-lives of133Xe in the lung, blood, muscle, and fat tissues, as well as the corresponding values of A/Qe 
at saturation (that is, in the case of an infinite exposure to a 133Xe atmosphere), are given in Table 4. Th~ data 
show that the average 133Xe h.1;1lf-lives in the lung and blood are 30 seconds, while in the muscle and fat tissues 
they ar.e 0.7 .± 0.42 and 6.2 ct .1.8 hours, respectively. 

The experiment. to study the absorbtion of iaaxe through the skin was carried out on three volunteers. The 
exposure time was three hours and the iaaxe concentration in the air of the exposure chamber was 1 µCi/l. 

As one can see from Table 4, the amount of 133Xe absorbed through the skin is not greaterth~n 0.4 percent of 
its combined intake by inhalation and through the skin. This small penetration through the skin as compared 
to uptake by the lungs may be explained by the difference in the surface area of the skin (1.8 m2) and that of 
respiratory organs (70 m2). Furthermore, when explaining the difference in the penetration rate of 133Xe 
throug:h the skin as compared to the alveolar epithelium of the lungs, one should take into acco:iint the much 
greater thickness of the skin barrier. This requires a much longer time to be penetrated than m the c~se of 
diffusion through the alveolar epithelium of the lungs, which causes practically an immediate saturat10n of 
blood with Xenon and other gases. We. were unable to detect any elimination of 133Xe from the body of the 
subject through the skin. 

2. Experiments with S5Kr. 

Our experiments with asKr show that human uptake is much quicker for smaller, leaner people than for 
heavier, fatter people. For example; the subjects A. Shch and V. G. (who had a normal amount of.fat) re~ched 
their saturation level of as Kr activity in the body within three hours, while the subject E. D., having a higher 
amount offat, reached his saturation level within nine hours (see Figure 5 and Table 6). 
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The elimination ofB5Kr from the human body is described by the sum of several exponents (see Table 7 and 
Figure 6). Due to the fact that the processes of Kr and Xe interaction with the human body are identical, the 
same half-life was used for BS Kr in lungs and blood (equal to 30 seconds) as was determined experimentally for 
133Xe. Analysis of the data given in Table 7 shows that the average values of the 85Kr half-lives in the fat tissue 
of the subjects ranged from 1.8 to 3.7 hours. The 85Kr half-life in the fat tissue is proportional to the amount of 
fat within the body. The rate of B5Kr elimination from the fat tissue decreases after a prolonged exposure. 
Thus, the subject A. Shch. exhibited an 85Kr half-life in the fat tissue equal to 0.8 hours with a short exposure of 
0.5to0.7 hours, while at exposure durations equal to 9 to 40 hours the 85Kr half-life increased to from 2.2 to 2.8 
hours. 

Average values for the B5Kr half-life in the muscle and other tissues ranged from 4 to 11 minutes. The 
exposure time has little effect on the as Kr half-life in the muscle and other tissues (see Table 7). 

SUMMARY 

The main parameters characterizing the accumulation, distribution, and elimination of Kr and Xe from the 
human body are shown in Table 8. 

It is evident that the rate of accumulation of the noble gases within the human body exceeds the rate of their 
elimination. This phenomenon is especially well traced in experiments with 85Kr, where the accumulation in 
the fat tissue of people reaches a saturation point in 4-5 hours, while its elimination takes 8-9 hours. The higher 
rate ofnoble gases accumulation within the body may probably be explained by a dissimilar gradient of inert 
gases concentration in the blood and the tissues that are being saturated. 

During the intake of the inert gases into the body, the gradient of the concentrations is always higher than 
during their elimination. This may be explained by the fact that at the beginning of the contact, the 
concentration of the gas in the tissue that is being saturated is close to zero, while in the blood it reaches an 
equilibirum state in several minutes due to an intensive gas exchange within the lungs. In the process of 
elimination however, after the gas has been accumulated in the saturated tissues, the gradient between the 
concentrations is negligible due to the continuous transit of the gas from the tissue to the blood. 
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TABLE 1. The Value of A/Q'e• 1 (a) of 133Xe in the Body of the Subject Man for Different Durations 
of Exposure. 

The Subject Man 
Durations of exposure, hours 

3 9 20 40 66 

A.Shch. 10 19 23 24 29 
N.S. 14 21 24 23 20 
A.T. 23 21 41 39 
M.P. 14 41 54 

(a) 
A= Summary activity of133Xe in the body. 
Qe =Concentration of133Xe activity in the exposure chamber. 
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TABLE 2. Effective Half-Lives (Te> of 133Xe in the Lungs of Nine Male Volunteers, Seconds. 

Numbers 
At the time of exposure After exposure 

1 
2 
3 
4 
5 
6 
7 
8 
9 

42 
18 
18 
36 
30 
30 
18 
48 
30 

TABLE 3. Factor of 133Xe Distribution in Human Blood, ml/g. 

Subject man 
Duration of exposure, hours 

3 9 20 

AShch. 0.17 0.17 0.19 
N.S. 0.17 0.19 
AT. 0.15 
M.P. 0.1 0.15 

30 
42 
30 
24 
24 
34 
30 
30 
20 

40 

0.16 
0.18 
0.13 
0.26 

TABLE 4. Parameters Characterizing 133Xe Elimination from the Human Body. 

The subject 
Lungs and blood Muscles and other tissues Fat tissue 

( Ai ) T (~) T A: 
man 1 1 (-2.) 1 

Oe Seconds Oe hours Qe 

AShch. 4 30 6 0.9± 2 14 
N.S. 4 30 5 0.7± 0.4 15 
AT. 4 30 8 0.9± 0.27 28 
M.P. 4 30 4 0.4± 0.1 46 

Average Data 30 0.7 ± 0.42 

Note: 
A·= content of133Xe activity in the human body at the moment of saturation. 
Q~ =concentration of133Xe activity in the exposure chamber. 
T = half-life. 
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T 
hours 

6.0 ± 0.6 
4.6 ± 0.45 
7.4 ± 2 
6.8 ± 0.9 

6.2 ± 1.8 



TABLE 5.Intake of 133Xe into the Body of the Subject Men Through the Skin After a Three-Hour 
Exposure. 

The subject 
man 

M.P. 
A.S. 
v.v. 

Note: 

Skin 

0.08 
0.04 
0.04 

A/Qe•l 

skin and respi-
ratory organs 

23 
10 
10 

Per cent of activity 

entering 
through the skin 

0.35 
0.4 
0.4 

A= 133Xe content in the human body. 
Qe = 133Xe concentration in the air. 

TABLE 6. The Values of A/Qe,1 for Different Durations of Exposure (Te) in an Atmosphere of 
s5Kr. 

The subject Te, hours 

man 0.5 3 9 20 40 

A.Shch. 6 10.4 10.4 9.3 10.2 
V.G. 5.5 13.1 11.5 11.8 11.9 
V.P. 4.6 7.8 13.9 13.6 15.3 
A.D. 7.1 10.8 13.2 13.5 13.4 
E.D. 7.7 14.3 21.2 18.3 19.6 
B.V. 2.5 9.8 14.3 13.3 13.2 
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TABLE 7. Half-Lives of 85Kr (T) in the Body of the Subject Men After Their Exposures and the 
Corresponding Values of A/Qe,l. 

Duration of exposure, hours 

0,5-0,7 3 I 9 20 40 Mean values 

The Tissue 
subject or A T A T A T A T A T A T - - Q; - Q~ Q~ man organ QP. Qe Q; 

1 2.3 0.8 h 3.7 0.75 h 6.4 2.2 h 7.4 2.2 h 5.4 2.8 h 6.4 ±. 0.7 1.8 ± 0.8 h 
A.Shch. 2 0.6 15 min 2.1 7.8 min 1.9 8.4 min 1.9 l.8min 1.8 18min 1.7.::!:. 0.02 10.2 ± 5.0min 

3 3 30 s 4.1 30 s () 30 s 3,0 ± 0.7 30 ± 6.0 s .(.., 

1 2.2 1.3 h 6.3 2.2 h 7.6 2h 7.0 2.4 h 6.3 2.7 h 7,0 ±: 0.5 2.1± 0.3 h 
V.G. 2 1.4 4.2 min 2.4 3 min 1.7 3.6 min 1.5 4.2 min 2.1 3 min 1.9 :!: 0.3 3.6 + 0.5 min 

-
3 1.8 30 s 4,2 30 s 1.0 30 s 3.3 30 s 3.0 30 s 2.7 ± 1.2 30 ± 6.0 s 

1 3.6 1.4 h 2.8 2.6 h 6 3h 5.6 3h 5.6 1.9 h 5.7 ± 0.7 2.4 ± 0.6 h 

A.D. 2 1.5 4.2 min 2.7 6 min 1.6 10.2 min 2.6 4.8 min 1.8 3.6 min 2.0 ± 0.5 6.0 ± 2.0min 
3 2 30 s 5.3 30 s 5.5 30 s 5.3 30 $ 6 30 s 4.8 ±. 0.7 30 ± 6.0 s 

1 1.6 l.lh 5.4 2.2 h 9.6 3.2 h 11.2 4.5 h 10.2 4.3 h 10.3 ± 1.7 3.1 ± 1.1 h 
V.P. 2 1.6 6.3 min 0.7 18 min 2.5 22.2 min 1.8 3.6 min 1.7 6 min 1.7 ± 0.7 10.8± 7.0min 

3 1.4 30 s 1.7 30 s 1.7 30 s 0.56 30 s 3.4 30 s 1.8 ±: 0,7 30 ± 6.0 s 

1 1.0 2.2 h 6.9 2.4 h 10.4 3h 10.4 5h 10.4 5.7 h 10.4 ± 2.0 3.7 ± 1.4 h 
B.V. 2 1.1 13.8 min 2.4 12 min 1.6 7.2 min 1.3 7.2 min 2.9 7.8 min 1.9 ±0.6 9.6 ± 2.6min 

3 0.4 30 s 0.6 30 s 0.6 30 s 0.1 30s 0.1 30 s 0.4 ± 0.2 30 ±. 6.0 s 

1 1.8 1.7 h 8 2.8 h 16.4 4.2 h 13.8 4.5 h 12 3.3 h 14 ± 2.6 3.3 1.0 h 
E.D. 2 3.0 3.6 min 2.6 9 min 3.3 3 min 1.4 3.6inin 1.4 18 min 2.3 ±. 2.0 7.2 ± 5.2min 

3 2.9 30 s 3.7 30 s 1.5 30 s 3.1 30 s 6.2 30 s 3.5 ± 1.2 30 ± 6.0 s 

Note: 
A Content of activity within the body; Qe =concentration of actvity of 85Kr in the exposure chamber. 
T Half-life. 
1 Fat tissue; 2 =muscles and other tissues; 3 =lungs and blood. 



TABLE 8. Main Parameters Characterizing the Accumulation, Distribution, and Elimination of 
the Radionuclides 0£ Krypton and Xenon from the Human Body. 

Organ or Krypton radionuclides Xenon radionuclides 

tissue R, lk/g T~ Tb R, l/kg T~ Tb 

Fat tissue 0.46 1.4 h 2.7 h 1.4 5h 6.3 h 
Muscles (and 0.047 8 min 8 min 0.13 0.4 h 0.7 h 
other tissues) 
Blood 0.046 30 s 30 s 0.17 30 s 30 s 
Lungs 2 30 s 30 s 2 30 s 30 s 

Note: 
T~ = Biological half-life when the subject man is in contact with the gas. 
Th = Biological half-life after the subject man's contact with the gas has ended. 
R - Distribution factor. 
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Figure 1. Changes in the 85Kr concentration in the air of the measuring chamber. 
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Figure 2. Changes in the rate of85Kr and 133Xe elimination from the body of one of the volunteers. 
te =exposure time in the atmosphere of a radionuclide; 
Qe =radionuclide concentration in the air of the exposure chamber; and 
A= summary activity of 85Kr and 133Xe in the body.) 
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Figure 3. Kinetics of 133Xe accumulation within the human body; 181 calculated from the data on distribution 
(Conn, 1961). 
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Figure4. Kinetics of133Xe accumulation and elimination from the lungs of a man at rest. 
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TRANSFER OF AIRBORNEKRYPTON-85TOVEGETATION 

P.G. VoillequeandJ.J.Fix 
Health Services Laboratory 

U. S. Atomic Energy Commission 
National Reactor Testing Station 

Idaho Falls, Idaho 83401 

Abstract 

Laboratory experiments have been conducted in an environmental chamber to evaluate the transfer to 
vegetation of krypton-85 which has been released to the atmosphere. A preliminary evaluation of the acute 
exposure case confirmed expectations that the air-to-grass transfer velocity was indeed small. Subsequent 
experiments were directed toward the evaluation of air-to-vegetation transfer under "global equili~rium" 
conditions in which the krypton-85 concentration remains approximately constant for extended periods of 
time. Edible vegetable greens (Swiss chard, lettuce, and turnip greens) and pasture grass were exposed to 
krypton-85 for periods up to 75 hours in length. It was found that the concentration of krypton-85 in vegetation 
reaches an equilibrium value in a relatively short time, probably within one hour. Transfer velocities 
computed assuming a I-hour equilibration time range from 10-7 to 10-6 cm/sec; the values were not 
lognormally distributed. While these transfer velocities exceed the value initially obtained for the acute 
exposure case, the common assessment that neither animal forage nor human plant food is part of a 
significant exposure pathway for airborne krypton-85, has been confirmed. 

INTRODUCTION 

Concern about actual and projected local and global atmospheric concentrations of 85Kr and other 
radioactive fission gases has not been limited to the potential doses from the direct exposure pathways of 
external irradiation and inhalation of contaminated air. The question of possible "biological concentrations" 
of airborne 85Kr came to our attention as the result of questions raised regarding the possible radiological 
consequences of nuclear gas stimulation projects. This is not to say that the question had not been considered 
previously. It had and the common conclusion was that potential doses from indirect exposure pathways were 
so small that detailed evaluation was unneccessary. This belief persists today and, to our knowledge, 
radioactive noble gases have never been observed to "concentrate" in vegetation or animal components of the 
human food chain which have been sampled downwind from atmospheric testing locations, nuclear power 
reactors, fuel reprocessing plants, or sites of nuclear gas stimulation projects. 

The expectation that airborne concentrations of 85Kr and other noble gases are not significantly reduced by 
air-to-vegetation transfer is widely shared by those who employ these gases as tracers to evaluate 
atmospheric dispersion and mixing processes. Noble gas tracers are commonly termed "inert", a property 
which distinguishes them from the various particulate fluorescent tracers, which are known to interact with 
vegetation and other surfaces, and to bias the results of the dispersion experiments in which they were used. 
The use of 85Kr as a meteorological tracer has been described (Nickola, et al., 1970); studies of atmospheric 
mixing using 37 Ar have already been discussed at this Symposium (Wiest, et al., 1973; and Mach ta, 1973). 

Because of our previous experience in the evaluation of air-to-vegetation transfer of airborne contaminants 
under field conditions and in the laboratory (Pelletier, et al., 1970 and Voilleque, et al., 1971), we undertook the 
experimental evaluation of the air-to-vegetation transfer of 85Kr using one of our environmental chambers. 
Our preliminary evaluation of the acute exposure case has been reported (V oilleque, et al., 1970). The present 
paper presents the results of more detailed and longer duration experiments subsequently conducted to better 
define the air-to-vegetation transfer of85Kr. 

MATERIALS AND METHODS 

All vegetation exposed to 85Krwas.grownfrom seed in"" 1.4 kg of sandy loam, contained in 25- by 25~cm pots 
whose depth.was .14 cm., The vegetat~on was maintained in a gro~th room having a 16-hour photoperiod with 
an average hght mtensity of approximately 19,000 lm/m2• The air temperature in the plant growth room was 
regulated to 24°C during the "day" and 13°C during the "night" period. The relative humidity averaged 
between 40 and 50%. 

The Man char Bromegrass, which is a common constituent of pasture grass in this area had been cut back to 
a height of 10 cm one or more times, and was grown to a height of about 25 cm prior' to exposure. Pots of 
(Fordho~d Giant) Swiss chard and (Shogoin) turnip greens were both exposed when the plants had developed 
to the pomt when they would normally be cut for human consumption. The (Black Seeded Simpson, White 
Boston, a1?-d Grea! Lakes) lettuce was exposed when the plants were 7-13 cm high and could be cut for human 
consumption. White Boston and Great Lakes are head lettuce varieties; however, the plants were cut, as they 
frequently are by garderners, well before the development of the heads. 

All e~posures of veget~tion to 85Kr ~ere conducted in a plexiglass exposure chamber whose dimensions are 
approximately 0.9 m high, 1.2 m wide, and 0.6 m deep. The chamber was maintained in a controlled 
environment laboratory and was illuminated by a 400-watt GE Lucalox lamp which produced about 50 000 
lm/m2 at plant level. After the vegetation was placed in the chamber, the chamber was sealed and the asKr 
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was injected. Th~ 85Kr ~as mixed wi~h chamber a.ir using two 10-_cm diameter fan~ which operated throughout 
the exposure per10d; wmd was not simulated dunng these expenments. The relative humidity in the chamber 
increased from about 70% at the start of a typical experiment to 90% or greater by the end of the exposure 
period. 

Samples of chamber air were drawn into evacuated glass vials which were counted in a calibrated well-type 
scintillation counter to determine the 85Kr concentration at several times during the exposure period. The ssKr 
concentrations were also moni~ored continuo~sly usi!lg a Geiger-Mueller tube with a ratemeter and strip chart 
recorder. The exposed vegetation was cut quickly after the pot was removed from the chamber and either 
double bagged in polyethylene or placed in a glass jar which was tightly sealed with a screw-on top; the ssKr 
activity was then determined using a well counter calibrated for both sample configurations. It was found 
that B5Kr was lost from the double polyethylene bags at a rate of about 55 percent per day and their use was 
discontinued; leakage from the sealed jars was not detectable in a 3-day period. Loss of ssKr from the samples 
was further limited by the normal practice of counting all samples within 4 hours following collection. 
Samples of unexposed vegetation of the same variety and stage of development were also collected and 
counted. All vegetation samples were subsequently oven dried to a constant weight, and the dried vegetation 
was weighed. 

EXPERIMENTAL RESULTS AND DISCUSSION 

A standard method of expressing results of experiments of this type employs a parameter usually called the 
"deposition velocity"; the term "transfer velocity" is perhaps more appropriate for gases and will be used in 
this discussion. The transfer velocity is considered to be an approximately constant parameter which 
describes the air-to-surface transfer of airborne contaminants. It is the ratio of the rate of transfer of the 
contaminant per unit surface area to the instantaneous air concentration at a standard height above the 
surface. The ratio has unit length/time; hence the designation of"velocity". In practice, the ratio is obtained 
by measuring the total quantity transferred per unit area and dividing that by the measured time-integrated 
air concentration at the specified height. In Equation (I), V d (cm/sec) is the transfer velocity, Cv (Ji.Cilcm2) 

is the activity transferred to the vegetation on a unit horizontal area, X (µCi/cm 3) is the average air 
concentration and r (sec) is the exposure time. The product X- T is termed the time-integrated air 
concentration ('JI, µCi-sec/ cm3). 

Cv 
vd=-= x-T 

(1) 

The mass of vegetation exposed to the contaminant has been found to be important for some transfer 
processes (Pelletier, et al., 1970); so a second parameter, the normalized transfer velocity (VD, cm3/g-sec), is 
often computed and used in the same context. In Equation (2), Dis the areal vegetation density (g/cm2), 

computed using the dry weight of the vegetation . 
. • 

Vd Cv (2) ------- -
D '1'-D 

In this model, the transfer of radioactivity from air to vegetation is presumed to be a process which 
continues throughout the exposure period. The data in Tables 2 and 3 illustrate that this is not true for 85Kr. 
V d decreases with increasing '1' for both Bromegrass and lettuce, implying that the 85Kr concentration in 
vegetation reaches an equilibrium state, and that the 85Kr activity found in vegetation will be related to the 
value of X near the end of the exposure period. On the assumption that the same processes operate to increase 
or decrease Cv as X changes correspondingly, knowledge of the retention half-time permits an estimate of 
the equilibration period. The retention half-time for B5Kr was estimated by measuring Cv for exposed pots of 
vegetation removed to the normal laboratory environment for periods up to one hour after exposure. On the 
basis of limited measurements the retention half-time is estimated to be 5-15 minutes. It is possible that (1) 
shorter lived components wouid be observed if more rapid sampling or "whole plant counting" techniques 
were employed, and (2) longer lived components would be noted if longer evaluation times were achieved by 
increasing the initial value of Cv. Because it appears that Cp will reach> 90%. ~fthe equilibrium value within 
one hour after exposure to a new concentration of B5Kr, the transfer velocities reported below have been 
computed using a I-hour effective exposure time and the X measured for the last ~our b~fore. removal of t~e 
vegetation from the contaminated air has been employed. The effective time-integrated air 
concentration, 'Ire , is then 3,600 X µCi)secl cms. This approach to reporting the results wa.s selected ~ecause 
of the utility and widespread use of transfer velocities in the calculation of doses resulting from '.3-irbo~e 
radioactivity releases. The alternative of evaluating partition coefficients for the wet mass of ve~etafaon ?r its 
water content is of some interest, but is not directly applicable to conventional hazard analysis techniques 
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and, for that reason, was not selected. Such an analysis would be further complicated by unmeasured 
variations in lipid content within the plants and in their waxy surface coatings. 

Table 1 summarizes the experimental data obtained for the exposure of turnip greens and Swiss chard to 
ssKr. Both the actual ('I') and the effective( 'Pe ) time-integrated air concentrations were tabulated. As stated 
above, 'Pe was used in the computations ofV d and VD. For turnip greens, the mean values of transfer velocity 
and normalized transfer velocity are (3.1 + l.2)x10-6 cm/sec and (5.0 + 2.0)xl0-5 cm3/g-sec, respectively 
(sample standard deviations are given). For Swiss chard the mean values ofV d and VD were (4.5 + 3.3)xl0-7 

cm/ sec and (6.4 + 4.2)xl0-6cm3 I g-sec. 
Tables 2 and 3 contain the data obtained on the transfer of 85Kr to lettuce and Bromegrass. For lettuce, the 

mean transfer velocity was (2.6 + l.6)xl0-6 cm/sec and the mean normalized transfer velocity was (3.5± 
3.4)xl0-4 cm3/g-sec. Neither V d nor VD was found to be lognormally distributed when tested (a= .05) by the 
Kolmogorov-Smirnov method (Ong, et al., 1968). For Bromegrass, the means of the 10 positive values of V d 
and VD were (1.6 + l.l)xl0-6 cm/sec and (1.6 + 0.9)xl0-4 cm3/g-sec, respectively; neither was lognormally 
distributed. 

These transfer velocities are substantially larger than our first estimate (Voilleque, et al., 1917); possible 
reasons for the difference can only be suggested. The exposure time for the first experiment was only 30 
minutes; on the basis of present data, we presume the vegetation was not equilibrated with the 85Kr in the 
chamber atmosphere. In addition, the 85Kr contaminated air was pumped out of the chamber and replaced by 
clean air following the end of the exposure in the first experiment; this action surely served to further reduce 
the amount of B5Kr observed in the exposed vegetation. Whatever the causes of the difference, the 
preponderance of evidence supports the higher transfer velocities reported here. 

The data obtained indicate that the usual assessment of potential exposure pathways for 85Kr and other 
radioactive noble gases is properly unconcerned with indirect exposure routes. Neither man's plant food 
consumption nor his consumption of herbivorous animals appears to be a significant route of exposure. 
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TABLE 1. Data on Transfer of 85Kr to Turnip Greens and Swiss Chard. 

Vegetation c (µCi/cm2) e( µCi-sec/cmS)(a) 
) 

\r d(cm/sec)(a) D(g/cm2)(b) Vo(cm3/g-sec)(a) ( uCi-sec/ cm3) 

Turnip Greens 4. 7 ± .4x10-3 1.02 ± .15xlO• 4.6 ± .8xl0-6 6.2 :!' .3xl(}.2 7.4 ± l.3x10-5 2.04 ± .30xl03 

Turnip Greens 2.4 ± .2xl0-3 1.02 ± .15x103 2.4 ± .4xl0-6 6.4 ± .3xl0-' 3.8± .6xl0-5 2.04 ± .30xl03 

Turnip Greens 3.6 ± .3xl0-3 1.02 ± .15xl03 3.5 ± .6x10-s 6.1 ± .2x10-' 5. 7 ± 1.0xl0-5 2.04 ± .30xl03 

Turnip Greens 2.0 ± .2xl0-3 1.02 ± .15xl03 2.0 ± .3x10-6 6.6 ± .3x10-2 3.0 ± .5x10-5 2.04 ± .30xl03 

Swiss Chard 1.5 ± .3xl 0-• 9.6 ± l.3xl0• 1.6 ± .4x10-7 5.3 ± .2x10-2 3.0 ± .8xlo-s 1.91 ± .26xl03 

Swiss Chard 7.9 ±l.4x10-' 9.6 ± 1.3 xlO• 8.2 ± l.8x10-7 7.8 ± .3xlO-• 1.0 ± .2x10-5 1.91 ± .26x103 
Swiss Chard 6.1 ±1.lxl0-4 9.6 ± 1.3 xlO• 6.4 ± 1.4x10-7 6.3 ± .3xl0-2 1.0 ± .2xl0-• 1.91 ± .26xl03 

Swiss Chard 1.8 ± .3xl0·' 9.6 ± 1.3 xl02 1.9 ± .4xl0-7 7.4 ± .3xl0-• 2.6 ± .6x10-s 1.91 ± .26x103 

(a)~ is the effective time-integrated ~ir co~centrarion computed assuming a I-hour equilibration time. 
Both V d and Vn were computed usmg 'le· The actual value of'l'is given in the last column. 

(b) Based on the dry weight of vegetation determined to± 0.2 grams. The area of each pot was 625 ± 25 cm•. 
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TABLE 2. Data on Transfer of 85Kr to Lettuce. 

Type c <µCi/cm•) e( µ.Ci-sec/ cm•)(a) V d(cm/sec)(a) D(g/cm2)(b) Vn(cm•/g-sec)(a) ( t!Ci-sec/cm3) 

GL 1.9 ± .3x10-' 77.0± .7 2.5 ± .4xl0-6 2.6 ± .lxl0-2 9.6 ± 1.6xl0-5 115.6 ± 1.1 
GL 8.4 ±1.5xl0-5 77.0± .7 1.1± .2xl0-6 3.3 ± .lxl0-2 3.3 ± .6x10-5 115.6±1.1 
GL 4.0 ± . 7xl0-5 77.0± .7 6.2± .9x10-7 2.8 ± .IxI0-2 1.9 ± .3xl0-5 115.6 ±I.I 
GL 6.3 ± l.lxl0-5 77.0± .7 8.2 ± 1.4x10-7 2.4 ± .lxiiJ-2 3.4 ± .6x10-5 115.6 ±1.1 
WB I.4 ± .2x10-' 54.7± .5 2.6 ± .4xl0-6 2.9 ± .lxl0-2 9.0 ± 1.4xl0-5 136.8 ±1.3 
WB 7 .5 ± 1.2xl 0-5 54.7± .5 1.4 ± .2xl0-6 3.0 ± .lxl0-2 4.7 ± .7z10-5 136.8 ±.13 
WB 8.2 t l.3x10-5 54.7± .5 1.5 ± .2x10-6 3.0 ± .lxl0-2 5.0 ± .7xl0-5 136.8±1.3 
WB 4.6± . 7xl0-5 54.7± .5 8.4 ± l.3x10-7 3.l ± .lxl0-2 2.7 ± .4xl0-5 136.8 ±1.3 
BSS 2.4 ± .lxl0-4 84.2± 1.7 2.9 ± .lxl0-6 4.6 ± .4x10-3 6.3 ± .6x10-4 84.2 ±1.7 
BSS 1.8 :t .lxlO-' 59.4± 1.2 3.0± .2x10-6 6.1 ± .4xl0-3 4.9 ± .5xl0-4 143.6 ±2.1 
BSS 1.9 ± .lxlO-' 43.2± .9 4.4± .2x10-6 4.5 ± .4x10-3 9.8 ± l.Oxl0-4 186.8 ±2.3 
BSS 1.3 ± .lxl0-4 38.9± .8 3.3± .3x10-6 4.0 ± .4x10-3 8.3 ± l.lxl0-4 225.7 ±2.4 
BSS 2.1 ± .5xl0-4 33.8 ±6.8 6.2 ± 1.9x10-6 7.5 ± .4xl0-3 8.3 ±2.6x10-4 7.5 ±1.5 x103 

BSS 8.7 ± 2.0xl0-5 33.8± 6.8 2.6 :t .8xl0-6 8.2 ± .4x10-3 3.2 ± 1.0xl0-4 7.5 ± 1.5 x103 

BSS 2.4± .5xl0-4 53.6 ±5.1 4.5 ± 1.0xl0-6 8.2 ± .4xl0-3 5.5 ± 1.2x10-4 1.48 ± .14 xlO• 
BSS 1.8 ::± .4xl0-4 53.6± 5.1 3.4 ::± .8xl0-6 5.8 ± .4x10-3 5.9 ± 1.4x10-' 1.48 ± .14 xl03 

(a) 'l'e is the effective time-integrated air concentration computed assuming a I-hour equilibration time. 
Both V d and Vfj were computed using 'l'e. The actual value of'I' is given in the last column. 

(b) Based on the dry weight of vegetation determined to±0.2 grams. The area of each pot was 625+ 25 cm2• 

TABLE 3. Data on Transfer of 85Kr to Bromegrass. 

c (¢Ji/cm•) e( i;ci-sec/cm•)(a) V d(cm/sec)(a) D(g/cm2)(b) v n(cm•/g-sec)(a) (at Ci-sec/cm•) 

6.7 ± 1.2x10-5 73.1± 2.2 9.2 ± 1.6x10-7 7.0 ± .4 xl0-3 1.3 ± .2x10-4 73.1 ± 2.2 

4.2 ± 1.6xl0-5 61.6.:t 1.8 6.8 ± 2.6x10-7 9.8 ± .5 xl0-3 6.9 ±2.7x10-5 134.7 ± 2.8 

4.5 ± 1.9xl0-5 54.4 ± 1.6 8.3 ± 3.5xI0-7 1.14± .06xl0-2 7.3 ±3.lxl0-5 189.I ± 3.3 

3.5X10-5 41.0::±1.3 8.5 x 10-7 1.04± .05xl0-2 8.2 xl0-5 230.1 ± 3.5 

7.4±1.3x10-5 78.8± 2.4 9.4 ::± 1. 7x10-7 7.8 ±.5 xl0-3 1.2 ± .2x10-4 78.8 ± 2.4 

5.0 ± 1.0xl0-5 61.6± 1.9 8.I ± 1.6xl0-7 5.9 ±.4 xl0-3 1.4 ::!:. .3xl0-' 140.4 ± 3.1 

3.1 X 10-5 54.0± 1.7 5.7 x 10-7 9.3 ± .5 xl0-3 6.1 x 10-5 194.4 ± 3.5 

3.2 ± 1.lxl0-5 46.8:t1.4 6.8 ± 2.3x10-7 6.7 -1:.4 xl0-3 1.0 ± .3xl0-' 241.2 ± 3.8 

6.9 :r 1.8x10-5 33.8±0.9 2.0 ± .5xl0-6 1.46± .07x10-2 1.4 :::!: . • 3xl0-' 7.5 ± 1.5 xl03 

8.6 ::± 1.9x10-5 33.8 ± .9 2.5± .6xl0-6 1.47± .07xl0-2 1. 7 ± .4xl0-' 7.5 ± 1.5 xl03 

2.0± .2x10-' 53.6± 1.5 3.7± .4xl0-6 1.18±.06xl0-2 3.1 ± .4xl0-' 1.48 :±- .14xl03 

1.8 ± .2xl0-4 53.6± 1.5 3.4 ± .4x10-6 1.04 ± .05xl0-2 3.3 ± .4xl0.4 1.48 ± .14xl03 

(a) 'Pe is the effective time-integrated air concentration computed assuming a 1-hour equilibration time. 

Both V d and v0 computed using 'l'e· The actual value of'l'is given in the last column. 

(b) Based on the dry weight of vegetation determined to± 0.2 grams. The area of each pot was 625 ± 25 cm•. 
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POSSIBLE EFFECTS OF NOBLE GAS EFFLUENTS FROM POWER REACTORS AND FUEL 
REPROCESSING PLANTS* 

G.H. Whipple 
School of Public Health 
University ofMichigan 

Ann Arbor, Michigan 48104 

Abstract 

Th<' nob!<' radioactive gas of principal interest in the nuclear industry is krypton-85 because of its relatively 
larg<' fission yield and its long half-life. This paper considers the various ways in which krypton-85 can deliver 
radiation dosrs to the human body; external irradiation by beta particles and gamma rays, and internal 
irradiation from thr gas inside the respiratory tract and dissolved in body tissues. Equilibrium and transient 
conditions arr discussed. The calculations summarized in this paper indicate that the present maximum 
perm i ss i bl<' conc<'ntration of krypton-85 in public air (3 x 107 µCi! ml) delivers a dose rate of about 1I5 of that 
recommcnd<'d by the ICRP. The long-term significance of krypton-85 and other noble radioactive gases from 
the nuclrnr power industry is reviewed. 

INTRODUCTION 

The noble radioactive gas of principalinterest in the nuclear industry is krypton-85. This is so because of its 
relatively large fission yield (0.3%) and its half-life (10.8 years). The holdup delay at power reactors, and the 
delay between the removal ofreactor fuel and its dissolution at the reprocessing plant eliminates, largely or 
completely, the other noble radioactive gases as contributors to off-site doses. For these reasons this paper is 
confined to consideration of the various ways in which krypton-85 can deliver radiation doses to the human 
body. 

THE RADIOACTIVE DISINTEGRATION OF KRYPTON-85 

Krypton-85 decays to rubidium-85, which is stable. The decay results in a beta particle with a maximum 
energy of 0.67 Me V, and no subsequent gamma ray in 99.6% of the disintegrations. The remaining 0.4% of the 
disintegrations give rise to a beta particle with a maximum energy of0.16 MeV, followed by a gamma ray with 
an energy of0.514 MeV. Thus, a gamma ray occurs only about 4 times for each 1,000 disintegrations, and the 
0.67 Me V beta particle is the dominant radiation. 

DOSE TO THE BODY FROM KRYPTON-85 

The body may be exposed to the radiations of krypton-85 in four possible circumstances: (1) a cloud of the 
gas at some distance from the body; (2) a cloud of the gas completely enveloping the body; (3) the gas inside the 
respiratory tract; and (4) the gas dissolved in body tissues. These, I believe, are the only ways in which 
exposure to any appreciable degree is possible. 

A CLOUD OF KRYPTON-85 AT SOME DISTANCE FROM THE BODY 

This is the situation where a cloud or plume of gas is passing overhead. Since none of the beta particles 
emitted by krypto~-85 can travel ~s far as 2 meters in air, there is no beta exposure from the overhead cloud; 
the only exposure is that from the mfrequent gamma rays. · 

The dose rate from the overhead cloud is a function of the concentration of the krypton-85 in the cloud the 
volume of the cloud, and its height above the ground. Just to get a feel for the numbers the dose rate fr~m a 
spherica! clo?d wi~h a radius ofl~ m~t~rs and with its cen~r 100 meters above the ground, for a concentration 
of 1x10- µCi/ml, is about 5x10- milh-rad per hour. It will shortly become evident that this form of exposure 
is very small compared to the other three conditions. 

*This paper is .a sm?m!'lry of a study commissioned ~Y the General Electric Company for the Midwest Fuel 
Recovery ~lant m Illmo~s. The aut~~r takes pleasure m acknowledging this support and the permission to 
prepare this summary without condit10n. 
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A CLOUD OF KRYPTON-85 COMPLETELY ENVELOPING THE BODY 

In an infinite c~oud ofkryp_ton-85, or any other radioactive gas, the energy abosrbed per unit volume is equal 
to the energy emitted per umt volume. In such a cloud, a very small organism (say a mosquito) will receive a 
radiation dose at the rate of 

where 
Dm=470Crad/hour (1) 

Dm= dose rate to the mosquito, rad/hour 
C =concentration of85Kr,µCi/ml 

Of this dose, 99% is delivered by the 0.67 Me V beta particles, which have a maximum range in tissue of 2.5 mm. 
Thus, the surface of apiece of tissue as small as a finger is irradiated only from the outer side. The mosquito is 
so small that the beta radiation passes through it and irradiates the surface from both the outer and inner 
sides almost equally. It follows that the dose rate to the skin of a person in an infinite cloud is just about half 
that to the mosquito. 

Ds= Dm/2 = 240 C rad/hour (2) 
The infrequent 0.514 Me V gamma ray and the bresstrahlung produced when the beta particles are stopped 

in tissue irradiate the entire body fairly uniformly. The whole body dose rate from the infinite cloud is 
approximately 

Dw= 2 C rad/hour (3) 
The dose to the sperm-producing cells of a man standing naked in this cloud is made up of the whole-body 

dose, given by eq. (3), and that portion of the skin dose, given by eq. (2), which penetrates the scrotum. The 
depth of the sperm producing cells below the surface of the skin has not, to my knowledge, been specified by 
the Standard Man. I am indebted to my associate Dr. A. P. Jacobson, who conferred intimately with several 
cadavers at the University Hospital, for the estimate that this depth is about 2.5 mm. 

As has been stated previously, the maximum range ofkrypton-85 beta particles in tissue is 2.5 mm, at which 
depth, of course, the beta dose rate drops to zero. At a depth of 1.5 mm in tissue, the beta dose rate is just about 
1/100 the surface dose rate. It seems unlikely, therefore, that krypton-85 beta particles contribute as much as 
1% of the surface dose to sperm-producing cells. It is fashionable to be conservative (i.e. wrong, but on 
the high side) about these things, so I estimate that the genetically significant dose to a naked male in an 
infinite cloud ofkrypton-85 will not exceed 

Dt~Dw+0.01 Ds=4Crad/hour (4) 

KRYPTON-85 INSIDE THE RESPIRATORY TRACT 

For the purpose of this estimation the respiratory tract is taken as a cylindrical trachea 10 cm long and 2 cm 
in diameter leading to a single, spherical lung 20 cm in diameter, which has a little larger volume than the 
vital capacity of the Standard Man. Since the dose rate tends to increase with volume, this simple model tends 
to overestimate the actual dose. 

The dose rate to the inner surface of a sphere containing krypton-85 is about the same as that to the skin of a 
person standing in an infinite cloud (eq. 2), provided that the radius of the sphere is greater than the range of 
th beta particles in air (i.e., greater than 2 m). Geometric and depth-dose considerations indicate that as the 
radius of the sphere is reduced to less than 2 m, the dose rate drops, slowly at first and then more rapidly. These 
considerations lead to the estimate that the dose rate to the 20 cm diameter lung is somewhat less than half 
the skin dose, and that to the 2 cm diameter trachea is less than 1/10 the skin dose. 

Dl~120Crad/hour (5) 
Da~24 C rad/hour (6) 

KRYPTON-85DISSOLVEDINBODYTISSUE 

Krypton is not highly soluble in water. The partition coefficient between water and air at 37° C is 0.052 
(Hodgman, 1951), and that between blood and air is about 0.07 (Mellemgaa~d, etal:,l.9~2; and Muehlbae~~er, 
et al., 1966). The solubility of noble gases is considerably higher in fat and oil than it ism water. The partition 
coefficient between fat and air at 37°C for krypton appears to be about 0.5 (Lawrence, et al., 1946; Yeh, et al., 
1963; and Kety, 1951). For tissues other than blood and fat there is little information. A value of0 .. 02 has been 
given for protein (Yeh, et al., 1965), but the usual practice has been to use the blood value for all tissues other 
than fat. 

Since 99% of the dose delivered by krypton-85 is attributable to its beta p~rticl~s, which hav~ a ~aximum 
range of 2.5 mm in tissue, a portion of tissue 5 mm on a side constitutes an mfimte mass. Apphcabon of the 
same principles used to obtain the dose rate in an infinite cloud gives 

where 
Di= 0.5 Grad/hour (7) 

Di= dose rate to the tissue containing 85Kr, rad/hour 
G =concentration of 85Kr in the tissue, µCi! g 
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When the body has been exposed to a cloud of krypton-85 at a.co~cel?-tration of Cf;.cCi/ml)lon.g e!lough for 
equilibrium to be established, the relation between the concentration m tissue to that m the cloud 1s simply 

where 
G=PC (8) 

G :!:: concentration in tissue,µCi/ g 
C =concentration in air, µCi/ml 
P =partition coefficient 

P-0.5forfat 
P = 0.07 for all other tissues 

thus, for fat, the dose rate is 
(9) 

(10) 

Df = 0.25 C rad/hour 
and for all other tissues is 

D0 = 0.035 C rad/hour 

SUMMARY OF EQUILIBRIUM DOSE RATES 

Comparison of the dose rates given by the equations which have been developed to the !11aximum organ 
dose rates recommended forthe public at large by the ICRP (1966) shows that the concentrat10n ofkrypton-85 
in air is limited equally by the dose rates to the skin and to the lung. The concentration which produces both 
these limiting dose rates is L5 x 10-6 µCi/ml, which is 5 times the present maximum concentration in public 
air (ICRP, 1966; and lOCFR ). Dunster and Warner have noted this factor of 5 and suggested that the ICRP 
may increase the MPC accordingly (Dunster,et al., 1970). 

DOSE RATES UNDER NON-EQUILIBRIUM CONDITIONS 

The first three exposure conditions (a cloud at some distance from the body, an enveloping cloud, and inside 
the respiratory tract) entail no delays for uptake and elimination. As a consequence, the dose rates from these 
exposure conditions follow the concentration of krypton-85 in air instantaneously and the dose is directly 
proportional to the period of exposure. Only in the case of krypton-85 dissolved in body tissue does the 
duration of exposure complicate the estimation of dose. 

The exchange between krypton in the lung and that dissolved in blood is rapid for both uptake and 
elimination. Half-lives for these exchanges have been reported as being from 1 to 6 minutes (Whitton, 1968). 
The rates of exchange from blood to other tissues, and from these tissues back into blood, are considerably 
slower than the lung to blood rate. Half-lives for the transfer ofkrypton-85 from inhaled air to body fat range 
from 0.4 to 3 hours (Hytten, et al., 1966; and Turkin, et al., 199). The half-life for elimination ofkrypton-85 from 
fat appears to be considerably longer than that for uptake; i.e., 18 hours (Hytten, et al., 1966). 

If uptake and elimination occur at the same rates, the dose from krypton-85 dissolved in body tissues is 
simply the dose rate from the amount dissolved at equilibrium multiplied by the period of exposure, e.g., 

Dft=Dft . . . (11) . . 
However, when ehmmat10n proceeds more slowly than uptake, the dose for short exposure penods 18 

somewhat greater than is the case when elimination and uptake occur at equal rates. 
Exposure periods ofless than 100 hours do not reach equilibrium conditions in fat and, therefore, result in 

somewhat higher doses than would be the case if elimination took place at the same rate as uptake. In spite of 
this, the skin and the lung are still the limiting tissues, just as they are for equilibrium exposure conditions. In 
other words, the rapid uptake and slow elimination ofkrypton-85 in body fat do not change the conclusions 
based on steady state conditions. 

LONG-TERM SIGNIFICANCE 

The relations which have been developed between krypton-85 concentration in air and the dose rates to 
various organs and tissues have been applied to the emission rates expected from the General Electric 
Company$; Midwest Fuel Recovery Plant, in Illinois. The results show that the maximum off-site doses are 
about 9 milli-rem per.ye::ir. to the ski~ (the ICRP limit is 3,000 milli-remper year), and 4.4 milli-rem per year to 
the lung (the !CRJ? hmit ls 1,500 milh-rem per year). Under the most adverse meteorological conditions, the 
dose to the skin rmght be as great as 8 milli-rem to the skin arid 4 milli-rem to the lung if these conditions 
persisted for 15 hours. 

A number of estimates ~ave been made of the do~es fr?m krypton-85 released to the atmosphere as the result 
of nuclear power generat10n. The greatest uncertainty m these estimates is quite naturally the choice of the 
rate at "'.hich nuclear po"".er will ~ow. ~olem8;n,~tal., (1966) and Dunster: etal.,(1970) pr~sent a number of 
such.estii;tiate~. These estim::ites differ m no s1gmficant way from the dose rates obtained by applying the 
relatI~ns m this paper: to pr<;>Jected nuclea~ P?Wer growth. From all of these estimates it appears unlikely that 
the skm dose, world-wide, will exceed 10 milh-rem per year until after the year 2010 AD (34 million megawatts 
electric) if all the krypton-85 is released to the atmosphere. 
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The b~ol~gical effects oflO milli_-rem per year to the s~in of the world's population are, in my opinion, oflittle 
if any sigm~cance. Such effects, if they oc?u: at a~l, wi~l be ~wamped by the effects of natural, occupational, 
and domestic agents to the extent that their idenbficat10n hes beyond the abilities of the most sophisticated 
epidemiologists and statisticians. 

SUMMARY AND CONCLUSION 

Examination of the possible ways a person may be exposed to airborne krypton-85 leads to the following 
conclusions, which apply under both equilibrium and transient conditions: exposure of skin and lung are 
equally limiting;· and the appropriate maximum permissible concentration in public air is 1.5 x 10-s µCi/ml, 
which is 5 times the presently accepted concentration. 

Application of the dose-rate relations developed in this paper to the projected growth of nuclear power, in 
which all the krypton-85 is released to the atmosphere, leads to the estimate that the skin dose is unlikely to 
exceed 10 milli-rem per year, world-wide, before 2010 AD. The biological effects of this dose, if any, will be 
trivial and unmeasurable. 
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RELATION BETWEEN CUMULATIVE EXPOSURE TO RADON-DAUGHTERS, LUNG DOSE, 
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Abstract 

The dose/ exposure-ratios regarding the influence of uncombined radon-<1-aughters for th~ bronchif!l region 
resulting from different dosimetric models are compared. For dose ev~luatwn, the uncombmedfractwno(the 
total potential a -energy in the inhaled air seems to be a more suit.able paran:eter than ~~e uncombined 
activity-fraction of RaA only. The mean dose to the basal cell layer m the medium br?r:chi .is p~obably n~t 
considerably higher than the mean dose to the total bronchial tree. Under normal conditions m mines, a ratio 
of 0.4 to 1.0 rad!WLM can be expected. 

In the second part of the paper, the observed lung cancer-risks among uranium miners in the USA and the 
CSSR are discussed. Although the relative risk coefficient is similar for both groups, the absolute risk 
coefficient in the CSSR-group is significantly higher than in the USA-group of miners. On the basis of these 
data an absolute lung cancer-risk of 10 to 20 cases/ 106 person-years per WLM is recommended for radiation 
prot;ction purposes. Finally, the risk concept for the assessment of an exposure limit for uranium miners is 
discussed. The derived Zif e time limit of 100 to 200 WLM for occupational exposure is comparable with the limit 
derived from the 15 rem/year-concept. 

INTRODUCTION 

An exposure limit for the inhalation of short-lived radon-daughters can be derived in two different ways: 

(1) From the dose limit of 15 rem per year in the critical respiratory region, as it is recommended by the ICRP 
(dose concept). 

(2) From the observed relationship between lung cancer risk and the cumulative radon exposure among 
uranium miners (risk concept). 

In this paper some of the main problems with which we are confronted in the application of these concepts are 
outlined and discussed. They concern the relation between inhaled activity and dose in different respiratory 
regions, and between cumulative exposure and lung cancer-risk. 

RELATION BETWEEN LUNG DOSE AND EXPOSURE 

It is well known that the inhalation of radon-daughters results in an inhomogeneous dose and activity 
distribution in the respiratory tract- especially in the bronchial region. The first problem in the application 
of the dose concept is the suitable choice of the critical respiratory region to which the dose limit shall be 
referred. For other nuclides, the total lung or the total bronchial region is used as the reference organ. On the 
other hand, bronchogenic lung cancer among uranium miners is presumed to originate in the basal cells 
which line the basement membrane of the bronchial epithelium. With respect to lung cancer-risk, therefore, 
the mean dose to this basal cell layer seems to be the most reasonable reference quantity. In the following, the 
dose/exposure-ratios for these different reference regions are evaluated and compared. 

1. Mean Dose in the Total Bronchial Region. 

This dose can be calculated with sufficient accuracy on the basis of the new ICRP model for the deposition 
and clearance of soluble aerosols of clearance class Din the human lung (ICRP 1969· Jacobi 1972a; and 
Jacobi; 1973). It should be emphasized that in the case of short-lived radon-daughte;s the dhoice of the 
clearance class is rather uncritical for lung dose evaluation. Figure 1 shows the resultingr~tio of the absorbed 
a-energy Win the tracheobronchial (T-B) or pulmonary (P) region to the inhaled potential a-energy P of the 
radon-daughter mixture. The curves in this figure refer to nose breathing and an AMAD of the vector aerosol 
of0.2 µm. 

In the left graph of Figure 1, this absorption yield is given as a function of the fraction fl of uncombined or 
free RaA ato~s for different values of the air ventilation rate Av in the working area. This graph indicates 
that the relation between dose and the uncombined fraction of RaA activity depends on the ventilation rate. 
However, if this absorption yiel~ is plotted as a function of the uncombined fraction fp of the total potential -
energy of the ra~on-~aughter ~ixture, the curves fo~ different ventilation rates converge into a straight line 
(see ng~t graph m Figure 1). This leads to the conclusion, that the uncombined fraction fp of the total potential 
energy is a more re1;lson~ble ?ar~meter than the uncombined fraction ft of RaA atoms. 

From the abso!ption yield m Figure 1, the mean a -dose in the total bronchial and pulmonary region per 
WLM of cumulative exposure can be evaluated, taking into account a breathing rate of20 I/min and a mass of 
45 g or 955 g for the tracheobronchial region or the pulmonary region, respectively, as they are recommended 
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by the ICRP-task group for the "Reference Man" (ICRP, 1973). The resulting dose/exposure-ratio for radon
and thoron-daughters is shown in Figure 2 as a function of the uncombined fraction f of the total potential a -
energy in the inhaled air. P 

As expected, the rad/~LM_-ratio in the I;>ronchial region incre~ses linearly with the uncombined fraction fp; 
for radon-daughters this rat10 can be estimated from the relat10n (E = cumulative exposure): 

DT-B(rad)/E(WLM) ~0.31 (1 +6 fp) 

Dp(rad)/E(WLM)~0.16 (1 - fp) 

As the uncombined fraction fp of the total potential a-energy in air is considerably lower than the 
uncombined fraction fiofRaA atoms found in most working areas with unfiltered air is fp < 0.1-especially 
in mines; under normal conditions, a ratio of 0.4 to 0.5 rad/WLM or 4 to 5 rem/WLM (QF = 10) follows from the 
new ICRP lung model for the mean bronchial a -dose. 

However, it should be kept in mind that the uncombined fraction increases with an increasing ventilation 
rate due to the reduction of the aerosol concentration and the decreasing RaB/RaA- and RaC/RaA-ratio in the 
air. This effect can be estimated on the basis of a box model which takes into account the removal of dust and 
activity by ventilation and wall deposition (Jacobi, 1972b). Figure 3 shows roughly the relationship between 
the rad/WLM-ratio and the rate of ventilation with clean air which should be expected in working areas with a 
high, intermediate, and low rate of aerosol production. 

The increase of the rad/WLM-ratio with ventilation is of practical importance because it cancels out, to some 
extent, the dose reduction due to the decreasing concentration of radon-daughters in the air. Figure 4 shows 
this influence of ventilation in a relative scale. Due to the increasing uncombined fraction, the reduction of the 
bronchial dose with ventilation is not proportional to the reduction of the potential energy concentration in the 
air. It follows from this figure that ventilation rates of more than about 10 to 20 hours seem to be 
unreasonable, because the bronchial dose remains nearly constant in this ventilation range. 

2. Dose to the Basal Cells in the Bronchi. 

So far only the mean a-dose in the total tracheobronchial region has been considered; however, a large 
fraction of the absorbed a-energy in the T-B region is deposited in the mucus sheet and the rather insensitive 
layer of ciliated cells and goblet cells on the bronchial epithelium. 

Several dosimetric models have been developed to estimate the dose from inhaled radon-daughters to the 
basal cells, where bronchogenic lung cancer is assumed to originate (Altshuler, et al., 1964; Jacobi, 1964; 
Hague and Collinson, 1967; and Harley and Pasternack, 1972). The assumptions in these models, concerning 
the deposition pattern of the inhaled radon-daughters, the mucus flow-rate, and the position of the basal cells, 
are in part quite different due to our limited knowledge of these quantities in the different bronchial 
generations. 

Nevertheless, these studies agree in the conclusion that the maximum a-dose in the basal cell layer is 
reached in the segmental-subsegmental bronchi (lung model of Landahl) or in the 4.0 to 9.0 airway generation 
(lung model of Weibel), respectively. The calculated absolute dose values are, however, different due to the 
different assump~ions used in these models. The critical parameters in these models are (1) the depth of the 
basal cell layer below the mucus surface and (2) the uptake and distribution ofradon-daughters in the mucus 
sheet, and the upper cell layers of the bronchial epithelium. The mean depth of the basal cells ranges probably 
from about 50 to 100 µm in the trachea and the main bronchi, 30 to 60 µm in the segmental-subsegmental 
bronchi, and 20 to 40 µm in the terminal bronchi. 

In Figure 5 the variation range of the a-dose per WLM at a 30 to 60 µ.m depth in the segmental
subsegmental bronchi is given as it can be derived from the different models. The calculated values are plotted 
as a function of the uncombined fractinn fp of the total potential a-energy in the inhaled air, and are 
normalized for nose breathing at a rate of 20 1/min. The dose/ exposure-ratios from the different models cover 
a range from about 0.2 to 10 rad/WLM. The more recent models (Harley and Pasternack, 1972) indicate that 
under normal mining conditions (fp < 0.1), the mean a~dose in the basal cell layer of this critical bronchial 
region lies probably at the lower end. of this range. A value of 0.5to1rad/WLM=5to10 rem/WLM seems to be 
a reasonable reference value for the conversion of exposure to the mean dose in the basal cell layer of the 
segmental-subsegmental bronchi. In the BE IR-report (1972) a conversion factor of 5 rem/WLM has been used. 

A comparison with the previously derived conversion factor forthe dose to the total bronchial region leads to 
the conclusion that the mean a-dose to the basal cell layer in the most exposed bronchial region is probably 
not considerably higher than the mean a-dose to the total bronchial tree. 

This conclusion solves one of the main problems in the application of the ICRP dose limit of 15 rem/year. 
Taking into account a conversion factor of 0.4 to 1.0 rad/WLM, which range covers the results for both 
reference regions, this dose limit yields an exposure limit of 2 to 5 WLM per year, or an integral exposure of 
about 80 to 200 WLM during a working period of 40 years. The exposure limit of 0.3 WL or 4 WLM per year, 
which has been adopted for uranium miners in USA and other countries, falls in this range derived from ~he 
dose concept. However, as pointed out, this limit should be reduced in highly ventilated, dust-free workmg 
areas. 
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RELATION BETWEEN LUNG CANCER RISK AND CUMULATIVE RADON EXPOSURE 

The annual dose limit of 15 rem recommended for the lung by the ICRP stems from radiation protection 
concepts prior to the introduction of a quantitative risk concept. The validity of these. old concepts is now being 
seriously questioned. Therefore, this limit s~ould be revised, ifreliable data on the nsk oflung cancer (LC) by 
inhalation of radon-daughters become available. 

In recent years such results for two sufficiently large groups of persons have been published which enable us 
now to discuss the relationship between LC-risk and cumulative radon exposure. The first study group of 
about 3 400 white uranium miners in the Colorado-Plateau (USA), which was analyzed, mainly by Lundin, et 
al., (1971). In this group, a total number of about 38,000 person-years of ri~k wa~ rea~hed during the 
observation period from 1951 to 1971. The second group was composed of uramum mmers m the CSSR, for 
which group preliminary data about LC-risk versus the cumulative radon exposure were published recently by 
SEVC and PLACEK (1973). However, although the USA-data was published, data for the CSSR-group (the 
total number of miners and the absolute numbers of LC-cases) has not been published. Only the relative 
number of observed and expected LC-cases, normalized to 1,000 miners, are available, arranged in four 
exposure intervals: < 100, 100 to 200, 200 to 400, > 400 WLM. This arrangement already indicates that the 
average cumulative exposure of the uranium miners in the CSSR was considerably lower than in the USA
group of uranium miners. However, the observation period from 1948 to 1970, and the total number of34.511 
person-years at risk for the CSSR-group, are comparable with the USA-group. This supports the assumption 
that the number ofuranium miners in the CSSR-study group is comparable with that in the USA-study group. 

For a direct comparison of both groups, the ratio of the observed to the expected LC-mortality can be quoted, 
which is shown in Figure 6 as a function of the cumulative exposure in WLM-units. The corresponding excess 
LC-mortality is given in Figure 7 for the USA-group and in Figure 8 for the CSSR-group ofuranium miners. 
Note that in the USA-group (Figure 7) the excess LC-mortality is related to person-years, whereas in the CSSR
group (Figure 8) it is related to the number of persons. The marked observation points in the Figures 6 through 
8 are plotted with their 95% confidence limit at the average of each exposure interval. 

From the preliminary data for the CSSR-miners a significant dependence between excess LC-mortality and 
exposure can be stated already above 100 WLM, whereas for the USA-group of uranium miners in the 
observation period up to 1968 such a significant relationship could only be confirmed above 600 to 800 WLM 
(see Figure 6). However, the additional LC-cases which occurred in the USA-study group of miners in the last 
three years from 1968 to 1971 have shifted this significance limit to lower exposure values (see Figure 7 ,), taken 
from the BEIR-report (1972). 

Taking into account the limits of error, the presently available data for both groups, therefore, do not 
indicate the existence of a practical exposure threshold above 100 to 200 WLM. The data also do not allow a 
reliable, quantitative distinction between a linear or nonlinear relationship between LC-incidence and 
cumulative radon exposure. The mean regression lines in Figures 7 and 8 indicate that a linear relationship in 
the considered exposure range cannot be excluded. At the present time, the recommendation of an exposure 
limit should be based, therefore, on the assumption of a linear exposure-risk curve. 

It follows from Figure 6, that the mean, relative risk coefficient is nearly equal for both groups of uranium 
miners and results to areJ~0.009 + 0.003 WLM-1, corresponding with a mean "doubling exposure" of about 110 
WLM. For comparison, it should be noted that the mean natural background level ofradon-daughters in air 
leads to a cumulative exposure of about 4 to 5 WLM during a lifetime of 70 years. This means that only a few 
percent of the observed LC-mortality in our population can be attributed to irradiation of the lung by inhaled 
radon-daughters! if a line~r extrapola~ion d<;>wn to these low exposure values in generally accepted. 

The absolute risk coefficient for the induction of lung cancer from inhaled radon-daughters can be derived 
from the slope of the mean regression lines given in Figures 7 and 8. For the USA-group of white uranium 
miners a mean value results as follows: 

qabs(USA-U-miners) = 3 + 1 LC-cases 
WLM x 106 person-years 

Taking into account a conversion factor of 1 WLM = 5 rem for the dose equivalent to the critical bronchial 
region, this corresponds to about 0.6 LC-cases/rem x 106 person-years. 

The mean slope of the excess LC-mortality among the CSSR-miners follows from Figure 8 to 170 .± 50 LC· 
cases per 106 persons per WLM. As the observation period and the number of person-years at risk is similar for 
b~t~ groups, it sh?uld be ex~ected also that a rather similar time distribution exists for the start of uranium
mmmg. J;Tnder this. assumption, the average numbe: of years at risk per person of 38.622 person-years/3366 
persons.-12 years m the USA-g;oup shou~d be apphcable also to the CSSR-group. Taking into account this 
conversion factor, an absolute risk coefficient follows: 

aabs(CSSR-U-miners): 14.± 4 LC-cases 
~~~~-------W L M x 106 person-years 

Compared with t~e U~A-group'. the absolute risk coefficient in the CSSR-group is significantly higher, 
although the relative risk coefficients are nearly equal. 

- 494 -



The prelin;iinary CSS~-data, furthe~more, .i~dicate an i?~rease of the risk coefficients with the decreasing 
age of the mmers at their start of uramum-mmmg. In add1t1on, the real risk coefficients should be higher than 
the values given above due to the limited observation period of about 20 years. On the other hand the LC-risk 
coefficient by radiation is probably considerably lower for non-smoking miners. Under these cir~umstances 
an absolute risk coefficient of 10 to 20 LC-cases/WLM x 106 person-years seems to be a reasonable referenc~ 
value for the assessment of the radon exposure limit to miners. 

CONCLUSIONS 

A strict application of the risk concept requires the assessment of the maximum acceptable radiation risk. 
With respect to the LC-risk of miners exposed to radon-daughters, this risk limit must comply with two 
different conditions. 

Taking into account the strong variation of the natural background level of radon-daughters in air the 
occupational exposure limit should be 1 to 2 orders of magnitude higher than the average background l~vel. 
This means, that the limit for the occupational exposure of uranium miners, integrated over their total 
lifetimes, should not be fixed below about 100 WLM. This lower limit would cause a LC-risk by radiation 
comparable with the LC-risk from other sources (doubling exposure) and would yield an additional LC-risk of 
about 1,000 to 2,000 cases/106 person-years. 

On the other hand, the average radiation risk of uranium miners should not exceed the average risk of death 
by other occupational diseases as it is observed among miners in conventional, safe-operated mines -
especially coal mines. The latter level of risk is about 200 to 500 cases/106 person-years. This level corresponds 
to an average lifetime exposure of about 20 to 50 WLM averaged over all uranium miners. Taking into account 
the general recommendation of the ICRP that the average dose of radiation-exposed workers should be kept 
well below the recommended dose limit, an exposure limit of about 100 to 200 WLM for uranium miners seems 
to be acceptable. 

The necessity to meet both of the above mentioned conditions reveals the narrow margin which is available 
for the assessment of an occupational exposure limit to radon-daughters. The resulting exposure limit on the 
basis of this risk concept is comparable with the limit which was derived from the ICRP-dose limit of 15 
rem/year. This leads to the final conclusion that, on the basis of our present knowledge, the risk concept and 
the dose concept lead, within the limits of error, to the same value for the maximum permissible exposure to 
radon-daughters. 
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Figure 1. Fraction of the inhaled potential a-energy absorbed in the tracheobronchial and pulmonary 
region (see text). 
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Figure 2. Mean a-dose per 
WLM in the tracheo bronchial (T-B) 
and pulmonary (P) region as a 
function of the uncombined fraction 
fp of the potential a-energy in the 
inhaled air (ICRP-lung model). 
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THEBIOLOGICALEFFECTSOFRADONONTHELUNG* 

D.A.Morken 
University of Rochester 

Rochester,NewYork 14642 

Abstract 

The biological effects of radon on the lung arise primarily from the alpha decay of the short-lived decay 
products of radon inhaled. Radon is chemically inert and so is distributed throughout the body according to its 
solubility in the various body tissues. The daughter products are isotopes of polonium, bismuth, and lead. 
which are treated individually by the tissues and fluids, within the confines of their brief half-lives. 

Experiments with inhaled decay products indicate the dose to lung is much greater than to the rest of the 
body. Extensive injury was done to the bronchial tree, but the lesions did not lead to bronchial tumors. After 
irradiation ceased, these lesions were quickly repaired. Permanent changes, but no cancer, were seen in the 
region of the respiratory bronchioles. 

Compared to other alpha emitters in the lung, the alpha radiation from radon is particularly inefficient in 
producing radiation-specific tumors. The conclusion is taken that the radiation effects of alpha emitters may 
be inconsequential compared to the chemical effects of the alpha emitters. 

INTRODUCTION 
The toxic effects from inhaled radon may result from the actions of three distinct radioactive agents. One of 

these is radon itself, a noble gas which becomes distributed throughout the body and delivers a radiological 
dose to all tissues from alpha particles. This radon is accompanied, however, by a series of short-lived 
radioactive decay products which are produced within the body. These products are isotopes of polonium, 
lead, and bismuth which may be treated by the body tissues to provide a distribution different from that of the 
parent radon. These products decay by alpha and beta particle and gamma ray emission, and provide a dose 
distribution different from that of the parent radon. These products of radon, produced within the body, 
provide a second radioactive agent. In practice the two agents occur together. 

The decay ofradon in the atmosphere produces these short-lived products as ions which become attached to 
dust particles. Inhalation of this radioactive dust results in the deposition of this radioactivity in the lung. By 
virtue of the short half-lives (3 to 30 minutes) and the parent-daughter relationship which exists among these 
products, they accumulate in the lung passages to provide a greater radiological dose than that from radon 
alone. This then provides a third agent which delivers a radiological dose to the lung only. 

The inhalation of radon and its decay products present in uranium mines is believed to produce bronchial 
cancer in uranium miners. These miners exhibit an incidence oflung cancer greater than normal. Throughout 
the literature on the radiotoxic properties of radon occurs the suggestion that radon is somehow responsible 
for the lung cancer in miners; often radon is mentioned as a co-factor. Radon and its decay products are 
present in other kinds of mines, but bronchial or lung cancer has never been attributed to the presence of the 
radon. A large number of animal experiments over the past fifty years have been unable to confirm that radon 
or its decay products can cause lung cancer. Work with other alpha-emitting isotopes has been successful in 
producing neoplasia in the lung. A few experiments using radon combined with chemically toxic agents, 
generally silica, but including uranium mineral, may have demonstrated a potentiation or promotion of the 
tumorigenic properties of the chemical agents, or of the tumors themselves. 

The biological effects ofradon and its decay products contained within the whole animal are the subject of 
another paper presented in this Symposium. This paper summarizes the histopathology of the lung following 
inhalation by mice, dogs, and rats from an atmosphere which contained radon and dust, and compares this 
histology with that from experiments involving other alpha-active isotopes. 

THE EXPERIMENTAL METHOD 
The experimental animals are exposed in a large chamber to a radon atmosphere which is established by 

mixing radon from a generator with dusty air (normal room air) entering the chamber at a constant flow rate. 
The chamber has a volume of 2,000 liters, and the air flow, which can be adjusted over wide limits, is usually 
set near 40 liters per minute. The radon generator contains about 200 millicuries of radium in a dilute 
hydrochloric acid solution which is aerated continuously from a source of compressed air at about 300 
!llilliliters per minute; this generator provides about 22 microcuries ofradon per minute. The generated ra~on 
is scrubbed of acid and particulate material before being passed to the chamber. The radon concentrat10n 
established in the chamber depends on the air flow through the chamber - for the 40 lpm flow the 
concentration is about 0.55 µCill in the steady state. 

The time taken to attain the steady state is related inversely to the air flow, and at 40 lpm amo~nts to about 
three hours. The radon decay products formed in the chamber become attached to the dust particles (normal 
room dust), also attaining a steady state. At 40 lpm air flow the concentrations ofRaA, RaB, and RaC on dust 
become about 0.40, or 0.20, and 0.12 µCi/I, respectively. The chamber atmosphere is monit~red ho~rly for 
radon, with activity recorded on a strip chart. The radon concentration is also measured daily, dunng the 
steady state, in an air sample taken with an evacuated ionization chamber, and is read with an electrometer. 

*This paper is based on work performed under contract with the U.S. Atomic Energy Commission at the 
University of Rochester Atomic Energy Project and has been assigned Report No. UR-3490-384. 
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The chamber atmosphere is occasionally sampled with a dust filter which is counted for alpha activity to 
provide estimates of the concentrations ofRaA, RaB, and .RaC in the chamber. . . . . 

The exposure atmosphere is evaluated and reported m terms of the Workmg Level (WL) umt, wh1c~ is 
derived from the concentrations of the airborne decay products of radon attached to dust, and which 
represents a dose rate. The cumulated exposure dose is represented by t~e Working ~evel Month (~VLM) unit. 
The chamber is operated in the region of 1,800 WL, and the rate at which the dose is cumulated is about 11 
WLM per hour of exposure. . 

For purposes of the radiobiologist, the radiation dose and dose rate to tissue are more meanmgfu~, but less 
easy to determine. The radiological dose to lung can be estimated from a knowledge of the concentratrnn of the 
decay products in the inhaled air, the breathing rate, the extent of deposition of the decay products in the lung, 
the lung weight, and the clearance rates which act on the dust or radioactivity. The air concentrations can be 
measured directly. The other quantities are not well established. For the present experiments, the radiological 
doses are estimated from measurements made on the lung and respiratory tract. This direct procedure 
removes the uncertainties associated with breathing rate, deposition, and clearance, but an uncertainty as to 
the amount of tissue involved remains. 

Randomization methods are used to sort animals into experimental and control groups, and into the various 
dose categories. Following exposure, the animals were randomly sorted into a sacrifice schedule. Gross 
examinations were made of all tissues, but, generally, tissue sections were taken only from the lung. Mortality 
and weight were also followed, and in some cases the hemograms were examined. 

EXPERIMENTS WITH MICE (Morken, et al., 1971) 

CAF 1 strain mice were used in these experiments; the mice were 20 weeks old when they entered the 
exposures. The mice were exposed to the radon atmosphere for three 50-hour periods each week for intervals 
which ranged from 8 weeks to life. The chamber air flow was about 45 lpm and the concentrations ofradon, 
RaA, RaB, and RaC, in the steady state, were about 0.50, 0.45, 0.23, and 0.13 microcurie per liter, respectively. 
This represented 2,000 WL, and a dose cumulation rate of 1,800 WLM per week of exposure. Measurements on 
mice exposed for 24 hours, to attain the steady state, showed that the average dose rates from alpha acitivity 
were; whole body, 5.5 rad per week; lung-trachea-bronchi, 280 rad per week; kidney, 18 rad per week; liver, 2 rad 
per week; and gastro-intestinal tract, stomach and contents, 60 rad per week. The dose to bronchial tissue may 
have been 5 to 10 times as large as that to the entire lung, or as much as 2,800 rad per week, but only the 
average dose to the lung is used here. The exposures ranged, then, from 14,000 to 72,000 WLM, and the 
estimated doses to whole lung ranged from 2,000 rad to 11,000 rad. 

For the first experiment mice were exposed continually throughout life (Morken, et al., 1966). The median 
exposure lifespan was 35 weeks, which represented a 50% shortening of life. At 40 weeks of exposure, when 
only a few mice remained, these mice were taken for histopathologic study. A fairly extensive microscopic 
examination of all organs was performed. No lesions were found in any organs or tissues - except the 
respiratory tract. The lesions seen in the respiratory track were much the same in the animals examined. 

The trachea section, taken at the level of the thyroid, displayed mucosa} lesions which were hyperplastic, 
metaplastic, and destructive; many times all of these lesions were observed in the same animal. The 
hyperplastic changes consisted of a thickening of the mucosa with an increased number of cells which, in 
general, tended to maintain a columnar structure. There was a number of layers of nuclei, which extended to 
the surface of the mucosa, instead of the usual single layer near the basement membrane. 

Squamous metaplasia consisted of areas of thickened mucosa made of cells resembling squamous 
epithelium, which was sometimes accompanied by keratinization. The destructive changes consisted of either 
a loss of mucosa or a single layer of elongated flat mucosa} cells containing few nuclei; sometimes 
inflammatory changes were seen in the mucous glands. These metaplastic and destructive changes 
frequently occurred together. 

The lesions observed in the major bronchi were similar to those of the trachea. Hyperplasia of the mucosa 
was seen in which the mucosa} cells maintained their columnar structure, but the mucosa contained 
numerous la.yers of cells with nuclei. ex~ending to the surf~ce. Squamous metaplasia was present, but not as 
marked as m the trachea. The pnnc1pal change seen m the small bronchi was the presence of large 
hyperchromatic nuclei. 

In the lung parenchyma, intra-alveolar edema was present in varying degrees in all animals. Foci of 
alveolar pha~ocytes. were .seen in all a~imals; som~ phagocyte~ contained a brown pigment. A few small foci 
of adeno~ato1d prohferatrnn of bronchi accompamed by fibrosis were seen in a few animals. 
. ~he le~rnns of.the bronchial mucosa may be summarized as destructive, hyperplastic, and metaplastic. No 
mfiit:ation carc1i;ioma was found, b~t many of the changes may be considered as precancerous. The lesions 
seen m the alveoh probably resulted, m part, from the failure of the ciliary action of the bronchial mucosa 

The exposure dose for these mice am?unted to 72,000 ~LM, '.ind the average dose to lung was about il,000 
rad, cumulated to death. The destructive effect of contmued irradiation at this level of 2 000 WL was most 
evident in the trachea and major bronchi. ' 

In the second experiment, groups of m~ce were expose~ for 15, 25, and 35 weeks. The exposure doses were 
27,000, 45,000 al'l:d 63,000 WL~, re~pective~y; the resultmg lung doses ranged from 4200 to 9800 rad. The 
purpose for the h1stopathology m ~his exl?enment was to observe the injury immediately following the end of 
exposure and to observe, over a penod of eight weeks, the repair of the injury. The 35-week exposure confirmed 
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the median lethal dose of the previous experiment, but life shortening was not found for the 15 and 25 weeks of 
exposure. 

In t~e third e~pe~ment, groups. ofmi~e were.exposed for ~O, 15, 20, and 25 weeks. This was a pathology-only 
expenment, which mvolved sac;nfices u~1mediately followmg exposure of each group; and then, beginning at 
the mouse age of 60 weeks, sacnfices at mtervals of 10 weeks until all the mice were used (this occurred at 110 
weeks). The experiment was done to examine late effects following the relatively short exposure periods used. 
The exposure doses ranged from 18,000 to 45,000 WLM; the resulting lung doses ranged from 2 800 to 7 000 rad. 

Age-control mice were also examined at each sacrifice. The pathological effects found in these exp~nments 
were not large. In general, lesions in the trachea and bronchi were similar to, but not as extensive as those 
observed in the previous experiment. The extent of the lesions seen immediately after exposure seemed 
proportional to the cumulated dose (or exposure duration); the repair was so rapid that by eight weeks post
exposure, the tissues appeared normal. The trachea showed only focal atypism of moderate degree. Nuclei 
were large, and the cytoplasm was diminished with loss of cilia immediately after exposure. Little or no 
squamous metaplasia was seen.None of the tracheal alterations was believed to be precancerous. 

Changes in the large bronchi were less marked than in the trachea. The terminal bronchioles showed 
atypical changes in the cuboidal lining epithelium. With increased post-exposure time, the epithelium in 
many terminal bronchioles tended to become flattened or to disappear. 

The tumors encountered were variants of those which appear spontaneously in this strain of mouse 
(adenomas and foci of adenomatosis), and were seen in some of the older controls for these experiments. These 
tumors were seen at considerably lower ages in mice exposed to radon than in the controls. No tumors were 
found after 25 weeks of exposure in any animal sacrificed between 25 and 100 weeks from the end of exposure. 
Most of the adenomas showed qualitative changes suggestive of a more malignant behavior ._, greater 
cellular anaplasia, a higher mitotic rate, and invasion of adjacent lung tissue. 

Neoplastic lesions (tumorlets) were seen in mice sacrificed between zero and eight weeks after the 35-week 
exposure. Most of these were of a type not encountered after any of the lower doses. These consisted of ill
defined areas containing many small, often intra-alveolar, nests of bizarre cells. Sometimes these were 
multiple in one or more lobes, and some cells were of a squamous type associated with what appeared to be 
keratin. Other tumors in this group had a glandular pattern exhibiting local malignant features. These 
tumor lets did not appear in other groups, and have since been observed in control rats. 

Non-specific pulmonary effects, perhaps attributable to the irradiation, consisting of edema, increased 
numbers of macrophages, and a few small foci of interstitial fibrosis, were observed in some lungs at long 
intervals after exposures of 25 weeks; edema and many large macrophages were noted in all the mice exposed 
for 35 weeks. Moderate to severe pneumonitis was seen in late age in both the controls and exposed mice. 

EXPERIMENTS WITH DOGS (Morken, et al., 1972) 

Experiments with dogs were carried out to provide irradiated lungs which approach the dimensions of 
human lungs, and to use a longer-lived animal so that observation could extend over several years. The initial 
experiment involved 42 dogs exposed to doses from 200 to 10,000 WLM, delivered in one to 50 days. 
Histological examinations were conducted at zero, 1, 2, and 3 years post-exposure, for all dose levels. The 
radon atmosphere of 1,800 WL was about the same as used in the mouse experiments. Exposures were made 
daily for five days each week, at 20 hours each day. The rate of cumulation of dose was about 2000 WLM per 
day of exposure. Exposure periods were 1, 2, 4, 8, 15, and 50 days. 

Chambered control dogs as well as age control dogs were included. The chamber control dogs spent their 20 
hours per day in a chamber identical in size and operation to the radon chamber, but the generator contained 
no radium. 

Randomization procedures were followed to place the dogs into the various dose categories, and into the 
sacrifice schedule. At sacrifice the dog lung was partially fixed with formalin in situ, and a prescribed protocol 
was followed to provide samples from the lung, respiratory tract, lymph nodes, nasal epithelium, and 
turbinates of the nose. Gross examinations of all organs were made. 

Several dogs were exposed to the radon atmosphere for about 20 hours, and then killed immediately on 
removal from the chamber. The lungs, trachea, and major bifurcation were removed within a few minutes. 
These tissues were weighed and measured; the RaB and RaC were measured over a period of two hours. The 
counting data were resolved by decay curve analysis to provide the information needed to compute the dose 
rate to the trachea and lung. 

The average dose rate to whole lung amounted to one millirad per hour per WL, or 0.17 rad per WLM, when 
the data were analyzed by a curve fitting procedure. The average dose in rad per WLM, with ~ta~dard 
deviation, amounted to 0.22 ± 0.16 when considering zero clearance, and 0.26 ± 0.19 when cons1denng a 
clearance effect. Individual lung doses ranged from 0.08 to 0.79 rad per WLM. . 

For the trachea and bifurcation the volume used in the dose calculation was determmed from the averaged 
inside dimensions of the sections ~nd an alpha absorption layer thickness of 70 µ m. These doses ranged from 
0.28to12.5 rad per WLM (mean 4. 73 ± 4.36 standard deviation) for trachea and from 0.36 to 20. 7 (5.q3 ± 6.20) 
rad per WLM, for the bifurcation. The average dose rate to the upper respiratory tract was abo?t 30 fames that 
to the alveolar region. For the dog, then, the alveolar doses ranged from 34 to 1,700 rad, while the tracheal 
doses ranged from 1,000 to 50,000 rad. The dose to the bronchi may have been greatertha~ that to trachea. 

No cancer has been found in these dogs. Pathologic changes were foun~ only m the ~lveolar and 
bronchiolar regions of the lung. Even immediately after exposure, when the lesions produced directly by the 
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radiation should have been most evident, injury to the trachea and bronchial tree. was ab~ent. In the lung, the 
microscopic lesions observed at any dose were subtle, variable! very small spatially, widely sepa~ate~, and 
involved only a small fraction of the lung substance. Immediately at the end of exposure no significant 
differences from age or chamber controls were apparent for doses from 200 to l~,000 WL.M: At one aJ?-d two 
years after exposure, there was a probable increasing relation to dose of small foci of chrom~ mflammation. At 
three years post exposure this relation had disappeared for doses. to 800 WLM, ~mt was still probab~e for the 
larger doses. The lesion at all doses appeared as small patches of thickened (fibrotic) alveolar walls, with some 
metaplasia of the alveolar cells, and some epithelial hyperplasia of the bronchioles. Chamber control dogs 
were not different from age control dogs. 

Animals exposed to the same dose expressed in WLM are not likely to receive the same radiologic dose. The 
doses normalized to the WLM dose as described above, and estimated from lung measurements on eleven 
dogs, ~aried from 0.08 to 0. 79, with the average near 0.2 rad per WLM. I~ is not unl~kely that in s~me cases a 
lesser WLM dose may produce greater injury than would a greater dose, smce the ad1acent dose ratios of 2 and 
3 used were less than the ratio oflO found among the animals. 

EXPERIMENTS WITH RATS (Morken, et al., 1971) 

These experiments were performed with rats exposed to a radon concentration near one microcurie per liter 
for five hours each day, five days each week, to a total of 600 hours. The chamber air flow was reduced to about 
22 lpm in both the radon and the control chamber. Five hours from starting the daily exposure, the radon 
concentration attained the desired level of 1 µCi per liter. The concentrations ofRaA, RaB, and RaC attained 
by five hours were 0.75, 0.53, and 0.43 microcurie per liter, respectively. For short exposures, the cumulated 
dose is related linearly to the hours of exposure to the steady state values. The steady state concentration 
attained for radon, RaA, RaB, and RaC were 1.4, 1.1, 0.78, and 0.63 microcuries per liter, respectively. The 
chamber operated at 7,300 WL and the exposure dose rate was 43 WLM per hour. In 600 hours the cumulated 
dose amounted to 25,800 WLM. If the factor of0.17 rad per WLM found for the mouse and the dog is applied, the 
cumulated average dose to lung was about 4,300 rad. If the factor of30 applies for the ratio of trachea-to-lung 
dose, the upper respiratory tract may have received a cumulated dose of130,000 rad. 

Radon-exposed, chamber control, and age control rats, both regular and pathogen-free, were used. Lung 
tissues were taken for histopathology examination following the death of the animal. By 12 months from the 
end of 6 months of exposure, no cancer was evident in the standard rat. Cancer was also not evident in the 
pathogen-free rats at 6 months after the end of 6 months of exposure. It is difficult to distinguish among the 
exposed, chamber controls, and age controls. This experiment is not yet complete, and further detailed study 
will be made when all the animal data are available. 

A complete appraisal of each of these experiments will include descriptions of life shortening, weight 
changes, hemogram changes (in some cases), and, of course, details on the changes in the lung and other 
organs. These appraisals will be published elsewhere. For the purpose of this paper, only a brief description of 
the major effects in the lung has been provided. 

The results of these experiments on mice, dogs, and rats are significant in several aspects. While extensive 
injury was done to the bronchial tree during irradiation by the alpha particles, the lesions did not lead to 
bronchial tumors or cancer- even with continued irradiation; and after irradiation ceased, these lesions were 
quickly repaired. Late effects did not appear in the bronchial tree. In the alveolar region, the injury was not 
immediately evident, but appeared later in life, whether or not the irradiation continued. Major, perhaps 
permanent, changes occurred in the region of the respiratory bronchioles. 

The essentially negative character of the results seen here suggest that alpha irradiation is a particularly 
inefficient way to produce radiation-specific tumors, if such exist, in the lung or respiratory tract. Since the 
later effects seen here were similar to those reported to follow radon-only inhalation at a lung dose of only 300 
rad (Morken, 1973), an uncertainty exists concerning the role played by the massive lung doses provided by 
the inhaled decay products ofradon. 

The relative ineffectiveness of irradiation by alpha particles to produce even microscopically visible 
evidence of radiation-specific tumors, or cancer in the lung, or to produce permanent alterations in the 
respiratory track which could lead to bronchial carcinoma, is impressive. The only apparent late and 
permanent changes occurred in the alveolar regions of the lung, for a wide range of doses and for observation 
times to three years in the dog, and one to two years in the mouse and rat. These al~eolar changes may 
eventually lead to cancer, but the cancer would be of peripheral origin and not the kind generally expected in 
view of the large doses to the respiratory tract. ' 

A few experiments using radon combined with chemically toxic dusts may have demonstrated a 
potentiation or promotion of the tumorigenic properties of the chemical agents or of the tumors themselves. 
Ku~hneva (1961) ~xpos~d rats to quartz dust,_ to radoi:, and t? the dust with radon. The dust, 50 mg, was given 
by mt:atrachea.l ~nJe?tion. The rado~ wa~ given by mh~lation at 8 µCi per liter in three one-hour exposures. 
Experimental.s1hcosis developed rapidly m the rats which received quartz dust alone. Rats which recieved 
radon alone displayed a general systemic response. Rats which received the dust-and-radon showed a more 
inte~s.e sil~cosis, and t~e author felt that, for the combination, the radon vitally influenced the development of 
the s1hcosis by way ofmcreased numbers of nodules, acceleration of fibrosis. and increased metaplasia of the 
bronchial and alveolar epithelium. The radiation dose amounted to only a fe~ rad. 
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Kilibarda, et al., (1967) reported similar experiments, but with longer exposures to radon. Silica was given 
intratracheally as a sterile suspension at 15 mg per rat. These investigators reported that radon inhalation 
appeared to aid the silicogenic effect only when given after the silicotic nodules were formed; before that, 
radon ha? no e~ect on the process. Once the m.~dules were formed radon inhalation made them larger and 
more easily dehneated from the parench~mal tissue. Radon alone had no effect in producing tumors. The 
whole body doses for radon exposures, which ranged from 180 to 900 hours at a concentration of 0.07 µCi per 
liter, amounted to only a few rad-whereas the lung doese were in the area of3,000 WLM or about 600 rad. 

French workers (Perraud, et al., 1970) have also reported an enhancement of the effects produced in lung by 
silica, uranium mineral, and cerium. The authors found that the chemical must be given before the radon is 
given. Epidermoid carcinoma resulted in the uranium and cerium experiments. An estimate of the exposure 
dose for the cerium experiment, 540 hours at 0.7 µCi per liter, is 10,000 WLM at 3,700 WL for a tissue dose 
of 3,000 rad. The tumors appeared in 10 months in the bronchiolar/ alveolar region. 

Gates, et al., (1961) reported that external gamma or x-irradiation increases the incidence of spontaneous 
tumors, but did not appear to produce new kinds of tumors; this radiation, then, provides a promotional or 
potentiation effect. 

A few researchers believe that while radon may produce little or no effect by itself, it is a powerful stimulus to 
act on tumors already present. 

The French workers also found that the chemical agent might not be required, and reported a 100% 
incidence of pulmonary carcinoma in pathogen-free rats exposed at 1 µCi per liter for 600 hours (6 months). 
Tumors appeared by 10 months from the start of the exposure. The exposure dose may have been as large as 
25,000 WLM. The rat experiment reported in this paper reproduced the French experiment with a different 
type ofradon generator; and, as reported here, no tumors or cancer have appeared in the rats; this experiment 
is not yet complete, however. 

The ability of other kinds of alpha emitting isotopes to induce bronchial and pulmonary cancer is well 
documented and familiar. Reviews of these experiments are available (Gates, ei al., 1961;Albert, 1966; Bair, 
1970; Sanders.et al., 1970). Inhalation ofpolonium-210 by rats with doses estimated from 70 to 500 rad resulted 
in primary lung cancer within two months post-exposure. Inhaled plutonium-239 by dogs produced lung 
cancer by 150 days with doses from 9,000 to 23,000 rad. 239Pu given intratracheally to mice produced 
fibrosarcoma at 500 days with a dose of115 rad, and squamous cell carcinoma at 400 days with a dose of 2,300 
rad. 239Pu inhaled by mice produced bronchiolar carcinoma at 500 days with a dose of 600 rad; in rats, 
epidermoid carcinoma was evident by 250 days at a dose of a few thousand rad. 

Inhalation oflong-lived alpha emitters results in an irradiation which continues long after the inhalation 
has ceased. Doses are usually estimated to the time of appearance of the lesion. With radon inhalation the dose 
is accumulated entirely within the period of exposure, or inhalation. If a latent period operates, the radon 
exposure yields a valid dose - whereas the other materials do not. Thus, the tumor-producing doses may be 
considerably less than the estimated doses reported for other isotopes. With the continuously irradiating 
isotopes, it appears that tumors occur sooner for larger dose rates, but this idea has not been subjected to 
critical study. 

A large number of experiments have been done with implanted sources. These are not considered here 
because the implant method involves the manufacture of a lesion which may become a part of the response if 
irradiation acts to promote lesions to tumors. 

Thus it appears that relatively small doses of alpha radiation can produce tumors and cancer in the lung in 
relatively short periods of time, and especially within the lifetime of the mouse or rat. Since the radiation from 
radon or its decay products have not accomplished this, there may be some hesitation to label this tumor 
production a radiation effect. 

The materials which have produced cancer are chemically reactive and long-lived so that appreciable 
amounts of the material are present throughout the exposure, compared to the radon exposures. The specific 
activity ofpolonium-210 is 4,300; that forplutonium-239 is 0.06. In contrast, the sp~ci~c activities. for the radon 
decay products range from 10s to 101s; while for radon it is 105• In terms of a radiat10n-to-chemical exposure, 
the decay products are purer sources of radiation by factors of 105 to 1013 for polonium and 107 to 1015 for 
plutonium. 

CONCLUSIONS 

It appears reasonably easy to induce lung cancer with radionuclides of small specific activity (large sp.ecific 
mass). It has also been easy to induce lung tumors with non-radioactive chemical compounds. However, it has 
been extraordinarily difficult to produce even small long-lasting effects with alpha irradiation from radon 
and its decay products, and lung cancer has not been unequivocally demonstrated with radon. . 

Alpha radiation may promote chemically produced lesions leading to tumors and cancer, ~ut the lesions 
must be there first. This suggests that alpha radiation may act indirectly through a systemic response -
rather than directly on the cell. . 

Thus chemical induction of lung cancer by radioactive elements may be of greater importance . than 
induction by alpha radiation. Threshold limits based on chemically active elements should not be apphed to 
elements of greater radiation purity. . 

It would be prudent to study the probable chemical behavior wiih ;ells of t~e heavy metal i~otop~s, 
regardless of their radioactive natures. The use of radon may permit resolut10n of the effect mto its 
radiological and chemical parts. 
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Abstract 

Syrian golden hamsters, C57BL mice, and specific-pathogen-free rats were exposed simultaneously in 
groups of 16 animals each for 90 hours per week to aerosols consisting of radon plus 3000-6000 Working Levels 
of radon-daughters with and without 18 mglm3 carnotite uranium ore dust. Condensation nuclei 
concentrations ranged from 2000-4000 per ml and from 90,000-120,000 per ml in the chamber without and with 
uranium ore dust, respectively. At 4 months of exposure only one of the rodents remained alive. 
Histopathology of radon-daughter exposed mice includes acute interstitial pneumonitis, severe pulmonary 
congestion, and supperative rhinitis; mice inhaling radon-daughters with ore showed these lesions plus 
macrophage proliferation, alveolar septa[ cell hyperplasia, and bronchial epithelial hyperplasia. Hamsters 
inhaling radon-daughters showed proliferating lesions characterzied by alveolar septa! thickening, 
bronchiolar epithelial hyperplasia, septa! fibrosis, and occasionally adenomatoid metaplasia and squamous 
metaplasia. Hamsters inhaling radon-daughters with ore dust showed similar effects plus granulomatous 
response and intense septa[ fibrosis. Rats inhaling radon-daughters showed lesions similar to those of 
hamsters but more focalized with classic radiation pneumonitis; rats exposed to radon-daughters with ore 
showed similar lesions, with greater consolidation and pneumoconiosis. These findings will be discussed in 
relation to pulmonary pathology in uranium miners. 

INTRODUCTION 

Initial studies in our laboratory with hamsters exposed for their lifespan to 30 Working Levels (WL) of 
radon-daughters produced only slight pulmonary responses. A Working Level (WL) is defined as any 
combination of short-lived radon-daughters in one liter of air that will result in the ultimate emission of 1.3 x 
105 MeV of alpha energy from radioactive decay. Similar levels have been found in some areas ofoperating 
uranium mines. Lifespan exposures of hamsters to 600 WL radon-daughters with uranium ore dust caused 
pulmonary lesions, including vesicular emphysema, fibrosis, metaplasia, and adenomatous lesions with 
anaplasia. A subsequent experiment involved lifespan exposures of hamsters to 1,200 WL radon-daughters, 
diesel engine exhaust, and uranium ore dust. These hamsters showed more extensive and severe pulmonary 
lesions, with accelerated development of cuboidal and squamous metaplasia of the bronchial epithelium, and 
the appearance of squamous tumors. 

Earlier studies (Morken and Scott, 1966) with mice exposed to 1,750 WL radon-daughters on room air dust 
(150 hrs/wk), showed a significant reduction of lifespan. Workers in France (Perraud, et al., 1972) have 
reported peripherc.l tumors iu the lungs of SPF rats after 500 hours of exposures to approximately 1 µCi per 
liter of radon, but interpretation of these results is extremely difficult because the levels of radon-daughters 
were not described, and no correlation to human exposure histories based on Working Levels (radon-daughter 
levels) was possible. 

This paper presents the results of a pilot study that we conducted to correlate these results (obtained in three 
different laboratories) to provide direct interspecies comparison of the effects of exposure to identical aerosols, 
and to determine if there exists an increased sensitivity or resistance of one or more of these species of rodents. 
We prepared systems for simultaneous exposures of mice, hamsters, and SPF rats in the same chambers to 
high levels of radon-daughters, with and without concomitant exposure to uranium ore dust (carnotite). 
Exposure of the three species in these initial studies were made at levels of radon-daughters calculated to 
induce tumor production or acute death. 

METHODS 

The animals used in this study were SPF Wistar rats, Syrian-Golden hamsters, and C57 Bl/6J mice. They 
were all males and approximately 100 days old at the start of exposures. The animals were individually 
housed in two types of compartmented, stainless steel mesh cages. There were 16 compartments for mice or 
hamsters in one type of cage, and 8 compartments for rats in the other type. Two cages ofrats, one ofh~msters, 
and one of mice were in each of the two exposure chambers. Ten control animals of each species were 
individually housed in the exposure room, but not in a chamber. Food and water were available to the animals 
at all times. The experimental design is shown in Table 1. 

*This paper is based on research performed under U. S. Atomic Energy Commission Contract AT( 45-1)-1830. 
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The two exposure chambers were nearly cubical with volumes ofl, 700 liters. As seen in Figure 1, the animal 
cages were supported on racks that positioned the bottoms of the cages 81 centimeters below the chamber 
inlets for radon or radon and uranium ore dust. Unfiltered room air entered at the top of each chamber, passed 
through the chambers and left via outlets centered 20 cm above the chamber bottoms. These outlet air 
streams passed through valved flow meters and absolute filters, and were then discharged into a high-flow, 
low-vacuum system whose outlet was diluted in the building exhaust stack prior to discharge to the 
atmosphere. 

A separate radon generator was used for each chamber. Saturated air bubbling through acid solutions of 
radium chloride at a rate of 150 ml/min swept radon from the generators through traps to remove acid vapor 
that may have been carried out of the generators. This radon laden air was filtered just prior to introduction 
into the chambers. The radon entered the center top of the chambers where it mixed with incoming room air in 
the case of Chamber 1, and with incoming room air and uranium ore dust in Chamber 2. The uranium ore dust 
was introduced into Chamber 2 by means of a Wright Dust Feed Mechanism mounted on top of the chamber. 
Ore dust with a count median diameter of0.24 µm was maintained at a concentration of 18 ± 4 µg per liter in 
the chamber during exposure periods. This level was selected to coincide with those used in our previous 
studies, serving to lower the unattached radon-daughters to only a few percent. 

Initial measurements in the empty chambers indicated that nearly twice as much radon would be required 
in Chamber 1 without ore dust in order to attain approximately equal Working Levels of radon-daughters in 
the two chambers. This was felt to be due to greater losses ofradon~daughters to the walls of Chamber 1 than to 
those of Chamber 2 which contained the ore dust. As a consequence, one radon generator was loaded with 
approximately 1.3 Ci ofradium and the other with approximately 0. 7 Ci. With a total air flow of 35 liters per 
minute through each chamber, these levels ofradium led to radon concentrations of 4.8 µCi/liter in Chamber 
1and2.5 µCi/liter in Chamber 2. 

Radon levels in the chambers were continuously monitored during exposures, and each chamber was 
sampled at least once during each exposure period for measurement ofradon-daughter concentrations, using 
a two channel alpha analyzer employing a solid state surface barrier detector. Concentrations of 
condensation nuclei were measured one or more times during each exposure period using a Gardner nuclei 
counter. These concentrations ranged from 2,000 to 24,000 per ml in Chamber 1 and from57,000to 130,000per 
ml in Chamber 2. 

When animals were first introduced into the chambers, measured levels of radon-daughters and 
condensation nuclei showed little change in the chamber containing the aerosol of radon-daughters with 
uranium ore dust (Chamber 2). However, in Chamber 1, without uranium ore dust, radon-daughters were 
found to be reduced by a factor of at least four from levels observed in the empty chamber. Condensation nuclei 
were reduced from approximately 19,000 to 2,000 per ml. The radon level in the chamber remained at 
approximately 4.8 µCi per liter, however, so it was decided to continue the animal exposures with unequal 
Working Levels ofradon-daughters in the two chambers. 

The animals were exposed in the two chambers for approximately 90 hours per week, in two continuous 45-
hourperiods. All animals were weighed biweekly, and exposures were continued until all the animals had died 
or were sacrificed when moribund. At death the nose, trachea, lungs, liver, spleen, and kidneys of each animal 
were retained for histopathological investigation. 

RESULTS 

Table 2 shows the mean weights plus or minus the standard error of the means for the mice in the control 
and in the two exposure groups at various times afterthe start of exposures. As early as 55 days after the start 
of exposures, both exposure groups showed significant weight loss; i.e., 22% reduction from control animal 
weights. Table 3 shows the same data for hamsters. In this species, the reduction in weight did not occur as 
soon after the start of exposures, but it was just as dramatic as exposures progressed. As observed in the mice, 
the weights of the hamsters exposed to radon-daughters with uranium ore dust show greater reduction from 
control hamster weights than do those exposed to radon-daughters without ore dust. The weight data of 
exposed rats shown in Table 4 tell the same story. Significant reductions from control rat weights were seen in 
both exposure groups by 55 days after the start of exposures, with the greater weight reductions occurring in 
the rats exposed to radon-daughters with ore dust. It is evident that all three species showed a marked weight 
loss in both exposure groups, with those exposed to radon-daughters plus uranium ore dust showing more 
drastic effects in all three species. 
Fi~re 2 shows the. surviva~ curves for each of the species exposed in Chamber 1, together with a curve 

~howmg ~he Cumulative Workmg Level ~ours (CWLH) of radon-daughters to which they were exposed. The 
mcrease m tl~e slop~ of the CWLH curve is a result of the radon-daughter concentrations increasing as the 
number of ammals m the chamber decreases. The radon level in the chamber remained at "\... 4.8 µCi/liter. It 
ci;in be seen that the first death, a mouse, occ~n;ed only 25 days after the start of exposures. The last animal to 
die, a hamster, had been exposed t? ove! 8 m1ll~on CWLH ofradon-daughters during the 178 days it survived 
after the start of exposures. The mice died ear her and at a faster rate than did rats and hamsters but as the 
exp?sures continued the p~rcent surviving showed little difference among the three species. ' 
. Figure 3 shows the survival curves for each of the species exposed to radon-daughters with uranium ore dust 
m Chamber 2. The nearly constant slope of the CWLH curve shows that the concentrations of radon
daughters in the chamber were little affected by the number of animals in the chamber. Half of the mice in this 
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group had died by 30 days after the start of exposures, compared to nearly 120 days before 112 of the rats and 
hamsters were dead. The first rat died 52 days after the start of exposures, at which time it had been exposed to 
'\. l.6 million CWLH ofradon-daughters. The last hamster to die had been exposed to 7 million CWLH during 
the 144 days it survived after the start of exposures. 

Table 5 shows the geometric mean survival times, and their 95% confidence limits, for the rats, hamsters, 
and mice in each of the two exposure chambers. All three species show significantly shorter survival times 
following exposure to radon-daughters with ore dust than they do following exposure to radon-daughters 
without ore dust. 

Histopathological examination of tissues from the rats, hamsters, and mice reveals varying degrees of 
radiation pneumonitis due to inhalation of radon-daughters. The characteristic septal fibrosis, alveolar 
lining cells sloughed into alveolar lumena, and invasion by macrophages, as well as the atypical nuclei of 
alveolar septal cells, are illustrated in Figure 4. In animals exposed to uranium ore dust with radon-daughters, 
one se~s a pulmonary response to particulate materials diagnosed as uranium ore pneumoconiosis. 
Macrophages laden with uranium ore dust, and the septa} fibrosis characteristic of this lesion are shown in 
Figure 5. Bronchiolar epithelial hyperplasia was commonly seen in the lungs of animals exposed to radon
daughters. 

Mice and rats seem less prone to the pulmonary lesions than hamsters, but are afflicted with quite severe 
lesions of the upper respiratory tract. Severe suppurative rhinitis and squamous metaplasia of nasal 
epithelium (Figure 6) was a common observation in the mice and rats used in this experiment. Dense exudate 
containing many neutrophils was seen in the nasal passages. Suppurative laryngitis and bronchitis were 
frequent observations in all three species, but were most severe in rats (Figure 7). Suppurative tracheitis was 
also quite common, and, in at least two mice, the tracheal epithelium had undergone a keratinizing squamous 
metaplasia (Figure 8). The squamous nature of the ordinarily columnar epithelial cells and the keratin layer 
are quite atypical of the trachea. 

Hamsters also had a high incidence of rhinitis and laryngitis, but had a higher incidence of pulmonary 
consolidation due to septal cell hyperplasia, interstitial pneumonitis, and macrophage proliferation. An 
additional lesion found with approximately equal frequency in rats and hamsters was an adenomatoid 
metaplasia of alveolar epithelium. This lesion was found in small foci in rat lungs, but involved large areas in 
hamster lungs. In two hamsters exposed to radon-daughters without ore dust, the lesion had undergone 
squamous metaplasia (Figure 9). In view of previous observations in hamsters, this lesion is considered pre
malignant; i.e., a stage just previous to epidermoid carcinoma. 

In all three species, the major differences between exposures to radon-daughters only and radon-daughters 
with uranium ore, seem to be the increased septa! fibrosis and macrophage proliferation in the latter. The 
uranium ore dust particles also seem to cause a slightly higher incidence of pulmonary emphysema and septa! 
cell hyperplasia than found in animals exposed to radon-daughters only. 

DISCUSSION 

This pilot study of the effects of inhalation of high levels ofradon-daughters, with and without concomitant 
uranium ore dust, by three rodent species has shown several interesting results. 

Exposures for 90 hours per week to radon-daughters ranging from 2,000 to 8,500 WL, with and without 18 
µg per liter uranium ore dust, caused marked life-shortening in all three species. Marked reduction in body 
weights occurred in all three species, with weight losses of30-50% of control animal values in all species after 3 
1/2 months of exposures. Mice exposed to radon-daughters and ore dust were particularly susceptible in terms 
of mortality, although the lungs of these animals showed very little pathological change. 

Classical radiation pneumonitis with alveolar septal fibrosis and occasional bronchiolar epithelial 
hyperplasia were the predominant deep lung lesions seen in all species. In contrast to hamsters exposed 30 
hours per week to 1,200 WL ofradon-daughters and uranium ore dust, proportionately more of the pathology 
was seen in the upper respiratory tracts of the hamsters in the present study. The contrast between markedly 
affected trachea and major bronchi vs. relatively little effects in deep lung was most evident in rats. Findings 
of severe suppurative laryngitis and bronchitis were frequent in rats, and may have been an important 
contributing factor to their death. These findings dictate further studies involving sacrafice and radioactivity 
analyses of tracheal and lung tissues to determine relative absorbed radiation doses at these sites for 
correlation with developing degenerative and proliferation changes of the respiratory tract in each species. 

Our next experiment involves exposures of rats, hamsters, and mice during five, 6-hour periods per week. 
This lowered exposure rate may allow the animals to live long enough for proliferative epithelial changes to 
progress beyond the stage of squamous metaplasia to possible invasive tumor formation. 
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TABLE 1. Experimental Design. 

Group Number of Animals Exposure (90 Hours per Week) 

1 

2 

3 

16 ofEach Species 

16 of Each Species 

10 of Each Species 

2,000-8,500 WL Radon-Daughters 

6,000-7,500 WL Radon-Daughters 
with Uranium Ore Dust (18 mg/m3) 

Controls(NotHousedinChamber) 

TABLE 2. Mouse Weights (Mean ±.S.E. in Grams). 

Days Since Start Daughters 
Of Exposures Radon-Daughters +Ore Controls 

0 27±.1 27±.1 28±.1 

55 25±.1 25±1 32±.1 

111 23.±.1 21 34±2 

132 19±.1 34±.2 

TABLE 3. Hamster Weights (Mean± S.E. in Grams). 

Days Since Start Daughters 
Of Exposure Radon-Daughters +Ore Controls 

0 117±3 120±.3 124±.3 

55 121 ±.3 119±4 128±4 

111 106±4 99±12 135±3 

132 93.±.8 68 136±.3 

TABLE 4. Rat Weights (Mean± S.E. in Grams). 

Days Since Start Daughters 
OfExposures Radon-Daughters +Ore Controls 

0 

55 

111 

132 

466±.9 442.±. 7 

479±9 439t10 

407±17 364±26 

401±23 321 

TABLE 5. Geometric Mean Survival Times 
(Days Since Start of Exposures 
With 95% Confidence Limits). 

Mice Hamsters Rats 

Radon-Daughters 94120 
73 

131149 
115 120132 

109 

Daughters+ Ore 4363 
29 

107116 
98 

105121 
90 
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544±12 

600±.14 

616±.15 



Figure 1. View of multi-species exposure chambers and glove box coni;aining the radon generators. 



Figure 2. Survival curves of rats, hamsters, and mice exposed to radon-daughters without concomitant 
uranium ore dust, together with a curve showing the Cumulative Working Level Hours of radon-daughters to 
vvhich they vvere exposed. 



Figure 3. Survival curves of rats, hamsters, and mice exposed to radon-daughters with concomitant 
uranium ore dust, together with a curve showing the Cumulative Working Level Hours ofradon-daughters to 
which they were exposed. 



• 
t ., 

Figure 4. Radiation pneumonitis in hamster lung showing characteristic septa! fibrosis, alveolar lining 
cells sloughed into alveolar lumena, invasion by macrophages, and atypical nuclei of alveolar septal cells. 
(H&E, 660X). 
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Figure 5. Uranium ore pneumoconiosis in a hamster lung showing ore dust laden macrophages and septa! 

fibrosis (H&E, 660X). 
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Figure 6. Suppurative rhinitis and squamous metaplasia of nasal epithelium seen in a mouse exposed to 
radon-daughters and uranium ore dust (H&E, 415X). 
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Figure 7. Suppurative laryngitis and bronchitis in a hamster (H&E, 660X). 
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Figure 8. Suppurative tracheitis in a mouse showing keratinizing squamous metaplasia of tracheal 
epithelium (H&E, 120X; Insert X540). 
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Figure 9. Squamous metaplasia of alveolar epithelium from the lung of a hamster (H&E, 330X). 
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EFFECT OF VENTILATION VARIABLES ON BREATH THORON OUTPUT* 

J.E. Ballou 
Biology Department 

Battelle 
Pacific Northwest Laboratories 

Richland, WA 99352 

Abstract 

The radioactive noble gas thoron (220Rn) was measured in the breath of dogs following intramuscular 
injection or inhalation of 22sTh enriched Th02. With increased ventilation the an:wunt o( exhaled thoron 
increased both in the injected dogs and in artificially ventilated lungs from dogs which had inhaled Th02. In 
general, thoron was washed from the lung more efficiently by the 71:ormal breathing ma:zeuvers of the. in~act 
dogs than by artificial ventilation of their excised lungs. It was possible, however, to obtain marked variations 
in the thoron output by imposing rather bizarre ventilation patterns on the artificially ventilated lungs. 

INTRODUCTION 

The radioactive gas thoron (220Rn) is a short-lived alpha emitting daughter product of the 232Th decay series. 
Typical of the noble gases, thoron is retained to only a small extent in biological materials, and is excreted 
from the body via the exhaled air. Since a fraction of the thoron produced in the body is exhaled, analysis of the 
breath has long been of interest as a bioassay procedure for determining the amount of parent thorium 
compound retained in man. Breath analysis is particularly attractive because of the ease of collecting sampl~s 
of the breath, and the high degree of sensitivity for detecting alpha radiation by conventional counting 
techniques. Breath analysis procedures are now available for detecting thoron in the range ofO.l pCi per liter 
of exhaled air (Hursh, et al., 1963). The detection limit for freshly inhaled natural thorium, based on breath 
thoron analysis, has been estimated by Tai-Pow (1969) to be 0.001 µ.Ci or only 0.1 of a maximum permissible 
body burden. 

It is of interest that past experience with human subjects administered Th02 (Thorotrast) has not shown a 
close agreement between the amount ofthoron exhaled and the body burden of thorium. The variations in the 
thoron:thorium ratio are due in part to differences in the distribution of the thorium deposit as well as 
differences in the metabolism of the 232Th decay products which alter the steady state amounts of the daughter 
products leading to thoron production. For example selective excretion or translocation of the Ra isotopes in 
the decay series 232Th+228Ra+22aAc.-228Th+224R~220Rn (thoron) may significantly alter the amount of 
thoron produced, and ultimately released to the breath from a fixed burden of 232Th. The ratio of breath thoron 
to thorium burden varied by a factor of 10 in Thorotrast patients studied by Tai-Pow (1969). Results from 
several laboratories compiled by Hursh (1967) show a variation of about 3-fold in the fraction of thoron 
released by the breath of a variety of Thorotrast patients. The values of the ratio appeared to be influenced by 
the anatomical site of the thorium deposit relative to the lung, by the age of the thorium deposit, and by 
physiological parameters including the ventilation rate of the subjects. In general, the large range in 
variability in the thoron:thorium ratio can be attributed to the short physical half-life ofthoron (55.6 sec) and 
the associated loss of thoron due to radioactive decay. As much as 90% of the thoron produced in the body may 
be lost by decay in the interval between its production and expulsion in the exhaled air. Losses of this 
magnitude are reported for predominantly nonpulmonary deposits of thorium, where thoron is produced 
systemically, diffuses into the circulating blood, and is transported via the blood to the blood-air interface in 
the lung. It is to be expected that breath thoron produced within the lung itself from inhaled thorium 
compounds would be less subject to decay losses, and probably influenced less by ventilation and distribution 
variables. Thus, measuring exhaled thoron may be particularly useful as a bioassay procedure for inhaled 
thorium burdens. In order to test this supposition, breath thoron was measured in dogs or their artificially 
ventilated excised lungs after inhalation ofTh02 aerosols. Ventilation was varied to simulate a wide range of 
breathing patterns in lungs containing either freshly inhaled or well aged deposits of Th02. 

METHODS 

The method of thori~m exposure a~d measurement was described in detail in an earlier publication by 
Ballou, et al., (1972). Bnefly, anesthetized dogs were administered by injection or inhalation of a Th02 dust 
enriched in 228Th; the thoron ~n the breath was measured ~sing a modification of the detector system developed 
by Hursh, et al., (1963). In this procedure, breath thoron is adsorbed on a cold activated charcoal surface and 
the .alpha disi~tig~ations .are. detected with a NaI crystal faced with a ZnS screen. The lungs which ~ere 
sub)ected to artificial ventilat10n were removed at necropsy in an expanded condition and were maintained in 
a humid atmosphere at 37°C in a plastic box (artificial thorax) about 1 fta in volume'. Artificial ventilation of 
the excised lung was accomplished by negative pressure breathing using a respiratory pump to vary the 

*This paper is based on work performed under contract with the United States Atomic Energy Commission at 
the University of Rochester Atomic Energy Project and has been assigned report number UR-3490-298. 
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frequencY: a~d depth of ~he pressure excursions within t_h~ box. A second pump was employed to maintain the 
desired mmu~um negative box pre~sure, and thus the mmimum lung expansion at end expiration. Ventilation 
freq~ency, mmute volume ~nd_ residual yolume were va~ied during artificial ventilation. Thoron exhaled by 
the m~act dog or by the. artific.ially ve~tilated lung was mtroduced into the detector system (Figure la,b) and 
quantitated by comparison with a calibrated thoron source as described earlier by Ballou, et al., 1972). 

RESULTS AND DISCUSSION 

The data in Table 1 illustrates the stability of the detector system during a series of 13 consecutive 
measurements using a 228Th stearate thoron source prepared according to Hursh, et al., (1966). Breathing 
through the thoron source was simulated using a respiratory pump. Since the dead space within the 22sTh 
stearate source was small ("-IO ml) compared to the tidal volumes employed, losses due to radioactive decay 
were negligible and the washout of thoron produced within the source was complete for ventilation rates 
ranging from 0. 75 to 2.62 liters per minute. After each measurement, the detector system was purged with air 
for 10 minutes to clear the system of thoron and allow time for the thoron to decay on the charcoal collecting 
surface. The detector efficiency was maintained satisfactorily, during this comparatively long series of 
consecutive measurements, as illustrated by the reproducibility of the source counts. 

Also shown in Table 1 are data for two dogs (Dog M3 and Dog M4) injected intramuscularly with Th02 one 
month before exhaled thoron was measured. Again, the measurements were made consecutively on the same 
day for a given dog. Increasing the ventilation rate of Dog M3 by pressing on the chest, increased the thoron 
output by about 114. The observed increase in thoron output with increased ventilation is similar to that 
reported by Tai-Pow (1969) for Thorotrast patients containing systemic burdens ofTh02. The response of Dog 
M4 to changes in ventilation was ambiguous in that hyperventilation induced by breathing C02 brought 
about an apparent decrease in exhaled thoron. Furthermore, although ventilation remained elevated about 
50% after C02 was replaced by02,the amount ofthoron collected from the breath remained at the normal level. 
These results suggested that high concentrations of C02 in the air stream may have impaired the detector 
efficiency. This was confirmed, also in Table 1, when the 228Th stearate source was purged with C02. The 
source count was reduced roughly an order of magnitude when C02 was employed. The detector did not 
recover completely after the usual post-measurement purging with air indicating that a high level of C02. 
such as employed here, may interfere with thoron gas adsorption. 

Preliminary studies with anesthetized dogs showed that ventilation changes could be fairly easily induced, 
but they could not be controlled or sufficiently prolonged to permit satisfactory measurement of exhaled 
thoron. Uniform breathing for a period of 6 minutes was required for an adequate measurement. For this 
reason, an in vitro system employing excised lungs in an artificial thorax was investigated as a means of 
varying ventilation under controlled conditions for extended periods of time. 

The values in Table 2 compare thoron washout efficiencies for anesthetized dogs and their respective 
excised lungs at various times after inhalation ofTh02. Washout efficiency was calculated as the ratio of the 
breath thoron (normalized to a ventilation ofl l/min) and the 228Th burden in the dog orisolated lung. Since 
these dogs were administered Th02 by inhalation, essentially all Th02 was retained in the lung and 
tracheobronchial lymph nodes. It should be made clear, however, that thoron is not produced directly by 228Th 
decay, but rather is the daughter of 224Ra (Ty2= 3.64 days) a decay product of 228Th. Therefore, 224Ra in tissues 
other than lung contributed thoron to the dog's breath in excess of that produced solely from 224Ra in the lung 
per se. In these animals, from 15 to 28% of the 224Ra was translocated from the site of 228Th deposition in the 
lung. The major extra pulmonary sources of thoron, which contributed to the higher thoron washout efficiency 
generally observed for the dogs in Table 2, was the gastrointestinal tract during the early post-exposure phase 
of lung clearance and the skeleton at later time periods. The quality of ventilation of the excised lung, that is 
the extent to which artificial ventilation reproduced ventilation of the lung by the intact dog, can not be 
directly inferred from the washout efficiencies because of the extrapulmonary sources of thoron. It is 
interesting, however, that although the lung was depleted as much as 28% in thoron precursor (224Ra)~n ~ome 
cases, fairly close agreement in washout efficiencies was still obtained for the intact dogs and artificially 
ventilated lungs in Table 2. It is apparent that the major part of the exhaled thoron must have originated from 
224Ra in the lung in both the in vivo and in vitro preparations. 

Probably the maximum ventilation effect on thoron washout to be expected is illustrated in Table 3 which 
summarizes the effects of radical changes in the depth and frequency of breathin~ of. the excised_ lungs. 
Normal lung expansion, as judged by the size of the inflated lung at necropsy, was mamtame~ by ".a~Y:Ingthe 
artificial thorax pressure over the range of -1 to -4.5 inches of water. The lung was respired m1tially at 
approximately the same rate as the anesthetized dog, usually 12 to 15 breaths/minute; however, the dog's 
breathing frequency varied considerably depending on the state of anesthesia. 

By manipulating the base line negative pressure in the box at end expiration, it was possible to control the 
residual volume in the lung, and investigate the effect of ventilating a fully expanded _lung (lung 1), or a 
partially filled lung (lung 2) shown in Table 3. In both cases thoron washout was less efficient than when ~he 
lungs were ventilated within the normal pressure range. It seems clear that these exaggerated brea_thmg 
maneuvers did not effectively ventilate the thorium deposits, or more accurately, the thoron sources m the 
lung parenchyma. It should be noted that the breath thoron recovered from Lu~g 1 (taken from Dog 1, Table 2) 
was only about 1/5 of that expected, possibly because of losses due to leaks m the system. 
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Increasing the frequency of respiration (lungs 3-6) was expected to yield maximum thoron washout since 
total ventilation increased and losses due to radioactive decay in the lung were minimized by decreasing the 
residence time of thoron in the lung. The total amount of thoron did generally increase as expected; however, 
only marginal increases or slightly decreased efficiency was observed - apparently because the quality of 
ventilation changed during rapid breathing. That is to say, the tidal volumes decreased at the higher 
frequencies, indicating that the lung was not able to fill and exhaust to the fullest extent during the limited 
time period between pressure changes within the aritficial thorax. Controlling the box pressure did not, 
therefore, control ventilation when the physical capacity of the lung to respond was exceeded. 

Slower breathing (also lungs 3-6) was expected to decrease thoron washout by decreasing total ventilation 
and increasing thoron decay losses during the more prolonged breathing cycle. The expected decrease in 
thoron washout was observed in all cases. Furthermore, washout efficiencies decreased during slow breathing 
in all but one case (1 ung 3), and exhibited marginally higher values than rapid breathing in two cases (lungs 3 
and 4). Although total ventilation decreased at the lower breathing frequencies the tidal volumes were 
generally greater since the longer breathing cycle permitted maximum filling and exhausting of the lung 
contents. Ventilation of the deep lung was undoubtedly improved by slow breathing as evidenced by the 
greater tidal volumes. A corresponding increase in breath thoron was not seen, however, because the residence 
time in lung was prolonged and more thoron was lost by decay. 

CONCLUSIONS 

The supposition that the amount of breath thoron released from inhaled thorium burdens would be 
relatively independent of variations in ventilation was not supported by the results of this study. Rather to the 
contrary, the artificially ventilated lungs which contained inhaled Th02 released comparatively more thoron 
in response to increased ventilation than either the dogs injected intramuscularly (Table 1) or the human 
Thorotrast patients studied by Tai-Pow (1969). It is apparent in the latter two cases that the amount ofthoron 
exhaled in the breath was limited by the concentration of the radionuclide in the blood and the capacity of 
thoron to diffuse from the blood into the lung air spaces. It is conceivable, therefore, that a significant increase 
in ventilation could rapidly deplete the available thoron in the lung space and lower the thoron concentration 
in the exhaled air. This effect was observed to some degree in both the injected dog M3 and in the Thorotrast 
patients. The extreme case, illustrated by the thoron source in Table 1, demonstrates the complete lack of effect 
ofincreased ventilation when thoron was produced at a constant rate, and the total amount was washed out by 
less than maximum flow rates. The opposite relationship was observed in the lungs containing inhaled Th02. 
Although the amount ofthoron generally increased as breathing frequency increased, the washout efficiency 
also increased, or remained relatively unchanged from the values obtained under more optimum breathing 
conditions. This probably means that total washout of the thoron produced in the lung was not achieved 
during artificial ventilation, and apparently was not achieved by at least two of the intact dogs shown in Table 
2 (Dog 5 and Dog 8). This should be expected during normal breathing where only a fraction of the air in the 
lung is replaced during each breathing cycle. It should be mentioned that the animals employed in this study 
were anesthetized during thoron measl!-rement and breathing was somewhat depressed from the normal 
ventilation value of about 2 L/min for a IO kg dog. 

From the practical viewpoint of bioassay for thorium burdens, the increased washout of thoron with 
increased ventilation has the advantage of increasing the sensitivity of thorium detection. It seems apparent 
also that the volume breathed should be recorded since the concentration of thoron relates best to the thorium 
burden. Assuming that the relationship between thoron concentration in the breath and the thorium lung 
burden remains fairly constant as in Table 3 (expressed here as washout efficiency), there may be an 
advantage in collecting exhaled thoron under maximum breathing conditions. This possibility is also 
suggested by the work of Tai-Pow (1969), who found the relationship between breath thoron concentration and 
thorium body burden to be less dependent on breathing rate than was the actual amount ofthoron exhaled by 
his thorotrast subjects. 
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TABLE 1. Effect of Changes in Breathing Pattern on Exhaled Thoron. 

Exhaled 
Ventilation Frequency Tidal Volume Thoron 

Thoron Source (L/Min) Respiration/Min (ml) Counts/Min 

228Th Stearate(a) 1.67 (4) + 13 128.5 3,606 ±.171 
2.62 (4) 13 202 3,685 :t..125 
0.76 (4) 13 58.5 3,330 ±. 240 
1.67 (1) 13 128.5 3,790 

Dog M3(b) 
Normal Breathing 0.95 12 79 3,973 

Chest Constricted 1.27 20 63.5 3,766 

Normal Breathing 0.87 11 79 2,786 

Dog M4(b) 
Normal Breathing 0.89 9 99 11,081 

Breathing C02 2.06 25 82.5 3,964 

Breathing 02 1.24 10 124 10,417 

Normal Breathing 1.40 16 87.5 12,137 

228Th Stearate(a) 
Purged with Air 1.43 13 110 3,686 

Purged with C02 1.43 13 110 445 

Purged with Air 1.43 13 110 3,192 

(a) 22BTh stearate was enclosed in a container with approximately 10 ml dead space as 

described by Hursh, et al., (1966). 

(b) Dogs were injected intramuscularly with Th02 approximately 30 days before 
measurements. 

+Number of measurements in parenthesis. 
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TABLE 2. Comparison of Normal and Artificial Ventilation 
on Thoron Washout from the Lung. 

Days After Ventilation Breath Thoron 22BTh Burden Washout Efficiency 

Th02 Inhalation (L/Min) (nCi) (nCi) (nCi Thoron/L/Min/nCi 228Th) 

Dog 1 3 1.49 38.2 354(a) 0.0724 

Excised Lung 0.68 7.95 352 0.0332 

Dog2 3 1.82 10.04 101.3 0.0545 

Excised Lung 1.88 8.885 101 0.0465 

Dog 3 7 0.98 8.95 98.6 0.0926 
Excised Lung 1.11 7.19 96.4 0.0672 

Dog 4 7 1.22 3.41 28 0.100 
Excised Lung 1.15 2.16 27.6 0.0681 

Dog5 30 1.53 1.196 13.7 0.057 
Excised Lung 0.90 0.726 13.6 0.0594 

Dog6 91) 1.33 0.749 7.2 0.078 
Excised Lung 1.44 0.676 7.2 0.0652 

Dog 7 150 1.09 36.6 362 0.0928 
Excised Lung 1.64 37.4 305 0.0749 

Dog8 150 1.61 0.802 6.97 0.0715 
Excised Lung 1.61 1.08 6.93 0.097 

(a) The burden for Dogs 1-8 excludes 228Th in pelt and gastrointestinal tract. 

TABLE 3. Ventilation Effects on Thoron Washout 
from the Artificially Ventilated Lung. 

Days After Frequency Tidal Vol. Ventilation Box Pressure Breath Tn Washout Efficiency 
Exposure (Resp/Min) (ml) (L/Min) (inches Water) (nCi) (nCiTn/L/Min/nCi 228Th) 

Lung 1 3 12 56.6 0.68 -1.1 to -5.2 7.95 0.033 
(352)(a) 20 40.5 0.81 -5.0 -9.5 3.86 0.014 

Lung 2 150 12 137 1.64 -1.1 -4.7 37.4 0.075 
(305 13 94.8 1.23 -1.6 -2.7 16.6 0.044 

12 114 1.37 1.2 -5.7 40.2 0.096 
13 108 1.40 -1.1 -4.6 33 0.077 

Lung 3 3 13 144 1.88 -1.4 -4.0 8.85 0.047 
(101) 31 70.5 2.18 -1.5 -4.2 11.9 0.054 

42 55.7 2.34 -1.5 -4.2 11.53 0.049 
6 204 1.22 -1.2 -3.8 6.29 0.051 

13 141 1.83 -1.2 -3.8 8.8 0.048 

Lung4 7 13 88.5 1.15 -1.1 -4.4 2.16 0.068 
(27.6) 18 65.5 1.18 -1.4 -4.6 1.72 0.053 

20 61 1.22 -1.5 -4.9 1.84 0.055 
7 84.4 0.59 -1.3 -4.8 0.896 0.055 

Lung 5 90 12 120 1.44 -1.1 -4.1 0.676 0.065 
(7.2) 20 76 1.52 -1.1 -4.2 0.735 0.067 

5 234 1.17 -1.1 -4.2 0.443 0.052 
12 124 1.49 -1.1 -4.2 0.574 0.054 

Lung 6 150 40 40.3 1.61 -1.1 -4.2 1.08 0.097 
(6.93) 13 85.5 1.11 -1.2 -4.2 0.652 0.085 

6 128 0.77 -1.1 -4.2 0.407 0.076 
37 39.2 1.45 -1.2 -4.2 1.24 0.123 

(a) Values in parenthesis are nCi 228Th in the lung. 

- 524 -



1 

2 

3 

4 5 

16 
13 

15 

Lung Mode 

9 

1't==q~12 
I \ \~ 10 

I t l1 
I \ Calibration Mode 

I I 
I \ 

I I 
I \ 

' 

Dog Mode 

Figure la. Thoron Measurement Apparatus. (See Figure lb for numerical breakdown of above.) 
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Figure 1 b. Thoron Measurement Appratus. 

1. To scaler 
2. Thoron detector 
3. To constant flow pump (4 l/min) 
4. Dry ice-alcohol bath 
5. Drying tube and C02 absorbant 
6. Balloon air reservoir 
7. To respiratory pump 
8. Thoron source (228Th stearate) 
9. Pneumotachograph 

10. Two-way Douglas valve 
11. To pressure transducer and polygraph recorder 
12. To spirometer air reservoir 
13. Thermometer 
14. Pressure gauge 
15. Blood pressure transducer 
16. To polygraph recorder 
17. To pressure balance pump 
18. To respiratory pump 
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A REVIEW OF THE URANIUM MINER EXPERIENCE IN THE UNITED STATES 
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Abstract 

Mi'!'ing of ura'!iur;i. ores on a very small sca_le bega.n in the United States in 1898. In 1948 mining of uranium 
ores increased significantly as a result of the increasing demands of the atomic energy program, particularly, 
the weapons program. It was well-known that radioactivity was associated with uranium ore and potential 
health hazards had been identified as early as 1921. It was then suggested that the large number of lung 
cancers found in the Schnee berg miners could possibly be caused by ionizing radiation. 

Radiation exposure to the lungs of uranium ore miners comes about because of varying concentrations of 
radon decay products in the mine atmosphere. Measurements of the· amount of radioactivity in mine 
atmospheres began in the United States in 1950 and between 1951 and through 1968, approximately 43,000 
measurements were made in about 2,500 uranium mines. 

Periodic medical surveys were made starting in 1950, but it was not until 1954, that a concerted effort was 
made to examine all miners. At this time an epidemiological study was begun by the U.S. Public Health 
Service to determine the effects of uranium mining with particular emphasis on the problem of lung cancer 
induction. 

The study of the miners, the results of which have been published, revealed a distinct and somewhat 
dramatic increase in lung cancer. This increase has been ascribed to the radiation exposure to radon
daughters. Because of the presence of a number of other potential occupational carcinogens in the dust of 
underground mines there has been some question as to whether radon and radon-daughters constitute the 
principal cause of increased lung cancer risk among these miners. However, the hypothesis that radiation 
exposure at least was a major contributor to the excess of lung cancers found in the miners cannot be 
disregarded and must be accepted pending more definitive data. 

INTRODUCTION 

In this review of the uranium miner experience in the United States, I will not dwell upon detailed statistical 
analyses of data concerning numbers of cases or numbers of measurements, nor will I discuss histological 
types of cancer. Instead, I will give enough data and, hopefully, enough background information, as well as 
information as up-to-date as I could find, in order to allow for some interpretation and general thoughts about 
what the uranium miner experience in the U.S. has been all about. 

I will present no slides of charts, tables, or graphs. These may be found in great profusion in the several 
reports published on the subject. I am greatly indebted to these reports for much of the material I will present 
here. (See References Section.) 

DISCUSSION 

Pulmonary disease was noted among miners of ores containing uranium as early as 1597 by Agricola. The 
mines were located in the Erg Mountains of Central Europe in the J oachimstal and Schnee berg mining areas. 
With the beginning of modern pathological techniques in the 19th century, much of the pulmonary disease 
unique to the miners was identified as lung cancer. This high occurence of lung cancer among these miners 
was attributed to the high radiation levels in the mines by several authors (Ludwig, 1924; Hueper, 1942; Sikl, 
1950; and Lundin, et al., 1971). 

The mining of uranium ores on a very small scale began in the United States in 1898. In 1948, the mining of 
uranium ores increased significantly as a result of the increasing demands of the atomic energy program -
particularly the weapons program. 

In a period dating from July 1950 through September 1968, a total of 509 deaths occurred among 
approximately 4,200 miners. In this group, there were 437 deaths among approxim~tely 3,400 white min~rs 
and 72 deaths among approximately 800 non-white miners. The expected .deaths (usmg a general populati~n 
of the same area) would have been 277 among white and 90 among non-white. Thus, Vl'.e note th_'.1t the dea~hs m 
the white miner population are about double the normally expected death rate! while there ~s no particular 
difference in the non-white miner population. Certainly an increase of the m.agmtude of doubling a deat~ r_'.1te 
must stimulate an interest concerning the causes or uniqueness of the enVIronmental factors of the mmmg 
situation. 

In 1949 a few radon measurements were made in the mines. Beginning in 1950, the U.S. Public Health 
Service a~d the Colorado State Health Department began taking samples of radon in mines. The real 
significance ofradon-daughters in the atmosphere was not known at this time. Sampling ofradon and ra.don
daughters has continued through the subsequent years with attempts to s~mple the atmosph~res o~ all mm es. 
From 1951through1968, approximately 43,000 measurements were made m about 2,500 uranium mm es. 
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Periodic medical surveys were made, starting in 1950, but it was not until 1954 that a concerted ~ffort was 
made to examine all miners. At this time, an epidemiological study was begun by the U.S. Pubhc Health 
Service to determine the effects of uranium mining with particular emphasis on the problem of lung cancer 
induction. In 1971, approximately 150 cases of lung cancer wer~ reported ~mong u~anium miners. 

Because of the presence of a number of potential occupational carcmogens m t~e dust of ~n~erground 
mines there has been some question as to whether radon and radon-daughters constitute the prmcrpal cause 
ofinc;eased risk among these miners. Pertinent to this issue is the fact that underground mining per se does 
not necessarily lead to an increase oflung cancer risk, a fact that has been well documented for underground 
coal miners in the United Kingdom. A recent study has investigated 5,500 potash miners in New Mexico, 
working in mines not associated with elevated concentrations ofradon-daughter products in the air, and has 
shown no increased risk in such below-ground miners as compared with above-ground workers. (In both 
groups excess cigarette smoking could account for the increased lung cancer compared to the general 
population.) It is pertinent to point out that in those mining operations where a significant increase in 
respiratory cancer has been associated with inhalation of radon and its daughter products, the mineral 
constituents being mined were widely variable. Besides the uranium mines in Europe and the U.S.A., 
underground metal miners, fluorospar miners, and hematite miners have shown an excess respiratory cancer 
risk. In each of these populations, there was occupational exposure to elevated concentrations of radon which 
was also present in the mines. Thus, whether or not other agents such as arsenic, uranium, or fluoride may 
have been present in the air, the one constant relationship in these groups has been radon-daughter exposure 
and the incidence of lung cancer. In the early studies of the Bohemian pitchblende industry, some of the 
employees in milling operations developed lung cancer, as did miners, but their exposures to radon and radon
daughters, while probably significant, are not known with accuracy. In the U.S., uranium mill workers have 
not experienced an increased risk of lung cancer (presumably because good ventilation minimizes their 
exposure to radon-daughters). 

Although most of the evidence relating radiation exposure to lung cancer in man pertains to internally 
deposited alpha-emitting radionuclides, such as radon-daughters and thoron and its short-lived daughters, 
there is some evidence of an excess lung cancer rate in individuals exposed to gamma- and x-radiation. Among 
the survivors of the atomic bombing in Hiroshima and Nagasaki, data are now available for the period up to 
1970, which show the relative risk of cancer of the tracheobronchial tree for the period of 1955 to 1970 to be 1.4 
times higher for doses of 10 rads or more than for lower doses. Difficulties exist in interpreting these data, 
however, one of which is the fact that the control group (i.e., those farthest from ground zero) the observed 
overall cancer rate was 50% higher than that expected for the Japanese at large. In addition, there is the 
question of neutron irradiation in the exposed individuals, which may have contributed signifi_cantly to the 
observed effects in view of the possibly high RBE of this component of the total dose. 

An approximately two-fold increase in the relative risk of lung cancer was observed in the study by Court
Brown and Doll of patients with ankylosing spondylitis treated with x-ray therapy. In these cases, large 
doses of x-rays were delivered to the spine, and doses to the bronchial epithelium were estimated to average 
about 400 rads. 

In a study of patients with tuberculosis, whether active or inactive, an increase in lung cancer of from 5- to 
10-fold was found in comparison to the incidence in the general population. The possibility has been raised 
that the patients may have been exposed to fluoroscopy during treatment of the disease, and that this may 
account for their increased risk. In the absence of specific exposure information, however, and in view of the 
fact that there could also be a relationship between tuberculosis itself and the likelihood of developing lung 
cancer, little emphasis can be given to this study at present. 

The incidence oflung cancer in x-ray technicians has been compared with that in pharmacy and medical 
technicians in the U.S. military service during World War II. Out of approximately 13,000 individuals who 
were present in both groups, 17 deaths from respiratory cancer were observed among the x-ray technicians as 
compared with four among the other groups. This difference is highly significant, but when the groups were 
compared with appropriate U.S. mortality statistics, a total of 12.4 cancers was expected from the x-ray 
technicians, which was not significantly lower than the 17 cases observed. Thus, the difference between 
groups may be due primarily to a decreased lung cancer incidence among the pharmacy and medical 
technicians, which is paradoxical and complicates interpretation of the data. 

The various studies just cited tend to show that no matter what the source of radiation may be there is 
circumstantial evidence of an increased risk of development oflung cancer from radiation exposure. ' 

The experience through 1969 for all of the various underground mining groups in which an increased risk of 
cancer has been fou~d, was summarized by Lundin, Wagoner, and Archer. Central to an interpretation of data 
from underground mmers are a number offundamental issues, which include the following: 

(1) What exposures to radon-daughters have actually occurred? 
(2) What is the rad dose to the critical cells from radon-daughters in the air? 
(3) Is an increased risk observed at a dose rate below that equivalent to continuous occupational exposure to 

one working level ofradon and radon-daughters? 
( 4) Is the dos~-response curve at ~ow doses Iine8:r, is it concave downward (i.e., giving a higher risk per rad at 

lower cumulatiye doses than at higher cumulative doses), or is there a true threshold for cancer production 
from a cumulative dose? 
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Considerable effort has .been mt;tde to evaluate.the radia~ion exposures of the various groups of miners in the 
Colorado Plateau are~, with p~rt1cular empha~1s on prev10us underground mining experience not included in 
the category of uranium mmmg (a substantial number of the miners had such experience). Absent or 
infrequent samplings of air of some of the mines, especially in the early exposures prior to 1950 make 
~stimates of cu1?1u~ative dos~ o.nly approximate .at best; but it is unlikely that these estimates can be ~eatly 
1mprov~d at this ?me, and it is probable that ii;i the aggregate the estimates of exposure are adequate to 
determi!le trends m.the data. It should be ~ri;iphas1zed that among the~e miners the dose rate was quite high in 
companson to thatm some of the other mmmg groups (about 10 workmg levels on the average). One "working 
level" (WL)_in :iiris defined as any combination of short-liyed radon-daughters (through Po-214, RaC') leading 
to total emission of 1.3 x 105 MeV of alpha energy per hter; the cumulative measurement of working level 
month (WLM) is defined as exposure at the rate of 1 WL for 170 hours. There has been criticism of the WL as an 
exposure index, because the state of equilibrium of the various nuclides in the chain is critical, especially with 
regard to the fraction present as free ions. This latter criticism remains valid, but it is fair to say that samples 
of mine air usually show relatively little contribution of unbound radon-daughters. 

Estimates of the rad dose per WLM for basal cell layers of different segments of the bronchial epithelium 
have varied widely, from less than 0.1 rad per WLM to as much as 20 rad per WLM. A critical factor in these 
estimates is the thickness of the epithelial and mucous layers, an uncertain quantity in smokers with some 
degree of chronic bronchitis. The unpublished studies of Gastineau indicate that the normal epithelium of 
segmental and more proximal bronchi, where most radiogenic cancers have arisen, is thicker than had 
previously been assumed. 

On the basis of the present evidence, 1 rad per WLM is probably close to the upper limit for a reasonably 
uniform dose to the basal cell layer of the epithelium of the larger bronchi on a probabilistic basis. In the 
presence of existing chronic bronchitis, the dose factor may well be substantially lower, owing to increased 
thickness of the mucous layer as well as of the epithelium. 

So far as a limiting dose rate is concerned, the question is whether continuous exposure to less than 1 WL 
has been found in miners to be associated with increase in lung cancer risk. The problem is related to the 
possible influence of dose rate in latent period, and if latent periods of 20 to 30 years are found at the lowest 
exposures, no mining group has been under observation with known exposures at these levels for a long 
enough time to provide a definitive answer. The metal miners studied showed a cancer rate about three times 
that expected, with exposures at the time of the study well below a concentration of 1 WL, but this study 
indicates that earlier exposures before the mines were ventilated may well have been higher. The hematite 
miners studied, who have shown a risk of about 1.7 compared with controls, worked in mines where the radon 
concentrations are equivalent to WL concentrations of 1 WL or less, but until measurements of actual radon
daughter exposures and the influence of the hematite itself are determined, no final conclusion is possible. For 
the Colorado Plateau uranium miners in the lowest cumulative WLM exposure category whose dosage was 
usually received from several short periods of high working level exposures, no significant excess of cancer 
has appeared as yet. At present, the fact that the lowest exposure group shows only a slight increase in cancer 
rate above that expected makes the Colorado Plateau group inadequate to resolve this issue of the presence of 
a true threshold. Inspection of the composition of the study population indicates that the population at risk in 
this dose range (120 WLM) is now so small as to make it unlikely that even future follow-up will settle the 
matter. 

There has been observed in the U.S. Colorado Plateau workers an inverse relationship between cumulative 
radiation dose and the latent period for cancer after initial exposure in the mines, but this effect is not very 
striking at the present time. The relationship of cigarette smoking to the latency period for lung cancer among 
uranium miners is not known. 

A large body of experimental work has now been assembled relating the occurrence of lung cancer to 
ionizing radiation in animals. Although lung tumors are readily induced in animals by radiation exposure, 
not all of these may be relevant to the human disease, since peripheral adenocarcinomas are much more likely 
to occur in animals from whatever inciting stimulus is applied than are tumors comparable to squamous cell 
tumors in man. 

For alpha-emitters the lowest cumulative dose at which a rise in lung cancer has been observed 
experimentally was in rats given polonium-210 with a sodium chloride aerosol by inhalation. In this 
experiment, one squamous cell cancer occurred after 70 rads cumulative mean lung dose, and the ~ose
incidence relation was approximately linear at higher doses. For beta-emitters, the lowest dose associated 
with cancer induction was approximately 600 rads, in rats given cerium-144 salts by intratracheal 
installation. In these experiments, the dose-response curve appeared to be curvilinear (concave upward). An 
inherent difficulty in animal experiments, of course, is the short life span of the small rodent~ usually used; 
and, thus, the fact that only the c;mcers with short latent periods may be detecte~ by this approach, a 
limitation which might be expected to produce a curvilinear d?se-response curve of the ~md observed.. . 

A recent study reported in April 1973 concerning the effects m hamsters exposed to simulated .uramum mme 
atmospheres showed invasive squamous cell carcinoma in a few hamsters receiving 6-hour daily exposure to 
1,200 WL ofradon-daughters with and without uranium ore dust for periods of.15to17 months. . 

The extensive studies of the U.S. uranium miners have attempted to estabhsh as accurately as possible the 
exposure of each miner expressed in terms ofWLM (working level month) defined as exposure to one worki~g 
level during 170 hours each month, which corresponds to a probable dose of 1-2 rads to the bronchial 
epithelium. 
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The mortality experience of the white underground miners from 1950 to 1968 compared with that expected 
in the population of the four states shows an excess number of deaths (60 percent above expectation) -
essentially due to a larger than expected numbers of violent causes (by 145 percent),_ and .of lung cancers (by 
almost 500 percent). The mortality experience of the much smaller group of non-white mmers over the same 
period is insufficient (72 deaths in all) to be infor~ative.. . 

The grouping oflung cancer cases in the uramum mm es have generally been expressed m terms of WLM, 
that is· less than 120 WLM 120-359 WLM, 360-839 WLM, 840-1,799 WLM, l,800-3,719WLM and greaterthan 
3,720 WLM. There is an ex'cess number of lung cancer cases in the uranium miners in all of the categories 
above120WLM. 

The major uncertainty within the studies lies in the assessment of the. exposure to the_ individual mi~ers. 
This for the most part is due to the fact that large numbers of very small mm es were operatmg at any one time. 
There were 450 mines employing an average of2 miners in 1950, 850 mines with 3 miners in 1957, and 533 with 
an average of 5 miners in 1966. While the quality of the measurements made in the mines was considered to be 
good, the frequency of measurements was very unevenly distributed. In only,5 mines were more than 5 radon
daughter measurements made in 1950. 177 mines had measurements in 1962 and 110 in 1968. In many mines 
only one or two measurements were ever made. Thus, measurements often had to be inferred from 
circumstantial evidence, since actual measurements were not available. Since the amount ofradon-daughters 
in air depends on many variables, including ventilation, meteorological conditions, and the quality of the ore, 
it is not possible to evaluate the errors that may have been involved in assessing the exposure of any 
particular miner. 

An additional difficulty in interpreting the results arises from the fact that most of the miners included in 
the study were cigarette smokers. This difficulty can to some extent be circumvented by comparing the 
mortality in the miners with that in the population of the four states adjusted according to smoking habits as 
well as according to the factors mentioned previously. While the excess mortality over the expected mortality 
adjusted for smoking was somewhat reduced, the relation of the excess to the exposure remained basically 
unchanged. 

The studies of the uranium miner experience in the U.S. show a definite increase in lung cancer risk in 
miners exposed to 120 working level months and above. They also demonstrate an over-all increase in 
mortality from all causes. The increases in mortality and in lung cancer risk have been demonstrated by a 
variety of analytic methods. Cigarette smoking, while possibly a factor in increasing the hazards of lung 
cancer, does not account for the excess lung cancer found in uranium miners. Approximately 78 percent of the 
miners were smokers, 22 percent non-smokers.Well over 90 percent of lung cancer deaths occurred in smokers. 
This would tend to indicate that cigarette smokers are particularly susceptible to lung cancer when exposed 
to the additional hazard ofradiation exposure in the mines. 

Uncertainties remain in an over-all evaluation of the uranium miners experience. Primarily, these are 
uncertainties concerned with physical measurements of mine air, the physical and physiologic processes in 
the lung, the possible interaction among several potentially harmful contaminents, such as radiation, diesel 
fuel, cigarette smoking, other ore dusts, and the unknown specificity of the causality of cancer in man. 

In spite of these uncertainties, the evidence gained in the evaluation of the uranium miner experience in the 
U.S. leads to a summary of this report by quoting from the conclusions of the August 1968 Report of an 
Advis~ry Committee of the Division of Medical Sciences, National Academy of Sciences, National Research 
Council, as follows: 

(1) "T~ere app~ars to be a causal association between lung cancer and exposures of approximately 1,000 
cumulative workmg level months (CWLM) and higher." 

(2) "There is a statistically significant increase in the lung cancer risk for miners with approximately 100 to 
400 cumulative working level months exposure." 

(3) "The hypothesis is favored that radiation exposure at least contributed to the excess lung cancer 
observed in the miners in the 100 to 400 CWLM category." 

. I believ~ that with the evid~nce a! hand th.ere can he. little doubt !hat exposure to radon and radon-daughters 
m the environment of a uramum mme certainly contnbutes to an increased risk oflung cancer induction after 
an unknown period ofrelatively constant exposure. 
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Abstract 

Natuffil r;ns rnn lains uarying amounts of radon-222 which becomes dispersed within homes whe"! natural 
pas is usl'd in 11111·,·11/cd appliances, such as kitchen ranges and SJ?ace heaters., The average ~ose equwalen.t to 
the bronchial "pit hl'lium of an individual from use of natural gas m these appliances was estimated for typical 
rxpnwrc co11ditiu11s to h<' 0.015 and 0.054 rem per year respectively. When extrapolated to the United States 
population al risl1, the estimated population tracheobronchial dose equivalents were 1,874,000 and 854,000 
prrsnn rems pl'r yl'a r for these appliances, or a total of 2, 728,000 person-rems per year. 

A r<'l'il'U' of l':rposure conditions, lung model parameters, dose conversion factors, and health effects data 
indicated this population dose could possibly result in up to 15 deaths per year. For perspective, the 
concentrations nnd health effect consequences from use of natural gas containing radon were compared to 
current radon ;.;uides, natural background radon, and normal lung cancer mortality statistics. These 
comparisons indicated that natural gas radon represents about 0.9 to 1.5 percent of the guide of 0.33 pCi!l 
drril·ed from JCRP No. 2, 0.3 to 3 percent of normal radon background, and 0.03 to 0.08 percent of normal lung 
cancer mortality. It was concluded that radon in natural gas does not contribute significantly to respiratory 
cancrr mo rt a lit)· in the United States. 

INTRODUCTION 

Radon-222 is a radioactive gaseous daughter product ofradium-226 found in naturally occurring uranium 
minerals throught the earth's crust. This heavy inert gas permeates porous geological formations, and is 
collected along with methane in production wells for natural gas. When this natural gas is used in unvented 
appliances, such as kitchen ranges and space heaters, a part of the combustion products and radon-222 are 
released within the home. This radon-222 constitutes an additional source of radiation in the home which has 
not been adequately evaluated for potential health effects. 

In this assessment, potential health effects were derived following the sequential analysis outlined in 
Figure 1. This figure shows a generalized model and some of the factors which must be considered. Each of the 
four main phases of this model, radon concentrations, exposure conditions, dose calculations, and health 
effects estimates, have been reviewed in depth in a study by Johnson, et al., (1973). This present paper 
constitutes a summary of some of the major findings of that study. 

RADON CONCENTRATIONS IN NATURAL GAS 

. The average radon levelin several natural gas production areas in the United States is 37 pCi/l as indicated 
m Table 1. However, from the range of concentrations shown in this table, it is apparent that many individual 
wells have levels 10 to 20 times the average value. There is also a considerable variation in radon 
concentrations at wells in different well fields ranging from a low of 5 pCi/l in the Gulf Coast to about 100 
pCi(l in T.exa.s, ~ansas, Okla~oma, a~d C:a~ifornia. These variations may be attributed to differences in 
regiona~ d1stnbut10ns of uramum and md1VIdual well parameters such as location, depth, pressure, and 
production rate. It should also be noted that the average concentration calculated here does not account for the 
rela~i~e gas production volumes from different regions of the country. For example, the states of Texas, 
Louisiana, and Oklahoma produce 81 percent of the natural gas in the United States . 

. Ra~on .leve~s at points of use have ~ot .been measured extensively, but some data are available for gas 
d1~tnbution Imes (Table 2). These .data mdic:1te that average radon levels in various areas are 50 pCi/l or less 
with an overall average of 23 pC1/l. The highest levels were found in the Colorado and New Mexico areas 
where the transit times fro?1 production wells to consumers are short compared to the half-life for radon-222 of 
3.83 days. The coastal regions furthest from natural gas sources have the lowest radon levels This could be 
due to p~peline tr'.lnsmission time and storage which allows radon-222 to decay away. Also, ~ost gas from 
product10n w~lls is pr?cessed to.remove water, liquifiable hydrocarbons, and other gaseous products such as 
C~2 an~ hehum. This processmg removes 30 to 75 percent of the radon with the liquid hydrocarbons 
(pnmanly propane). 
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RADONFROMUSEOFNATURALGASINHOMES 

Radon concentrations in homes resulting from use of natural gas have not been measured; however 
estimates mi;i.y be made by determining the q~antity of gas used, venting of gas appliances, house volume, and 
number of air changes per hour. The quantity of gas used, and the fraction of combustion products vented 
inside the home, depend on how the gas ·is us~d; i.e., for comfort heating, or ranges, water heaters, 
refrigerators, clothes dryers, etc. Most natural gas 1s used for comfort heating, but gas furnaces are normally 
vented outside the home. Conversely, gas kitchen ranges are normally vented into kitchen areas and initial 
studies by Barton, et al., (1970) indicate this is the main source ofradon-222 from natural gas usage in homes. 
In addition, data compiled by T. F. Gesell (1973) indicate that there is also widespread use of unvented space 
heaters. 

The use of these unvented appliances results in the dispersion of radon-222 along with the combustion 
products of natural gas within the home. The radon-222 decays to a radon-daughter product mixture which 
reaches an equilibrium concentration as a function of radioactive decay, dispersion, and removal processes. 
Tests by F. B. Johns at the National Environmental Research Center, Las Vegas, indicate that effectively 
there are no daughter products present in natural gas at the point of combustion because radon-daughters 
tend to plate out on any obstructing surfaces such as valves and walls of pipelines. Similar removal processes, 
and dilution by ventilation and mixing with outside air, reduce the daughter product concentrations in the 
home atmosphere below those which would be calculated for radioactive secular equilibrium with radon. A 
fraction of each daughter product also becomes attached to dust particles in the air. For specific aerosol 
conditions, the proportion of ions which remain free, or uncombined, reach a steady state for each decay 
product. 

Using the exposure conditions postulated in Table 3, the following average radon-222 levels were calculated 
for use of natural gas in a typical home: 

Un vented gas kitchen ranges 
U nvented gas space heaters 

0.028pCi/l 
0.010 pCi/l 

CRITICAL MODE OF EXPOSURE AND RADON-222 DOSIMETRY 

The primary hazard for radon-222 exposure is from inhalation and bronchial deposition of the alpha
emitting daughters 218Po and 214Po, commonly referred to as RaA and RaC', which release their alpha decay 
energy into tissues of the respiratory system. This was evidenced by uranium miners working in radon 
atmospheres who developed lung cancers believed to have occurred as a result of interaction of alpha particles 
with the basal layer cells of the bronchial epithelium (Lundin, et al., 1971). 

The dose to the critical tissue is estimated by the use of lung models which include functions of 
environmental conditions, anatomy, respiratory physiology, and radon-222 dosimetry. Some of the more 
important variables include the particle sizes and aerosol content of the atmosphere, home air change rate, 
free ion fraction, rate and depth of respiration, medical status of the individual, and the location of the 
precancerous cells at risk. 

Variations in choice oflung model parameters and exposure conditions have led to a wide range of factors 
for converting radon concentrations to dose. A summary of these dose conversion factors (Johnson,etal., 
1973) shows a range from 12 to 140 rads per year for continuous exposure at one working level (WL). One WL is 
equivalent to 1.3 x 10s Me V of potential alpha energy per liter of air which would be available from radon
daughters (RaA through RaC') in secular equilibrium with radon-222 at a concentration of 100 pCi/l (Lundin, 
et al., 1971). The conversion factor most closely representing exposure conditions expected in typical 
dwellings is 100 rads per year for continuous exposure at one WL. 

DOSE TO AN INDIVIDUAL 

The dose to a hypothetical individual exposed to radon and daughters from use of natural gas in unvented 
kitchen ranges was calculated by Barton, et al., (1973) for the following set of exposure conditions (see also 
Table 3): a kitchen range gas usage of O. 765 m3 per day; a 226.6 m3 house; an air change rate of one per hour; no 
radon-daughters in the gas; the ratio of Rn, RaA, RaB, RaC (RaC') is 1, 0.8, 0.6, 0.4; free ~~ughter ions of 8.5 
percent; a dose conversion factor oflOO rads per WL; and a quality factor of 10. These co11;d1tio~s gaye a dose of 
0.0015 rads (dose equivalent of 0.015 rems) per person per year to the tracheobronch1al ep1th.ehum ~ue to 
inhalation ofradon-daughters. Radon-222 itself contributes only about 0.5 percent of the dose for mhalat10n of 
radon and daughters together. 

POPULATION DOSE EQUIVALENT 

The average dose equivalent to the United States population was determined by extrapolation .of the dose to 
a hypothetical individual. The population at risk was determined for each state ~rom d~ta com~1led by Gesell 
(1973) from 1970 Census Bureau statistics. These data gave the number of dwellmgs with gas kitchen ranges 
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and unvented space heaters. The popul~tion. at risk from the use of unvented. ~tchen ranges was determi~ed 
by assuming four persons per dwelling; 1.e., 4 x 31.2 x 106 = 124.8. rm~hon persons. !he p~pul~tion 
tracheobronchial (T·B) dose in person-rems was then calculated by mult1ply:mg the populatio~ at nsk times 
the individual dose equivalent. This gave 1.87 million person-rems per year from the use of gas kitchen ranges 
in the United States. 

The population dose equivalent from use of unvented s~ace heaters was determined ~Y relating t~e average 
quantity of gas used in heaters to the quantity of gas used m ranges and the corresponding dose equivalent for 
ranges. The quantity of gas used by space heaters was calculated as 0.354 m3 per degree-day for the average 
annual degree-days per year for each state. The average quantity of gas used by space heaters was 2. 75 m3 per 
day compared to 0. 765 m3 per day for gas kitchen ranges. The average dose equivalent to an individual from 
use 'of space heaters was 0.054 rem per year. When extrapolated to the exposed population (15.8 million 
persons) the population T-B dose from space heaters was estimated as 0.854 million person-rems per year. 

The total population T-B dose equivalent for exposure to radon-daughters from the use of natural gas in 
unvented kitchen ranges and space heaters was estimated as 2. 73 million person-rems per year. 

HEALTH EFFECTS ANALYSIS 

This analysis was based on the absolute somatic and genetic risks from inhalation of radon-daughters as 
outlined in the report by the National Academy of Science on the biological effects of ionizing radiation (BEIR 
Report, 1972). The T-B dose effect of concern is lung carcinoma. Since lung cancer has such a high mortality 
rate, it is assumed that morbidity for this dose effect is equivalent to mortality. 

The absolute risk from T-B dose was calculated from Table 3-2 of the BEIR report (1972) by multiplying the 
sum of the fractional risks by age times the expected plateau region. In this case, the plateau region, or time 
beyond the latent period during which the risk remains elevated, was taken as 30 years. The calculation for 
risk in terms of lung cancer deaths was based on the following analysis, where the adult risk for cancer of the 
lung from T-B dose is 1.3 deaths/million persons at risk/year/rem. 

Age Percent of Proportion of Fractional Risk 
Group Population Adult Risk deaths/106 persons/year/rem 

10+ 80 1 1.3 x 1 x 0.8 1.04 

0-9 20 0.2 1.3 x 0.2 x 0.2 0.05 

In Utero 1.3 5 1.3 x 5 x 0.013 0.08 
1.17 

Annual Risk = 1.17 deaths/million persons/year/rem 

This annual risk is then multiplied by 30 to estimate excess deaths for a plateau region of30 years to give the 
absolute risk of 35 excess deaths/ million persons/ year I rem. 

The potential health effects to the United States population at risk from use of natural gas containing radon 
in unvented appliances is determined by applying the absolute risk to the estimate of total population T-B 
dose equivalent. 'rhis gives an estimate of95 excess deaths per year. However, the significance of this estimate 
should only be mterpreted by comparison with other reference guides and after consideration for the 
uncertainties in this analysis. 

DISCUSSION 

The funda~ental problem in an analysis of potential health effects as derived in this study is the necessity 
of extrapol~tmg from a. few me~surements or reported values to average conditions for large populations. 
Because of madequate mformation, values had to be estimated or assumptions made to represent typical 
exposure conditions or population at risk. The assumed values were normally selected so the calculated dose 
or health effects would be overestimated, i.e., conservative. 

The ~ossible. variatio~s of exp~sure c:onditions which could reasonably affect a large fraction of the 
population at nsk w~re gwe~ ~rev1?usly m Table 3 .. 1:he nature of corrections to adjust the estimated health 
effects for these possible vanat10ns m exposure cond1t10ns are listed in Table 4. 

A review oft.h~ uncertainties in this anal~sis! and the significance of corrections for possible variations in 
exposure ~ond1t10ns (Johnson, et al., 1973), md1cate that the estimate of95 excess deaths a year is probably 
conservative by up to a factor of 10. Therefore, a less conservative, but more realistic, estimate would be a 

1 Exposed through placental transfer ofradioactivity in maternal blood. 
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possibility of 15 or less potential deaths per year from use of natural gas containing radon in unvented 
appliances. It should be further noted, however, that this estimate is based on a linear non-threshold dose 
response, and that no lung carcinomas have been confirmed at radon levels which could occur in homes using 
natural gas. 

For further perspective as to the significance of radon in natural gas, the radon-222 concentrations and 
health effect consequences were compared to natural background radon, current radon guides and normal 
lung cancer mortality statistics. It was determined that the use of natural gas containing radon-222 could 
increase the normal level of radon-222 in homes by 0.23 to 2.2 percent. These radon levels from natural gas 
represent about 0.9 to 1.5 percent of the guide of0.33 pCi/l derived from ICRP No. 2 (1960). Also, an excess 
mortality of95 deaths a year would be only 0.2 to 0.5 percent of normal annual respiratory cancer mortality. 
The more realistic estimate of 15 or less deaths a year would be only 0.03 to 0.08 percent of hormal respiratory 
mortality. 

It can be concluded from this assessment of potential health effects, that radon in natural gas does not 
contribute significantly to respiratory cancer mortality in the United States. 
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Table 1. Radon-222 Concentrations in Natural Gsui at Production Wells.( a) 

Radon-222, pCi/l 

Area Avera11e Range 

Colorado 25 0.2-160 
New Mexico 

Texas, Kansas <100 5-1450 
Oklahoma 

Texas Panhandle 10-520 

Colorado 25.4 11-45 
Project Gasbuggy Areas 15.8-29.4 12-59 
California 1-100 
Gulf Coast 5 
Kansas 100 
Wyoming 10 

Overall Average 37 

(a) Johnson, et al., (1973); Barton, et al., (1971); Bunce, et al., (1966); and Fries, et al., (1972). 

Table 2. Radon-222 Concentrations in Natural Gas Distribution Lines.( a) 

Radon-222, pCi/l 

Area 

Chicago 
New York City 
Denver 
West Coast 
Colorado 
Nevada 
New Mexico 
Houston 

Overall Average 

Average 

14.4 
1.5 

50.5 
15 
25 

8 
45 
8 

23 

Range 

2.3-31.3 
0.5-3.8 
1.2-119 

1-100 
6.5-43 
5.8-10.4 
10-53 
1.4-14.3 

(a) Barton, et al., (1973); McBride, et al., (1969). 
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Table 3. Exposure Conditions and Possible Variation in Parameters. 

Parameter 

Radon Concentration 
at Point ofU se 

Gas Appliances 

Gas Use: 

Ranges 

Heaters 

Degree-Days 

Appliance Venting 

House Size 

Air Change Rate 

Radon-Daughters: 

in Gas 

in Home 

PercentFreeRaA 

Critical Mode of 
Exposure 

Critical Organ 

Dose Conversion Factor(d) 

Quality Factor 

Condition for this( a) 
Analysis 

20pCi/l 

Cooking Ranges 
Space Heaters 

0.765m3/day 

0.354 m3 I degree-day 

Average for Each 
State 

Unvented 

226.6m3 

One per Hour 

No Daughters 

1, 0.8, 0.6, 0.4(c) 

8.5Percent 

Inhalation of Radon-
Daughters 

Bronchial Epithelium 

100 rads/year for 
Continuous Exposure 
atl WL(lOO pCi/l) 

10 

Possible V ariation(b) 

10 -100 pCi/l 

Could include 
Refrigerators, Clothes 
Dryers, etc. 

Up to l.19m3/day 

0.28-0.42 m3/degree-day 

± 25% within States 

Ranges could be 
Partly Vented 

142-425m3 

0.25 -5 per Hour 

1, 1, 1, l(c) 

1, 1, 1, 1 to 
1.0, 0.5, 0.25, 0.l(c) 

5 to 25 Percent 

Radon Alone gives 
< 1%ofDose 

Some Exposure Also to 
N asopharynx, Lung, 
and Whole Body 

50-125rads/year 

3-10 

(a) These are intended to be typical average conditions - although some of the less well understood 
parameters were chosen to give a higher (or more conservative) dose estimate. . 

(b) These are reasonable variations which could be encountered for a large fraction of the exposure 
conditions or population at risk. 

( c) Ratio of Rn, RaA, RaB, RaC (RaC'). 
(d) This factor includes assumptions for daughter equilibria, critical mode of exposure, lung model, and 

other dosimetry factors. 
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Table 4. Corrections to Adjust Estimated Health Effects for Different Exposure Conditions. 

Parameter 

Air Changes per Hour (Barton, et al., 1973) 
0.25 
1.0 
2.0 

Radon Activity 
Quantity of Gas Used 
House Size 
Daughter Equilibria (Tsivoglou, et al., 1953) 

Ratio 1, 1, 1, 1 
1, 0.9, 0.8, 0. 7 
l, 0.8, 0.6, 0.4 
1, 0. 75, 0.5, 0.3 
l, 0.5, 0.25, 0.1 

Percent Unattached RaA(b) 
3 
8.5 
10 
25 

Dose Conversion Factor 
Quality Factor 
Health Effects Conversion Factor 

Correction Multiplier 

6.01 
6.01 
.LO 
0.339 
Linear( a) 
Linear 
Linear 

1.9 
1.3 
1.0 
0.84 
0.39 

0.75 
1.0 
1.3 
2 
Linear 
Linear 
Linear 

(a) A linear correction means the correction is proportional to the variation in the parameter. 
(b)Estimated fromJacobi(1972a, b) and Altshuler, et al., (1964). 
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Figure 1. Model for estimating potential health effects from radon in natural gas. 
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Abstract 

The Livermore Gas Diagnostics Program employs a number of rare gas isotopes, both stable and 
radioactive, in its investigations of the phenomenology of underground nuclear detonations. Radioactive 
gases in a sample are radiochemically purified by elution chromatography, and the separated gases are 
radioassayed by gamma-ray spectrometry and by internal or thin-window beta proportional counting. 
Concentrations of the stable gases are determined by mass-spectrometry, following chemical removal of the 
reactive gases in the sample. The most general application of the noble gases is as device fraction indicators to 
provide a basis for estimating totals of chimney-gas components. All of the stable rare gases, except argon, 
have been used as tracers, as have xenon-127 and krypton-85. Argon-37 and krypton-85 have proven to be of 
particular value in the absence of a good tracer material as reference species for studies of chimney-gas 
chemistry. The rate of mixing of chimney gases, and the degree to which the sampled gas truly represents the 
underground gas mixture, can be studied with the aid of the fission-product gases. Radon-222 and helium are 
released to the cavity from the surrounding rock, and are, therefore, useful in studies of the interaction of the 
detonation with the surrounding medium. 

INTRODUCTION 

The gas diagnostics program at LLL was established to supplement conventional radiochemical 
techniques for obtaining device performance-evaluation data in support of test program activities. We provide 
analytical, interpretative, and diagnostic support for Plowshare gas-stimulation experiments, and we also 
perform a wide variety of service radiochemical measurements in conjunction with laboratory experiments in 
which gas tracers are used. Much of our effort requires measurement and interpretation of the concentration 
of noble gases in our samples. These species are present as products of nuclear reactions, as components of 
any air diluent of the samples, as tracer materials, or as combinations of these possibilities. We use both stable 
and radioactive components. Although the nature of our diagnostic application of the noble gases is unique, 
the procedures we have developed are of general applicability. 

SAMPLING TECHNIQUES 

Study of the phenomenology of an underground nuclear detonation requires collection of good-quality 
samples of the cavity and chimney gases over times extending from a few minutes to several weeks following 
detonation. The sampling system now used (Figure 1) basically consists of a reinforced rubber hose 
containing and fixed to a nonrotating wire rope that provides longitudinal strength and prevents crushing of 
the hose (Grens, 1972). The rope itself is a reasonably permeable gas path, even where the hose is compressed 
against it through regions of high soil compaction. Both the rope and hose terminate at a vacuum demand 
valve placed well downhole beneath the gas-containment stemming plug. This valve prevents passage of gas 
unless a vacuum can be applied from above, thus precluding the possibility of pressurized gas reaching the 
surface and providing a fail-safe closure of the system if the surface sampling equipment is not leak-tight. 
Other built-in safety features include a maximum allowable working pressure of the hose that is well in excess 
of any previously observed surface pressure. A deeply buried pressure relief valve ensures a safety factor of6 
or more in the upper portions of the sample system. Gas pumped through the system is totally contained either 
in pressurized sample cylinders or in underground tanks. Sampling operations are conducted in such a 
manner as to ensure compliance with the concept of total containment that characterizes explosive 
emplacement techniques currently in use. 

Another often-used sampling scheme involves the use of production tubing placed in a postshot reentry drill 
hole. Althou?h simple in concept, this technique suffers from the time delay imposed by the drilling schedule. 
At the test site, the delay can be days or weeks, which means a loss of the information obtained from short
lived radionuclides. In the case of gas-stimulation experiments, the delay has ranged from 1 month 
(Ga.sbugg;y) to near~y ::'- year (Rulison), .and has. precluded detection of all but the longer-lived gaseous 
rad10nuchdes. To ehmma~ this loss of mformation, we emplaced a prompt gas-sampling system at Rio 
Blanco (Quong, 1972). This novel system consisted of about a mile of half-inch stainless steel tubing 
contain~ng ::'-wire rope at its lower end, and three gas-?lock diaphrams that could be m'anually opened by back 
pr~s~unzation from the surface. l!nfortunately, chimney gas was not collected by this system. Our first 
chimney gas samples are expected m early Qctober 1973, following completion of drilling into the chimney. 

*Work performed under the auspices of the U.S. Atomic Energy Commission. 
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ANALYTICAL PROCEDURES 

Samples are returned to Livermore for analyses. Typical sample volumes range from a few cubic 
cent~meter.s to a few ten~ of liters, although several cubic meters of sample have been processed at times. 
Radionuchde co.ncentr~t10ns ran!=fe f~o~ backgr~und to a few hundred microcuries per milliliter. Needless to 
say, our processing equipment exists in isolated high- and low-level specialized versions. 

The first step in the processing of an unknown sample is a germanium-diode gamma-ray scan of 10 to 20 ml 
of the gas. We have standardized this process to provide concentration measurements of the short-lived 
krypton isotopes (87, 88, 85m) and of xenon-135 against the background of other gamma ray-emitting 
~uclides .in the gross fission pr?d~c~ gas. In principl~, it is possible to determine all of the krypton and xenon 
isotopes in a gross sample by aJudic10usly spaced s~nes of counts. However, to save time, gain sensitivity, and 
improve measurement accuracy, we prefer punfied krypton and xenon fractions of the sample for 
measurement of the longer-lived fission product gases. 

Radiochemically and chemically pure fractions of a sample are prepared by elution chromatography. 
Helium is used as a carrier gas, and the separations are accomplished by manipulation of gas flow paths 
through controll~d~temper~tu!e 8:ctivated charcoal and molecular sie-ye (5A) columns (Momyer, 1960). 
Thermal conductivity and 10mzat10n-chamber detectors are used to mom tor the progress of the elution. We 
have six high-level gas-separation systems, and two similar low-level systems. 

The desired quantity of sample is mixed with appropriate carrier gases for trace components, and collected 
on activated charcoal at liquid nitrogen temperature. In general, the purification process consists of a series of 
initial group separations from the activated charcoal at temperatures ranging from liquid nitrogen to 35ooc 
(Figure 2). A molecular sieve is used to obtain the final separation of each of the groups. A much simpler 
scheme is often used to obtain specific components of a moderately radioactive sample (e.g., krypton can be 
separated from air in a two-step process using only the charcoal column). Large samples require lower 
temperatures until the major constituent is eluted, and may require multiple elutions from the sieve traps to 
obtain species such as argon from air, or krypton from natural gas, in a pure form. Because of the large variety 
of sample sizes and compositions that we are asked to process, our systems have an excess of built-in 
versatility, and our techniques are modified accordingly. Simpler systems and techniques would suffice in a 
large number of specialized applications, where more-or-less routine analyses are required. · 

Counting systems used for the measurement of the radioactive constituents of the separated gas fractions 
are chosen according to their activity level. Low-level samples are counted in matched 0.8- and 0.5-liter 
anticoincidence shielded beta proportional counters, and the same tubes are operated on the alpha plateau to 
measure radon activity. More active samples are loaded into gas cells for thin-window beta counting or for 
gamma spectrometry.We use the latter two methods for the great majority of our noble gas samples. 

We determine the gross chemical composition of our samples by mass spectrometry. The automated system 
now in routine use is applied to sample constitutents at 0.01 % and higher concentrations (Crawford, et al., 
1970 and 1971), and gas chromatography has also been used in specialized applications to determine trace 
components.We normally employ a sample enrichment process to gain sensitivity for the rare gases. As a first 
step, the total noble gas concentration in a sample is measured by monitoring the pressure decrease caused by 
the gettering of all reactive gases in a titanium sublimation pump. Enough sample to provide about 2ml(STP) 
of the noble gas mixture is metered into a reaction flask containing calcium metal. When molten, the calcium 
acts as a getter for all sample components except the noble gases. The residual gas from this concentration 
process is analyzed mass spectrometrically for the relative concentrations of the noble gases. In conjunction 
with the previously determined total noble gas concentration, this information is used to derive individual 
concentrations of each of the components. This technique has been applied to air, natural gas, and chimney 
gas samples, and has successfully been used to measure concentrations in the parts-per-billion range. 
(Newton, et al .. , 1973). 

NOBLE GAS TRACERS 

Perhaps the single most important and useful application of the noble gases in our programs is in gas 
tracing. Mere measurement of the concentrations of species of interest in a series .of samples is of little value 
unless one is able to identify and eliminate the effects of dilution, mixing, and chemical reactions that mask 
the interrelationship between the samples. To accomplish this unmasking we rely on selected noble ifas 
tracers. These species are expected to be uniformly distributed within the cavit;Y, are measu~able over a ~de 
range of dilution throughout the desired observation period, and are. not. subject t~ excess~ve and vanable 
background corrections. Three classes of tracers can be defined: relative, internal diagnostic, and em placed 
diagnostic. 

Application of gas tracers in a relative sense is best illustrated by o~r ~as-quality in:vestigation for ~roject 
Rulison (Smith, 1971). During production testing, ssKrwas used as ~n indicato.r ofrelative. sample quality and 
of the extent of dilution due to the influx of formation gas into the chimney dunng prod~ction. It wa.s .also used 
as a common denominator for ratios used to investigate the significance of the changing composition of the 
produced gas. 

A diagnostic tracer is a material present in the cavity in a known amount. ~t can be pro~uced by the 
explosive, or emplaced with the explosive, and, of course, must also m~et the requirements preyiously stated 
for a relative tracer. The "device fraction" is the ratio of the concentration of the tracer species in a sample to 
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its known total in the chimney. Its reciprocal is the volume of chimney gas at standard conditions. If estimates 
of chimney pressure and temperature are available, the reciprocal device fraction can be interpreted directly 
as chimney void volume, and can be used to estimate the cavity radius. Most importantly for diagnostic 
purposes, the total of any well-mixed component of the chimney gas is gi".e!l by it~ concentratio~ i~ a sam_Ple 
divided by the device fraction. These totals are the most tractable quantities available for providmg device-
performance estimates and for studying underground nuclear phenomenology. . 

Totals of internal diagnostic tracers must be either calculated or measured. The Ruhson 85Kr total, for 
example, was obtained from release estimates after production testing and was verified from chimney 
volume, pressure, and temperature estimates and the initial concentration. Krypton-85 was also used as a 
secondary tracer for the Gasbuggy gas-quality program (Smith, 1970a, b). In this case 127Xe(the 127Xe was 
produced by neutron capture in a xenon sample that had been enriched in the lighter xenon isotopes) was 
emplaced with the device to serve as the principal tracer. Because of its 36-day half-life, the 127Xe was useful 
during only the initial shut-in period (6 months). Subsequent diagnostic tracing was based on the 
experimental total ssKr measured relative to the 127Xe during this period. Internal tracer totals are sometimes 
estimated by calculation when measurements based on emplaced tracers are unavailable. 

Normally, we prefer to emplace a unique tracer material with the explosive so that its total can be 
determined under controller conditions. Materials that have been used include 127Xe, 85Kr, 222Rn, and stable 
neon, krypton, and xenon. All except 127Xe require a background correction. This is obtained for 85Kr from the 
ssmKr seen in the samples; for radon from helium, using the known preshot radon/helium soil ratio; and for 
the stable gases from argon in air or helium in natural gas, using known preshot tracer/argon or 
tracer/helium ratios. \ · . . · ·· . 

Due in part to the expense and handling difficulties of rad10active tracers, and principally to the 
development of reliable trace-gas measurement techniques by Newton, et al., (1973) we now rely almost 
entirely on stable gas tracers. The most notable example is the Rio Blanco gas-stimulation experiment, where 
each of the three explosives was em placed with a unique tracer gas. When production testing is begun, we plan 
to use these tracers to monitor the degree of inter-chimney communication and, if possible, to gain some 
insight into characteristics of the individual chimneys. For gas diagnostics oftest program events, we often 
use stable krypton and/or xenon as the emplaced tracer material. 

NOBLE GASES FROM A NUCLEAR EXPLOSION 

Our studies of nuclear detonations must treat at least five distinct sources of noble gases: (1) The fission 
process generates many krypton and xenon isotopes both directly and as a consequence of radioactive decay 
of their precursors; (2) helium isotopes are among the products of thermonuclear reactions; (3) neutrons 
generated by the detonation interact with components of the explosive, and of the surrounding medium, to 
create noble gas isotopes through nuclear reaction processes; (4) the detonation itself vaporizes, melts, and 
fractures the medium surrounding it, causing the release of soil gases to the chimney voids; and (5) air 
normally enters the chimney region to replace the condensing steam during the cooling process, and in doing 
so introduces an often significant quantity of noble gases that may be generally termed "background." Each 
of these sources can be characterized and quantitized, using the analytical procedures mentioned previously. 
The results of such a characterization constitute a viable gas-diagnostic program. 

To obtain performance estimates for the explosive, we rely principally on those species expected to be 
present in the cavity at relatively early times following detonation. Prior to chimney collapse, dynamic 
mixing within the cavity assures a reasonably uniform mixture of detonation products and tracer gases, thus 
fulfilling a basic prerequisite for meaningful results. In practical terms, this limits diagnostic fission 
measurements to the krypton isotopes of mass 85, 87, and 88. Three of the four are short-lived, necessitating 
rapid sample recovery and analysis. If sampling times are early enough so that xenon isotopes measured in 
the gas are attributable to their independent fission yields, then these species can be used in diagnostics. At 
intermediate times, interpretation of the measured totals of xenon isotopes is complicated. The xenon 
precursor nuclides are predominately deposited on cool rock surfaces when the chimney collapses. Since 
chimney-gas mixing rates are considerably slower than cavity rates, and some entrapment of the gas may 
occur, the diagnostic application of the xenons during this period is questionable. In general, we prefer to use 
these isotopes to study the phenomenon of gas mixing rather than for diagnostics. However in some cases, 
where late-time observations have been possible, we have been able to demonstrate that 'an appreciable 
fraction of the xenon was mixed with the gas, and have been able to extract diagnostic information from its 
measurement. 

Since a significant fraction of the yield of a thermonuclear explosive is due to the fusion of deuterium and 
tritium to produce 4He and a neutron, an experimental measurement of the device-produced helium is 
poten~ially useful in dia~nostics. The 1!1-easurement is complicated by the presence of "background" helium in 
the chimney gas from air and from soil. The argon content of a sample is a useful indicator of the amount of 
helium (3;nd other noble ~ases).present due to air ~ilution. Amounts of helium and radon in the soil gas are 
related, smce both are rad10gemc. If the preshot heh um/radon ratio for the detonation environment is known 
then the radon in a sample becomes a useful indicator of the background helium contributed by the soil and i~ 
also a useful indicator of the amount ofrock that has been fractured by the detonation. ' 

Neutrons produced by the detonation are eventually captured by materials in the device and its immediate 
surroundings. Although cer~ain. isotopes of ~ach of the noble gases are potential products of these reactions, 
the most abundant such act1vat10n product is 37 Ar ·--·· produced principally from calcium Production of the 
37 Ar occurs at.zero time within the molten rock sphere around the explosive. It is, therefore, ~niformly distributed 
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and well mixed with other detonation products in the expanding cavity. Because of this we have found 37 Ax to 
be an extremely useful rel~tive gas-trac~r material, and we have also used it as an int~rnal diagnostic tracer 
for samples that are too diluted to proVIde a useful stable gas-tracer measurement. In the latter application, 
the total 37 Ar must first be known from the results of measurements on good-quality samples since 
calculational estimates of activation processes are quite imprecise. ' 

CONCLUSION 

Throughout this presentation I have attempted to provide a generalized summary of our gas-diagnostics 
program and of its utilization of the noble gases in studies of underground nuclear detonations. The results of 
some of these investigations have been published in connection with the Gasbuggy and Rulison experiments 
(Smith, 1970a and b, 1971 and 1972). The specifics of our investigations do not easily lend themselves to 
generalization, as each event is unique in itself in many ways. Such detailed presentation of our results is 
necessarily relegated to individualized topical presentations. My goal here has been to draw upon our 
experience in gas analysis techniques to describe concepts that are of general interest and applicability. 
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Abstract 

Radon-222 is absorbed aboard an airplane in tubes filled with 50 g of selected charcoal and cooked in Dewars 
by carbon dioxyde and freon. After air collection at different heights up to 5 km, the tubes are evacuated and 
heated in the laboratory for desorption of the gas molecules and for transfer into a decay chamber covered 
with zinc-sulfide serving as a scintillator for the detection of alpha activity from radon-222 and its daughters. 
In general, the measurements show an exponential decrease of the concentration up to 5 km in height, if there 
is no cloud layer. The height for a reduction by a factor of two is about 900 meters. Assuming a constant 
diffusion coefficient K0 up to 5 km, the measurements yield a K0 of approximately 3. 7 x 104 cm2 s-1• 

For flights in stratiform clouds a decrease is observed of the concentration up to a certain height, then radon-
222 is again increasing or remains constant. This must be explained with respect to the meteorological 
situation. Assuming only a constant value for K0 between the different, flying heights, it was possible to 
appraise the development of the eddy diffusion coefficient with height. 

INTRODUCTION 

The radon isotopes 222Rn, 220Rn, and 219Rn are the gaseous members in the naturally occurring decay chains 
2asu, 2a2Th, and 2asu. Due to the concentrations of their parent elements in the earth's crust, and their half
lives of 3.8 days (222Rn), 54 seconds (220Rn), and 3.9 seconds (219Rn), the gaseous isotopes reach different 
heights in the atmosphere. Their daughter products are heavy metal ions which adhere rapidly to aerosol 
particles present in the atmosphere. In early measurements, the radioactivities of the aerosol particles 
deposited on filters were often used to estimate the radon concentrations in air. This presupposes some 
knowledge of the radioactive equilibrium between radon and its daughters. A recent discussion of the 
problems in this field is given by G. Schumann (1972). 

Due to its long half-life, 222Rn is a natural tracer in the troposphere. Dalu (1971) confirmed in laboratory 
experiments that the only removal mechanism of gaseous 222Rn from an atmosphere consists in its 
radioactive decay- in contrast to its daughter products which are removed by rain-out, wash-out, and/ or dry 
deposition. Thus, assuming a constant exhalation rate, the variations of the 222Rn concentrations in the 
earth's atmosphere can be used for the description of turbulent diffusion - even inside the clouds or during 
precipitation. 

In recent years, only a few measurements are known for determining 222Rn height profiles in the 
atmosphere. Hosler (1969) calculated the 222Rn concentration from the beta activity of 214pb and 214Bi from 
filters exposed for 20 minutes at 1 meter and 91 meters on a meteorologically instrumented tower in Troysons 
Corner (Virginia, U.S.A.). The concentrations calculated for 222Rn are corrected with respect to radioactive 
equilibrium. 

Birot, et al., (1970) measured the radioactivity of short-lived 222Rn daughters deposited on filters aboard an 
airplane (Cessna TU-206) in the southwest of France, using a zinc-sulfide scintillation screen of 20 cm in 
diameter for the detection of the radioactivity. Wilkening (1970) collected air samples in evacuated stainless 
steel tanks of 34.4-, 16.4-, and 8.2-liter volumes with an aircraft (Queenair) in Central New Mexico U.S.A., 
using the radon counting system of Johnson's Laboratories. Paffrath (1971) developed equipment for the 
measurement of a - and {3- radioactivities of the radon-daughters deposited on filters aboard an airplane 
(Dornier D0-27) in the area of Munich, Germany. 

*Part of this work was financially supported by the German Federal Ministry of the Interior 
(Schutzkommission). 

**Present address: Abteilung Strahlenschutz und Sicherheit, Gesellschaft fur Kernforschung Karlsruhe, 
Posfach 3640, 7500 Karlsruhe, Germany. 
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In th~ following section, a system is described which is suitable for aircraft installation using 222Rn 
adsorption on cooled charcoal. The system was developed at our Institute by Wenzel (1964) and improved by 
Bogen, et al., (1970). 

EXPERIMENTAL 

Atmospheric air is sucked through a dry cell, a filter for aerosol retention, and cooled tubes filled with 
charcoal. During ground-level measurements, the air intake is outside the laboratory window (about 20 meters 
above the ground) and passes through polyethylene tubes. A vacuum pump is connected to the outlet of the 
charcoal filled tubes. When the 222Rn enrichment system is installed in the aircraft used for the experiments 
(Queenair 65-65), a specifically designed emergency window is available for air suction from outside the cabin. 
During the flight, the output of the charcoal filled stainless-steel tubes is connected to the suction-air system of 
the aircraft, which generates an air stream of 4 liters per minute in the system. A total volume of 100 liters per 
sample is necessary. Figure 1 shows a schematic diagram of the arrangement. 

Phosphorus-pentoxide granules are used as a drying agent mixed with a color indicator which shows the 
consumption of the agent. This is necessary because the adsorption coefficient of 222Rn on charcoal depends 
on the water content of the air stream. Behind the dry cell, the dew point of the air is about -50 degrees Celsius. 
The cellulose asbestos fiber filter is necessary for retention of aerosols, as well as particulate matter from the 
drying agent. Differential and integral flow meters are inserted before connection to the stainless-steel tubes 
filled with 50 grams of charcoal. The tubes are closed on each side by a valve. The charcoal was selected for low 
22sRa content to avoid 222Rn emanation from the adsorbens. The type used {Merck-Koble Nr. 9624) showed a 
concentration of2. 7 fg of226Ra per gram of charcoal. 

Before each experiment the stainless-steel tubes filled with charcoal are heated in a vacuum up to + 450°C for 
desorption of the gas molecules attached. Subsequently, six tubes are cooled to - 78°C in a Dewar vessel 
(stainless-steel) containing difluoro-dichloro-methane and dry ice. The beginning of the cooling period was at 
least one hour before the start of the experiment. 

The Dewar vessel is mounted on an experimentation rack in the aircraft, and the air is sucked through 
polyethylene tubes from outside the aircraft cabin. After adsorption of 222Rn at the desired height, the tubes 
are brought back to the laboratory; and after having been warmed up to room temperature, they are kept in the 
vacuum for 5 minutes. This causes no loss of 222Rn, but reduces the gas volume desorbed from the charcoal 
after heating up to +450°C. 

Figure 2 shows the radon measuring system consisting of two identical decay chambers (KI and K II) with a 
volume of 168 cm3 • The inner walls of the chamber are coated with silver-activated zinc-sulfide as the 
scintillator, which is viewed by a photomultiplier tube. The decay chambers are evacuated before every 
measurement. The gas desorbed from the charcoal is transferred to the decay chambers by opening the valves 
and flushing the charcoal with a stream of helium until atmospheric pressure is reached in the decay chamber. 

The counting rate recorded on a scaler increases until radioactive equilibrium is reached between 222Rn and 
its short-lived daughter products. Above 75% of the counting rate in equilibirum is reached within 30 minutes. 
The recorded counts are printed out automatically within preset time intervals. 

The detection limit is on the order of one pCi per chamber volume, with a total error of about± 10%. 
During the flight, the air temperature was recorded automatically on a plotter, while the humidity was 

measured discontinuously by a dew-point hygrometer. The flight height was plotted using a barometric 
height recorder. 

BASIC RELATIONS 

The distribution of radon in the troposphere can be described rather well by the theory of eddy diffusion. 
Detailed discussions of the problems involved were given by Bolin (1962) andJ acobi andAndre (1963). 

Assuming a constant exhalation rate (E) from the ground, which is independent of time, and a uniform 
horizontal distribution of 222Rn, the vertical concentration profile can be described as a solution of the 
following differential equation - presupposing a negligible vertical wind velocity Uz· 

(I) L (K x ~ ) - A x n = 0 az z a z 

K2 =vertical eddy diffusion coefficient [ cm2 x s-1] 

n = 222Rn concentration [atoms per volume] 
,\ =radioactivedecayconstant[s-1] 

E =exhalation rate [atoms x cm-2x s-1] 

c = ,\xn=radioactivityconcentrationof222Rn[Cixm-3] 

To solve eq. (1), the following assumptions are made: 

(a) ~ ~ = 0 ( /\ steady-state condition) 
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(b)~=an=o ax ay ( ~ uniform horizontal distribution) 

(c)uz=O ( ~ neglected vertical wind velocity) 

The boundary conditions for Eq. (1) are: 

(a) t Ax n x cl z. = c(This means that the total radioactivity found in a vertical air column is equal to the 
exhalation rate of the ground surface area.) 

n--+ 0 
(b) (z~..,) (This means that the 222Rn concentration decreases with increasing height as a 
consequence of the radioactive decay.) 

Assuming a height-independent vertical diffusion coefficient, Kz = Kc, solution of Eq. (1) is: 

n ( Z ) = A E l I 2 x E X P [ - ( ~ ) l I 2 x Z J (2) 
(K) c 

c 
Considering concentration ratios in different heights, Z1 < Z2, the following equation becomes independent of 
the exhalation rate E: 

n (Z
2

) 
= EXP [

n (Z I) 
cL) i / 2 x 

K c 

(3) 

Consequently, the boundary conditions must be valid for the height interval considered, and Kc is assumed to 
be constant in this interval. 

For the vertical diffusion coefficient Eq. (3) yields: 

K 
c n (Z 

2
) 

[ln (n (Zl»J2 

(4) 

For theoretical considerations, the height intervals can be chosen infinitely small, and the height-dependent 
diffusion coefficient is the approximation of the step function for Kc, when (Z2 · Z1) = h. Z approaches zero: 

K 
z 

= lim 
6. Z-+o 

K 
c (5) 

For measurements, the height intervals chosen for the determination of the 222Rn concentration are always 
finite, and greater than zero. Using Eq. (4), one can determine the vertical diffusion coefficient step-by-step, 
always being independent of height within the chosen interval used for determination of the two 
concentrations. 

One has to bear in mind all the presuppositions and boundary conditions which are necessary to get the 
solution ofEq. (1). If the measurements yield increasing concentrations with increasing height, one can only 
state that in this region no steadv-state solution is possible. This might be caused by advective 
processes, ( a n I a x :f a n I ':J y i= o ) by a layer structure of the troposphere, ( a n / a t :f- o ) . 

In the following paragraphs, a least squares fit to the measured 222Rn radioactivity concentrations is 
calculated on the basis ofEq. (3). This implies the general expression forthe concentration ratio: 

n (Zi+l) 

n (Z.) 
l. 

EXP (aC Z. I -Z.J+$) 
l. + l. (6) 

i = J ' 2 ' 3 . . . • • 
The value (3 was chosen to yield 100%, if Zi+ f = Zi = 0, and a is determined by a computer such that the 
square deviations of the measured values from Eq. (6) are minimum. Comparing Eqs. (6) and (3), one gets the 
relation: 
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a ~ ~ 
A. i;2 

(-) K 
c 

and this yields: 

K "' A = c a2 (7) 

An estimate of the error for the vertical diffusion coefficient derived with respect to Eq. (4) depends on the 
accuracy of the radon concentration measurement, which is on the order of + 10% and on the error of the 
height determination, which is on the order of ± 5%. Considering the expressiilli ' 

t.K [C3K ClK Jl/2 K: • .+ <a/>' (~z -)' + (dn c) 2 (~n)' + • • • •) 

one finds that the mam contnbut10n comes from the error of the concentration measurement. Using height 
intervals of about 1,000 meters, and assuming a decrease by a factor of two for the concentration within 1,000 
meters, one gets: 

fi.K 
c 

K 
c 

+ 40 .% 

This error is assumed during the following discussion on the Kc values derived. 

RESULTS AND DISCUSSION 

The ground-level radioactivity concentration of 222Rn (shown in Figure 3), as well as the precipitation 
measured in Heidelberg, is plotted for all days on which a height profile of 222Rn was measured aboard the 
airplane. At ground-level an average value of 222Rn of 91 pCi m-3 ( ± 10%) is found for these days. The ground
level concentrations are discussed now as a function of time with respect to the meteorological conditions. 

On June 24, 1971, in the western part of a high-pressure area reaching from the North Sea to the eastern part 
of the Mediterranian Sea, warm humid air moved into Germany. No precipitation was registered in 
Heidelberg. There were fair-weather cumulus, with the base at 1,500 m and the tops at 2,600 m. Measurements 
were taken only outside the clouds. 

On June 26, 1971 the ground-level concentration was somewhat lower than two days before. A high
pressure area was over Spain, and warm humid air moved into Germany from the southwest. No precipitation 
was registered in Heidelberg. There were cumulus clouds (base 1,200 m, tops 2,100 m) and a stratocumulus 
layer between 2, 700 m and 3,200 m. Measurements were taken only outside the clouds. 

On June 28, 1971 a low-pressure area lay over the Netherlands, and a warm-front crossed the southern part 
of Germany. This produced 7.1 mm precipitation in Heidelberg. The clouds were formed by a thick 
stratocumulus layer between 1,500 m and 4,000 m. The ground-level radon concentration was again lower 
than two days before due to 13.5 mm precipitation on June 27, 1971. 

On June 30, 1971 a high-pressure area lay over England, and on its eastern part, cold maritime air moved 
into Germany. This caused an occlusion accompanied by 10.6 mm precipitation in Heidelberg. The 222Rn 
concentration measured at ground-level was only slightly higher than the minimum value measured one day 
before. The clouds were formed by a stratocumulus layer between 1,100 m and 2,900 m 

The222Rnpro:fileofJune 24, 1971 is plotted in Figure 4 as a function of the height. The 222Rn concentrations 
are reported in percentages of the ground-level value, and are connected with a dashed line, while the fit to the 
measured values is plotted as a straight solid line. The diffusion coefficients calculated from the measured 
values are given in the lower part of Figure 4 with respect to the scale on the right. There, the broken line is 
used as a vision line to link the different Kc values derived from the measured concentrations. As can be seen, 
the 222Rn concentration decreases by a factor of two for every 300 m within the height interval 0 m to 600 m. 
Considering the interval 600 m to 1,100 m, the concentration is constant within the error limits. In the height 
interval 1,100 m to 3,000 m, the reduction by a factor of two in the concentration is reached within 550 meters. 
The higher concentration gradient in the interval O m to 600 m corresponds to a lower value for the eddy 
iiffusion coefficient compared to the height interval 1,100 m to 3,000 m. The constant 222Rn concentration in 
theinterval 600mto1,100 m does not allow the determination ofa value for Kc. 

Figure 5 shows the height-dependence of the 222Rn radioactivity concentrations for June 26, 1971. 
Decreasing values are observed until reaching the 3,600 m height which is just above the stratocumulus layer. 
Atthe height of5 200 m the concentration of222Rn is higher than at 3,600 m. This indicates that, in the height 
interval from 3,600 m t~ 5,200 m, the troposphere is layered - meaning that an air parcel is present there 
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which should be associated to a lower height, assuming steady-state conditions. The eddy diffusion coefficient 
in the interval from 600 m to 3.600 m is lower than in the interval 0 m to 600 m. This indicates a reduced 
exchange in the region of the stratocumulus clouds. 

Figure 6 shows the 222Rn profile of June 28, 1971 which decreases to a height of 2500 m. This height is in the 
middle of the stratocumulus layer. In the upper part of this cloud, the 222Rn concentration increases -
indicating a change of the air mass. This presumption is supported by the meteorological situation discussed 
above. The decreasing values of the eddy diffusion coefficient Kc indicates a minor exchange between the 
different air masses. 

The measured 222Rn concentrations of June 29, 1971 in Figure 7 agree well with the exponential decrease 
required in theory. This yields nearly constant values for the vertical diffusion coefficient Kc. On that day, 
Germany was on the rear side of the low-pressure area mentioned for June 28, 1971. Precipitation composition 
of the air mass is homogeneous until the height of 3,600 meters. Due to the precipitation of the previous day, 
which ended 15 hours before the start of the flight on June 29, 1971, the 222Rn concentration measured in the 
maritime air probably does not have the concentration corresponding to the normal exhalation rate of the 
Heidelberg area. Sappok (1971) measured an increase in concentration after precipitation on the order of 50% 
within 6 hours using 220Rn as the tracer. 

Figure 8 shows the 222Rn profile on June 30, 1971 with decreasing values until a height of 1,500 m was 
reached. In the interval of 1,500 m to 2,400 m, an increase in concentration is observed. This indicates a 
change of the air mass. The air present in this height interval should either be associated to a lower altitude or, 
in other words, reaches this height faster than forecasted by the steady-state 1wlution. This agrees with the 
meteorological situation which makes an occlusion responsible for the stratocumulus cloud. The eddy 
diffusion coefficient decreases in the lower part of the cloud. This indicates a low exchange between the 
different air masses. 

Table 1 summarizes the values from the measurements of 222Rn profiles, such as the height for reduction of 
the concentration by a factor of2, as well as the diffusion coefficient derived from measured values and from 
the calculated mathematical fit. 

In Figure 9, the vision lines, derived from the vertical diffusion coefficients calculated from the measured 
222Rn concentrations, are given as broken lines. These are constructed, assuming the calculated values of Kc 
plotted in the previous figures, for the middle of the height interval considered. The broader solid parts of these 
lines indicate a layer cloud, when present. For ground-level (Z=O), the molecular diffusion coefficient of222Rn 
in air is assumed (about 5.5 x 10.2 cm2 s-1). Measurements performed by Sappok (1971), using 220Rn as the 
tracer, yield 1.2 x 103 cm2 s-1 as an average value for the vertical eddy diffusion coefficient between 1 m and 6 m 
in height. This value is used in Figure 9. The method for these measurements is described by Bogen, et al., 
(1972). 

The broken lines in Figure 9 show two different types of height-dependence for the vertical diffusion 
coefficient. On June 24 and 29, 1971, when only fair-weather cumuli were present, the eddy diffusion 
coefficient seemed to increase rapidly within the first 500 meters above ground, and thereafter increased only 
relatively slowly. 

On June 26, 28, and 30, 1971, when stratus clouds were present (indicated by the solid broader part of the 
lines in Figure 9), the diffusion coefficient seems to reach a maximum at a height which corresponds to the 
height.of the cloud base. This indicates a change of the air mass or air parcel, respectively, and a low exchange 
through the boundary layer. The solid traced curves in Figure 9 represent values calculated by Jacobi and 
Andre (1963), who assumed special turbulence conditions in the ground-layer (0 to 1,000 m), the upper 
troposphere (1 km to 12 km), and the stratosphere (12 km to 30 km). These turbulence conditions are indicated 
by the characters I, W, N, S, which mean inversion, weak-, normal-, and strong-turbulence, respectively. 

For June 24, 1971, the vertical eddy diffusion coefficient derived from measurements agrees well with the 
IWN-type of Jacobi and Andre's (1963) calculations, but no pronounced temperature inversion could be 
observed because the accuracy of the temperature measurement was not sufficient. One June 29 1971 the 
development is similar to the NNN-type calculated by Jacobi and Andre (1963). The rest of the pro'files 
measured yield a height-dependence of the diffusion coefficient which agrees in principle with the NWN-type 
of Jacobi and Andre's (1963). The profiles derived from the measured values of days with stratus clouds reach 
the maximum value of the eddy diffusion coefficient at a greater height than predicted by the calculations. 

All measured 222Rn concentrations are plotted in Figure 10 as percentages of the ground-level value 
(equivalent of 100%) as a function of the height. The mathematical fit for all these values is marked as a 
straight line, and yielda a decrease by a factor of two in the 222Rn concentration for a height of 986 meters 
(minimum value 300 m, maxim1;1m value 1,500 ~). This means, for the case of a steady-state structure of the 
atmosphere, that ground-level air takes the half-hfe of 222Rn (3.8 days) to reach a height of about 1 000 meters. 
This yields an averaged vertical eddy diffusion coefficient of about 4 x 104 cm2 s-1 (minimum valu~ 4x103 cm2 
s-1,maximum value 1x105 cm2s-1)fortheHeiJelbergareainJune 1971. 

SUMMARY 
A method ~hich ~ses adsorption of ~tmosp~eric 222!:ln on cooled charcoal is described. 222Rn height profiles 

were .determmed usm~ a s~ecially equipped a1rplan.e m the are.a of Heidelberg from June 24 to 30, 1971. Basic 
relations of the eddy diffus10n theory were used for mterpretat10n of the results and for determination of the 
verti~al diffusion co~fficient: The avera.ge ground-level radioactivity concen'tration of 222Rn for the time 
mentioned was 91 pCi per cubic meter of air. An average decrease by a factor of two for the 222Rn concentration 
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was found at 1,000 meters of height. This yields, for the height-independent vertical diffusion coefficient an 
ayera~e value o~ 4 x 104 cm2 s-1

• '.1'~e derived ~e".'elopment of the height-dependence of the vertical eddy 
diffusion coefficient showed a r::ipid mcrease withm the first 500 meters above ground; above this height, it 
increased slowly when no stratiform clouds were present. A decrease in height was observed in the vertical 
eddy diffusion coefficient when stratiform clouds were present in the lower troposphere· this was probably due 
to meteorological conditions. ' 
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TABLE 1. Summarized Flight Data for the Determination of 222Rn Radioactivity 
Concentrations in the Heidelberg Area. Kc(min,max) is Calculated from the Least Square Fit 

Values. 

Date Height Height Vertical eddy diffusion 
Interval ~=0,5 coefficient 
:meter] c(Z1) Kc(i,j) Kc(min,max) 

lower upper meter [ ~m2] [~m2 J 
i j 

June 24, 0 600 300 0.38x104 ! 1971 600 1,100 00 ND 
1,100 3,000 550 1.44 x 104 1.47 x 10'4 

June 26, 0 600 925 3.7 x 104 ! 1971 600 3,600 850 2.02x104 
3,600 5,200 + ND 5.08 xl04 

June 28, 0 1,300 850 2.56x104 

! 1971 1,300 2,000 500 1.37 x 104 

2,000 2,500 350 5.78 x 104 
2,500 3,600 + ND 3.3 x 104 

June 29, 0 2,100 1,500 9.19 x 104 i 
1971 2,100 3,600 1,500 11.11x104 9.74x104 

June 30, 0 1,100 850 3.52 x 104 

l 1971. 1,100 1.00 250 2.63 x 104 

1,500 2,400 + ND 6.07x104 

+: increasing concentrations. 
ND: not determined. 
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Figure 6. 222Rn concentration of June 28, 1971 in percentages of the ground-level value and height
dependence of the vertical eddy diffusion coefficient K. The straight line gives the concentration calculated 
with a least squares :tit program. The horizontal lines are the Kc values (of which the scale is on the right side) 
derived from the measured 222Rn concentrations. The broken curve connects the Kc values at the centers of the 
height intervals. 
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Abstract 

Recent experiments with pulsed and continuous wave (CW) noble gas lasers have revealed that reliable 
high gain laser oscillations at numerous in/rare~ wavelengths can ~e 0;chieved using a relatively simpl; 
laboratory apparatus. A total of more than eighty infrared neutral and ionized noble gas laser lines have been 
obtained using this equipment; eighteen of these noble gas laser lines were previously unreported. Despite the 
large number of noble gas laser lines, coincidences between laser lines and air pollution absorption lines are 
relatively rare, and hence some degree of spectral tuning is desirable in order to achieve coincidences between 
laser lines and pollutant abs?rption lines. In experiments performed h~e, it has been shown that a high-gain 
xenon laser can be tuned (using the Zeeman effect) over as much as 10 A with applied de magnetic fields of six 
kilogauss; furthermore, noble gas lasers may be tunable over more than 100 ~ using strong, pulsed magnetic 
fields of at least sixty kilogauss. In spectral regions, where these noble gas laser lines are relatively closely 
spaced, the Zeeman effect may permit tuning from one laser wavelength to another. It has been shown here 
that high-gain noble gas laser lines can be tuned (via the Zeeman effect) into coincidence with absorption lines 
of selected pollutant gases. 

INTRODUCTION 

Among the most essential features of an effective air-pollution control system are unambiguous methods 
appropriate for detecting, identifying, and quantitatively measuring the concentrations and distributions of 
gaseous air pollutants. One highly useful -technique for identifying and quantitatively measuring air 
pollutants is optical absorption spectroscopy. This paper presents the results obtained using noble gas lasers 
in absorption spectroscopic experiments conducted to (1) increase the number of available laser wavelengths; 
(2) tune individual laser lines over a narrow spectral region; and (3) demonstrate that quantitative data on the 
concentrations and distributions of selected air pollutants can be obtained with a noble gas laser absorption 
spectroscopic apparatus. 

There have been a number of serious difficulties in the past that have been associated with using optical 
absorption spectroscopy for pollution measurements, most of which have been due to the use of incoherent 
light sources. With the technological development of laser sources, however, many of these difficulties are 
overcome, and the useful characteristics of absorption spectroscopy could be adapted from their former 
laboratory applications to actual field measurement situations. 

Although laster oscillation has been achieved using a wide variety of solid-state, liquid, and gas lasers, the 
special requirements for air pollution monitoring equipment restrict the choice of laser sources to (1) 
continuously tunable lasers and/ or (2) multiple wavelength, partially tunable lasers. This paper describes the 
work done in-the latter category using noble gas lasers as narrow-band light sources for optical absorption 
spectros~opy. 

Long optical path length absorption techniques using laser sources have a number of significant 
advantages over comparable incoherent optical detection techniques for the measurement and detection of air 
pollution. These advantages are: 
' (1) very narrow spectral line-widths permit extremely high resolution spectroscopic measurements to be 

obtained; 
(2) the high laser radiances reduce the optical detection problems; 
(3) the high beam collimation permits long optical path lengths to be monitored, thereby increasing the 

sensitivity; 
· (4) a capacity for unique identification of pollutant absorption lines is available using this techni<.1ue; and 

(5) laser sources offer the availability of coherent detection techniques (such as heterodyne detect10n). 
Problems do remain, however, particularly those problems associated with band spe(ftra, pressure 
broadening of fine spectral structures, etc. . 
' The number and wide- spectral dispersion of noble gas laser lines exceed those of all other discrete 
wavelength laser sources. To date, more than 400 neutral and ionized noble gas laser lines (Hdbk o~ Lasers, 
1971) ranging in wavelength from the vacuum ultraviol~t (xe~on@0.1469µm) to. the far mfrared 
(neon@132.8µm). Tunable laser sources, notably dye lasers and optical parametnc osci.llators .<OPO), are 
capable of covering specific spectral regions well, although, at present, not a~l spectral regions of mterest are 
included. Thus,-dye lasers cover the visible portion of the spectrum in detm.l, but, as y~t, SJ?ectral cove~age 
much beyond 1.0 micrometers is poor. OPO's have proven to be difficult to ahgn and ~amtam, but 9PO s are 
presently capable of generating optical radiation in the near visible and middle mfrared portion of the 
spectrum. 
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The major absorption lines of atmospheric pollutants lie either in the ultraviolet (corresponding to atomic 
transitions within the atom constituents of the pollutant molecules) or in the infrared (corresponding to 
vibrations rotations, torsions, etc., of the molecules themselves). Thus, aside from the oxides of nitrogen, most 
atmospherlc pollutants -appear to be nearly colorless, owing to the absence of absorption lines in the visible 
portion of the spectrum. Homonuclear molecules, such as N 2, are essentially free of absorption lines in the 
infrared, owing to the lack of a dipole moment; this is a convenient property, since it effectively eliminates 
homonuclear molecules from being detected (in the infrared), and homonuclear molecules are usually not 
sources of air pollution. 

Although there are a large number of noble gas laser lines available, coincidences between these lines and 
individual absorption lines of pollutant gases are relatively rare. The advantage in having (1) numerous 
available laser lines and (2) a small degree oftun§bility of these lines is apparent since it is only necessary to 
tune a typical noble gas laser line from IO to IOO A before coincidence with a ;i;i.eighboring noble gas laser line 
can be achieved. In many cases, tuning a noble gas laser line by only IO A will bring that laser line into 
spectral coincidence with a pollutant absorption line. Noble gas laser lines are inherently fixed 
frequency /wavelength standards, unless the noble gas discharges are placed in relatively strong magnetic or 
electric fields. Recent experiments (Linford, 1973a) with a xenon laser oscillator placed inside a six kilogauss 
solenoid have indicated that a i:wmber of CW infrared xenon laser lines can be continuously tuned over a 
spectral interval of up to 11 A using the Zeeman effect. These same experiments (Linford, 1973a) 
demonstrated that the 3.508 xenon laser line can be tuned into coincidence with an absorption line of 
formaldehyde with an applied magnetic field of approximately five kilogauss. 
· More than ten years have elapsed since laser oscillation was first reported in gas discharges of the neutral 
noble gases (Patel, et al., 1962; Javan, et al., 1961; and Faust, et al., 1962). In spite of this, however, it has 
recently become apparent that a considerable number of new noble gas laser transitions may be available in 
addition to those previously reported in the literature. During the past two years, for example, the author has 
found a total of 18 new neutral argon, krypton, and xenon laser lines (Linford, 1972 and 1973b and c) using a 
relatively simple laser apparafos. Most of these new laser lines are located in spectral regions common to both 
the lasers and to spectral absorption lines of important atmospheric pollutants. As such, these new noble gas 
laser lines may be used as selective laser oscillators for differential absorption measurements of specific 
pollutant gases. 
· If a Zeeman-tuned noble gas laser is used as the probe laser source for such absorption measurements, laser 
oscillation at two wavelengths, A+ and A_, can be obtained. In general, only one of these two Zeeman-split 
laser lines will be tuned into coincidence with a spectrally-narrow pollutant absorption line, and, as a 
consequence, the laser line suffering the least absorption can serve as a comparison laser source for detailed 
differential absorption measurements (Linford, 1973a) for long atmospheric optical paths, such as the air over 
a polluted urban environment. 

Additional simultaneous noble gas laser lines can be obtained by pulsing the laser discharge, although 
some electrical discharge instabilities result in a Zeeman-tuned laser owing to the interactions between the 
moving ions and electrons and the applied magnetic field. Pulsing the magnetic field permits higher (peak) 
magnetic fields to be obtained (thereby increasing the Zeeman-splitting of the laser lines), but synchro
nization of the pulsed magnetic field with a pulsed noble gas laser oscillator is necessary in order (1) to ensure 
that the laser oscillates when the (pulsed) magnetic field is maximum, and (2) to prevent the induced electric 
field associated with the increasing or collapsing magnetic field from extinguishing the noble gas electrical 
discharge. 

The atomic energy level diagrams for argon, k;ypton, and xenon are quite complex, composed as they are of 
two relatively independent systems corresponding to the 2P0

1h. and 2p0 
3f2 parent ions, respectively. Radon is 

expected to be somewhat similar, although almost none oftHe energy levels corresponding to the 2 po11 parent 
ion is known (Moore, 1959). The plethora of energy levels available in the heavy noble gases allow~?a large 
number of laser lines to oscillate simultaneously. As discussed below, however, the noble gas lasers are 
inherently inefficient, owing to the location of the pertinent energy levels for laser osciIIation relatively near 
the ionization limit(s) for these gases. Frequently, simultaneous laser oscillation at a number of wavelengths 
is inconvenient, and dispersive laser cavity elements are usually introduced to suppress these other laser lines. 

· Noble gas lasers cannot, in general, be used to detect the concentrations and distributions of the same 
noble gas used in the laser. As discussed in the following section, noble gas lasers are usually 4-level lasers, 
and the optical transition corresponding to a given laser line cannot be ahosrbed by an identical atom in its 
ground state. In the case of the neutral argon laser, this property is an important one since argon represents 
almost one percent of the terrestrial atmosphere, a concentration many orders of magnitude greater than 
those expected for atmospheric pollutants. 

In summary, noble gas lasers have been found to be promising optical sources for atmospheric pollution 
detection and measurement using selective spectral absorption techniques. Experiments and analyses have 
shown that the numerous noble gas laser lines can be: 

(1) allowed to oscillate individually or simultane~usly; 
(2) Zeeman-tuned over spectral bands ofup to IO A (using six kilogauss de magnetic fields)· 
(3) transmitt.ed over long optical paths in the atmosphere to provide great detection sensitivity; 
(4) operated m those spectral bands common both to the laser and to important atmospheric pollutants; 

and, 
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(5) eithe~ pulsed or CW l.aser oscillation modes can be used depending upon the application and type of 
data processmg system required. 

Only a relatively simple laser .apparatus and as.soc~ated data processing system are required to obtain 
adequate data on the concentrations of atmosphenc air pollutants. Details regarding the laser apparatus 
data, and selected pollutant gases can be found in the following sections. ' 

EXPERIMENT AL MEASUREMENTS AND RESULTS 

Our noble gas laser experiments were designed to address three specific tasks: 
(1) laser source development (conventional CW noble gas lasers, transverse-excited atmospheric (TEA) 

pressure, pulsed noble gas lasers, and conventional low-pressure pulsed noble gas lasers);' 
(2) spectral tuning experiments of noble gas lasers (using applied magnetic fields to generate the Zeeman 

effect); and ' 
(3) pollutant absorption experiments (using both intra-cavity and extra-cavity optical paths of variable 

length). 
Most of our efforts were concentrated on. the first area, laser source development, and consequently the 
following discussion emphasizes this work. ' ' 

Several hundred neutral noble gas laser lines have been discovered during the past decade by a number of 
laser researchers (Hdbk. of Lasers, 1971). It was recognized early in our experiments, however, that there were 
four problems associated with implementing these numerous noble gas laser lines for air pollution monitoring 
applications: 

(1) Some of these noble gas laser lines were obtained using laser apparatus of considerable size and 
complexity, and, as a consequence, this type oflaser equipment may not be suitable for air pollution detection 
applications. 

(2) Many of these noble gas laser lines fall into the extensive H20 and C02 absorption bands in the 
terrestrial atmosphere - since H20 and C02 are not considered to be pollutant species, those laser lines 
falling in these H20 and C02 absorption banns cannot be used as laser sources for long atmospheric path 
length measurements. 

(3) A considerable number of the known noble gas laser lines are too weak to be used successfully over long 
atmospheric paths, particularly if air turbulence is present. 

(4) A few noble gas laser lines fall in spectral regions in which little or no pollutant absorption lines are 
present- these spectral regions are generally termed "windows" in the atmospheric absorption spectrum. 

In order to automatically exclude those noble gas laser lines requiring an elaborate apparatus, we 
constructed a simple, relatively compact noble gas laser device having an active length of approximately 1.0 
meter. Experiments were conducted in which noble gas pressure and discharge parameters were 
systematically varied, and the number, wavelengths, and output powers of the noble gas laser lines obtained 
with this equipment were carefully measured. In these experiments, our studies were restricted to the heavier 
noble gases (argon, krypton, and xenon) since the He/Ne laser had previously been subject to intensive 
development. 

Some eighty noble gas laser lines were obtained; Tables 1, 2, and 3 list the pulsed laser lines obtained with 
argon, krypton, and xenon respectively. Table 4, 5, and 6 list the CW laser lines obtained with argon, krypton, 
and xenon lasers respectively. Note the remarkable dominance that xenon has over the two lighter noble 
gases. In particular, it was found that if xenon were allowed to remain in the laser apparatus overnight, xenon 
contamination of the apparatus occurred, presumably by the gas being strongly adsorbed on the inner 
surfaces of the laser plasma tube. Despite the fact that the contaminating xenon gas was present in very small 
fractions compared to the desired fill gas (fractions as small as 10-3 to 10.4 were estimated), the xenon laser 
spectrum generally dominated over the spectrum of the majority noble gas atoms. This dominance is 
attributed in part to the greater line strengths of many of the xenon laser lines and to the lower-lying energy 
levels in xenon. 

Of the eighty noble gas laser lines obtained with our equipment, some 18 argon, krypton, and xenon laser 
lines were previously unreported. Many of these 18 new laser lines (Linford, 1972 and 1973b and c) fall in or 
near important pollutant absorption bands and lines - see Table 7 for a listing of the wavelengths, 
identifications, and estimated line strengths of these new lines. 

A substantial number of the 80 noble gas laser lines obtained with our simple apparatus were observed to 
have adequate optical gains and output powers for air pollution monitoring. applications! but o~ly w.hen 
operated in the pulsed mode. This necessity for pulsed operation may not be a.disadvantage m J?ractice, si~ce 
electronic photodetector gating, lock-in amplifiers, etc., may be used to permit an acceptable signal-to-noise 
ratio to be achieved for an operational data-processing system. 

1. Description of Laser Apparatus. 

A general schematic of the laser apparatus used in many of our noble gas laser experiments is shown in 
Figure 1. As shown, a hot cathode/ring anode laser tube is fittediwith a cryogenic pressure-control cold finger 
for regulating the tube pressure of xenon (Linford, 1973a). A heater coil wrapl?ed around the cold finger allows 
surface temperatures to be varied from 77°toover100°K. For CW laser ope~ation, the.no~le gas apparatus was 
excited with a de electrical discharge. When pulsed laser operation was desired, two circuits were used: 
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(1) a high voltage capacitor (C = 2 nF) was placed in parallel with the plasma tube electrodes and a large, 
1.0 megohm, resistor was placed in series with a 15 kV high voltage power supply; and 

(2) a hydrogen thyratron was used to apply controlled-duration high voltage pulses of variable current to 
the laser plasma tube. 

The laser tube was placed inside a de solenoid to permit axial magnetic fields up to 6 kilogauss to be applied to 
the laser tube. As discussed above, the six kilogauss applied magneti'Qfield allowed us to tune a number of CW 
xenon laser transitions over bandwidths as great as 23 GHz (or 11 A) using the Zeeman effect. Although as 
many as ten spectral components are obtained in Zeeman-split spontaneous emission spectra (in the case of 
the 3.508µm xenon laser transition), only twolaserwavelengths, A+and A_, were obtained when magnetic 
fields in excess of one kilogauss were applied to the laser tube. This convenient reduction in the number of 
oscillating laser lines in the Zeeman-split noble gas laser is attributed to spectral cross-relaxation processes 
occurring within the low-pressure noble gas discharge (Peressini and Linford, 1968). 

The magnetically-induced spectral-splitting,bvm, of a given Zeeman-split spontaneous spectral line can be 
calculated from the expression: 

(1) 

where mu is the magnetic quantum number of the upper energy level of the transition, g and gp are the 
Lande-g values of the upper and lower laser levels, respectively, and Bis the applied magne'tic fiel~ In order 
to use equation (1) to calculate the spectral splitting effected by.the applied magnetic field, it is necessary to 
either measure or calculate the values of the Lande-g coefficients. 

The spectra of the neutral noble gases can be characterized most accurately by a j--f coupling scheme 
(Racah, 1942). In the case ofj-- f coupling, the orbital angular momemtum of the excited ele.ctron,fe, is coupled 
to the total angular momentum of the parent ion, jp, to form a resultant intermediate quantum mechanical 
angular momentum, K. Thus: 

(2) 

The total angular momentum, J, is then given by the vector sum: 

J = K + se (3) 

where Se is the spin of the excited electron. Since only about half of the Lande-g values for equation (1) have 
been measured and re1wrted for the noble gases .(Moore, 1959), it was necessary to calculate the remaining 
Lande-g values using the j-p coupling conditions. Under these circumstances, 

g=-+2 e e 2J+1 [ je(je+l)-t K(K+l)-f, Cf, +1)] 

2K+1 (2K+1)(2J+1) (9p - 1) (4) 

where ie is the total angular momentum of the excited electron and gP. is the Lande-g value of the appropriate 
parent ion. The Lande-g value, gp, for the parent ion can be calculated from the ordinary Russell-Saunders 
coupling expression: 

g ~ l+J(J+l)+S(S+l)-L(L+l) 
P - 2J(J+ n (5) 

The s~ectra of the neutral noble gases (particularly the heavier noble gases) arise from two parent ions,2p0112.. 
and p0 ~ When appropriate values for the quantum numbers describing these two parent ions are inserted 
in equatibbs(5) through (1), above, we found that the magnetic splitting factor, t , given by the expression: 

(6) 

c.an be calculated to be 1.25 MHz/gauss for the 3.51µm xenon laser line, 1.31 MHz/ gauss for the 3.37µm xenon 
hne, and 2.6 M~z/ gauss for t~e 3.99µm xenon transition (Linford, 1973a). All but the last magnetic splitting 
factor agreed with the expenmental measurements of the spectral splitting of these xenon laser lines. A 
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magnetic splitting factor. of onl~ 1.9 MJ:Iz! gauss was measured instead of the calculated 2.6 MHz/ gauss for 
the 3.99µm xenon laser hne. This relatively large error may be due to an incorrect Lande-g value in the 
Atomic Energy Levels (Moore, 1959). 

The v~lues of the .magn?ti~ splitting are quite substan,tJ.al using a six kilogauss applied magnetic field 
(amounting to to~al h~e ~phttings of nearly 2~ GHz, and 11 A, in the case of the 3.99µm xenon laser line). 

These magnetic sphttmgs were m.easured ~n two way.s: (1) for small fields and splittings, the heterodyne 
beats between the two Zeeman-spht laser Imes could be observed- using a square-law photodetector (of 
suffi?entspeed) ~onnected to a microw8:ve spectrum analyzer for frequencies up to 1.2 GHz; and (2) for larger 
apphed magnetic fields (and prop?rti?nally larger frequency splittings), a 3/4 meter Czerny-Turner 
monochromator (such as that shown m Figure 1) was used to measure the spectral splittings directly. 

Photodetection of the noble gas laser lines was accomplished with one of three types of photodetectors 
(depending upon the wavelength region ofinterest). These photodetectors were: 

(1) a photovoltaic InAs detector operated at 300°K with a spectral coverage of from 0.4µm to 3.5µm, 
(2) a photovoltaic InSb detector operated at 77°K with a spectral coverage of from 0.4µm to 5.6µm , and 
(3) a photoconductive gold-doped germanium detector covering the range 0. 7µm to 11µ m . 

The photovoltaic InAs detector used in these experiments was an exceptionally fast detector - heterodyne 
beats between Zeeman-split laser lines having frequency differences· as great as 1.2 GHz were observed. The 
other two detector types required liquid nitrogen cooling (to 77°K}, were considerabl~ slower, and their 
selection for these experiments was predicated primarily on their substantial photodetector sensitivities at 
wavelengths beyond the spectral cutoff of the InAs photodetector. 

There were several techniq'!les used to select the desired laser wavelengths reaching the photodetector. In 
the case of the Zeeman-tuaed laser, the two Zeeman-split laser lines were circularly polarized, but of opposite 
helicitics. By inserting a quarter-wave plate in the laser beam containing both laser lines, it was possible to 
convert the two circularly-polarized laser lines into two laser beams linearly polarized perpendicular to each 
other. A suitable prism analyzer could then separate these two wavelengths directly (Linford, 1973a). 

For laser experiments employing more widely separated wavelengths, it was possible to use gratings, 
dicrotic beamsplitters, or suitable narrow-band interference filters to separate the two laser beams. The 
Littrow prism (shown in Figure 1) could be used to switch sequentially from one noble gas laser wavelength to 
another, providing that the wavelength differences between the two laser lines were sufficiently great 
( - 0.5µ m or better) in order to provide a sufficiently large dispersion factor. 
· Unfortunately, infrared noble gas lasers are inherently inefficient devices, particularly when the excitation 
mechanism uses conventional direct electron excitation from the (np} ground-state to excited (n + l)s or (nd) 
states. As indicated in Figure 2, the first excited states, (n + l)s, lie far above the (np) ground-state, and since 
laser oecillation takes place· between two relatively closely-spaced energy levels, the theoretical quantum 
efficiency is necessarily low. Furthermore, since there are a number of possible energy levels within each 
multiplet, the resulting population inversions are spread among most of these energy levels. An example of 
this relatively complex energy level diagram is shown in Figure 3. The first excited states, the 5s levels, are 
located nearly 80,000 cm-1 above the 4p ground-state. The multiplicity of these population inversions gives rise 
to the useful multiple wavelength oscillation property of noble gas lasers. As shown in Figure 3, it is possible 
for numerous neutral krypton laser lines to oscillate simultaneously since these lines have neither upper nor 
lower laser levels in common. 
' Tlie effects of isotopes on the oscillation characteristics of noble gas lasers predominantly affect the line
width of the laser amplifier. Thus, although the line-widths of the noble gas laser amplifiers are Doppler
broadened at the low pressures (P-5--10 millitorr) used in conventional laser oscillators, the presence of 
naturally-occurring isotopic mixtures broadens the line-width further. This isotope effect is particularly 
interesting in the case of xenon which not only has nine stable, naturally-occurring isotopes, but also has 
approximately half of the naturally-occurring atoms composed of even-odd (xenon-129 and xenon-131) 
isotopes. Accordingly, naturally-occurring xenon not only displays a mass-shift, but also hyperfine structure 
in its spectra. 

2. Radon Considered as an Active Laser Medium. 

The incomplete term diagram of radon is very similar to those of xenon and krypton. Based on the pioneer 
work on radon by Rasmussen (1931and1932) only part of the term dia~am of radon is. kno~. Radon is the 
heaviest noble gas, having 86 electrons, no stable isotopes (radon-222 ts t~e longest-~ived isotope), and an 
average atomic weight of 222. Radon condenses at 211 °K and freezes at 202. K~ so that if an excess of gaseous 
radon were available in a laser tube, a cryogenic pressure control syste~ similar to that u.sed for xenon (see 
Figure 1) could be used to maintain the low gas pressures which are optimum for conventional heavy noble 
gaslasers(Linford, 1972). . 

Radon-222 is part of the radium decay scheme, is radioactive, and has a h~lf-hfe of o~ly 3.827 d~ys -
decaying by alpha emission with an energy of 5.5 MeV. The differential equation governmg production of 
radon from radium is given by 

d N 2 
dt 

(7) 

- 565-



where N2 is the population ofradon, N1 i~ the population ofradium, and a 1 and a2 a~e the .mean r~ciprocal 
lifetimes of each element. If the production of radon from the parent element, radmm, 1s considered to 
commence at t = 0, then the integral of equation (7) subject to the initial condition is simply 

N
2

(t) 
__ N 1(0)a. 1 [ e'~~~,-a 1 t)-~ exp(-a 2t)]_ 

(8} 

which reduces to 

N2 (t) "N 1(o{:;J [I·· ''xp(-a?.t)J (9) 

since ~»a1 . As an asymptotic solution, N2(oo>-N 1 ~ , so that the quantity ofradon gas in equilibrium with 
the parent radium is-essentially the ratio al/ a2 ticles the quantity of radium present. Approximately 1015 

atoms ofradon are required to fill a typical laser tube to a pressure of five millitorr, and, hence, some 1.5x1020 

atoms of radium are required as a source - this corresponds to approximately 0.6 grams of radium. When 
allowances are made for radon gas adsorption by the laser tube walls, at least two grams of radium are 
required for a 0.3 cm bore gas discharge tube having a length of 50 cm (V gas = 3.5 cm3). An electrodeless laser 
tube would minimize the internal volume of the laser tube, and since rf excitation in excess of 109 Hz reduces 
gas adsorption, this type of excitation is recommended for any initial experiments conducted with radon. 

We were unable to acquire a 2 gram source of radium to perform actual laser experiments with radon, but we 
did make some predictions as to the wavelengths and line strengths of the expected radon laser lines should a 
suitably-large source ofradium become available in the future. The 2-gram radium source should be located in 
a detachable side-arm of the plasma tube so that the contaminated laser tube can be suitably disposed of after 
the experiment has been completed. The laser experiment should be performed approximately 2 to 3 days after 
the evacuated laser tube is attached to the radium-bearing sidearm. Beyond that period, accumulation in the 
discharge tube of the numerous daughter nuclei of radon would present a serious chemical contamination 
problem insofar as operation of the radon laser were concerned. Table 8 lists the pertinent wavelengths and 
estimated line-strengths for the strongest radon laser lines using xenon as a model. 

Radon should be an excellent active laser medium. Its nearest relatives in the heavy noble gases all display 
strong, high-optical-gain laser lines, and the relatively great mass of radon reduces its Doppler-broadened 
line-width to, for example, 0.77 that of xenon and 0.29 that of neon. The narrowing of the laser line-width 
effectively increa~es the optical gain of the_ comparable transitions in radon. A further narrowing in the 
Doppler-broadened line-width ofradon relative to xenon is caused by the lack of hyperfine or mass-shift line 
broadening mechanisms in the essentially single-isotope spectrum ofradon. 

3. Molecular Absorption Experiments. 

In striving for simplicity of operation, our experimental laser configurations were designed to permit direct 
molecular absorption measurements to be made using selected pollutant gases. Referring to Figures 1 and 4, 
when a suitable sample gas was subjected to analysis by the noble gas laser apparatus, two laser wave
lengths were generally used. One of the laser wavelengths was chosen such that it was absorbed more 
strongly than the other by the pollutant gas. The second wavelength then served as an intensity comparison 
standard. By measuring the relative intensities of these two laser wavelengths before and after they both 
passed through the absorbing sample of gas, it was possible to infer the relative concentration of the 
absorbing (pollutant) gas providing that: 

(1) the optical path length, R, through the gas was known; 
(2) the specific absorption coefficient at the specific wavelength, a( /\),was known; and 
(3) both the absorbed and comparison wavelengths were accurately measured and, hence, known. 

Assuming that the comparison wavelength,/\_, wa1;1 negligibly absorbed by the pollutant gas and was initially 
of the same intensity, 10 , as the absorbed laser wavelength,/\+, then the ratio of the two intensities after 
passage through the absorbing gas is simply 

I+ - N 
E =-- :: exp(-Za(:>..)-- R) (10) 

I N 
0 0 

where the ratio, NIN0 , is the fractional molecular density of the pollutant gas in the laser beam. It is evident 
from.equatiOn (~O) tliat if a measurable intensity ratio,l+/la.an be obtained for a given molecular density 
fraction, NIN o, m a small gas cell of given optical path length R then much greater detection sensitivities 
can be ?btained by inc~easin~ R to distances of ~he order of 10 kil~meters or more. This is true providing the 
deletenous effects of d1ffract10n and atmosphenc turbulence are either compensated or eliminated through 
careful optical design. 
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As a specific example, using the data of Hans (1971) for the pollutant gas CO, the intensity ratio e = 0.34 
when .NINo =_1~·2, R = 10 cm, and a= 5.4 (whenA+= 4.61µm). If the optical path length, R, containing th~ 
polluµng gas is mcreased by a factor of 105 (from 10 cm to 106cm), then the fractional pollutant molecular 
de~s1ty, NIN0 , can be reduced by a factor ofl05 also to produce a Rimilar value of e, the laser beam intensity 
ratio. 

Our electronic data processing electronics used several techniques for comparing the relative intensities of 
the two laser lines,A+, andA_. These techniques utilized: 

(1) a lock-in amplifier; and 
(2) a real-time digital ratiometer. 

Both of t~ese in.struments ~ere capable of measuring intensity ratios, e ,-of 0.99 or better, providing that the 
detected mtens1ty fluctuations of the two laser beams were less than 10% of full intensity. If this maximum 
intensity ratio, E max. = 0.99, is inserted in equation (10) using the parameters given above for carbon 
monoxide, then the minimum molecular density fraction, NIN

0
, of which the apparatus should be capable of 

detecting is reduced to only 8 parts per billion (8x10-9). 
Since the power supply for our de solenoid magnet required 480V 3~ input power, we were unable to conduct 

Zeeman-tuned laser pollutant gas experiments over the long ranges (2 kilometers or more) required for 
sensitive operation of the equipment. Our laboratory experiments. (Linford, 1973a),however, confirmed the 
relative sensitivity of the method for relatively short optical absorption cells (R-15cm), and we feel that the 
extrapolations noted above are justifiable. We have conducted a wide variety of noble gas laser experiments 
over ranges up to 30 kilometers through the terrestrial atmosphere (Linford, et al., 1974) using a CW xenon 
laser similar to that used in our Zeeman-tuned laboratory laser experiments (Linford, 1973a). These long 
range laser experiments through the atmosphere included a unique class of experiments which can only be 
performed using laser amplifiers having large optical gains, such as the HFIDF chemical laser (Glaze and 
Linford, 1973) and the noble gas lasers described in this paper. These unique experiments used an optical 
configuration similar to that shown in Figure 1 with the exception that the front flat of the laser was removed. 
Laser oscillation was then achieved using the optical feed-back from the remote corner reflector - such an 
optical configuration is termed a "long laser" for obvious reasons (Linford, et al., 1974). This method admits 
an increased sensitivity to atmospheric absorption above that calculated for the more conventional 
apparatus shown above in Figures 1 and 4. The increased absorption sensitivity is obtained because the 
absorbing gas is actually placed inside the laser cavity, and if the oscillation properties of the long laser are 
adjusted so as to place the laser near- its oscillation threshold, then a substantial increase in the detection 
sensitivity of the laser can be obtained. 

It should be emphasized that not all of the noble gas laser lines listed in Tables 1 through 7 can be used in 
either Zeeman-tuned or long laser pollutation monitoring applications. Only those noble gas laser lines 
having sufficient optical gain to attain laser oscillation threshold can be used in these relatively high-optical
loss laser configurations. More than two-thirds of the noble gas laser lines listed above in Tables 1 - 7 lacked 
sufficient optical gain to be used in either our Zeeman-tuned or long laser experiments using the relatively 
small, one meter, laser tubes constructed for our noble gas laser apparatus. Thus, the use of these more 
numerous lower gain noble gas laser lines for pollution monitoring applications is limited to those situations 
in which near-coincidences between a lower-gain laser line and pollutant absorption lines or bands occur. 
Many of these lower-gain laser lines fall in important bands, as can be seen by comparing Tables 1 - 7 with 
Table9. 

4. Summary of Experimental Results. 

Our experiments have been conducted in three major areas: 

(1) noble gas laser source study and development (resulted in the discovery and identification of 18 new 
noble gas laser lines); . 

(2) spectri:U tuning experiments (using the Zeeman effect to tune selected noble gas laser Imes over bands 
as great as 11 A); and 

(3) pollutant absorption measurements (with selected absorbing gases). 

Although the latter measurements were conducted using sm~ll, labo:atory optic.al cells c~nta~ing kn?~ 
quantities of absorbing gases, we concluded that the use of direct optical absorptH?n de.tect10n is ~ sensitive 
method of measuring the concentrations and distributions of pollutant gases contained m long optical paths. 
Noble gas lasers are particularly useful in this context because: 

(1) numerous noble gas laser lines are available in important pol!utant bands; and . 
(2) some of these noble gas laser lines are partially tunable (usmg th~ Ze~man effect), thereby allowing 

them to be tuned into coincidence with a suitable, nearby pollutant absorption lme. 
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Since direct optical absorption measurements can be made simply and relatively economically, it appears 
th'at further development of neutral noble gas lasers in air pollution monitoring applications should take 
place to permit these potentially useful devices to be more fully utilized. As shown in Figures 5 and 6, the 
general spectral coverage of the neutral noble gas lasers is excellent, particularly when compared with the 
relatively broad absorption bands of some important pollutants. 
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(Micro~eters) 
TABLE 1. Observed Argon Pulsed Laser Lines. 

No. Transition Current Output Comments 

1 0.4579 ( 3P)4p2S01/2-(3P)4s21/2 M M Argon II 
2 0.4764 (3P)4p2P03!2-(3P)4s2Pl/2 M M Argon II 
3 _Q.4879 (3P)4p2D05/2-(3P)4s2P3/2 M H Argon II 
4 0.4965 (3P)4p2D03/2-(3P)4s2Pl/2 M M Argon II 
5 0.5017 (1 D)4p2F05/2-(3P)3d2D3/2 M H Argon II 
6 0.5145 (3P)4p4D05/2-(3P)4s2P3/2 M M Argon II 
7 1.214 3d'(3/2)01-4p'(3/2)1 M M Argon I 
8 1.240 3d(3/2)1°-4p(3/2)1 M w Argon I 
9 1.270 3d'(3/2)1°-4p'(3/2)1 M M Argon I 

10 L280 3d(5/2)2°-4p(5/2)2 M w Argon I 
11 1.694 3d(3/2)2°-4p(3/2)2 M M Argon I 

12 1.792 { 3d(l/2)1°-4p(3/2)2} M H Argon I 3d(l/2)0°-4p(3/2)1 
13 2.062 3d(3/2)2°-4p'(3/2)2 M M Argon I 
14 2.314 3d(l/2)1°-4p'(l/2)1 M M Argon I 
15 2.397 3d(l/2)00-4p'(l/2)1 M M Argon I 
16 2.551 5p(l/2)0-5s(3/2)1° M M Argon I 
17 2.567 5p'(l/2)0-5s'(l/2)1° H H Argon I 
18 2.715 5s(3/2)2°-5p(3/2) 1 M M Argon I 
19 3.135 5p(l/2)1-5s(3/2)2° M M Argon I 
20 3.630 6s'(l/2)1°-5p'(3/2)1 M w Argon I 
21 3.700 6s'(l/2)1°-5p'(l/2)1 M w Argon I 
22 3.708 4d(3/2)1°-5p(3/2)1 M H Argon I 
23 3.713 6s'(l/2)1°-5p'(3/2)2 M M Argon I 
24 5.020 6p'(3/2)1-4d'(5/2)20 L w Argon I 

L=Low W=Weak M=Moderate H=High 

TABLE 2. Observed Krypton Pulsed Laser Lines. 

No. 
A 

(Micrometers) Transition Current Output Comments 

1 0.4762.43 (3P)5p2no3;2-(3P)5s2Pl/2 M w Krypton I 
2 0.7603 5p(3/2)2-5s(3/2)2° M w Krypton I 
3 0.8115 5p(5/2)3-5s(3/2)2o M w Krypton I 
4 1.318 6s(3/2)1°-5p(5/2)2 M w Krypton I 
5 1.362 4d(3/2)1°-5p(5/2)1 M M Krypton I 
6 1.443 6s(3/2)1°-5p(3/2)1 M M Krypton I 
7 1.476 6s(3/2)1°-5p(5/2)2 M M Krypton I 
8 1.4962 4d(3/2)1°-5p(3/2)1 M M Krypton I 
9 1.5326 4d(3/2)1°-5p(3/2)2 M M Krypton I 

10 1.685 4d(7 /2)3°-5p(5/2)3 M w Krypton I 
11 1.690 4d(l/2)10-5p(l/2)1 M w Krypton I 
12 1.785 4d(l/2)00-5p(l/2)1 M M Krypton I 
13 1.819 4d'(5/2)3°-5p'(3/2)2 M M Krypton I 
14 2.190 4d(3/2)2°-5p(3/2)2 M H Krypton I 

15 2.248 
{ 8d(5/2)2°-4f(7 /2)3} M M Krypton I 

8d(7 /2)3°-4f(5/2)2 
16 2.523 4d(l/2)1°-5p(3/2)2 M H Krypton I 

17 2.8655 6p(5/2)3-6s(3/2)2° M M Krypton I 

18 3.774 7s(3/2)1 o-6p(5/2)2 M w Krypton I 

19 3.956 5d(3/2)1°-6p(5/2)2 M M Krypton I 

20 4.068 78(3/2)10-6p(3/2)1 M M Krypton I 

21 4.142 7s(3/2)1 o-6p(3/2)2 M w Krypton I 

22 4.375 5d(3/2)1°-6p(3/2)2 M w Krypton I 

23 4.998 4d'(3/2)1°-6p(l/2)1 M w Krypton I 

W=Weak M=Moderate H=High 
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TABLE 3. Observed Pulsed Xenon Laser Lines. 

No. 
. A 

(Micrometers) Transition Watts Current 

1 0.4954 Unknown 10 H 
2 0.5159 Unknown 10 H 
3 0.5352 Unknown 102 H 
4 0.5971 (1 D)6p2po3;2-(1 D)6s2D3/2 H 
5 0.8716 (3P)6p4D03/2-(3P)5d2P3/2 M 
6 0.9059 Unknown M 
7 0.904 6p(5/2)2-6s(3/2)2o 10-4 L 
8 1.6053 7s(3/2)1 o-6p(3/2)2 10-1 M 
9 1.732 5d(3/2)1°-6p(5/2)2 10 H 

10 2.027 5d(3/2)1°-6p(3/2)1 10 H 
11 2.515 7d(7 /2)4°-7p(5/2)3 10-1 M 
12 2.627 5d(5/2)2°-6p(5/2)2 10-1 M 
13 2.652 5d(3/2)1°-6p(l/2)0 10 H 
14 2.661 5d'(3/2)1°-6p'(l/2)0 10-4 M 
15 2.859 7p(3/2)2-7s(3/2)20 10-2 M 
16 3.108 5d(5/2)3°-6p(3/2)2 10-1 M 
17 3.275 5d(3/2)2°-6p(l/2)1 10 M 
18 3.367 5d(5/2)2°-6p(3/2)1 1.0 M 
19 3.508 5d(7 /2)3°-6p(5/2)2 5.0 M 
20 3.622 5d'(3/2)2°-7p(3/2)2 10-3 M 
21 3.651 7p(l/2)1-7 s(3/2)20 10-3 M 
22 3.680 5d(l/2)10-6p(l/2)1 10-1 L 
23 3.686 5d(5/2)2°-6p(3/2)2 10-4 M 
24 3.870 5d'(5/2)3°-6p'(3/2)2 10-3 
25 3.895 5d(7 /2)30-6p(5/2)3 10-3 
26 3.996 5d(l/2)0°-6p(l/2)1 10-2 
27 4.153 5d'(5/2)2°-7p(3/2)1 10-2 
28 4.539 5d(3/2)2°-6p(5/2)2 10-1 M 
29 4.661 5d'(3/2)2°-6p'(l/2)1 10-1 H 
30 5.024 5d'(5/2)2°-6p'(3/2)2 10-4 L 
31 5.575 5d(7 /2)40-6p(5/2)3 10-1 M 
32 7.316 5d(3/2)2°-6p(3/2)1 10-4 M 
33 9.006 5d(3/2)2°-6p(3/2)2 10-4 M 

L=Low M=Moderate H=High 

No. 

1 
2 
3 
4 
5 

TABLE 4. CW Argon Laser Lines. 

Wavelength 
(in micrometers) 

1.694 
2.061 
2.549 
2.563 
3.133 

Transition 

3d(3/2)~ -4p(3/2)2 
3d(3/2~ -4p'(3/2)2 
5p(5/2) 3 -3d(7 /2)~ 
6d'(3/2~-6p(5/2)3 
5p(l/2)1 -5s(3/2)~ 

Relative 
Output 
Power 

1.0 
4.4 
3.5 
3.2 
6.1 

Comments 

Xenon IV? 
Xenon IV? 
Xenon IV? 
Xenon II 
Xenon II 
Xenon II? 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 
Xenon I 

NOTE: The data presented in this Table were taken using the same laser apparatus used to take the xenon 
laser data listed in Table 6. The fewer number of CW laser lines obtained with argon and krypton was a 
consistent observation made during the course of these experiments. 

- 570 -



TABLE 5. CW Krypton Laser Lines. 

Wavelengths 
No. (in micrometers) Transition 

1 2.19 4d(3/2)~ -5p(3/2)2 
2 2.523 4d(l/2)o -5p(3/2)2 

1 

TABLE 6. CW Xenon Laser Lines. 

Wavelength 
No. (in micrometers) Transition 

1 2.026 5d(3!2)Y-6p(312) 
1 2.627 5d(5/2)~-6p(5/2)2 
3 2.651 5d(3/2)y-6p(l/2)o 
4 3.108 5d(5/2)~-6p(3/2)2 
5 3.275 5d(3/2)~-6p(l/2)1 
6 3.367 5d(5/2)~-6p(3/2)1 
7 3.508 5d(7 /2)g-6p(5/2)2 
8 3.622 5d'(3/2)3-7p(3/2)2 
9 3.652 7p(l/2)1-7s(3/2)0 

10 3.680 5d(l/2)1-6p(l/2)1 
11 3.870 5d'(5/2)3-6p'(3/2)2 
12 3.997 5d(l/2)g-6p(l/2)1 
13 4.153 5d'(5/2)~-7p(3/2)1 
14 4.539 5d(3/2)~-6p(5/2)2 
15 4.611 5d'(3/2)~-6p'(l/2)1 

16 5.024 5d'(5/2)~-6p'(3/2)2 

17 5.575 5d(7 /2)~-6p(5/2)3 

*In Tables 4, 5, and 6, each output power unit= 100 µwatts. 

Relative 
Output 
Power 

7.1 
5.3 

Output 
Power* 

10 
3 
6 
8 

10 
20 
50 

2** 
1** 

12 
2** 
6 
4 
1,10+ 
3 
5 
9 

**These lines had relatively low optical gains, and as a consequence required 
special efforts to obtain oscillation with the one-meter laser tubes. 

+The indicated output power could be obtained only when the Littrow prism 
was used to suppress most of the laser oscillation at the competing 3.508µm 
xenon laser line. 

- 571 -



TABLE 7. Recently Discovered Noble Gas Laser Lines. 

,\ 
Transition Element No. (Micrometers) 

1 0.7603 5p(3/2)2-5s(3/2)20 Krypton 
2 1.4962 4d(3/2)1°-5p(3/2)1 Krypton 
3 1.5326 4d(3/2)1°-5p(3/2)2 Krypton 
4 2.248 8d(5/2)2°-4f(7 /2)3 Krypton 

(7 /2)3°-4f(5/2)2 
5 2.515 7d(7 /2)4°-7p(5/2)-nn 
6 2.715 5s(3/2)2°-5p(3/2)1 Argon 
7 2.859 7p(3/2)2-7s(3/2)2° Xenon 
8 3.630 6s'(l/2)1°-5p'(3/2)1 Argon 
9 3.700 6s'(l/2)1°-5p'(l/2)1 Argon 

10 3.708 4d(3/2)1°-5p(3/2)1 Argon 
11 3.713 6s'(l/2)1°-5p'(3/2)2 Argon 
12 3.774 7s(3/2)1°-6p(5/2)2 Krypton 
13 3.956 5d(3/2)1°-6p(5/2)2 Krypton 
14 4.068 7s(3/2)1°-6p(3/2)1 Krypton 
15 4.142 7s(3/2)1°-6p(3/2)2 Krypton 
16 4.998 4d'(3/2)1°-6p(l/2)1 Krypton 
17 5.020 6p'(3/2)1-4d'(5/2)20 Argon 
18 5.024 5d'(5/2)2°-6p'(3/2)2 Xenon 

W=Weak M=Moderate S=Strong 

TABLES. ProjectedRadonLaserLines. 

Wavelength 
No. (in micrometers) 

1 5.68 
2 2.68 
3 3.92* 
4 3.63* 
5 6.90 
6 2.56 
7 3.71 
8 8.53* 

Transition 

6d(712)8-7p(512)3 
6d(7 /2)3-7p(5/2)2 
6d(5/2)3-7p(3/2)2 
6d(5/2)~-7p(3/2) 1 
6d(3/2)~-7p(3/2)2 
6d(3/2)~-7p(l/2)1 
6d(l/2)~-7p(l/2)1 
6d(3/2)~-7p(3/2)1 

Xenon 
Laser 

Analogy 

5.57µm 
3.51µm 
3.11.µm 
3.37µm 
9.00JLm 
3.275µ.m 
3.68µm 
2.026µm 

Strength Mode 

w p 
M p 
M p 
M p 

M p 
M p 
M p 
w p 
w p 
s p 
M p 
w p 
M p 
M p 
w p 
w p 
w p 
M CW,P 

Theoretical 
Line 

Strength 

54.0 
40.0 
29.4 
18.9 
14.4 
12.5 
10.0 
8.0 

* These projected radon laser lines are only approximately correct since the 6d energy levels are 
unknown at the present time (Moore, 1959). 
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TABLE 9. Absorption Bands of Common Pollutants. 

Spectral Band 
Pollutant (Micrometers) Structure 

Methane 3.1-3.4 Fine 
7.3-8.0 

Ethane 3.2-3.5 Fine 
Acetalaldehyde 3.2-3.8 Moderate 
Formal deny de 3.1-3.7 Fine 
Ammonia 10.2-11.2 Moderate 
Hydrogen Chloride 3.1-3.7 Fine 
Nitric Oxide 5.1-5.6 Fine 
Sulphur Dioxide 3.8-4.2 Moderate 

7.2-7.5 
Carbon Monoxide 4.4-4.9 Fine 
Ozone 9.3-10.0 Moderate 
Propane 3.3-3.6 Coarse 
Methanol 9.5-10.2 Fine 
Ethylene 10.1-11.2 
Propylene 3.2-3.5 Moderate 
Nitrogen Oxide(No) 5.0-5.4 Moderate 
Hydrogen Bromide 3.9-4.2 Moderate 
Butane 3.3-3.6 Coarse 
Hexane 3.3-3.5 Coarse 
Pentane 3.3-3.6 Coarse 
Nitrogen Dioxide 3.4-3.5 Fine 
Acetylene 2.9-3.1 Fine 
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Abstract 

Isotopes of the noble gases were initially discovered in the early part of this century. Sinte then the natural 
abundances of 23 stable isotopes have been measured. Two of these isotopes occur naturally at above 99 mole 
% isotopic concentration. For enrichment of noble gas stable isotopes, thermal diffusion is the common 
separation method. Six of the isotopes have been enriched to 99 mole%. Most of the others have been enriched 
in varying degrees ranging from 20 to 95 mole%. The uses of these isotopes are varied. Natural helium and 
argon, which are greater than 99% helium-4 and argon-40 respectively, are used widely in industry. The others 
are used in limited quantities. Some of the unique uses are in low-temperature refrigeration, gas tagging, and 
chemical analysis of surfaces_ The isotopes are used in research and development work, directly in 
experiments and indirectly as components of systems for performing experimental work. Some of the common 
uses include lasers, preparation of radioisotopes, and studies of nuclear reactions, properties, and isotope 
effects, as well as isotope dilution and tracer work. 

INTRODUCTION 
Noble gases are an interesting group of elements. They are the most recently discovered natural stable 

elements. At that time, the end of the last century, radioactivity was also discovered, and there was great 
interest in identifying the various radioactive materials and their decay products. Spectroscopic studies were 
made of numerous materials. Among these was neon. In 1912 SirJ. J. Thomson studied its spectral lines and 
noticed two distinct lines. These were provisionally identified as neon-20 and neon-22, and called isotopes by 
Soddy. Thus, one of the noble gases, discovered only 14 years earlier played a part in demonstrating the 
existence of stable isotopes. Since then all the isotopes of the noble gases have been discovered. High 
enrichments of many of these isotopes have become available, and they are being used for many purposes. 
This paper reviews the noble gas stable isotopes, their separation methods, current separation and 
availability, and their uses. 

After Thomson discovered two isotopes of neon, the spectra of many elements were studied. By 1922, Aston 
reported a provisional third isotope of neon, two isotopes of argon, all six isotopes of krypton, and seven 
isotopes of xenon with two provisional additional ones. Helium-3 was produced artificially and identified 
before it had been found in natural helium. In 1934 Vaughn measured its natural abundance to be less than 
one part in 35,000. 

In 1939 Alvarez, et al., showed that helium-3 isotopic abundance was greater in atmospheric helium than in 
gas-well helium. Table 1 shows the chronology of the discovery of the isotopes. All of these isotopes are found 
in air.Natural abundance data from Wal ton, et al., (1966) for neon and from Lederer, et al., (1967) for the other 
noble gases are given in Table 2. 

Another source of some of these stable isotopes is the nuclear reactor industry. Materials from this source 
are isotopes of helium, krypton, and xenon. The isotopes of the first element result from excited-state Iithium-7 
disintegrating into helium-4 and tritium which in turn decays to helium-3. The helium-3 is separated from the 
resulting helium-3/helium-4 mixture. Isotopic abundances of fission product krypton and xenon are given in 
Table3. 

As noted in Table 2, two of these 23 stable isotopes, helium-4 and argon-40, already occur in nature at 
concentrations above 99 mole%. The other isotopes vary in isotopic concentrations from 630 ppm for argon-38 
to 90.5 mole% for neon-20. 

SEPARATION METHODS AND ENRICHMENT 

Various methods have been tried to separate the noble gas stable isotopes. They include charcoal 
adsorption, diffusion, distillation, electromagnetic separation,.gas centrifugation, gas chromatography, glow 
discharge, superfluidity, and thermal diffusion. The one commonly used is thermal diffusion. 

Helium isotope separation studies have included diffusion, distillation, superfluid flow, and thermal 
diffusion.Natural abundance of helium-3 is so low that the helium mixture from the nuclear industry is used 
as feed to enrich helium-3 to above 99% by thermal diffusion (Anon, 1963 and Baker, 1965). 

Early separations ofneon-20 and-22 were achieved by diffusion through porous walls and distillation. Later 
Dickel, et al., (1940) devised the thermogravitational column, and used the thermal diffusion effect to separate 
neon-20 and neon-22. This column consisted of a vertical glass tube with cooling water on the outside and with 
a hot electrically heated center wire. The temperature gradient between the hot wire and cool wall caused a 
concentration gradient, which was increased by the convection effect in the vertical system. This way they 

*Mound Laboratory is operated by Monsanto Research Corporation for the U.S. Atomic Energy Commission 
under Contract No. AT-33-1-GEN-53. 
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obt~i~ed high enrichments and rea~onable separation rates. Subsequently, Clusius, et al., (1956a) used an 
auxihary gas, deuterated methane, ma thermal diffusion column to separate the middle isotope, neon-21 of 
the ternary system. 
Method~ use~ for sepa~a~on .of argon isotopes ~ere Hertz diffusion method in flowing mercury vapor, 

thermal diffus10n, and di~tillat10n. Ther~al di~fus10n by Clusius, et al., (1956b) enriched argon-36 to above 
99% at reasonable separation rates. The middle isotope, argon-38 was also isolated above 99% in the thermal 
diffusion column by using the auxiliary gas, deuterium chloride. ' 
K~pton ~as six isotopes;. the~ are not as easily separated as the binary and ternary mixtures. Gas 

centrifugat10n and thermal diffus.ion ~ave be~n used. Clusius, et al., (1943-3) enriched krypton-86 to 99.5% and 
krypton-84 to 98.2% by thermal diffus10n. Usmg the same method Blais, et al., (1956) enriched krypton-78 to 
44.9% and krypton-80 to 69.8%. Using hydrogen bromides as auxiliary gases in a thermal diffusion column 
Clusius, et al., (1957) enriched krypton-78 to 60.5%. ' 

Xenon's nine isotopes with their high mass values are more difficult to separate than the krypton isotopes. 
Grot~, et al., (1939) trie~ to separate these isotopes in a direct current glow discharge unsuccessfully. The gas 
centrifuge was used with some success by Beyerle, et al., (1949) and Hertz, et al., (1954). Using a thermal 
diffusion column 48 meters long, Clusius, et al., (1955) were able to enrich xenon-136 to 99%. Hechtl, et al., 
(1967) used electromagnetic separation to isolate small quantities ofxenon-131to99%. A production method 
used to obtain a stable xenon isotope was irradiation of iodine-127 to make xenon-128 of over 99% 
concentration (Haase, 1970). Xenon-124, which has a low natural abundance, has been enriched to 65% by 
thermal diffusion (Mound, 1969). During this enrichment, the isotope xenon-129 was concentrated to 60%. The 
preceding isotopes have been enriched using natural abundance feed gases. Fission xenon has been used as 
feed to a thermal diffusion system to enrich xenon-131 to 60% in liter quantities (Mound, 1967). 

Table 4 shows the chronology of enrichment of noble gas stable isotopes. Table 5 shows the status and 
enrichment of these various isotopes. The scale of availability is divided roughly as follows: 

Preparative - liter (STP) quantities 
Experimental - milliliter (STP) quantities 

As shown in the table, only six of the isotopes are available in liter quantities at enrichment of 99% or more. All 
of the preparative scale enrichments are being done by thermal diffusion at Mound Laboratory. Subsequent to 
the experimental development of the thermogravitational column by Clusius, Mound Laboratory used it for 
helium-3 enrichment, and later expanded its use to cascaded systems for the rest of the noble gas isotopes. 
Time-wise, these stable isotopes have not been available for more than 1-2 decades. Since then, many uses 
have developed in research and development work and some in specific applications. The uses ofhelium-4 and 
argon-40 will not be discussed since they have been available naturally for over half a century at high 
enrichments, and their uses have been reported widely. 

PRESENT USES OF THE NOBLE GASES 

Helium-3is being used in a variety of ways. Its unique properties have made it the object of many studies in 
low-temperature physics and related work. As the most fugacious gas known with a normal boiling point of 
3.2°K, helium-3 has been useful as a refrigerant in cryostats to achieve temperatures less than 1°K. (Cowen, 
1964, Fruneau, et al., 1967). For relatively large loads, a recirculating helium-3 refrigerator has been developed 
(Wilkes, 1972). Because of its high vapor pressure, 10,000 times greater than that ofhelium-4 at 0.5°K (Keller, 
1969), helium-3 has been used as a vapor pressure standard temperature scale for low-temperatures (Sydoriak, 
1964). The development of a dilution type refrigerator using helium-3/helium-4, and the effect from phase 
change has allowed the maintenance of temperature at millidegrees Kelvin (Hall, 1966, Radebaugh, et al., 
1971). I~ physics of quantum phenomena at low-temperature, helium-3 has been used for considerable study of 
itself to clarify its uniqueness (Keller, 1969). This has included properties of liquid helium-3, critical 
phenomena, and study of dilute solutions ofhelium-3/helium-4. 

In nuclear work where helium-4 causes interference in measurement of deuterium, helium-3 is used, for 
example, as a scattering gas in measuring total collision cross section~ at thermal energit;s by molecular
beam scattering of deuterium by helium (Moore, et al., 1967). A large.u.se is for neutron de~ect10n a~d neut~on 
spectrometry. Upon exposure to neutrons, helium-3 reacts to form tntmm. The cross section for thi~ react10n 
varies smoothly over a wide range and has a large value of 5,400 ba.n:is for therma~ neutrons.(P~ce, 1964). 
Also, there are no excited products, only tritium and a proton. ~e tntmm decays with the emiss1?n of beta 
particles; these particles can readily be detected on a counter (Heiberg, 1967 and Mye~s, 1967). Hel~um-3 has 
advantages of sensitivity, high-temperature efficiency, a~d mod.era~e voltage re~mrements. at mcreased 
pressures. Neutron detectors filled with this isotope are used m apphcat10ns such as 011 w~ll loggmg (Eaton, et 
al., 1969). Helium-3 is also useful for neutron spectrometry (Batchelor, et al., 1955; Mannrng, et al., 1965; and 
Sayres, 1964). . . . 

An interesting application is its use in activation analysis. Hehum-3 10ns require less e!lergy than protons 
as a bombarding particle and it has found use in analyses for oxygen (Lyon, 1964; Vialattt;. e_t al., 1972), 
fluorine (Lee, et al., 1971), and carbon (Sanders, 1971). These ions do not penetrat~ deeply! p~rm1tting surface 
analysis only. Sensitivities of this method for many elements have been determmed (Ricci, et al., 1967 and 
Lutz, et al., 1972). 
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Radioisotopes are being used increasingly in medical studies. Helium-3 as a bombarding particle serves for 
surface analysis as noted above, but also, the same helium-3 proton reaction serves to make fluorine-18 from 
oxygen-16. The fluorine-18 in this case is used in bone scanning for diagnostic study (Blau, 1962 and Tilbury, 
et al., 1970). Other radioisotopes made by using helium-3 as a projectile are iron-52 for metabolism and bone 
marrow function, selenium-73 for sulfur substitute, rubidium-81 for splenic volume, and iodine-123 for thyroid 
and blood metabolism studies (Jester, 1972). 

There are many methods for leak detection in vessels. Turner (1968) has reported a unique method for using 
helium-3 for large vessel leak measurement. Injection first of a known amount of helium-4 is made into a 
vessel pressurized with a carrier gas, and later, similarly, helium-3 is injected. The isotope ratio allows 
calculation of the percent leakage. This is useful when vacuum leak testing is inappropriate and accessibility 
a problem. 

A recent use of noble gases is in lasers. Helium-neon gas lasers have found many applications in industry 
and scientific research, such as mechanical alignment, surveying, seismometry, holography, polarimetry, 
interferometry, and optical communications. These lasers can be improved by the use of the enriched isotopes, 
helium-3 and neon-20. At maximum output, helium-3 in place of helium-4 increases the power of such a laser 
by about 25% (White, 1963). Use ofneon-20 and neon-22 allows the shifting of the maximum of the gain curve 
to the desired frequency of the laser beam (Schweitzer, 1968). In addition to uses in lasers, neon isotopes are 
used in nuclear reaction studies, nuclear magnetic resonance studies, and property measurements. Due to the 
ternary mixture of natural neon, it has been suggested that the normal boiling point of neon-20 be used to 
define a fixed point on the temperature scale (Furukawa, 1972). 

The most interesting use of argon isotopes is the application of argon-38 to the dating of meteorites and 
other minerals. In this method, the decay of potassium-40 to argon-40 is measured by analysis of the resulting 
product using the isotope dilution method (Rankana, 1963). The final result for radiogenic argon is adjusted 
forthe presence of atmospheric isotopes, such as argon-40, by the use of isotope ratios resulting from injecting 
argon-36 and argon-38 tracers. The argon-38/argon-36 ratio shows the atmospheric contaminant, and the 
argon-40/argon-36 ratio allows calculation of the radiogenic argon-40 quantity (Dalrymple, 1969). Large 
numbers of tracers are used in an experiment, but each tracer aliquot is small, being 10-5 STP milliliters 
(Reynolds, et al., 1966). 

Specific uses of krypton isotopes include the international wavelength standard, leak location in nuclear 
fuel elements, and preparation ofradioisotopes. After study of several isotopes (Bruce, et al., 1961), a multiple 
(1,650, 763. 73) of the wavelength in vacuum of the orange light ofkrypton-86, given off at the triple point (63°K) 
of nitrogen, has been used as the international standard for the length of the meter (Baird, et al., 1961). This 
allows each laboratory to set up its own unit for this standard if desired. Krypton isotopes are used 
increasingly in the preparation of radioactive isotopes. Krypton-84 undergoes the proton, neutron reaction to 
make rubidium-84, which is used in myocardium scanning (Jester, et al., 1972). Preparation of other rubidium 
and strontium isotopes are being considered. 

One of the problems in operating a fast breeder reactor is to determine which fuel elements have developed a 
leak, when a leak is detected. This allows planning for replacement of the leaky fuel pin. A method using 
stable isotope tags has been developed by Argonne National Laboratory for the EBR-II fast reactor (Walker, 
et al., 1969). In this method, a specific volume with a unique ratio of stable isotopes (xenon-124, xenon-126, 
xenon-128, and xenon-129) is injected into a feed element and the element is sealed (Henault, 1969). If at some 
future time, the element develops a leak, the gas with the unique ratio of isotopes goes into the cover gas of the 
reactor. A mass spectrometer analysis of the recovered tag ~as establishes the element that is leaking 
(Henault, et al., 1970a,b). Analysis of tag burnup has been made and includes the study of krypton isotopes 
(Boulette, 1972). The light krypton and xenon isotopes allow a sufficient number of unique isotope ratios to 
provide the necessary location points in the core of a fast breeder reactor. For the Fast Flux Test Facility being 
built at Hanford, this method has been refined to the use of a krypton capsule and a xenon capsule, each 
containing a specific volume and a unique ratio of isotopes (Cash, et al., 1972). These capsules are inserted into 
a fuel element. The element is sealed, and the capsules punctured. The identification of a leak is made in the 
same way as with the EBR-II. 

In addition to fuel element gas tags, xenon isotopes are used for radioisotope manufacture nuclear physics 
studies, and scintillation counters. Xenon-124, when irradited with neutrons, is converted to iodine-125 
(Jester, et al., 1972). This radioactive isotope is particularly useful as a portable x-ray unit (Graham, 1970). It is 
also used in medical tests on thyroid function. Xenon-136 in a lamp would emit a normal frequency with 
extreme sharpness because the hyperfine structure is missing (Clusius, et al., 1955). 

TJ:ii.s has been a brie~ survey highlighting ~ome of the unique ways in which stable isotopes are used. In 
addit10n to these specific uses of noble gas isotopes, they are used in the basic study of their properties 
(physical, thermodynamic, and transport), in the study ofreaction phenomena (energy levels cross sections 
yields), and for analytical standards. ' ' 
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TABLE 1. Chronology of Discovery ofN oble Gas Stable Isotopes. 

1919 Neon-20 1922 Xenon-124 
Neon-22 Xenon-126 

1920 Helium-4 1923 Xenon-128 
Argon-36 Xenon-130 
Argon-40 
Krypton-78 1928 Neon-21 
Krypton-80 
Krypton-82 1934 Argon-38 
Krypton-83 
Krypton-84 1939 Helium-3 
Krypton-86 
Xenon-129 
Xenon-131 
Xenon-132 
Xenon-134 
)\enon-136 
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TABLE 2. Natural Abundance of TABLE 4.ChronologyofEnrichments 
Stable Isotopes ofN ob le Gases. ofN oble Gas Stable Isotopes. 

Natural Enrichment 
Abundance Year Isotope Mole% 

Isotope (Mole%) 

Helium-3 1.3x10-4 1940 Neon-20 99.8(1950: 99.95) 
Helium-4 99.9999 Neon-22 99.7(1960: 99.92) 

Neon-20 90.5 1942 Krypton-84 98.2 
Neon-21 0.27 Krypton-86 99.5 
Neon-22 9.23 

1955 Xenon-136 99.0 
Argon-36 0.337 
Argon-38 0.063 1956 Neon-21 99.6 
Argon-40 99.600 Argon-86 99.9 (1962: 99.99) 

Argon-38 99.6 (1959: 99.98) 
Krypton-78 0.35 Krypton-80 69.8 
Krypton-80 2.27 
Krypton-82 11.56 1957 Krypton-78 60.5 
Krypton-83 11.55 
Krypton-84 56.90 1967 Xenon-131 99 
Krypton-86 17.37 Xenon-129 60 

Xenon-124 0.096 1969 Xenon-124 65 
Xenon-126 0.090 
Xenon-128 1.92 1971 Argon-40 99.98 
Xenon-129 26.44 
Xenon-130 4.08 1973 Krypton-82 77 
Xenon-131 21.18 
Xenon-132 26.89 
Xenon-134 10.44 
Xenon-136 8.87 

TABLE 3. Fission Noble Gas Isotopes (Bezella, 1968). 

Fission Krypton Fission Xenon 

Krypton-78 Xenon-124 

Krypton-80 Xenon-126 

Krypton-82 0.2Mole% Xenon-128 

.Krypton-83 11 " " Xenon-129 0.15Mole% 

Krypton-84 31 " " Xenon-130 

Krypton-85* 6 " " Xenon-131 8 
,, ,, 

Krypton-86 52 " " Xenon-132 22 " " 

Xenon-134 29 
,, ,, 

Xenon-136 41 
,, 

" 

*Radioactive 
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TABLE 5. Enriched Stable Isotopes 
ofNobleGases. 

Enrich. 
Isotope Mole% Method Scale 

Helium-3 99.98 Thermal diffusion Preparative 

Neon-20 99.95 Thermal diffusion Preparative 

Neon-21 90 II II II 

99.6 Thermal diffusion & Experimental 
auxiliary gas 

Neon-22 99.9 Thermal diffusion Preparative 

Argon-36 99.5 Thermal diffusion Preparative 

Argon-38 95 " " II 

99.6 II II Experimental 
and auxiliary gas 

Argon-40 99.95 Thermal diffusion Preparative 

Krypton-78 50 Thermal diffusion Preparative 

60.5 Thermal diffusion Experimental 
and auxiliary gas 

Krypton-80 69.8 Thermal diffusion Experimental 

Krypton-82 70 II II Preparative 

Krypton-84 90 Thermal diffusion Preparative 

98.2 " " Experimental 

Krypton-86 99. II II Preparative 

99.5 II II Experimental 

Xenon-124 20 Thermal diffusion Preparative 

65 II II Experimental 

Xenon-126 10 II II Preparative 

Xenon-128 99 Irradiation ofI-127 Experimental 

Xenon-129 60 Thermal diffusion Preparative 

Xenon-131 60 Thermal diffusion Preparative 

99 Electromagnetic sep. Experimental 

Xenon-132 38 Thermal diffusion Preparative 

Xenon-134 27 II II II 

Xenon-136 99 II II II 
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Abstract 

Radioactive noble gases have made a significant contribution to diagnostic nuclear medicine. In the area of 
regional assessment of pulmonary function, 133 Xe has had its greatest clinical impact. Following a breath of 
133 Xe gas, pulmonary ventilation can be measured using a scintillation camera or other appropriate radiation 
detector. If 133Xe dissolved in saline is injected intravenously, both pulmonary capillary perfusion and 
ventilation can be measured since 90% of the highly insoluble xenon escapes into the alveoli during the first 
passage through the lungs. Radionuclide pulmonary function tests provide the first qualitative means of 
assessing lung ventilation and blood flow on a regional basis, and have recently been extended to include 
quantification of various parameters of lung function by means of a small computer inter{ aced to the 
scintillation camera. 

133Xe is also used in the measurement of organ blood flow following injection into a vessel leading into an 
organ such as the brain, heart, kidneys, or muscles. 

INTRODUCTION 
The field of nuclear medicine originated in the early 1920's when George Hevesy and Hermann Blumgart 

applied naturally occurring radioisotopes to the study of physiological phenomena. Since the introduction of 
the cyclotron and the development of nuclear reactors, the Atomic Energy Commission and other 
governmental agencies such as the Food and Drug Administration have provided significant support for 
activities in this area of medicine. As a result, in less than a quarter of a century, nuclear medicine has become 
the fastest growing major specialty concerned with diagnostic and therapeutic patient care. 

The use of radioactive noble gases such as isotopes of xenon and krypton has become increasingly 
important in both the research and clinical activities of nuclear medicine. The most widely used gas has been 
133Xe, primarily because of its more abundant availability. 133Xe is reactor produced as a fission product of 
235U. With a half-life of5.2 days, this radionuclide decays by beta emission with a maximum energy of346 keV, 
and a primary gamma photon of 81 ke V to stable 133Cs. As is true with other noble gases, 133Xe is virtually non
reactive and freely diffusible. Under high pressure or in a vacuum, the gas can be dissolved in aqueous or 
saline solution, and in this form is used for the study of several important physiological parameters. 127Xe has 
also been used, and has several significant advantages in terms of physical characteristics such as its pure 
gamma emission. However, this material is accelerator produced and therefore has very limited availability. 

APPLICATIONS 

The two most important applications ofradioactive xenon are in the measurement of organ or tissue blood 
flow and the assessment of pulmonary function. When 133Xe is injected into a blood vessel leading into an 
orga'n such as the brain heart kidneys or even muscles, the dissolved gas rapidly diffuses from the blood into 
the tissues (Figure 1). The r~lative di~tribution between ti.ssue and blood is a cons~~nt for thE'. particular 
histologic or cellular structure involved, and may be numencally expressed by a part1t10n coefficient. As the 
bolus ofradioactive gas passes through the organ, equilibrium with the tissue occurs transiently, followed by a 
rapid decrease in the blood level of xenon within the organ. The extra vascular xenon at this point begins to 
diffuse back into the blood with the rate of xenon clearance from the organ being proportional to the rate of 
blood flow. Very little xeno~ recirculates during the next phase of the cardiac cycle, since more than 90% of the 
xenon passing through the lungs is cleared by ventilatio~. ~he r~te of clearance of the !adioactive xenon ~?m 
the organ is determined by appropriately positioned scintillation detectors. If the tissue-to-blood part1t10n 
coefficient for the particular organ is known, the specific perfusion fraction in ml/ gram of tissue can be 
calculated from the clearance half-time. The general equation is: 

OBF = >..loge 2 
(ml/g/min) T 112 (min) 
Where OBF = Organ blood flow 

A = Partition coefficient 

loge 2 = Clearance rate 
T 1/2 (min) 
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The concept of exponential clearance is basic to stochastic or kinetic analysis of this type. The formula is 
based upon the initial slope of the washout, assu~ing a single exponential function. qrgans sue~ as the brain 
with different rates of perfusion to gray and white matter create the need for a multi-exponential approach. 
Through these techniques, the first quantitative information concerning regional blood flow has been 
obtained in patients with cerebral vascular disease, as well as those with coronary artery disease before and 
after infarction. 

Of even greater clinical significance has been the study of pulmonary function with radioactive noble gases, 
particularly 133Xe. Until such techniques came into being, the regional distribution of blood flow and 
ventilation could not be measured by conventional pulmonary function studies. Consequently, the pulmonary 
physiologist has been severly limited in the type of information he could obtain concerning the pathogenesis 
of pulmonary disease. Because of the amazing functional reserve of the lungs, many patients experience a 
disease process which goes undetected for years, until the point at which significant signs and symptoms 
occur. Radionuclide studies of pulmonary function have offered the potential for filling most of this void. 

When i33Xe is injected intravenously, the gas passes through the heart into the vascular system within the 
lungs (Figure 2). At this point, more than 90% of the gas diffuses into the alveoli, the small sacs which 
constitute the great majority of the lung volume, and/ or the ventilatory unit which is most distal from the 
ambient atmosphere. While the patient holds his breath, the initial distribution ofinjected gas is proportional 
on a regional basis to perfusion or blood flow. Utilizing a sophisticated radiation detecting device called a 
scintillation camera, the distribution of radioactivity in a patient's lungs is displayed on a cathode ray tube, 
and may be photographed. The scintillation camera consists basically of a large sodium iodide crystal viewed 
by nineteen photomultiplier tubes which are in turn connected to a x-y pulse locator. This device, by recording 
the relative distribution of pulmonary blood flow, enables the physician to diagnose perfusion abnormalities 
which have been caused by blood clots or emboli, as well as the destructive changes inherent in pulmonary 
emphysema. Such testing is rapid, safe, and relatively simple. Because of these characteristics, the tests are 
readily applicable to children. In addition, the information provided is not available through other modalities. 

A normal pulmonary perfusion scintiphoto is illustrated in Figure 3. Note the regular distribution of the 
injected gas with a gradient that follows the actual hydrostatic distribution of the blood flow. 

Figure 4 is a 133Xe perfusion image obtained in a patient with a pulmonary embolus, a condition in which 
blood clots in the lungs occlude branches of the pulmonary arteries. This disease has been reported to be the 
most common cause of sudden death in hospitalized patients. 

In addition to perfusion or blood flow, the other essential mechanism involved in the exchange of oxygen 
and carbon dioxide by the lungs is ventilation. Ventilation may be defined as the transfer of gases to and from 
the alveoli by the bronchial tree in connection with the ambient atmosphere. This critical parameter of 
pulmonary function can be monitored in two ways using radioactive xenon gas. First, the rate of washout of 
injected xenon during a perfusion study is directly proportional to ventilation. Any abnormalities of 
ventilation will appear on the scintillation camera photographs as retained or "trapped" radioactivity in this 
patient. 

Ventilation may also be measured by observing the distribution of radioactive xenon in the lungs after a 
single breath inhalation of the gas (Figure 5). Ordinarily regional ventilation and, therefore, gas 
concentration is relatively uniform, with a slight preponderance toward the lower or basal portion of each 
lung. 

Patients with chronic obstructive pulmonary disease such as the individual in Figure 6 with emphysema 
have an uneven gas distribution produced by airway obstruction and parenchymal destruction. In addition, a 
"ball-valve" phenomenon may occur, whereby gas passing into lung regions on inspiration has trouble 
exiting during expiration. Such "trapping" is common in these diseases. 

Ra di on uclide pulmonary function tests have provided the first qualitative means of assessing regional lung 
ventilation and blood flow, and have been extremely useful clinically. However, quantitative values would be 
helpful for research purposes and to follow the clinical progress of a particular patient's disease. In addition, 
other parameters of pulmonary function such as regional gas exchange which depend upon the coupling of 
ventilation of perfusion are not readily appreciated from the static scan images. To gain important new 
information derived from the basic imaging studies, we have designed in our laboratories a multipurpose 
minicomputer system for computation of quantitative values of pulmonary function. 

The computer system is interfaced directly to the scintillation camera. Appropriate gas dispensing 
equipment such as this spirometer is located in proximity to the patient. Raw data are processed by the 
computer to obtain indices which express regional ventilation and perfusion per unit volume oflung with the 
information displayed as a functional image of color-coded contours, each contour representing a 'different 
level of ventilation or perfusion. The color sequence begins with the red end of the spectrum as a maximum 
value, and decreases to blue for a minimal level. The functional images illustrate that the area of greatest 
perfusion in the upright patient is located in the lower portion of both lungs, reflecting the hydrostatic 
distribution of the co.lumn of blo?d-. Ventilation is also located somewhat more toward the lung base, but 
because of pressure differences withm the lung parenchyma itself. In a patient with pulmonary embolism or 
bloo~ c~ots withi~ the h~ng, large perfusion defects are noted due to the clot, with essentially normal 
ventilation. In patients with pulmonary emphysema, diffuse abnormalities in ventilation and perfusion are 
present . 

. T~e physiologic couplin~ of ventilation to perfusion is critical for adequate exchange of oxygen and carbon 
d10x1de between the alveoh and blood. The basic abnormality in many lung diseases is an uneven influence of 
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these two parameters of pulmonary function. To determine the efficiency of such coupling and therefore to 
reflect imbalances, a functional image of the ventilation-perfusion (V / Q) ratio decreases in a stepwise fashion 
in the normal patient. In the patient with pulmonary embolism, ventilation predominates in the areas where 
blood flow has been obstructed by a clot. In the patient with pulmonary embolism, the normal stepwise 
sequence has been disrupted, because of destruction of the lung tissue. 

In summary, some of the most important tests in clinical medicine are now based upon the use of noble 
gases. With the development of new instrumentation including sophisticated data processing systems, these 
important radionuclides will undoubtedly assume an even greater importance in medicine during the next few 
years. 
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Figure 1. Schematic representation of an intra-arteria l injection of 133Xe sol~tion for the measurem~nt of 
organ blood flow. The partition coefficient for 133Xe between tissue and blood is constant for the particular 
histologic structure. 
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Figure 2. Schematic representation of an intravenous injection of 133Xe in saline. More than 90% of the 133Xe 
is cleared by ventilation on the first passage through the lungs. 

Figure 3. Normal 133Xe pulmonary perfusion scintiphoto recorded during breath holding. 
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Figure 4. I33Xe perfusion image in a patient with pulmonary embolism. Arrow indicates an area of 
perfusion deficit produced by a blood clot in a branch of the pulmonary artery. 
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Figure 5. Normal 
!33Xe pulmonary ventilation 
scintiphoto obtained during 
breath holding following a 
single deep inspiration of 
the gas. 



Figure 6. Ventilatory images in a patient with emphysema. The breath holding image (left) shows areas of 
lung destruction, while the image obtained during subsequent ventilatory washout (right) demonstrates gas 
trapping indicative of airway obstruction. 
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Abstract 

Some of the past history of the U.S. helium conservation program is outlined giving the Administration's 
reasons for cancelling the helium storage contracts. The helium demand for current technologies is given, and 
rough estimates of demands for these and newly developing technologies are presented for future years. The 
objectives of the current National Science Foundation's Helium Study are stated, and some developinf.[ 
conclusions for further discussion are outlined. The dilemma between current economic and conservationist 
philosophy is outlined. While a substantial gain in long-term cash return for the program is possible by the 
time the stored helium has been sold, the principal concern seems to be the short-term cash flow, with its 
substantial borrowings from the Treasury (more than $320 million by June, 1973), due in part to the way the 
Interior chose to administer the program, and in part due to the fact that substantial investments are usually 
necessary to yield even greater, longer term revenue. Some thoughts on these aspects of the program are 
expressed. 

While it is inappropriate to second guess NSF helium study conclusions which have yet to be reached, it is 
almost certain that helium will be needed in substantial quantities beyond the turn of the century if the 
leading world nations are to continue to develop as post-industrial societies. New helium-based technologies 
can reduce our energy and resource needs for any given energy base. A conservative estimate of U.S. demand 
from 2000 to 2050 A.D. is about 136 billion cubic feet with total world demand for the same period in excess of 
500 billion cubic feet. The U.S. has the most substantial world reserves and, with good husbandry, could 
supply a significant portion of this demand, with associated favorable international trading aspects. The 
desirability of such a situation should be self-evident in view of the current impact of the policies of the oil 
exporting nations on life in the United States. 

INTRODUCTION 

Helium is considered essential to several national programs now under way or being contemplated. These 
programs have potential positive consequences for the future well being of our society, and include providing 
options in energy conversion, transmission, and utilization, enhancing mass transportation, revolutionizing 
ship design, providing space ship propulsion options, enhancing the mass to weight ratio of large aircraft, 
developing new techniques for water purification and ore separation, improving instrumentation, and 
advancing basic science. 

Organizations deeply involved include the National Science Foundation, DOD, DOI, DOT, AEC, OST*, The 
electrical power, gas, petroleum, and coal industries, and the F~d~ral Power Commiss~oi;i, Prograi;iis already 
planned or underway involve commitments in excess of $200 milhon for superconductIVIty alone m the next 
15 years, and on the order of several hundred billion dollars in the years ahead, when large scale usage 
becomes commonplace. . . . . 

At the moment these uses for new technologies compnse less than 10% of the hehum demand, and 1t is 
anticipated that this will continue to be so to the end of this century. 

HELIUM DEMAND 

1. Established Technologies. 

Helium demand since 1960 increased from 420 million cubic feet through a peak of 922 million cubic feet in 
1969, due to the vigorous space program (unforeseen when the 1960 Helium Act was passed), to 601 million 
cubic feet in 1972. 

*Department of Defense, Department of Interior, Department of Transportation, Atomic Energy 
Commission, Office of Science and Technology. 
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The principal current uses listed for 1970 by the Bureau of Mines, with the volume used in each case in 
millions of cubic feet, are: 

(a) Aerospace (purging and pressurization), 237; 
(b) Inert protective atmospheres, 68; 
( c) Research, 65; 
(d) Welding, 63; 
(e) Liftinggas,45; 
(f) Leak detection, 42; 
(g) Low-temperature science and engineering (cryogenics), 33; 
(h) Chromatography (for rapid, accurate gas analysis in many major industries), 14; 
(i) Heat transfer, 9; 
(j) Synthetic breathing mixtures, 4; 
(k) Medical and other, 7; and 
(l) Exports, 60. 

The Bureau of Mines estimates the total demand for these uses, less exports, to be between 1.4 and 3.6 billion 
cubic feet in 2000 A.D. This is based on applying an annual 1.6% population increase and 4.5% new 
construction, as a matter of judgement, to the 1968 demand base. 

Stanford Research Institute uses a different (they claim more accurate) forecasting technique. Assuming an 
ample supply at present prices, they predict that annual demand will exceed 3 billion cubic feet by 2000, 12 
billion cubic feet by 2025, and 44 billion cubic feet by 2050 - an annual growth rate of about 5.5%. This 
includes estimates for use in some new technologies. They predict a lower demand, approximately 112 to 113 of 
the above, based on assumptions of price escalation. These must not be confused with high- and low-range 
demands as used by the Interior. The price is assumed to be $75/Mcf in 1975 and 1985, $150 in 2000, $300 in 
2025, and $600 in 2050, in actual, not constant, dollars. Under these conditions, a predicted demand of 2.4 
billion cubic feet is expected in 2000, 6.2 billion in 2025, and 16.5 billion in 2050. 

2. New Technologies. 

Helium demand for some, but not all, new technologies is projected by Stanford Research Institute. It is not 
considered by the Bureau of Mines. These new technologies involving helium may help ameliorate future 
national energy, transportation, and resource problems. Many of these helium uses involve the use of liquid 
helium to provide the low-temperature environment (about 4 to 18°K) for superconductors. Superconductivity 
is the ability of many materials to transmit electrical energy, or conduct electricity, with no loss except for the 
refrigeration energy needed to keep them cold. Some superconductors conduct electricity at no loss even in 
high magnetic fields, and are used as windings in the new high-efficiency, high current density, 
superconducting magnets, and superconducting rotating machines. 

Examples of new technologies using helium, or requiring helium-cooled superconductors, and under active 
development are: . 

Electrical Power. Fusion reactors, MHD peaking plants, large rotating machinery, gas-cooled fission 
and fission breeder reactors, liquid metal fast breeder reactors, and superconducting AC and DC urban and 
long distance underground power transmission lines. 

Transportation. Superconducting generators in high-performance aircraft and space devices, precision 
instrumentation, high-speed magnetically levitated ground transportation, flexible high-performance naval 
and mercantile marine and submarine propulsion systems, hybrid airship/airplane, high-load capacity 
systems. 

Industrial, Resource Utilization and Waste Treatment. Ore separation, water purification, rolling 
mill motors, low-voltage high-current superconducting electrolysis systems for aluminum plants, or a future 
national hydrogen economy system, rain making in arid coastal regions (not superconducting - involves 
making a tall helium supported chimney to condense moisture from air). 

Computers. Compact, high-density, low-power dissipation, superconducting memories. 

THE U.S. HELIUM PROGRAM 

The U.S. Helium Storage Contracts were finally formally terminated in December, 1973, after more than 
four years debate and litigation. 

Early History 

As increasing helium demands threatened to outstrip the production capacity of the Bureau of Mines, 
concern arose regarding the future ability to meet mobilization needs and the casual wastage of the natural 
resource. In 1957, the Director, Office ofDefense Mobilization, recommended to the Secretary oflnterior that a 
working group be established to determine the feasibility of making the conservation aspect of the helium 
program the primary, ratherthan the incidental, objective of the Department oflnterior. 
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A working group was subs~quently .established, compri~ed of representatives from the Departments of 
Commerce, Defense, and Intenor, :"-t?mic Energy Commiss10n, Office of Defense Mobilization, Bureau of the 
Budget, and.Federal Power 9om1I?iss10n. Headed by th~n Undersec~etary of ~nterior, O. Hatfield Chilson, the 
gro.up compiled a study entitled Cost of Implementation of a National Hehum Conservation Policy." (The 
Chilson Report, January 24, 1958.) As a result of the study a national helium conservation policy was 
subsequently recom~ended to Presiden~ Eisenhower and form~lly approved on April 25, 1958. 

Due to the magmtude of expense mvolved in accomplishing the conservation program the Report 
recommended that: ' 

(1) private ind?stry be enc?uraged to part~cipate in the program by entering long-term contracts with the 
Government which would give the compames a reasonable return on their capital investment and at the 
same time, help to defray the overall costs of the program; ' 

(2) the Secretary be authorized to set the price for the helium at a level which would enable the Department of 
Interior to cover all co~ts incurred in carrying out the provisions of the program; 

(3) all fede;al agencies ai:d cont~a~tor~ pu~chase all major requirements of helium from the Secretary; and 
(4) the pnvate compames participatmg m the program be prohibited from selling any helium to any 

purchaser other than the Secretary at a price lower than the lowest price paid by any government agency. 

In 1958 the Department of Interior proposed legislation to Congress for the implementation of the 
recommended cons~rvation program. This was not acted upon, however, and redrafted proposals were 
subsequently submitted to Congress on July 27, 1959. After lengthy hearings and incidental revisions and 
amendments of the proposed bill, a legislative amendment was adopted on September 13, 1960, to be known as 
"An Act to Amend the Helium Act of March 3, 1925, as amended, for the defense, security, and the general 
welfare of the United States."The Act became effective on March 1, 1961, and a limitation on the annual 
contracting authority of 4 7.5 million dollars was established by the Act of August 3, 1961 (75 Stat. 246, 253). 

The 1960 HeliumActAmendments authorized the Secretary of the Interior to enter into long-term contracts 
forthe acquisition, processing, transportation, or conservation of helium, not exceeding twenty-five years. In 
addition, he was given the power to acquire, by eminent domain, helium contained in helium-bearing natural 
gas, and so much of such gas as was necessarily removed in the extraction process; if he were unable to acquire 
helium otherwise upon reasonable terms and at the fair market value. In an attempt to make the program self
liquidating, the Act provided for a comprehensive system similar to that recommended by the Chilson Report. 
The Secretary was given authority to set his own price for the helium that he sold, and to establish and 
promulgate such rules and regulations, consistent with the directions of the Act, which were necessary to 
carry out its provisions. 

The helium conservation program apparently ran smoothly until some time in 1968. After the passage of the 
1960 Act, however, several private companies had begun their own helium extraction outside of the 
government program. Because the Secretary's price for helium reflected not only direct extraction costs, but 
also a portion of the costs involved in the administration of the conservation program, the Secretary's price for 
helium exceeded the private producers' price. As the private companies' sales increased, the Secretary's sales 
decreased, despite increased overall demand. In response to this situation, the Secretary proposed regulations 
which would have forbidden government agencies and their contractors from purchasing their major 
requirements of helium from any source other than the Secretary, or private companies "eligible" under the 
regulations. These regulations were considered illegal in a subsequent court action. The Court noted, however, 
that the Secretary's purpose could be accomplished by obtaining an Executive Order requiring that such 
provisions be included in all contracts entered into by government agencies. An Executive Order was 
requested of the President by the Interior, but was never obtained. 

The Secretary's termination statement, which is based on the Department's final environmental statement, 
and the comments received from the private contractors, recognized that: 

(1) the direct result of the decision to terminate the contracts will be that the Government will forego the 
storage of an estimated 20 billion cubic feet of helium which will be "wasted" or "depleted" if the contractors 
do not continue to extract and store the helium prior to delivery of the natural gas to fuel markets; 

(2) natural gas - primarily fuel gas - is the only known source of helium other than the atmosphere, an 
environmentally and economically inferior source; . . . . 

(3) the currently proved "helium-rich" natural gas reserves (contammg at least 0.3% hehum) will probably 
be exhausted before the turn of the century; . . . 

(4) it is unknown exactly how much, if any, "lean" helium-beanng natural gas will be available after the 
year2000; · · · 

(5) present studies predict large demands for helium for environmentall.Y beneficial uses begmnmg around 
the turn of the century which could rapidly deplete the helium supply then m st.orage; and . 

(6) assuming a lack of supply at a later time, future environmentally beneficial technological advancements 
might be precluded due to unacceptably adverse environmental effects ofrecovery from other sources. 

In contrast to the above possibilities, the Secretary's statement notes that: 

(1) government demand for helium has decreased consistently since 1966, and is presently below the 1961 
level; 
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(2) present technological advancement enables recovery of helium from "lean" sources of helium-bearing 
natural gas expected to be available in large quantities in the future; 

(3) the Bureau of Mines estimated a total of 17 to 24 billion cubic feet of probable shut-in "helium-rich" 
reserves (i.e., found in natural gas fields not being exploited for present fuel purposes); 

(4) including the helium currently in storage, in shut-in government reserves, which are expected to be 
recoverable from government-owned plants, have total reserves of approximately 44.5 billion cubic feet; 

(5) storage ofrecoverable helium at today's costs does not necessarily assure "low-cost" helium in the future; 
(6) the forecasted large demands for the future are "speculative" and of questionable reliability; 
(7) government agencies' estimates for future helium demands would not require removal of helium 

presently in storage "to meet essential government needs" until well into the next century; and 
(8) assuming the estimated total future demands were to materialize at the beginning of the next century, as 

predicted, the storage now of an additional 20 billion cubic feet of helium would merely delay, rather than 
foreclose, the necessity of obtaining helium from presently unknown or environmentally disadvantageous 
sources. 

On the basis of the above assumptions, the Secretary determined that there had been a substantial 
diminution in helium requirements for essential government activities, and that the termination was 
therefore authorized under Section 12.1 of the contracts, since the purposes of the Helium Act Amendments of 
1960 had been satisfied. 

HELIUM SUPPLY 

Future helium supply and discovery must be largely a matter of conjecture. The helium abundance in the 
earth's crust is not known while the atmosphere constitutes a virtually infinite supply at the low
concentration of about six parts per million. The energy investment required to obtain pure helium from the 
atmosphere is large, being about 26 gigawatt year,s per billion standard cubic feet (scf) of gaseous helium. 
Extraction of helium from gas streams that are not commercially attractive as heating gases is probably not 
economic. Helium availability from gases which have a satisfactory thermal content must be expressed in 
terms of cost of extraction. The conclusions of David Evans, Potential Gas Committee, in this regard are as 
follows: 

(l)The proved and probable helium reserves of the United States are estimated to be 161 billion cubic feet at 
a price of$35.00 per Mcf. With the exception of52 billion cubic feet of helium in underground storage or in shut
in fields (probable supply), this helium will have been wasted with produced natural gas in the next 30 years. 

(2) It is estimated thatl 94 billion cubicfeet of helium is present in gas in the Rocky Mountains area that could 
be recovered for from $50 to $80 per Mcf. This includes 3 billion cubicfeetofhelium in the non-flammable gas of 
the Tip Top field, Wyoming, as well as helium contained in natural gas averaging .205 percent helium in the 
restofthePotentialGasCommitteeAreasHandI. (See map in Figure 1.) 

(3) The estimate for the Tip Top field is based upon one well. The Tip Top structure is large, and future 
drilling could prove up ten times more helium than is reported here on the basis of one well. 

(4)Heliumcan be recovered from natural gas containingO.l percent helium for about$143/Mcf. There is an 
estimated 113 billion cubicfeetofhelium in gas of this concentration in the eastern part of the U.S. (Areas A, 
B, andC). 

(5) Another 375 billion cubic feet of helium is contained in the natural gas of the Midcontinent Region (Areas 
D, J-North, and J-South). The helium concentration of this gas averages .091 to .094 percent. Since this 
concentration is only slightly less than .1 percent, which costs $143/Mcf to recover, the price is roughly 
estimated at $150/Mcf. 

(6) The costs involved in gathering and recovering helium from gas containing less than approximately 0.1 
percent helium are considered prohibitive. It would be cheaper to recover helium from the atmosphere for 
between $500 and $1,700/Mcf, depending upon whether the helium was the byproduct of separating oxygen 
and neon from air, or whether helium alone was recovered. 

H. R. Howland of Westinghouse has noted that the cost of helium is much less sensitive to plant operating 
costs than capital costs. There are economies of scale, and the use of complex petrochemical plants with 
helium-nitrogen mixtures as a final byproduct, also reduces helium price. Using a 280 million cubic feet per 
day plant as a basis, Howland interprets the varied data as leading to a price of $95 to $130 per Mcf per 0.1 % 
helium content gas, and judges $110/Mcf as a fairly reasonable figure. A. Francis of Linde states that for 
helium concentrations between 0.01 % and 0.1 %, the unit cost of helium extraction will be approximately 
inverse to the helium concentration. That is, about $180 per Mcf for 0.08% He; $250 for 0.06%; $500 for 0.03%; 
$1,000 for 0.015%; and over $2,000 for 0.007%. Howland has extrapolated this to 0.5% which may be 
questionable, and quotes slightly different figures. These are: $21 per Mcf for 0.528% He; $4B for 0.240%; $110 
for 0.1%;$733 for 0.015%; and $1,690 for 0.0065%. He notes that the free market price of helium, bulk Grade 
A, (f.o.b.), has been about $20/Mcffor the past two years. 
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NSF HELIUM STUDY 

To ~ssi~t in ordering the confusion and resolving the controversy, a brief, intense study was proposed with 
the ob1ectives of: 

(1) examining the outlook for helium supply and demand; 
(2) determining ways of preventing compromise of critical U.S. technology by limited helium availability; 

and 
(3) specifyi~g goals and estimated helium requirements for likely helium-based developments - especially 

superconductmg electrotechnology. 

This study is in progress, and definite conclusions have not yet been reached. 

HELIUM STUDY DEMAND ESTIMATES - NEW TECHNOLOGIES 

At the July Advisory Committee meeting of the Helium Study, the estimates for various technologies were: 

Fusion Power (C. E. Taylor, Livermore). He assumes 1,400 gigawatts of fusion power by 2020, giving 
an inventory of35 to 100 billion cubic feet (complete recovery) based on 1,300 scf/megawatt electric. It might 
be possible to cut this by a factor of 10 with further design work. We chose 50 billion cubic feet as a modest 
estimate to 2050, which is more pessimistic than the Taylor figure. 

Fission Reactor Cooling. There is little loss, assuming reasonable capture and recycle precautions, but 
by 2000 the inventory will be about 1 billion cubic feet. We did not extend this figure for the years to 2050, but 
clearly some will be needed. 

Ore Separation (R. Powell, NBS). There are few ore separation plants in this country, and a slight rise in 
the price of helium could make the use of superconducting magnets for this purpose uneconomical. P. Marsden 
claims that superconducting magnets are not necessary for, this purpose. 

Water Purification (R. Powell, NBS). This use may not materialize as a large scale application of 
superconducting magnets. 

Magnetically Levitated Trains (J. Harding, DOT). Assuming 300 miles of track in the Northeast 
corridor, the inventory would be approximately 52.5x106 scf over a period oflO years. This assumes that high
speedground transportation with magnetic levitation is of little interest to the United States. 

Defense Department. Accepting DOD estimates for 2000 AD. through 2019 AD. as 1.6 Mcf, this implies 4 
Mcfto2050, assuming no increase in demand rate from 2019. 

SUMMARY OF U.S. DOMESTIC HELIUM REQUIREMENTS (2000-2050) 

Annual helium demand for conventional uses= 1.4 x 109 scf/year (BuMines' low forecast). Assume it holds 
flat for 2000-2050. 

Category Cumulative Demand x 109 scf 

Conventional uses 70 
Fusion 50 
Transmission 11 
Defense 4 
Other 1 

136 

This total ignores: rotating machines, marine use~, airborne, fission reac~or coo~ing, ore separation, w~ter 
purification, levitating trains, and exports in the mterests of a conservative estimate for newly emergmg 
technologies. . . · · 

Assuming the U.S. with its advanced industrial society of200 milho:r;i to b~ a typical ~lo?, we ca~ discern 
Europe, U.S.S.R. and Japan, Australia and New Zealand to be blocs which will .develop similar re9u~remen~s 
for helium. Thus, a conservative world helium requirement from 2000 to 2050 might be about 500 billion cubic 
feet. . 

It should be noted that the helium inventory for superconducting power transmission and fus10n reactor 
magnets is helium stored and conserved, since every effort will be made to make the leakage rates as low as 
possible. 

Prevailing Economic Philosophy Versus the Conservationist Approach 

The economist wonders who will pay now, the conservationist and the scientist knows it must be someone 
else. 
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Professor Preston, in his 1969 testimony on the Federal Helium Program before the Joint Economic 
Committee of the Subcommittee on Economy in Government, emphasizes that the choice of an appropriate 
interest rate is absolutely critical to the decision problem at hand. In this connection, he references the 
contribution of Professor BaumoP to the compendium of papers already published by the committee. In fact, 
he is right. The 10% rate being applied to new programs by OMB makes the financial picture for a self
supporting helium program hopeless. By contrast, the Government never paid 6%% interest until 1969, while 
the current rate for Treasury Bills and Notes is about 7%, reflecting a real rate of3% plus an inflationary factor 

Baumol asserts that "the correct discount rate for the evaluation of a government project is the percentage 
rate of return that the resources utilized would otherwise provide in the private sector." He continues, "It is 
difficult to quarrel with the conservationists view that the destruction of irreplacable natural resources 
imposes a heavy cost on our posterity .... this is precisely the legitimate ground on which conservationists 
urge increased care in avoiding depletion of our resources. But, it is not legitimate to jump from the valid point 
that one generation has no right to use up wastefully the resources that cannot be replaced by its successors, to 
the questionable conclusion that each generation is constrained to engage in overall efforts to support its 
posterity beyond the level that is indicated by the free market . For that is precisely what is involved in a 
program oflow discount rates .... We are therefore wealthier than our predecessors and it can quite safely be 
predicted that our successors will be richer than we. In effect, then, the subsidization of a program of added 
investment amounts to a transfer of additional resources from the poor to the rich. It would take inputs whose 
produce would be available for consumption today and make them available tomorrow when the supply of 
consumer goods is likely to be so much more abundant than at present." 

This then is the attitude which presumably led the White House and the OMB to cancel the Helium Storage 
Contracts. It is based on the views of short-term economics and prevailing economic opinion. Recent events 
with regard to the energy crisis may lead to a reappraisal of this type of economic thought, since we can now 
see more clearly that future resources may not be more abundant than at present. 

An alternate view is that expressed by Senator Jackson prior to the passage of NEPA. "The needs and 
aspirations of future generations make it our duty to build a sound and operable foundation of national 
objectives for the management of our resources for our children and their children. The future of succeeding 
generations in this country is in our hands. It will be shaped by the choices we make. We will not and they 
cannot escape the consequences ofour choices." (115 Cong. Rec. Sl 7451, December, 1969.) 

Again NEPA requires that federal agencies "Use all practical means, consistent with other essential 
considerations of national policy, to improve and coordinate federal plans, functions, programs, and 
resources to the end that the nation may ... 

(1) "fulfill the responsibilities of each generation as trustee of the environment for succeeding generations; 
(2) achieve a reasonable balance between population and resource use which will permit high standards of 

living and a wide sharing oflife's amenities; and 
(3) enhance the quality of renewable resources and approach the maximum attainable recycling of 

depletable resources." 
Thus, we see that the helium conservation problem resolves into a conflict between conventionally 

acceptable economic thinking and the desires of conservationists. 
Finally, we must note the implied assumption in the economic thinking. "We are richer than our fathers, 

and will be poorer than our sons. The supply of consumer goods will be much more abundant tomorrow than 
today." This view while not widely shared by those who take a broader view of the problem, and even by many 
who do not, assumes that the best way to assure national survival, and a good future, is to do our best in 
present activities and planning to ensure that such a desirable state of affairs will come to pass. In the case of 
helium, we are dealing with an irreplaceable resource, or at least a resource which will cost one hundred times 
or more to retrieve from the atmosphere. It would require the present electrical generating capacity of the 
United States to produce 13 billion cubic feet per year of helium from air. It is a resource which is presently 
produced as an incidental to the country's need for natural gas, and which is required as a necessary 
component of several new technologies essential for the country's air, sea, and land defense, its energy needs, 
and, as an option, for its high-speed and transportation needs. About 96% of the helium resources in fuel gases 
containing 0.3% helium or more will be dissipated by 1985. 

SHORT-RANGE POSSIBILITIES FOR THE HELIUM STORAGE PROGRAM 

The economic subcommittee of the helium study asked Westinghouse to examine the effect of short-term tax 
measures. Their conclusions were that: 

(1) the Conservation Program can be made financially self-amortizing as far as the U.S. government is 
concerned, from present to to the end of the present phase (1983); 

(2) continuation of the program on the above basis will ensure an adequate supply of helium for presently 
developed uses well into the 21st century; and 

(3) continuation of the program will enable the U.S. to buy time and to keep open certain important 
technological options relative to the energy crisis. These options will be foreclosed by cancellation. 

1 On the Discount Rate for Public Projects by William J. Baumol, Professor of Economics at Princeton 
University. 
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TENTATIVEFINDINGSFROMWESTINGHOUSESTUDY 

(1) In the short run (0-10 years), ifthe conservation program is cancelled, there will be a massive wash-out of 
gas producers as an annual capacity of five times current usage hits the open market. Some distributors with 
long-term purchase contracts will be affected. 

(2) If the contracts are cancelled, helium will be cheap - perhaps 2/3 current prices - until 1995-2000 when 
the rich streams are exhausted. ' 

(3) At $100-120/Mcf, helium will be available in reasonable quantities until 2020 or so even in the absence of 
stockpile sales. (All prices in 1973 constant dollars.) ' 

(4) Shrinking supplies of depleting gas streams will begin to pinch helium availability in 2030+, forcing 
reliance on shut-in reserves of non-fuel helium bearing gas, or recovery of helium as a byproduct of oxygen 
separation from air at a price of $200-500/Mcf. Crudely projected growth of the oxygen separation industry 
shows that from 0.5 to 4 times current (1973) usage will be available in 2030+. 

(5) The length of time the stockpile in the Cliffside field lasts depends crucially on the pricing policy of the 
Helium Activity. A "cost-pricing" policy will discourage construction of extraction plants, and lead to early 
depletion of the stockpile. An "alternate-source" pricing policy will stretch the length of time it lasts. 

(6)An important unknown factor in projections of helium demand is whether or not superconductors can be 
devis.ed which exhibit this superconducting property in liquid hydrogen, or at higher temperatures. 

EXTRACTS FROM THE HELIUM ACT 

Title- "An Act to Amend the Helium Act of March 3, 1925, as Amended for the Defense, Security, and the 
GeneralWelfareofthe United States." 

From Section 4: "The Secretary is authorized to ... conduct or contract with private parties, for 
experimentation and research, to discover helium supplies and to improve processes and methods of helium 
utilization." 

From Section 7: "The Secretary of Defense and the Chairman of the Atomic Energy Commission may 
each designate representatives to cooperate with the Secretary in carrying out the purposes of this Act, and 
shall have complete right of access to plants, data, and accounts." 

From Section 15: Section 15 of the Act is captioned specifically "Individual Enterprise in Developing 
Helium." No statement that this is the object of the Act appears anywhere in that section. 

The section states "it is the sense of the Congress that it is in the national interest to foster and encourage 
individual enterprise in the development and distribution of supplies of helium, and at the same time provide, 
within economic limits, through the administration of this Act, a sustained supply of helium which, together 
with supplies available otherwise, will be sufficient to provide for essential government activities." 

The Interior has maintained that the purpose of the Act is to provide helium for essential government 
activities, and relies on a portion of Section 15 for that. The Denver Appellat~ C?urt accepted this view. Key 
witnesses at the March 1973 Court of Claims hearing, Northern He lex v U.S., insisted that the Act was for the 
General Welfare of the United States. These witnesses were the principal originators and administrators of 
the Act. 

- 599 -



.P. .. • ,,..4 • 

WORK AREAS OF THE UNITED STATES 

H 

Potential Gas Committee June 1973 

Figurel. 



Figure 2. 1973 NSF Helium Study Advisory Committee. 
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Abstract 

The consequences of the exposures to external and internal radiation which can occur in the mining of 
uranium ores are well-documented. Methods for evaluating and controlling these hazards have been 
developed by health protection agencies and the uranium mining companies. These procedures have been 
described in numerous reports from a number of the uranium-producing countries. The only feasible 
procedure for reducing exposure to external radiation is limitation of working time. Controls of radon and 
radon-daughters are directed at reducing influx of radon and dilution ventilation to supply uncontaminated 
air to working areas. Many different methods are employed depending on the particular circumstances. There 
is no "typical" uranium mine so the health protection group must adjust procedures to fit the conditions in 
each situation. Control of long-lived radioactive dust is usually accomplished by the dust-suppression 
methods used to control silica dust. In some circumstances, where high-grade ore is being mined, additional 
controls may be required to reduce concentrations of long-lived alpha emitting elements to acceptable levels. 

INTRODUCTION 

Radiation protection in uranium mines is of great theoretical and practical interest, and has been studied 
extensively for many years by mine radiation safety personnel and research investigators. The basis for this 
interest is that uranium miners comprise the only group in the nuclear energy industry in which radiation 
exposures have resulted in significant health effects, and for which exposure control procedures are difficult 
to implement and maintain. 

Uranium miners are exposed to external and internal radiation from radon and its short-lived daughters, as 
well as to long-lived radioactive elements of the uranium family. Since exposures to radon and its daughters 
are considered to present the most serious health hazards, a brief review of this area is presented in this paper. 
However, other radiation sources should not be ignored because in some exposure situations they may also 
require consideration and control. 

DISCUSSION 

Of the numerous studies of procedures for controlling radon reported in the world literature, it is only 
possible to mention a few of them in this paper. A Russian monograph (Bykovsky, 1963) contains a rather 
complete discussion on the subject. Additionally, a two-volume manual issued by the U.S. Bureau of Mines 
(Rock and Walker, 1970) is the most comprehensive treatise written in English. The ICRP will be issuing a 
manual on uranium mines which hopefully will describe the current state of scientific knowledge. The 
aforesaid documents, and the references given therein, will repay careful study by radiation safety and mine 
ventilation officers. 

The two basic principles which must be observed in designing radon control programs is (1) to limit the 
influx of radon into working areas as much as possible, and (2) to remove it from working areas as 
expeditiously as possible. In many respects the problem is similar to that encountered in gassy coal mines 
where the ventilation practices and criteria used are more applicable to uranium mines than to those which 
are standard for metal mines. 

The proper planning of mine design and operational methods is an important first step in radon control. 
The methods to be used in ore extraction, and the ventilation system employed, should be designed together. 
Many of our existing mines have severe control problems because they were opened before the importance of 
controlling radon was appreciated. They were planned to remove ore as rapidly and economically as possible 
with existing metal mine ventilation criteria. These mines are now mature operations; it would be a time
consuming and costly process to make improvements in their ventilation. The final design of a mine is usually 
a compromise between the wishes of the production superintendent and the ventilation engineers. 

Ideally, the mining system should be designed to keep all working areas uncontaminated. This would 
involve development to the furthest extent of the ore bodies with air courses and haulageways driven in 
barren rock. The ore is extracted by retreating toward air inlets with the used air rejected to return air courses. 
Unfortunately, this is only an ideal condition. Ore bodies change in grade occur in unexpected locations and 
radon emission rates vary widely depending on the porosity and the deiree of fracturing in the host r~cks. 
Thus, a continued assessment of conditions, and continued efforts to correct conditions, are required. An ideal 
mining design also keeps open working areas at a minimum, limits the amount of broken ore stored 
underground at the lowest feasible level, and minimizes spillage of ore during transport. All of these 
precautions reduce the emission ofradon into working areas. 
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Seal!lnts ~o redu?e emissi?n ofradon have been investigated; several materials have been found which are 
essentiallyim~el'Vlous to this ga~. Expanded polyurethane foams are now used to assist in sealing off worked 
ou~ 1_1reas, p~rticularly th~se which have been back-~lled with mill tailings (which still contain most of the 
ongma~ radmm).1!1-e. sealmg oflarg~ areas such as air courses has been tried experimentally in metal mines. 
The m~m proble!ll ism the preparation of rock surfaces to obtain good coating adherence. This is merely an 
operational detail, but one that can be _very troublesome. Another problem, for example, is that all persons in 
the area where urethane foams are bemg sprayed must wear the correct respirators. Plastic films which are 
impervious ~o radon have be~n studied by the U.S. Bureau of Mines and Colorado State University. Some of 
these matenals show promise and may be useful for such applications as temporary stoppings and for 
covering piles of broken ore which are awaiting transport. 

As stated earlier, ventilation air should be moved through active areas and to return air courses as 
expeditiously as possible. The shorter the ~esi?ence time of. the air, the less the ingrowth of radon-daughters. 
Every effort must be made to course the air directly to active stopes, and to prevent the recirculation of the 
contaminated air: This requires that inactive and abandoned stopes should be closed off by temporary or 
permanent stoppmgs. Such areas can be potent sources of contamination, and also waste ventilation air. 
Experience }J.as shown, that wherever possible, such closed areas should be kept under negative pressure. As 
ground movement and changes in air pressure loosen stoppings, a routine inspection and repair program is 
required to maintain the integrity of the seals. 

In addition to programs for reducing radon emission, supplying clean air, and removing contaminated air, 
considerable work has been done on methods of decontaminating mine air to extend its useful life. The 
approaches which have been tested in mines are the removal of radon-daughters either by filtration or by 
electrostatic precipitation. Either method is effective, but there are limitations on their utility. The basic 
limitation, of course, is the atmospheric concentration ofradon. This must be low enough for the treated air to 
be used for at least a few minutes before the ingrowth of daughters makes it unacceptable. 

It has been found that with cleaned air in which a large fraction of the daughters exist as unattached atoms, 
plate-out on walls is large enough to make the air usable significantly longer than theory predicts. The most 
troublesome problems have been due to equipment failures. Filters clog with dust and soot, and are seriously 
affected by water mist and vapors. Present electrostatic precipitators do not seem to have been designed to 
withstand mine conditions. Obviously, the use of air cleaning procedures will be limited to special situations, 
but considering the problems involved in extending ventilation systems, the idea is attractive. 

An even more fundamental approach would be the removal of radon from the air. Several papers in this 
symposium have discussed adsorption of noble gases, and more on this topic is presented in this session. In 
my opinion, radon removal methods merit further investigation. 

Environmental conditions in uranium mines can now be evaluated more accurately and in greater depth 
than was possible even three years ago. Among others significant work has been done at the Nuclear 
Research Center in France (Lopez, et al., 1970), at the A.E.C. Health and Safety Laboratory (Breslin, et al., 
1969) in the U. S. A. to develop instrumentation and procedures for measuring radon emission rates, 
atmospheric radon concentrations, radon-daughter ratios, fractions of unattached atoms and number 
concentrations, and size distribution characteristics of mine aerosols. While most of these methods are too 
elaborate for routine use, they can be employed by control personnel. Information obtained by their use would 
certainly assist in evaluating the degree ofradiation hazards in mines. 

Methods for measuring individual exposures to radon-daughters have been studied, and two papers in this 
symposium report work on dosimeters. In my opinion, such devices would also be useful as area monitors, and 
might reduce the amount of air sampling which is now necessary. If reliable personal dosimeters can be 
developed, the task of estimating and controlling individual expos~res can be simplified. At pres~nt, ~hese 
records are generated from air concentration measurements and time-occupanc:f ~~ta. Not only I~ this .an 
uncertain process, which involves handling a large amount of data, but the possibility of overlookmg brief, 
high-level exposures is always present. 

Inevitably there will be situations where personal protective equipment is required to prevent th~ over
exposure of the miners. Typically such situations will occur in li~ited areas where me_n must ~nter to m_stall 
auxiliary ventilation or to perform other work to correct condit10ns. For such rel.atively brief operat10n~, 
respirators equipped with filters which will remove. rad~m-daug~ters are. ava_Ilable. The at~osphenc 
concentration limits for which each type of respirator is smtable will be detailed m the forthcommg ICRP 
manual. Battery powered devices, which will blow filtered ~ir to .a hood, _have recently been approved. In at 
least one of these the final air cleaner is a HEPA filter. This eqmpment is more cumbersome than the usual 
respirators, but there is no resistance to breathing or restriction to vis.ion, and t~e filte.ring efficiency is very 
high. Such devices would seem to be particularly suitable for use by mme geologis~s, mme surve1ors, or other 
men who enter inactive mine areas. However, in such situations, the atmosp?enc concentr~t10ns of ra~on 
may become ofreal concern, and protection against the gas m~y also be reqmred. Self-~ontam~d breathmg 
apparatus or air-supplied respirators have been used. The ~ffectiveness of gas masks ~9mpped with c~arcoal
filled canisters for protection against radon has been studied by HASL, and the conditions under which they 
are satisfactory have been defined. 

As we still have no firm definition of what a "safe" level of exposure to radon and radon-daughters would be, 
theobjectiveis to reduce·atmospheric concentrations to the lowest feasible levels. 
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RADON PROTECTION IN URANIUM MINES 
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Abstract 

In uraniu'!l tn_ines, ra~on is p~esent with its daughter products which may be fixed on different particles, the 
form of which is described. It is ':°ell-known t~at ura.nium mine~s may contract some pulmonary diseases 
when ~adon-dau!fhter concentrations are too high during long periods. The origin of lung cancer is confirmed 
by animal experiments. 

To have a good protection, practical limits for radon and radon-daughter concentrations are established 
and individual monitoring is initiated. This monitoring must be well-fitted because the actual levels are 
almost up to maximum permissible levels. 

Ventilation is the most important technique to control radon and radon-daughter concentrations. Some 
ventilation investigations in an experimental mine are described. 

INTRODUCTION 

Radon-222 is present naturally in uranium mines. This radioactive gas and its daughters which are also 
radioactive, contaminate the air and very likely contribute to the excess in the number oflu~g cancer cases 
observed among populations of miners who have worked in poorly ventilated atmospheres. The importance of 
this problem, therefore, necessitates a thorough knowledge about the behavior ofradon, constant surveillance 
of its concentrations, and the implementation of effective control measures. 

BEHAVIOROFRADONANDOFITSDAUGHTERPRODUCTSINMINEAIR 

Radon-222, an element in the uranium-238 chain, is a noble gas with a half-life of3.8 days, which is produced 
by the decay of the radium-226 dispersed in uranium rocks. Formed within the rock, radon gas fills all the 
available openings and may l;>e released into uranium mines by various routes. Primarily, the retained gas is 
liberated when rock is fractured - especially at the time of blasting. The gas can also enter the working 
environment through underground water into which it has mixed. 

After having passed into the mine's atmosphere, radon decays into short-lived radioactive products (all 
with half-lives ofless than 30 minutes) in the form ofultrafine solid particles which attach themselves to other 
particles. This attachment brings about the formation of a radioactive aerosol with physical characteristics 
that determine its probability of retention in the respiratory system, and thus its toxicity. 

1. Formation of a Radioactive Aerosol Present in a Mine. 

Radon decays into polonium-218 (Ra A). At the time of its formation, it is a recoil atom which possesses an 
initial energy on the order oflOO keV. Although these atoms are produced by alpha-disintegration, around 80 
per cent reach the thermal level in the form of positive ions. The remaining 20 percent are present as ultrafine 
neutral particles with perhaps a small percentage of negative ions, the presence of which has not yet been 
proved with certainty. 

Many authors have been able to show that these "primary particles" have, at their origin, high diffusion 
coefficients on the order of 10.1 cm2 s-1 for the neutral particles and 5.4 x 10-2 cm2 s-1 for the small ions. But, in 
fact, various molecules are quickly attached to these particles. For the charged particles in the open air, it can 
be shown that these clusters become distributed into several groups of distinct and preferential mobility (K = 
2.1 -1.35 - 0.88 - 0.55 - 0.43 cm2 s-1 y.1). These results have not been confirmed for the electrically neutral 
particles because the current measurement techniques are not selective enough. This illustrates, therefore, 
that before attaching themselves to the nuclei or dust particles, the radon-daughters can exist as ultrafine 
particles during a time span which depends upon the concentration of the other particles present. 

It should be noted that together these ultrafine and primary particles constitute what is customarily called 
free ions or uncombined particles. The value of the diffusion coefficient is, in general, taken to be 5.4 x 10-2 cm2 

s-1; while it should be much lower, the actual value probably being between 5.4x10-2 cm2 s-1
, as in outside air. 

In the absence of data for mine air it seems more justified to adopt the value 1.5 x 10-2 cm2 s-1
• 

Because of their high diffusion ~oef:ficients, the ultrafine particles (with r!ldii ofl~ss than 10-3µm are ~oing 
to attach themselves to the condensation nuclei and dust particles present m the air; the attachment bemg a 
function not only of the number, but also of the dimensions and electrical _char~e of th~ nuclei and of the dust 
particles. It can therefore be seen that the total concentration of non-rad10active particles and knowle~ge of 
the particle size distribution and the charged state of these particles are necessary.to study the evolution of 
radon decay products and to determine the risks associated with the~. Theref~re, if_ one wants to study t~e 
evolution of these particles, one should be equally inter~sted n~t only m t~e radioactive products, but. also m 
the physical characteristics of all the aerosols present m the air of the mme. Because the concentration and 
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the characteristics of these particles in a given place depend upon their mode of formation (blasting, slushing, 
haulage), the place they are formed (stope, drift), and the path followed by the air in arriving at a given spot, 
one can see the hazards in determining the nature of exposure relevant. 

2. Data Concerning Mine Aerosols. 

The particle concentration inside a mine is essentially variable, but it is high in all cases. The following 
results can be given for French mines (obtained with condensation nuclei counters [CEA-SEER!] which 
enable the detection of particles greaterthan 10-3 JLm). 

(a) outside the mine: 3,000 to 5,000 particles per cm3. 
(b) in the nonworking areas of the mine: 3,000 to 5,000 particles per cm3. 
(c) in the drifts: 40,000 to 70,000 particles per cm3. 
( d) in the working areas: 105 particles per cm3. 
( e) after blasting 2 x 106 particles per cm3. 

These measurements were carried out on the radioactive particles using Zeleny tubes. Diffusion batteries 
and filters make it possible to have a general idea of the characteristics of a radioactive aerosol in a mine. In 
the working areas where an important amount of radon, condensation nuclei, and dust are emitted, an 
extremely rapid evolution of the aerosol, by coagulation for the finest particles and sedimentation for the 
largest particles, is produced. In this high-particle-density atmosphere, the ultrafine radioactive aerosol 
activity represents, on the average, 3 per cent of the equilibrium activity of RaA, while still being almost 
always 10 per cent - except in the case of a work stoppage in the mine when values on the order of 25 per cent 
can be found. As one gets further away from the work area, the particle concentration decreases under the 
affects of sedimentation, turbulent diffusion, and impaction; the aerosol evolves continuously toward an 
equilibrium. In that way the count median diameter(on the orderof0.2 µm) tends toward a value of0.07 µm, 
with the whole range of particle size being between 0.01 and 0.4 µ.m. 

3. State of Equilibrium Between Radon and its Decay Products. 

Radon decays with a 3.8-day half-life; its three principal short-lived decay products are RaA, RaB, and RaC, 
the mean lives of which are much shorter than radon and are found in the air in proportions varying with the 
age of radon; i.e., with the elapsed time since its diffusion into the atmosphere·. The equilibrium fractions, fA, 
fB, fc, are defined as the ratios of the activity of the respective decay products A, B, or C to that of radon. 

Five hundred measurements in the French mines gave the following results: 

(a) upper value 
(b) lower value 
(c) mean value 

1 0.73 0.43 
0.08 0.04 0.02 
0.50 0.30 0.15 

It should be noted that most of the measurements were made in the drifts so that the mean value for the 
whole mine is lower than that given here. 

STANDARDS AND MONITORING 

The hazards ofradon and its decay products have been proved mainly by: 

(a) early studies on the mortality of miners in the Schnee berg and J oachimstal areas, which show that fifty 
percent of the miners had lung cancers; 

~b) a recent U.S. study pointing to an excess of deaths from lung cancer in a population of about 3,000 
mmers;and 

(c) the experimental induction oflung cancers in animals exposed to radon and its decay products (Perraud, 
et al., 1972). 

Various recommendations were issued since 1940, but there is currently some confusion on the choice of 
maximum permissible concentrations for radon and its daughters. 

The ICRP in 1959 proposed 3 x 10-6 /(1 + 1,000 f) µCi cm-3 as a limit for the radon concentration for a 40-hour 
weekly exposure; fbeing the ratio of Ra A; f also being assumed to be equal to ten per cent· the MPC obtained is 
3x10-8µCi cm-3. The IAEA limit has remained at 3x10-7 µ.Ci cm-3. On the other hand, the U.S. Public Health 
Service introduced the concept of"working level" (WL), which is linked to the total alpha energy liberated by 
t~e prod~cts ofra~on when they decay. One WL corresponds to any combination of short-lived products in one 
hterofa1rthatdehvers 1.3 x 105 MeV of alpha energy, for instance 10-10µCi 1-1 of Ra A in equilibrium with Ra 
Band Ra C. The WL and the corresponding integrated unit called Working Level Month (WLM) are more and 
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more widely used. From. t~e .viewI?oint of monitoring, this unit has in practice several drawbacks, and it 
shoul? only ~e adopted if it is denved fr?m adeq~ate biological knowledge. For example, if the hazard is 
associated with the presence ~f u~comb~ned particles, the total alpha energy is not representative at all, 
whereas the radon concentration .1s. ~t is thus urgent for the ICRP to provide precise recommendations 
because, as a consequence, the momtormg could be substantially modified. 

Radon n_ioni~oring is carried out very easil~; the air sample is taken by filling a vial, the inside of which is 
c?vered with zmc sulfide; the measurement is made outside the mine without any restriction to the delay 
time. A great number of samples can be taken, and that is the only way in which a precise and constant 
surveillance of all the working areas can be done. 

On the other ha.nd, me~surement ~f.the total all?ha energy necessitates the use of pumps, filters, and 
portable de~ect<_>rs m the diffic1;1lt condit10ns of the mme. The measurements are subject to errors and must be 
performed in situ; the person m charge of the monitoring, subjected to various kinds of pressure tends to 
interpret and modify the results obtained, which is not the case when radon is measured bec~use it is 
performed outside of the mine by personnel not directly concerned with the consequences of the result. 

The calculation of the activities inhaled by each miner is made from local measurements taking into 
account the time spent in the various locations. ' 

The procedure is to be replaced with a technique of personal monitoring which we have just started to use. 
This personal monitoring is performed with portable instruments (Figure 1) which use a filtering device 
enabling the separate measurement of the alpha particles of Ra A and Ra C with a LR 115 (Kodak-Pathe) 
cellulose nitrate detector (Chapuis, et al., 1972). However, it is likely that, at least at the beginning, this 
personal monitoring will be used only for a few miners with the aim of "adjusting" the results obtained from 
the local radon measurements and the periods of time spent by each minerin each location. 

MONITORING RESULTS 

In 1972, 36,000 measurements were carried out in France; the average dose to the population of 621 miners 
corresponds to a radon concentration of 1.45 x 10-7 µCi cm-3 during 2, 112 hours. 

From the results of about 1,000 simultaneous measurements ofradon and total alpha energy in 1972, it can 
be estimated that the average dose corresponds to about 3 WLM, but this is not true for the most exposed 
individual for which the dose is likely to be higher by a factor of two to three. 

The following remark has to be made on that point: in the U.S. epidemiological survey, the dose received by 
the workers was, in general, assessed in a very inaccurate way, and, in fact, the dose estimated was the 
average dose, and not that to the most exposed worker for whom the exposure results from exceptional 
working conditions. If one wishes to derive a standard from this survey, the value obtained would be an 
average value, and it would be admissible to tolerate a value higher by a factor of2 to 3 for the most exposed 
workers. 

MEANS OF PROTECTION 

Techniques widely used in uranium mines are ventilation, isolation of sources, and elimination of the 
polluted waters. As a result, the doses received by the miners are considerably lower than .those correspond~ng 
to the former conditions that brought about an excess oflung cancers. In order to further improve the working 
conditions, we found it necessary to build an experimental mine which allows us to test various techniques 
under any required conditions. 

The first results obtained deal with the influence of ventilation (Pradel, et al., 1973). It has been observed 
(Figures 2 and 3) that: 

(a) ata given flow rate, the radon concentration in mine airis lower when the pressure i.n the mine is positive 
than when it is negative; the reduction factor increases from 0.5 to 0.9 when the flow rate mcreases from 2 to 10 
ma s-1· 

(b) ~ta given flow rate, the concentration expressed in working levels is also low~r ~hen the pressure in the 
mine is positive; the reduction factor is constant and equal to 0. 7 when the flow. rate is ~igh.er th~D: 3 m3 s-1

; 

(c) the radon flux is reduced by about twenty-five per cent when the pressure m the mme is positive. 

Another test showed that at a constant flow rate (2 m3 s-1 ), the radon flux decreases from 9.2 x 10-7 Ci s-1 to 
7.4, 7.3, and 5.7 x 10.1 Ci s-i when the differential pressure increases from -45 millibars to -2, + 2, and + 56 
millibars, respectively. . . . . . 

These values may not apply to all mines but they confirm that overpressunzmg the uramum mmes brmgs 
about, in many cases, a significant decrease in the radon levels. 

CONCLUSIONS 

Radon protection in the uranium mines is important because an excess in lung cancer ra~e can be observed 
aniong miners working under poor conditions. It is dif?cult, but urgent, to set up a precise standard. The 
following physical data can be ofuse in order to define this standard: 
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(a) the proportion of uncombined ultrafine particles should be taken to be equal to 3 per cent of equilibrium 
Ra A activity instead ofl 0 per cent; and 

(b) the diffusion coefficient is likely to be close to 1.5x10.2 cm2 s-1, and is not equal to 5.4 x 10-2 cm2 s-1• 

The standard should not use as a unit the total potential alpha energy, unless biological data justify it; these 
measurements are more difficult to carry out than those of radon concentration, the latter being a better 
representative of the concentration of the uncombined ultrafine particles. 

If one hopes to lower the pollution levels, new control measures must be looked for. Overpressurizing the 
mines can already be considered effective. 

As to monitoring, because the first tests were satisfactory, the use of personal detectors can be foreseen, at 
least for part of the miners. 
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Abstract 

Natural Gas (NG) produced at the wellhead contains varying quantities of radon-222. Previous studies of 
wellhead gas from several gas fields have indicated concentrations ranging to 145().pCi!l at standard 
temperature and pressure. When natural gas is processed to remove impurities and heavier, more valuable 
hydrocarbons, the radon becomes concentrated in the ethane and propane fractions. This concentration 
apparently takes place during fractionation because of the similar boiling points of radon, propane, and 
ethane. Liquified Petroleum Gas (LPG), which is widely used as a domestic fuel and as a chemical feedstock is 
composed principally of propane and ethane. Potential human exposure to radon-222 and its progeny 
contained in NG and LPG can occur in a variety of ways to both occupational groups and to members of the 
general public. The paper includes anf//(dentification of the pathways of human exposure, the results of 
approximately 400 measurements of radon-222 concentrations in retail LPG and domestic NG supplies, and 
measurements of radon-222 concentrations in gas processing plant streams. An exposure model for the 
domestic fuel usage pathway is also presented. 

INTRODUCTION 

Radioactivity in natural gases was first reported for Canadian gas in 1904 (Slatterly and McLennan, 1918). 
At that time, it was suggested that helium, a known product ofradioactive decay, might be associated with the 
radioactivity. Somewhat later, a systematic survey was made of Canadian natural gases (Slatterly and 
McLennan, 1918) in an effort to find a relation between helium concentrations and radioactivity. The 
radioactivity was reported to be due to "radium emanation'', now known to be radon-222. Other reports were 
made on the radioactivity of American and European natural gases in the years between 1904and1918. 

Although no strong correlation between radon-222 and helium concentrations was found in the 1904-1918 
studies, interest in a possible correlation was revived in the 1940's and early 1950's resulting in a series of 
papers dealing with radon and helium concentrations in U. S. natural gases (Faul, et al., 1952 and Pierce, et 
al., 1955). A comprehensive survey ofradon-222 and helium concentrations in the Texas Panhandle Field 
gases was issued by the U.S. Geological Survey (Pierce, et al., 1964). 

Subsequently, Bunce and Sattler (1966) and McBride and Hill (1969) dealt with radon concentrations in 
natural gas in the San Juan Basin, located in southwestern Colorado and northwestern New Mexico. These 
papers are significant because, unlike the previous papers, the potential for exposure of population groups to 
radon-222 via the natural gas pathway was explicitly recognized. These investigations determined that the 
Project Gasbuggy nuclear stimulation experiment did not raise the radon-222 concentrations in the 
neighboring wells above the naturally occuring levels. 

Subsequent to these wellhead studies, two papers have mentioned the possibility of radon release from gas 
fired electric power generating stations (Fish, 1969 and Terrill, et al., 1967). 

The studies rE>oorted in the literature give an indication, of the magnitude and range of radon-222 
concentrations to be found in natural gas. Table 1 summarizes some of the reported results. Discounting the 
values reported at "reservoir temperature and pressure", it is seen that wellhead natural gas exhibits radon-
222 concentrations ranging from nearly zero to 1450 pCi/liter at STP. 

The foregoing review of the literature demonstrates that we have a general, but by no means 
comprehensive, knowledge of radon-222 concentrations in wellhead natural gas. For the purposes of this 
study, however, knowledge ofradon-222 levels at wellhead is insufficient. Wellhead data give no indication of 
the distribution of radon-222 in the products of gas processing plants. Owing to the fact that the boiling point 
of radon lies between that of propane and ethane (Table 2), which are the principal constituents of LPG sold 
commercially (Table 3), one may expect the concentration of radon to be greater in the LPG products than in 
othei: natural gas products. Any activity in these products would, of course, be diminished by the delays from 
actual production, processing and delivery according to the half-life ofradon-222 (3.82 days). Wellhead data of 
the type existing in the literature are also of little use in evaluating occupational radiation exposure due to 
radon. 

*Work .<:upporfl'd hy Atlantic Richfield Co., Dow Chemical Co., Essa Production Research, Phillips Petroleum 
Co .. 8h<'11 Oil f'o .. Texaco Inc., and the Texas State Department of Health. 
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POTENTIAL PATHWAYS FOR HUMAN EXPOSURE 

Radon-222. aJ?-d its daughte: produ~t~ ~mit alpha, beta, and gamma radiation. Occupational exposure to 
external radiat~on can. occur 1~ the v1c1mty of gas processing or transport equipment where high radon-222 
and concentrations e~1st. The mternal exposure of the lung to radon-222 and daughter radiations can occur 
whenever rad~n ?ean~g gases or combustion products are released and inhaled by workers. Another internal 
expos1:1re poss1bhty exists whenev~r gas processing eq_uipment ~s disassembled for repair. Lengthy exposure 
of the mternal.surfaces of s1;1ch eqmpm~nt could result m the buildup of the long-Jived radon-daughters Jead-
210 and p~lomum-?10. Ordmary cleanmg procedures could then create an aerosol containing these isotopes 
and result ma respiratory exposure. 

Population exposure to external radiation could occur in the vicinity of domestic LPG storage tanks. 
Interna~ exposure to the lung ~ould .oc~ur w~enever combustion products of radon-containing fuel gases are 
prese~t m the atmosp~ere; 'Yhile this s1tuat10n occurs at limited concentrations in the general environment, 
t~e highest le~el~ of md1~dual exposure would occur whenever radon-containing LPG or NG is burned 
without a flue n~s1de dwellmgs or other occupied buildings. This situation occurs with gas cooking, unvented 
gas sp8:ce heatmg or. unvented gas hot water heating. An indication of the magnitude of the exposed 
populat10n ma~ be gamed .fr?m the U.S. Census data of 1970 (U.S. Bureau of the Census, 1970) which lists 
5,314,082 dwellmgs contammg LPG fueled ranges, 3,14,164 dwellings containing LPG fueled hot water 
heiiters, and 3,949,420 dwellings containing unvented heaters. Most unvented heaters burn either NG or LPG. 

An estimate of population exposure due to radon in LPG should be based on field data collected as close to 
the point of use as is practicable. This paper reports the results ofradon-222 concentrations measured in retail 
LPG (propane) samples gathered in fourteen southern and western states. Regular weekly samples were 
gatheredfrom seven Houston, Texas area-retailers for a period of one year in order that seasonal dependencies 
could be studied. Individual grab samples were obtained from the other geographic areas over an eight-month 
period. The results are compared with standards and with natural background levels for radon in air with the 
aid of an exposure model based principally upon fuel usage and ventilation conditions. 

SAMPLING AND MEASUREMENT 

Sampling cylinders were obtained specifically for this project. Before use, each of the 1 V2 gallon cylinders 
was tested to assure that no radon-222 would be introduced to the samples from radium in the construction 
materials of the cylinders. This test was accomplished by introducing known radon-free LPG into each 
cylinder and after 24 hours, removing a sample for analysis. The results of these analyses showed no 
measurable radioactivity, and it was, therefore, concluded that any activity found in subsequent samples 
contained in these cylinders would be exclusively from the LPG being studied. 

Retail LPG was sampled by simply purchasing LPG at the "bottle stations" or "dispensers" operated by 
retail dealers. The dealers filled the sample bottles in exactly the same fashion that they filled LPG bottles 
presented by their customers. 

Samples of LPG obtained by purchase from retail dealers at their bottle stations are obviously 
representative of LPG purchased in the same fashion by members of the general public. These customers 
include owners of permanent house trailers and recreational vehicles. Most LPG consumed by the general 
public however is delivered to residential and commercial sites by truck. The extent to which our samples at 
the bottle statidns are representative of the LPG delivered by truck is dependent upon the practices of the 
individual retailers. A typical retailer designated by code number 2, operates his business in the manner 
shown in Figure 1. The #2 bottle station where we obtained our samples is filled at the end of each day with the 
same gas from the same trucks that deliver to residential and commercial customers. Thus, due to radioactive 
decay, the radon concentration of the bottle station LPG would be lower to an extent dependent upon turnover 
rate, than that delivered by the trucks. . . . . 

Another common practice employed by some LPG retailers is to fill gas bottles fro~ the same mam ~etml 
storage tanks that serve the trucks. Samples obtained from ~he~e dealers would be h~ghly representative of 
the LPG delivered to the consumer. A third, less common practice is to fill LPG bottles directly from the trucks 
used to deliver gas to residential customers. This practice usually ~xi_sts among the smaller. dealers. Thus, 
dependent upon the practices of the retailers, our LPG samples are s1m1lar or s<?mewhat older m age than the 
LPG delivered to the consumer. Consequently, the measured radon concentrat10ns represent, on the average, 
the lower limit of radon concentrations to be found in delivered LPG. . 

The radon concentration of the samples was measured using the Luca~ Method (Lucas, 1957). Special cells 
whose curved interior surfaces are coated with a phosphor are filled with gaseous LPG (expanded fro~ a 
liquid aliquot) to atmospheric pressure. After three hours (t? allow the dau~h~er products to reach transient 
equilibrium with the radon) the cells are placed in c?ntact wit~ a photo~ultipher tube and the pulses cou~ted 
with a scaler. The analytical equipment was calibrated usmg a National Bureau of Standards radium 
solution. . . . A d d ti 

Error is due to error in calibration coupled with error produced by countmg statistics. stan ar com~ ng 
time of 90 minutes is used so no error due to counting statistics is greater for the lower .concentr~tic;>ns. 
Counting statistics errors range from a = 1 % for 300 pCi/1 to a = 17% for 1 pCYL ~ur hmit '?f 
detection is taken as 0.5 pCi/liter which is approximately 2 u above background. Calibration error is 
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related to the 1 % error given by the National Bureau of Standards for the radium solution plus any error in 
transfer of the radon to the Lucas cell. The new data produced by the counting instruments are expressed in 
counts per minute. This number is converted to picocuries per liter at STP at the time of sampling using the 
following formula. 

where 

y 
x 
v = 
f = 
p = 
Po = 
To = 
T = 
t 
t112 

XPoT 
Y= VfPTo EXP(.693t!t 112) 

Radon concentration in picocuries per liter 
Counting rate of sample in counts per minute 
Volume of Lucas cell= 0.096 liters 
Calibration factor in counts per minute per picocurie 
Barometric pressure at time of transfer in mm of Hg 
Standard pressure (760 mm Hg) 
Standard temperature on the absolute scale (273° K) 
Ambient temperature at time of transfer on the absolute scale in °K 
Elapsed time between collection and analysis of sample in hours 
Half-life ofradon-222, (91.8 hours) 

RESULTS OF THE SURVEY 

The survey ofradon-222 concentrations in LPG was done in three phases. Initially, thrice weekly and later 
weekly samples from the seven identified major Houston area LPG retailers were collected and analyzed. This 
program continued for one calendar year. After the weekly sampling and analysis had become routine, the 
second phase collection and analysis of grab samples from other areas in Texas was begun. In the third 
phase the analytical equipment was installed in a motor coach and samples from other places in the United 
States were collected and analyzed. 

It was determined that the population group most likely to receive the highest exposures to radon-222 and its 
daughters from this pathway would be those persons living in dwellings utilizing unvented space heaters. 
Furthermore, the exposure would be directly related to the usage of the heaters. Accordingly, an index was 
devised which consisted of the product of the average number of degree days of heating required in a 
geographic area multiplied by the number of unvented heaters in use in the same area. The distribution of this 
index is shown in Figure 2. 

Another major factor that influenced our sampling was the distribution of gas processing plants which 
produce LPG. The hypothesis was that due to radioactive decay, retail LPG sold near the production would 
generally exhibit higher radon levels than LPG sold far away from the production. LPG production areas are 
shown in Figure 3 where each dot represents one gas processing plant. Thus, we wished to include areas near 
and far from production. These constraints plus operational factors resulted in the sample locations shown in 
Figure 4. Each dot represents one sample except for the Houston, Texas area where each dot represents one of 
the seven regularly sampled retailers. 

The weekly results of the Houston survey have been averaged into monthly intervals and are presented in 
Table 4. Also included are column and row averages. Retailer #7 was consistently low so sampling was 
discontinued after six months. For purposes of the averages retailer #7 was taken as 0.5 pCilliter for February 
through June. The data are characterized by a large amount of scatter within and among dealers. This scatter 
is not too surprising in view of the number of factors that control the radon in LPG. These factors include the 
radon concentrations in· the wellhead gas, the elapsed time between processing and entry into the wholesale 
market, the elapsed time between entry into the wholesale market and delivery to the retail dealer and delivery 
to the consumer. 

Of the seven retailers sampled, No. 6 is on the average much higher in radon concentration than the others 
and No. 7 is on the average much lower than the others. Inquiry revealed that retail dealership #6 obtains its 
propane directly from a gas processing plant and that retail dealership #7 receives its propane from an 
underground storage well. The other five retailers obtain their gas from wholesale distributors. Thus, the 
radon concentrations in the propane of the several retailers are entirely consistant with their individual 
supply practices. 

Figure 5 is a second order regression analysis of the monthly averages of the Houston area dealers. The 
pronounced diP. in the activity during the winter months is in all probability due to the higher winter 
consumption rate and consequent appearance on the market of previously stored LPG. This interpretation is 
consistent with the known practices of the dealers and wholesalers. It is worthwhile noting that the average 
concentration during the heating season is approximately one-half of the concentration during the summer 
months. Thus, the existing practice (at least in the Houston, Texas area) of storing during the summer and 
using from storage during the winter serves to reduce the exposure of those who utilize LPG in unvented 
heating from what it would be if production were simply adjusted to demand. 
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The resul_ts of all the non-Ho~ston retai~ propane samples are grouped by region and presented in Figure 6. 
In each region, the top number is the maximum concentration observed the middle number is the mean of all 
samples in the region and the bottom number is the lowest concentration observed. The most remarkable 
fea~ure of this distribu~ion is the difference in radon c?ncentrations in the Eastern and Western parts of the 
Umted States. Two mB;JOr facto~s affect t~e concentrat10n of radon in retail LPG, concentration at the point of 
manufacture and the time required to dehverthe gas to the consumer. The low concentrations found in the two 
eastern-most regions could potentially be explained in terms of longer transport and storage times since these 
areas are fairly far from any major- production. The low concentrations found in Louisiana and Arkansas in 
view of the large amount of gas processing in Louisiana, have to be interpreted in terms of low concentrati~ns 
in the sources. 

The variation of rad~n in LPG with di~tance from a major gas processing area was examined by dividing 
non-Houston sample~ mto three categones according to whether they were taken within less than 25 miles, 
between 25 and 200 miles, or greaterthan two hundred miles from a major gas processing area. The results are 
shown in Table 5. The differences were tested by the non-parametric Wilcoxon two sample test (Baily, 1971). 
The mean forthe 25-200 mile category was found to be significantly less (P < 0.1) than the mean for the 
25 mile category and, the mean for the > 200 mile category was found to be significantly less (P < 0.01) 
than the mean for the 25-200 mile category. This result suggests (but by no means demonstrates) that the 
unsampled northern states would tend to have lower radon concentrations than the sampled states since they 
are, with few exceptions, farther from the major gas processing areas than the sampled states. 

The variation of radon in LPG with the type of container (retail storage tank, truck, or small tank) from 
which the sample was drawn was also examined. Only Texas was included in this examination, because in 
the other regions very few samples were obtained from trucks. Retailers fill bottles brought to their locations 
either from the same, generally large, ( > 10,000 gal) tanks from which they fill their own delivery trucks, from 
the delivery trucks themselves or from special "bottle stations" which are supplied by small (generally < 2,000 
gal) tanks. The "bottle stations" are typically filled from the retail trucks. Thus, the LPG in the bottle stations 
would tend to be older, on the average, than the LPG in the trucks and that in the trucks slightly older than the 
LPG in the large storage tanks. The Texas samples (non-Houston) were categorized and averaged and the 
results presented in Table 6. The mean of the truck samples, although smaller than that of the large tank 
samples, was not significantly smaller. The mean of the small tank samples is significantly smaller (P<O.Ol) 
than both the truck samples and the large tank samples. Significance was tested with the non-parametric 
Wilcoxon Two Sample Test (Baily, 1971). This finding is consistent with the operational practices of the LPG 
retailers described above in that the samples which are anticipated to be older have, on the average, lower 
radon concentrations. 

A third major independent variable, the initial concentration has not been examined yet, but is clearly 
related. Surveys of some ten gas processing plants in various parts of the U.S. have been completed and more 
are planned. When completed, these surveys should permit us to account for the variation associated with 
initial concentration. 

HUMAN EXPOSURE 

Human exposure should be evaluated in terms of the maximum possi_ble exposure to an in_dividual 8:nd i_n 
terms of population exposure. In this section, the maximum concentrat10n that cou~d oc~ur m a dw~lhng is 
estimated, the worst annual average concentration is estimated, and a method for estimatmg population dose 
is suggested. · "d F l 

When propane is burned the principal combustion products are water and carbon d10x1 e. or every vo ume 
(atSTP) of propane burned, one volume (at STP) of carbon dioxide results. Carbon d~oxi~e is a w~ll ~mderstood 
and recognized pollutant, and it is reasonable to relate the radon concentration m a. buildmg due. to 
combustion of LPG to the co21evel due to the same combustion. The C02 c?n~ent of a dwelling due to heatmg 
with unvented appliances is a function of the amount of' gas burned per umt time, the volume of the room and 
the degree of ventilation orinfiltration. . . . . · bl 

The American Society of Heating and Air Cond1t10nmg Engineers, (ASHRAE, 1963) provides a table (Ta e 
7) relating the number of air changes per hour due to infiltration (all wi~dows and doors closed) to t~e nature 
of the room. Ifwe consider a well-sealed house, then an average of one air change per hour for the entire house 
is not unreasonable. . . · l · 

Jacobs, et al., (1972) have computed, on the basis of the. msulat10n _properties of norma cons~ruction 
materials, the home dilution factors for several types of dwellings, as~ummg the use of unvented h~atmg a!ld 
the use'ofnatural gas. They assumed one air change per hour an? an mdoor/ outdoo! temperature d1fferent1al 
of80oF. We have made a linear extrapolation of these computat10ns for three dw~lhng types an~ pres~nt th~ 
results in Figure 7. These results are approximately correct f?r propane also. Dwellmg type No. 1 is ~ 10 ~Y 10 
shack with one door and two windows. Dwelling type No. 21s a normally constructed 1,~00 square- o?t ouse 
with rock wool insulation. Dwelling type No. 3isa1,000 square-foot, extremely well des1gn':d and built ho(?se 
with storm windows and doors. It is seen that with this model even ~nder the most a~verse Circumstances ~.e., 
poor construction and I00°F. indoor/ outdoor temperature differential) the average mdoor C02 concentration 
due to heating does not exceed about 1.2%. 
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The model, however, leaves much to be desired. For example, the infiltration rate is assumed to be one air 
change per hour for all three types of dwellings, whereas common sense would dictate that a dwelling with 
excellent insulation, storm windows, and storm doors would have fewer air changes per hour due to 
infiltration than a poorly constructed dwelling. The effect of this sort of correction would cause the lines in 
Figure 7 to converge, thus reducing the disparity among the dwelling types. A second difficulty withthe model 
is that there is no provision for local variations within the dwelling. There would certainly be concentration 
gradients, but they would be difficult to predict or measure. 

The radon levels to be expected in room air can be related to the radon levels to be found in LPG (assumed to 
be propane) and the C02 levels found in the room using simple stoichiometry. The results presented in Figure 
8 are the maximum permissible concentrations of radon-222 in air for members of the general population as 
recommended by three different organizations (International Commission on Radiological Protection, 1959; 
National Committee on Radiation Protection, 1959; and the U.S. Atomic Energy Commission, 1965). At the 
present time, only the highest value, given by the USAEC Rules and Regulations, (U. S. Atomic Energy 
Commission, 165) carry theforceoflaw. It is of significance, however, that the maximum permissible exposure 
of miners to radon and radon-daughters was recently reduced by a factor of three, (Federal Radiation Council, 
1969) largely on the basis of epidemiological work which demonstrated that the old standard was unsafe with 
respect to the induction of lung cancer. It is not improbable that the maximum permissible exposure for 
members of the general population may be reduced at some future time. A conservative approach would be to 
take 1 pCi/liter as an assumed upper bound. 

If we take the worst case example, the highest measured radon concentration of 1288 pCilliter, and further 
assume that this LPG is burned in a type 1 dwelling (see Figure 7) at a 80°F indoor/outdoor temperature 
differential, then the C02 content of the model dwelling would be about 1 % and the associated radon 
concentration (from Figure 8) would be approximately 4.5 pCi/liter, which is somewhat greater than the AEC 
Standard. 

The standards are written for yearly averages, however, so it is more appropriate to estimate the worst 
possible yearly average exposure. We shall assume that LPG is delivered monthly throughout the year 
(industry practice) and that each time it is delivered, the radon concentration, Co is 1,288 pCi/liter (our highest 
measured value). Then, the averagtl concentration in LPG,C,over each 30-day period would be related to the 
half-life ofradon ( T y2 = 3.825 days) and the deli very interval, 30 days by 

C=Col,_ l 30 exp(-0.693t)dt 
_ 30 o .ry2 
C =Co (0.183) = 235 PCi/liter. 

The estimate of 4.5 pCi/liter for the maximum instantaneous radon level was based on 80°F indoor/ outdoor 
temperature differential. If this differential were maintained for one year, there would be a requirement for 
80°F x 365 days/yr= 29,200 degree days of heating. The highest reported heating requirement for a city in the 
contiguous United States (ASHRAE, 1970) is 10,000 degree days for Duluth, Minnesota. Thus, a maximum 
yearly average concentration may be estimated by adjusting the instantaneous maximum for the actual 
average radon concentration in the gas and for the actual annual heating requirements. 

(C 
air max 

=(C 
air max 

(C x 10,000 x 
air max 29,200 

x 0.062 0.28 pCi/liter. 

~ 
1288 

This result is below all of the suggested standards for population exposure to radon-222. Furthermore, it is 
within the range of normal indoor radon levels (0.05-3 pCi/liter) reported by UNSCEAR (1962). 

It is conservative to assume that the effects ofradiation vary linearly with exposure, so it is appropriate to 
estimate the population dose in terms of man-rads. To do this, it is necessary to know the relationship between 
radon concentration and dose. It has been recognized that in the case of radiation exposure to the lung, the 
short-lived daughters of radon-222 are much more important than radon itself (Hague and Collinson, 1967). 
Radon is an inert gas and is subject to fewer removal processes than are its daughter products which are not 
inert gases and which are often ionized. Thus, in room air or mine air, transient equilibrium between radon 
and its daughter products usually does not exist. For these reasons, the quantity "working level" (WL) was 
introduced to define a certain quantity ofradon-daughters (U.S. Public Health Service, 1957). A working level 
is defined as any combination of short-lived radon-daughters in one liter of air which results in the ultimate 
emission of 1.3x105 MeV of alpha particle energy. It is also equal to the alpha energy released by the radon
daughters in secular equilibrium with 100 pCi/liter of radon-222. The current exposure level permitted to 
uranium miners is equivalent to 40 hours per week at 113 WL (Federal Radiation Council, 1969). 

The principal health hazard that has been associated with the respiration of radon-daughters is carcinoma 
of the lung. The target cells have been identified as the basal cells of the bronchial epithelium (lining of the 
bronchial tubes). A considerable amount of work has been done in an effort to find a model that will relate 
ambient radon-daughter concentrations to the dose delivered to the basal cells of the bronchial epithelium by 
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the deposited daughter products. Studies on this subject have been done by Jacobi (1964 and 1972) Altshuler 
et al., (1964~, Ha~ue and Collinson (1967), Parker (1969), and Harley and Pasternack (1972). ' ' 

The relat1onsh1p between radon-daughters and dose to the bronchial epithelium is dependent upon a 
number of complex factors. These factors include: 

(1) The state of equilibrium between radon and its various daughters. 
(2) The particle size-distribution of the radon-daughters. 
(3) The deposition ofradon-daughters in the respiratory tract. 
( 4) The clearance ofradon-daughters from the respiratory tract. 

The literature up to 1968 has been reviewed by Parker (1969). He concludes, for typical uranium mine 
atmosp.heres! tha.t th~ most probable re~ation between the working level and the absorbed dose to the 
bronchial ep1thehum is 7 rads per working level month (WLM). He further concludes that this value is 
probably accurate only to a factor of three. 
Bart?~· et al., (1~7~) has estim8:ted t~e dose to the bronchial epithelium due to the burning of27 ft3/ day of NG 

contammg 20 pC1/hter of~adon ma kitchen range located in a 8,000 fts dwelling with one air change per hour. 
They assume a concentrat10n-dose conversion factor oflOO rad/yr at one working level. For the case of one air 
change per hour, they calculate a dose rate of 15 millirem per year assuming no radon-daughters in the 
combustion products. 

In the same type of dwelling, approximately 12.5 ft3 of NG are required per degree day of heating. The 
heating value per unit volume of propane (LPG) is some 2 112 times that of methane (NG), so the Barton, et al., 
(1973) values would be applicable to LPG with a radon concentration of 50 pCi/liter. Thus, we may estimate 
for the stated conditions, that the unit dose equivalent rate use of an LPG burning range is 

and for unvented heating is 

. 
H 
lr = 

. 

15mrem/yr 
50pC1/hter 0.3 

H 
lh = 0.3 (mrem/yr 

pCi/liter range 
x 

(mrem/yr) 

mrem/yr 
pCilliter 

12.5 (ft3 I de~ree-day 

=0.00038 (pCi/liter) (degree-day /year) . 

365day/yr. 

These coefficients may then be employed with demographic data to estimate the population dose due to 
domestic use of LPG in man-rem. The country would be divided into regions small enough to have similar 
heating requirements. The population dose equivalent rate (mrem/yr) forthe ith region, i• would be given by 

H. = C.f. <i{l ) . (n). m. + c.f (illh) .B. (n..) .m. 
1 1 1 r 1 r i 1 i i 1 1 n i i 

where Ci is the esd!Ilated average radon concentration of delivered propane, fi accounts for radioactive decay 
in the domestic storage tanks (f= 0.183 for monthly deliveries), (nr)i is the number of dwellings utilizing LPG 
burning ranges in the region, mi is the average number of persons per dwelling, Bi is the average number of 
degree days of heating required per year and (nh)i is the number of dwellings utilizing LPG in unvented 
heating. 

The population dose equivalent rate would then be estimated by summing over all N regions. 
N 

H = .t:
1 

C.f.m. [(H
1
r).(n ). + (Hlh).B.(n1 ).] 

1~ 1 1 1 i r 1 i i 1 i 

At the present time we are prevented from finding H because (nq)i is not reported by the Bureau of t~e 
Census. Computer tapes of census data which would enable us to obtam (nh)i are on order, however, and H will 
be reported in a future publication. . . . 

In conclusion, given the available information, radon in LP~ does n?t ~ose a thz:eat to th~ md1vidui;tl 
exposed perso:q. We do not anticipate that the population dose will be of s1gmficance either, but Judgment is 
reserved until His estimated. 
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TABLE 1. Radon-222 Concentration of Wellhead Natural Gases. 

STUDY RADON-222 CONCENTRATION 
. (picocuries/liter @s.t.p.) 

AUTHOR(S) YEAR GEOGRAPHIC INUMBEROr 
REPORTED AREA iANALYSES MINliMUMI MAXIMUM AVERAGE 

Satterly and 
McLennon 1918 Ontario, Canada 21 4 800 169 

Satterly and 
McLennon 1918 Alberta, Canada 16 10 205 62 

Satterly and 
McLennon 1918 British Columbia 

Satterly and British Columbia, 
McLennon 1918 Canada 3 390 540 473 

Paul, et. al. 1951 Texas Panhandle :500 ::10 =520 ---

Pierce, et. al. 1955 U.S.A. "66 fields" <100* 10,000* 460* 

Pierce, et. al. 1964 Texas Panhandle :=500 <5 1,450 ::100 

Bunce and SW Colorado; NW 
Sattler 1966 New Mexico 307 0.2 158.8 24.6 

McBride and SW Colorado; NW 
Hill 1969 New Mexico 42 0.33 57.5 16.4 

*Reported at "reservoir temperature and pressure"; the pressure and temperature were not stated, but 200-300 
psi is typical. 

TABLE 2. Boiling Point of LPG Constituents and Radon. 

NAME FORMULA BOILING POINT (°C) 

METHANE CH4 -161.5 

ETHANE (CH3)2 - 88.3 

RADON Rn - 61.8 

PROPANE (CH3)(CH2)(CH3) - 42.2 

ISOBUTANE (CH3)3(CH) - 10.2 

BUTANE (CH3)3(CH2)2(CH3) - 0.5 
TABLE 3. Constituents of Retail LPG in Percent.* 

CH4 C2H6 C3Hs C4H10 C4H10 

RETAILER CODE METHANE ETHANE PROPANE n-BUTANE i-BUTANE 

1 2.0 9.5 88.0 0.5 ---

2 0.2 3.8 95.9 1.5 -

3 0.2 3.8 96.0 --- ---

4 1.8 6.0 91.5 0.7 ---

5 0.5 7.2 91.3 0.5 0.5 

6 0.44 2.8 25.58 0.16 ---

*Samples taken during week ofN ov. 26, 1972 and analyzed using gas chromatography. 
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TABLE 4. Radon Concentrations of Retail LPG (pCi/l) in the Houston, Texas Area: Monthly 
Averages of Weekly Samples.· 

MONTH RETAILER CODE NUMBER AVERAGE 
1 2 3 4 5 6 7 

July, 1972 9.4 5.6 6.0 130.9 57.6 233.4 <0.5 63.3 

August 63.1 62.1 41.6 160.4 32.6 197.0 0.7 79.7 

September 27.7 42.5 10.0 79.4 23.2 148.0 <0.5 47.3 

October 20.3 48.3 30.2 85.8 34.4 163.7 4.6 55.3 

November 17.9 27.8 63.8 48.4 14.9 220.4 4.1 56.7 
'. 

December 6.2 43.9 25.6 2.9 9.7 176.6 3.4 38.3 

January, 1973 3.4 33.0 2.2 0.6 41.6 139.2 <0.5* 32.4 

February 53.0 26.6 21.2 11.0 11.5 167.2 <0.5* 41.8 

March 80.6 30.5 10.5 40.3 3.5 204.9 '<0.5* 52.9 

April 105.6 55.8 6.0 77.7 30.2 149.3 <0.5* 60.7 
-

May 78.3 10.8 46.4 59.4 38.7 178.2 <0.5* 59.3 

June 115.0 37.5 34.8 25.8 23.3 173.6 <0.5* 58.8 

Average 48.4 35.4 24.9 50.1 26.8 179.3 1.4 53.7 

*Sampling for this retailer was discontinued after December, 1972 and values of 0.5 were assumed thereafter 
for averaging purposes. 

TABLE 5. Relationship Between Radon-222 Concentration in LPG and Distance From a Major 
Gas Processing Area. 

AVERAGE 
DISTANCE NO.OF CONCENTRATION 

(miles) SAMPLES (pCi/liter) 

<25 103 87.8 

25-200 23 63.7 
200 31 45.6 

TABLE 6. Relationship Between Radon-222 Concentration in LPG and the Type of Container 
From Which the Sample was Obtained. 

AVERAGE 
NO.OF CONCENTRATION 

CONTAINER SAMPLES (pCi/liter) 

LargeTank 21 162.9 

Truck 20 125.8 

Small Tank 30 31.4 
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TABLE 7. Air Changes Taking Place Under Average Conditions in Residences, Exclusive of Air 
Provided for Ventilation.* 

KIND OF ROOM OR BUILDING 

Rooms with no windows or exterior doors 

Rooms with windows or exterior doors on one side 

Rooms with windows or exterior doors on two sides 

Rooms with windows or exterior doors on three sides 

Entrance Halls 

Number of Air 
Changes Taking 
Place per Hour 

2 

2 

112 

1 

11/2 

*For rooms with weatherstripped windows or with storm sash, use 2/3 these values. 
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Figure 1. Distribution network for Retailer #2. The numerals adjacent to the arrows represent the 
approximate gallons of LPG moved per month along the various path ways during a typical winter season. 
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240 - 479 

Figure 2. Distribution of the exposure index (degree days) X (unvented heaters) by state for the contiguous 
United States. The values are expressed in millions. 

120 - 239 



! ' . ! . 
- ...... - ........ ..- ....... J , . l ' i • I ; '·, . L _____ ___ j 

.

()" :... ,....._. - , I ( _,, ·. ·-:--i· 
I . · · l, ''""· ! ~ 

. .__T-·-.1 I \---· -· -\ I, • 
• . - • t--·------._.. . ..J ...... --- I I ·-;-. ___ ,, . ) l ' , ~ ,,_, 

j L.:.. . . . . I \ ,,,. I ,._,-:;::;-1" 
1 ·-1-·-·---.;.:_: \ ) \ l / · ,r L 

I i ·i . ; ·c--- ") I . ,. ...J 

\ I j"_. r ·-------·-r'-, ·, \ ;--_....,l:. j 
' I ' • '1 I .r' . /.\.. ,,,.-'\ . . '-, :r· . , , ___ _.,,,,,.---

\ !-----._:_j. . 1.-:"--" ... ·:.. j \.-r -------'·;J 
' I ,.·--:·-. ---· c~· ;.;----.-.~---I --·i.:.1--r ./' . ;- ' . . . .:..~·_.:o:.-.{:._:·:·:·. r-· - i i-("-----'"'-... 

': . I . I .::::. ~ .:·::::.:.:' \ ' - - --1- · 
. i i ·:.:::·:-. : ' . . .. ::.::: i .1-- - 1• \ '-l .. ,_ ·::::.· I ( I 'l '-

1,. . ........ --.....:.: . _,.-·-...I I •!:"- ~. I l I .. -:~........ ·. . . ., __ ....... -:--\ . } 

--- .i~~t~{0(°'" }' ·.</:),:~ ·.(,,/i __ .\ ___ j 
-~ :" ::' ' . ~?~)~--ii;;\~t~,;;;_~iP<_,;;,, .. : 

..... ..... 

Figure 3. Distribution of gas processing plants in the contiguous United States. Each dot represents one gas 

processing plant. 



ai 
~ 
01 

\ 
.. , \ 

~ . \ 
~ I \ 

I \ ~---------~ 
l. '·-,'\..:.' ------ -; I -. 
! l ' 

) . ..,,,._ .. .,,,. . ..,,. __ \ 
'j 

I I !------ -... ') ·-·---;--. -.l i i---------...... ..J "'\____ ~ _...A 

'
i - - --,. ----I i \ / . ''-\-;::::."-

• . . 

) \ i ,.,· 1' i.. 
' ; L.-r·------i.... . ...., \,....----1. , · r ,J 

• ' I ,.;'--•.../- i ! 1---- ------ --, ~ " . l J I . 
\ I '1. ·1 { _,J • ;t.,·" 

1 \ '""· T ... _...1:-r·-
; I ' t \ •• -• ___ .. -. ,.. .. 

·----- I ~ - --l -- ).--' • • :.J' • _ .. _......., 
I • -- -r- -- - . -- - -.f,~~-·;::,-- -- - 1- - -- l.i • t-/: ' 

. ,..., (. • --\- L ,. . \ ~------ ", \.! • • • r I \ " 
, I ' .. · • • ""· 
l ( 
.......... -._,....,,. .. ...... J-:1 

\1-----\ 
. . 

\ 
\ 

\ 
\ . \ . . . . 

:~ i ) ... ' · .. '· ' . . , . ... 

Figure 4. Distribution of retail LPG sample sites. Each dot represents one sample except in the Houston 
Texas area where each dot represents one of the seven regularly sampled retailers. ' 



-... 
Q) -

........ 

(.) 
c. -
z 
0 -
I-
<( 
0::: 
I-
z 
w 
(.) 

z 
0 
(.) 

80 • 

60 

40 

20 

• 
• 

• 

JUL SEP NOV JAN MAR MAY 
AUG OCT DEC FEB APR JUN 

1972-7 3 

Figure 5. Second order regression analysis of the monthly average values of radon concentrations found in 
weekly Houston, Texas area retail LPG samples. 

- 626 -



H9 
36 
0.5 

Figure 6. Distribution by region ofradon concentrations found in retail LPG samples. The three numbers in 
each region represent, respectively, the maximum, mean, and minimum concentrations (pCi/liter). 



0:. 
~ 
CXl 

l. 2 

1.1 

l.O 

TYPE 1 
~ 

0\0 0.9 
,_., 
"'' 0 
H 0.8 E-< 

~ 
E-< 
z 
µ:i 0.7 
0 z 
0 
0 

N 
0.6 

0 
0 

Q 
µ:i 0.5 

TYPE 2 
E-< « 
,_:i 
:::> 

0.4 0 
,_:i 

« 
0 

0.3 

0.2 

0.1 

0 
0 20 40 60 80 100 

TEMPERATURE DIFFERENCE {°F) 

Figure 7. Calculated C02 concentrations vs indoor-outdoor temperature differences, for three dwelling types 
assuming the use of unvented heating and one air change per hour. 



'-' 
(l) 
.µ 
·.-4 
~-< 

'-... 
·.-4 
u 

°"' 
0::: 
H 

~ 

z 
H 

z 
~ 

0 
H t.:i E-< cc 
~ 
E-< 
z 
Ii< 
u z 
0 
u 
z 
0 
Q 

~ 

4 

3 

2 

1 

0 200 400 600 800 1000 1200 1400 1600 

RADON CONCENTRATION IN PROPANE (pCi/liter) 

Figure 8. Theoretical concentrations of radon contributed by combustion vs concentration in propane for 
several assumed C02 concentrations. 

1800 



PERSONNEL DOSIMETRY OF RADON AND RADON-DAUGHTERS* 

K.Becker 
Health Physics Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

During the past five years there has been increasing interest in monitoring the individual exposure of 
persons to radon and, more importantly, the radon progeny attached to aerosol particles. Several devices have 
been proposed. These include the following: 

(1) passive detectors based on nuclear track emulsions and track etching foils; 
(2) semi-active systems in which the aerosols are collected electrostatically and detected by 

scintillator/film combinations or track etching; and 
(3) active systems based on the collection of aerosols on a filter, and integrating measurement of the alpha 

flux from the filter by TLD or track films. 

All these systems have drawbacks, which have been minimized in a small active system based on alpha 
particle track etching which was originally developed at ORNL in 1969. Since then it has undergone 
substantial laboratory and field testing, and has been subjected to various improvements. The system is 
briefly discussed. 

PASSIVE DETECTORS 

Various authors in the U.S., Germany, and the Soviet Union (Geiger, 1967; Jacobi and Koeppe, 1968; 
Markov, et al., 1970; and Evans, 1972) suggested the use of nuclear track emulsions and visual alpha particle 
counting in the microscope. In a special radon film badge (Geiger, 1967 and Evans, 1972), a Kodak NT A film 
was separated from a central recess by a light-tight window sufficiently thin to permit the passage of alpha 
particles, with the radon-containing air diffusing into the recess. A coefficient of variation of ±30% for one 
MPC-week was claimed in early laboratory tests (Geiger, 1967), but other laboratory and field tests (White, 
1969) did not produce satisfactory results, largely because of intense fading in the NTA emulsion. In high
humidity areas, such a badge cannot be used for more than 2-3 days without a change of film, but a week of 
exposure at MPC would be required for a ± 30% statistical error. 

Several groups have, therefore, studied the feasibility of the use of sensitive polymers (mostly cellulosics 
such as cellulose nitrate, acetate, triacetate, or acetobutyrate) in which alpha particles are detected by track 
etching (for a recent review on track etching dosimetry see Becker, 1972). The latent tracks in such detectors 
are sufficiently stable (Figure 1) and are easily countable - either by visual scanning (Becker, 1969) or 
automatic spark-counting of the etched perforations in -15 um cellulose nitrate films. In a cellulose triacetate 
foil of 3 cm2, for example, exposure to one weekly MPC of radon in equilibrium with its progeny produces ~100 
tracks (Becker, 1969). The aerosol-attached radon-daughters can be excluded by placing a filter between the 
foil and the environment. Detectors containing one foil which is exposed to unfiltered air, and one exposed to 
filtered air (Figure 2[a]) were found to be sufficiently sensitive (Becker, 1970), but not accurate enough under 
simulated field conditions. 

Since those early experiments, various other authors in the U. S.(Lovett, 1969 and Alter and Price, 1972), 
Poland (Domanski, et al., 1973), Japan (Kurosawa, 1972), and France (Anno and Commancy, 1971) exposed 
open, unprotected foils - mostly of cellulose nitrate - to radon-containing atmospheres. This method, 
although simple and inexpensive, seems unlikely to provide sufficiently precise data. Single detectors are 
unable to distinguish between radon gas and attached daughter products:Also,in field tests, contamination of 
the foils by dust, oil films from the exhaust of diesel engines, etc., lead to grossly erroneous results (White, 
1969). 

SEMI-ACTIVE SYSTEMS 

Several semi-active systems for a more sensitive and/or selective measurement of the radon progeny have 
been investigated. Thermal precipitation of aerosol particles on the plastic detector opposite to a heating 
device did not result in a substantial increase in sensitivity, largely becQ.use increased latent alpha track 
fading took place at elevated temperatures (Auxier, et al., 1971). Electrostatic deposition did not tum out to be 
very practical at high humidities ih our experiments, but others (Costa-Ribeiro, et al., 1969) have proposed a 
rather bulky battery-operated electrostatic collection device. It is based on the collection ofradium A from the 
decay of pure, filtered radon on a charged thin hemispherical aluminum foil, and a scintillator behind the foil 

*Research sponsored by the U.S. Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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which conv~rts the alpha particle en.ergy into light flashes to be integrated by means of a conventional 
photographic film. Unfortunately, this procedure results in a pronounced exposure-rate dependence of the 
response due to the reciprocity failure of photographic emulsions. 

ACTIVE DETECTORS 

Active radon progeny personnel dosimeters are usually based on the collection of aerosols on the surface of 
suitable filters through which ambient air is forced, and subsequent integrating measurement of the alpha 
particles emitted from these aerosols. One such system in which TLD-impregnated Teflon discs are used as 
detectors has been developed at Colorado State University (McCord, et al., 1969 and Schiager and Savigner, 
1972). It can be made sufficiently sensitive (permitting measurements in the 0.1 to 10 MPC range) but the 
substantial air-flow which is necessary requires a fairly large and heavy pumping system and battery. There 
have also been problems with the accuracy of such detectors in laboratory as well as field tests (White, 1969 
and Schiager and Savigner, 1972) probably related to clogging of the filter, fading of the TLD's, and other 
inherent inaccuracies ofTLD. 

In another system which has been developed by our group at Oak Ridge (Becker, 1970 and Auxier, et al., 
1971) a 15µm cellulose nitrate foil to be evaluated by spark-counting (Johnson, et al., 1970) is used for alpha 
particle detection. The sensitivity of this system, which permits the detection of single alpha particles, is so 
high that only a small air flow is required, and clogging of the filter is minimized. A schematical diagram of 
this small (115 x 23 mm) and light-weight (67 g) device is given in Figure 2(b) and a photograph is presented in 
Figure 3. The details of its construction have been described in an earlier publication (Auxier, et al., 1971). A 
rechargable battery operates the motor without loss of efficiency for 12-15 hours, which is more than sufficient 
for an 8-hour shift. The dosimeter can easily be attached to a miner's helmet (Figure 4). 

During tests at HASL, the performance of this detector turned out to be satisfactory in comparison to other 
detectors which were simultaneously tested (White, 1970), but some problems were also uncovered. For 
example, the speed of several of the initially used motors was not very uniform; there were occasional air-leaks 
around the filter edges, and the reproducibilit~ of the cellulose nitrate foil preparation was less than desirable. 
The mechanical problems have since been corrected, and improved cellulose nitrate foils have been prepared 
(Lupica, 1974), because the commercially available 18 µ.m cellulose nitrate (LR 115 made by Kodak-Pathe, 
France) appears to be too thin for reproducible spark-counting results. 

Similar systems have since been tested also in Germany (Haider and Jacobi, 1972) and France (Chapuis, et 
al., 1972). Various additional parameters such as the effect of distance between the alpha source and the 
detector foil on the alpha particle spectrum and, consequently, the registration efficiency (Figure 5) have been 
investigated and have helped to improve the performance. 

With the radon progeny concentration in the air of a typical mine fluctuating substantially with location 
and time stationary or portable instruments provide only a very crude estimate of an individual miner's lung 
exposur~. A light-weight, reliable personnel dosimeter which does n.ot require 8:n outside power sourc~ is 
highly desirable and apparently feasible, but soi;ne additional.de-buggmg and testm~ efforts may be required 
before a sufficiently rugged version of such a dosimeter can go mto large-scale product10n and use. 
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Figure4. Dosimeter attached to a miner's helmet. 
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RADON ADSORPTION BY ACTIVATED CARBON IN URANIUM MINES 

J.W.Thomas 
Health and Safety Laboratory 

U.S. Atomic Energy Commission 
NewYork,N. Y. 10014 

Abstract 

A brief study was made of the feasibility of using activated carbon to remove radon in uranium mines with 
the u~eof a multiple bed-t~mperatur~ cyclin_g process. Air containing radon is passed through a carbon bed at 
ambient temperature until the bed is considered exhausted. The bed is then heated to about J20°C and the 
radon des_orb~d, using '!- much smaller vollfme of air than was used during adsorption. The desorbed radon, 
a(ter coolm!f, is l!assed into a second bed .. Smee the capacity of the carbon depends primarily on the volume of 
air passed into it rather than the quantity of radon adsorbed the second bed will adsorb much more radon 
than the first. Multiple stages of this process are possible. It w~s extrapolated from experiments that about 1 O 
liters per minute or more of air could be purified continuously of radon per liter of carbon. 

INTRODUCTION 

This investigation is a preliminary study of the feasibility of using activated carbon to remove radon in 
uranium mines. Although radon-daughters are the principal inhalation hazard, rather than radon itself, 
removal of the daughters alone is unsatisfactory since unacceptable concentration levels of the daughters are 
rapidly produced from relatively small amounts of radon. At present, the radon-daughter hazard is controlled 
by high air ventilation rates. This can be quite expensive, particularly for deep mines, since long ventilating 
shafts and large exhaust blowers are required. It appears, therefore, that alternate methods of control could 
present an advantage. 

The use of carbon to remove radon in mines has been previously considered (Coleman, et al., 1956; 
Fusamura, et al., 1963; and Schroeder, et al., 1968). but it was concluded that the quantity of carbon required 
would be excessive. These previous investigations, however, did not consider the possibility of amplifying the 
capacity of carbon for removing radon by an adsorption-desorption process, such as the multiple bed
temperature cycling process described in this work. 

A basic principle of the present process is that the rate of penetration, or breakthrough, of a noble gas 
through a carbon bed is independent of the noble gas concentration when the gas is present in low 
concentration. This has been verified ,for krypton and xenon (Siegwarth, et al., 1972) and for radon in 
preliminary experiments in this laboratory. It follows from this that a given quantity of carbon will purify a 
given quantity of air, regardless of the radon concentrations in the entering air. 

Let this air cleaning capacity be expressed as ct> volumes of air cleanable by a unit volume of carbon. Hence, 
if ct> liters of air are passed through a unit volume carbon bed at mine radon concentration, the flow stopped, 
the radon driven off in qi /IO liters of air by application of heat, and the effluent cooled and passed into a 
second bed the same size as the first, the second bed would be able to accept 10 "charges" of enriched radon 
from the first bed. Hence, the process is said to have an "amplifying factor" of 1 O; that is, the second bed would 
have a capacity of cleaning IO ct> volumes of the original air. Extending the process, a third bed would have a 
capacity of cleaning 100 qi volumes of original air, a fourth (ct>= 1,000) volumes, etc. Hence, it is seen that 
such a multiple bed-temperature cycling process could amplify the radon adsorption capacity of carbon by 
several orders of magnitude. 

It was already known from previous work that a good grade of activated carbon would purify about. l,~00 
volumes of air ofradon per unit volume of carbon (qi= 1,000). The presence of water vapor and carbon d10xide 
was deleterious, but not excessively so. Experiments also confirmed that ct> d~d not depe~d on t~e radon 
concentration. Hence the principal objective of the present work was to ascertain the quantity of air needed 
in the desorbing step to drive off the adsorbed radon and to determine the amplifying ~actor, defined ~s ~he 
volume of air cleaned on the adsorption step divided by the air volume used for desorption. If the amplifying 
factor of the process could be made sufficiently high, without excessive heating and cooling requirements, the 
process could have practical application. 

APPARATUS AND PROCEDURE 

. The process consists of an adsorption step and a desorption step .. In the adsorJ?ti.on step a ra~on-air ~ix.tur~ 
is passed into a carbon bed at a known flow rate, radon concentrat~oll:, and ~umidity, and the transmi~sion 
vs. time curve determined. This dimensionless, fractional transmi~sion T is d~fined as ~he concentratio~ of 
radon in the carbon bed effluent divided by the influent concentratio? at ~ny time. Det8;ils of the adsorpti~n 
test apparatus are shown in Figure 1. Radon was generated by bubbling air saturated with wate: at 1 I/mm 
through a radium chloride solution containing several millicuries o~ 2~6Ra. The rate of P!oduct10? of radon 
was found to be about 900 000 pCi/min. An "aerosol canister" containing two layers of high-efficiency filter 
paper was used downstre~m of the bubbler to remove any entrained aerosol from the radium bubbler. The 
main air supply forthe apparatus entered through flow meter F-1at69 I/min and was humidified to about 9.0 
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mg/ l by means of the humidifying tubes shown in the figure. The total flow influent to the test chamber was 
69 + 1 = 70 I/min, which provided a radon concentration of about 900,000170 = 13,000 pCi/ I. The carbon bed 
(actually a gas mask canister) was tested at a flow of 56.6 I/min, which was maintained by two flow meters, 
F -3 at 48.6 I/min and F-4 at 8 I/min. The 8 I/min flow line was needed to measure radon concentrations in 
the effluent from the test canister. This line was provided with a bypass, so that the total flow of 56.6 I/min 
could be maintained whether or not a concentration sample was being obtained. 

To prepare for an adsorption test, the air flow was turned on through flow meters F-1 and F-2, and about 2 or 
3 hours allowed for the establishment of equilibrium conditions. The waiting period is necessary to allow time 
for accumulated radon in the radium bubbler to be swept out into the hood, and to allow the water in the 
humidifier to reach an equilibrium temperature. It was found that after the waiting period the apparatus 
would produce a constant ( ± 5%) radon concentration for 24 hours/ day for a period of days or weeks, with 
replenishment of the water-level in the water saturators and humidifying tubes every few days. Immediately 
prior to the test, the input radon concentration was measured at 8 I/min using the two-filter method 
(Thomas, et al., 1970), sampling from line 1 of the figure. Usually four determinations were taken prior to a 
test, and four after completion of the test. After establishing the input radon concentration, the canister was 
attached to line 2 of the figure and the radon concentration in the canister output determined continuously to 
permit calculation ofradon transmission. Transmission curves were plotted from the test data by considering 
the average transmission obtained over the three-minute sampling period to be the instantaneous 
transmission at the midpoint of the sampling period. 

The carbon bed tested was that of a commercial gas mask canister. This canister contained about 900 ml 
(400 grams) of activated carbon (Witco Chemicals Co., Type AC-337, 6/16 mesh). This is a petroleum base 
carbon and has a surface area of about 1,400 m2/g. The carbon bed in the canister was nearly rectangular, 
with a cross sectional area of about 60 cm2 perpendicular to the direction of air flow, and height of about 15 cm 
in the direction of air flow. Hence, the superficial air velocity through the bed was 56,600/(60) (60) = 15. 7 cm/ s. 

The desorption test apparatus was relatively simple, Figure 2. Heating or cooling air was supplied by a 
small blower equipped with an electrical resistance heater (Heat Gun Model 301, Master Appliance Corp., 
Racine, Wis.). This device supplied a blast. of air at about 120 I/min, and by means of a variable transformer 
on the resistance heater of the gun, temperatures could be controlled up to about 250°C. The nozzle of the gun 
was installed through the side of a 20-liter container and the canister placed inside for heating. A water 
condenser was placed in the canister effluent line to collect the several grams of water which are evolved in 
each desorption step. A capillary type flow meter was used to measure flow rate, and a standard wet test meter 
to register total volume of desorbing air. Two protective canisters in series were inserted downstream of the 
apparatus as shown in the figure. These canisters permitted confirmation that a second carbon bed would 
accept many charges ofradon from the canister undergoing desorption, and they also prevented evolution of 
radon into the laboratory. 

The desorption procedure was as follows: the canister was removed from the adsorption apparatus and 
placed in the air bath, pre-set at the desired temperature. Immediately, air from the hot air bath was drawn 
through the canister at a low flow rate of about 1 I/min. Theoretically, it is inefficient to pull air through the 
canister while it is still at room temperature, as there is little radon desorption per unit volume of desorbing air 
and the capacity of the second bed for radon is thereby partially wasted. However, it was necessary to pull air 
at a low flow through the canister at the start of the heating step; otherwise the gases evolved from the carbon, 
as it heats up, would go out the canister inlet. As these gases constitute part of the desorbed air volume, their 
volume must be measured by the downstream wet meter. 

After a preliminary heating time of about 15 to 25 minutes, at the low flow rate the air flow through the 
system is increased to sweep off most of the adsorbed radon from the hot carbon. From the total volume of 
desorption air and the volume of air cleaned in the adsorption step, the amplifying factor of the process was 
calculated. The temperature of the carbon in the heating step was not measured directly, but was estimated 
roughly from the temperature of the air entering and leaving the canister. After the heating period, the 
canister was removed from the hot air bath and cooled for 15 minutes. The total desorption time, including 
cooling, was 45 minutes in each test series. 

RESULTS AND DISCUSSION 

Four series of tests were done using the same canister. The same adsorption procedure, but a different 
desorption procedure, was used in each series of four to six replicate runs. This method was adopted to obtain 
transmission curves in each series that were reproducible and not affected by the treatment of the previous 
test series. Figures 3-6 show the adsorption transmission curves for the four different series. In each of the 
figures only two of the adsorption runs are plotted. Data from the other runs, except for the first one or two, fell 
on the same line and show that the proi:ess was highly reproducible. 

All of the figures show a characteristic shape; the transmission at zero adsorption time is moderate or 
high; this drops and then again rises with time. The initial transmission in test series MT-2 and MT-4 was 
greater than unity. This may be understood by consideration of process details. During desorption, the radon 
concentration in the gas phase of the carbon bed is higher than during adsorption, because of the higher 
temperature. Hence, if desorption is incomplete and the canister is still warm, the initial adsorption flow can 
sweep off the high radon concentration and result in transmissions over unity. The initial high transmission 
could have been avoided by use of more desorbing air, but probably the advantage gained in the adsorption 
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step ther.eby would have been mo~e tha~ neutr9:lized by the increased quantity of desorbing air required. In all 
four senes, .the flow of desorbing air was in the same direction as it was in the adsorption test. In 
retrosp~ct, it '!ould h:ive been better to have u~ed reverse flushing which would have effected higher 
desorption efficiency, since at the end of the adsorption step the radon concentration in the carbon is higher at 
the inlet of the carbon bed than at the exit. 

The transmission curves.of ea~h figure w~re integrated graphically to obtain the fraction F of the total input 
radon adsorbed by the camst~r in the 40-mi.nute test J?eriod. The quantity of interest is the net amount of air 
complete.ly cle~ned ofra~on.in the a~sorptio!l step, since, for example, cleaning X liters of air per minute at 
50% effici~ncy is as effective in r~ducing ambient radon concentrations as is cleaning X/2 liters per minute at 
1.00% efficiency. The volume of air completely cleaned VA, was therefore calculated from the flow rate and test 
timetobe 

VA =(56.6)(40)(F)=2,264Fliters 

A summary ofres_ults for the four test series is given in Table 1. As previously mentioned, two different flow 
rates w~re used dunng deso~tion. The flow rates given are approximate, hence, the total desorption volume, 
VD, which was measured with an accurate wet test meter, does not agree exactly with the volume calculated 
from theflo~rate~. The temp~ratures listed are those of the air entering the canister (the air bath temperature) 
and o~ the 8:1-r leaving the cams~er. T~e latter value~ have a range, since .the air flow was started immediately 
after insertion of the cold canister into the hot air bath. From these inlet and outlet temperatures it was 
estimated that the average carbon temperature was about 100°C for the 120°C air bath temperature and 
120°C for the 150°C air bath temperature. The last column shows the amplifying factor obtained for the 
different desorption treatments. Comparison oftest series MT-1 and MT-2 shows an improvement of about a 
factor of 2 in amplification by reducing the desorption air volume from 248 liters to 101 liters. This reduced 
desorption volume more than compensated for the resulting decrease in net volume of air cleaned in the 
adsorption step, which dropped from 1,630to1,290 liters. Test series MT-3 was done to determine the gain that 
could be achieved by increasing heat; for an estimated increase of 20°C in average carbon temperature, the 
amplifying factor rose from 12.8 to 16.1 due to lower transmission on the adsorption step. The last test series 
MT-4, was done to see ifthe desorbing air volume could be further reduced without affecting the adsorption 
transmission curve too adversely. The somewhat lower net volume of air cleaned on the adsorption step was 
more than compensated for by the decrease in desorption air volume and the amplifying factor increased from 
16.1 to 23.4. It seemed apparent that the amplifying factor of the process could be further increased by other 
modifications of desorbing conditions. 

Let us consider the application of the results oftest series MT-4 to a hypothetical system containing 4 carbon 
beds, to estimate the net quantity of air which could be cleaned continuously per liter of carbon. The process is 
assumed to have three one-liter carbon beds and one two-liter bed, and is designed to clean 60 I/min of air at 
80% radon removal efficiency. Two primary carbon beds A and B operate alternately in parallel at 60 I/min 
during the 45-minute adsorption time, and at an average flow rate of 2 . I/min during the desorption time, also 
45 minutes. Since the radon removal efficiency is 80%, the net quantity of air cleaned in the adsorption step 
(V A)is(60) (0.80) (45) = 2,160 liters. The quantity of desorption air used (VD) is (45) (2) or 90 liters. Hence, the 
amplification factor is 2,160/90 = 24. The primary beds A and Bare desorbed into bed C, which also contains 
one liter of carbon. With the amplifying factor of 24, this bed has the capacity to remove 24 charges of desorbed 
radon over a time period of 24 x 45 minutes, or 18 hours, before requiring desorption. After the 45 minute 
desorption of bed C, at 2 I/min, beds A and B are put back on stream, with bed C receiying the desorbed radon 
from beds A and Bas before. This system results in beds A and B operating 96% <;>f the tu:?e. . 

Bed D receives one charge of desorbed radon from bed C every 18. 75 hours. If it con tamed one hter of carbon 
as do beds A B and C it would have an amplifying fact.or of 24, and a holdup time of 18. 75 days. To avoid the 
necessity of d~sorbing this bed, it is made to contain 2 ~iters of carbon an?, henc:e.,has a holdup time of 37.5 
days, or about 10 radon half-lives. The flow from bed D will, therefore, contain negligible amou~ts ofrado~. 

The overall process, including the flow from beds C and D, remo~es about ~0% of t!ie radon m. 60 I/mm <;>f 
incoming air with the use of 5 liters of carbon. Hence, the net cleanin~ c~pa?ity of this hypothetica~ system is 
about 10 I/min per liter of carbon. It seems very probable that optimization of the system, part1cul~rly of 
desorbing conditions, could greatly increase the efficiency of the process. The process was evaluated with the 
adsorption taking place at room temperature, about 25°C. Better performance would be expected at the lower 
temperatures exisiing in mines. 
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TABLE 1. Summary of Results. 

Adsorption Step Desorption Step 

Temperatures 
Amplification 

Test VA Time Flow Rate VD Factor 
Series F (liters) (min) //min ln(°C) Out(°C) (liters) Vn/VA - -
MT-1 0.72 1,630 (15 10 120 30to 70} 248 6.6 15 16 120 75to95 

MT-2 0.57 1,290 (2~ 1 120 30to75} 101 12.8 
16 120 75to85 

MT-3 0.57 1,610 (2~ 1 150 30to85 } 100 16.1 
16 150 85to100 

MT-4 0.58 1,310 (2~ 1 150 30to85 } 56 23.4 6.4 150 85to 100 
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Abstract 

To en~u:~ adequate f!U~lic health P_rotection, the Environmental Protection Agency is charged with the 
responsibility of establishing app~opnate standards for controlling radioactive materials in the environment. 
Two noble gases are presently of interest t? EPA, namely naturally occurring radon (radon-222) and fission
produced k_rypton (krypton-85). To establish standards pertaining to these gases, information on source 
con~entratwn, sou_rce. cont~ol and effectiveness, and estimates of health effects must be utilized when 
available. ~rom this viewpoint, the control of krypton emission from nuclear fuel reprocessing plants and the 
concentrations of radon in natural gas will be discussed. 

INTRODUCTION 

Two important noble gases associated with the natural existence and use of uranium are radon-222 and 
krypton-85. Although rado~ and its decay products have always existed in the world's atmosphere, especially 
over the land· .areas, the d1scoyery of uranium fission energy has introduced significant new situations 
whereby man is expos~d to ra~ation from radon and its decay products. This use and the projected future 
accelerated use of uranium and its fiss~le by-products as energy resources result in the creation of krypton-85 
and ~everal other n<;>ble gases as fiss10n products. In contrast to radon, krypton-85 did not exist, for all 
practical purposes, m the atmosphere until after the discovery of fission in the late 1930's. This radionuclide 
is, however, being generated and discharged to the environment at an increased rate because of the growth of 
nuclear power. The purpose of this paper is to examine some of the more important considerations for 
environmental radiation standards for these two important noble gases in terms of uses of uranium and by
product material to produce energy. 

CONSIDERATIONS FOR KRYPTON-85 

1. Environmental Sources of Krypton. 
The environmental sources of krypton are all related to nuclear fission. Although spontaneous fission of 

uranium in the earth may result in trace quantities of krypton-85 in the earth's atmosphere, the first major 
source of krypton-85 in the environment was the testing of nuclear weapons which began in the late 1940's. 
Most of the krypton-85 in the environment produced from this source occurred in a relatively short period 
from about 1956to1962. Since most tests have been conducted underground since 1962, the significance of this 
source has decreased considerably although the krypton introduced into the atmosphere in this relatively 
short period still persists, decaying with a half-life of 10.7 years. Not all of the weapons-related krypton-85 
came directly from the nuclear detonations themselves, but appreciable quantities also resulted from 
chemical processing ofreactor fuel from the production reactors which supported the production of fuel for the 
weapons program. By about 1962, these activities resulted in an ambient level ofkrypton-85 in the atmosphere 
of about 6-8 pCi/m (Ehhalt, et al., 1964). 

The largest contributor of krypton-85 to the environment at the present time is the generation of electricity 
by nuclear fission. Several countries have a nuclear power program. This energy source is expected to increase 
rapidly over the next several decades with a concomitant increase in krypton-85 levels especially if current 
control practices continue. With the exception of small amounts retained for radioisotope use, all krypton-85 
currently produced eventually finds its way to the atmosphere. The major source is the chemical reprocessing 
plant which breaks the containment barrier of spent reactor fuel to reclaim unfissioned uranium and other 
products. The U.S. nuclear industry alone is estimated to produce about 10 billion curies ofkrypton-85 b~ the 
year 2020 (EPA, 1973), all of which would be discharged to the atmosphere under current ?~ntrol practice~. 

Reactors also routinely discharge krypton-85 to the atmosphere; however, the quantities are small. m 
comparison to those from fuel reprocessing plants. This minimal contribution is attributed to good fuel design 
which contains most gases until they either decay or the fuel is reprocessed. . 

Another potential source ofkrypton-85 in man's environment is that which contamin~tes natural gas wh1c.h 
comes from gas fields developed with nuclear explosives. It is difficult, howev~r, to p~o1ect th~ amount of.t~1s 
source at the present time although standards would need to be developed for its use if appreciable quantities 
of natural gas are developed by this means. 

2. Radiation Standards for Krypton-85. 
Radiation standards for krypton-85 are currently based on a limitation of 500 mil~ire~s per year to the total 

body of an individual in the general public or a concentration limit which would mamtam the exposure to any 
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individual below this annual dose. For population groups the limit is 170 millirems per year (Fed. Reg., 1967). 
Because of siting factors and the discharge from tall stacks, all of the sources thus far have been able to meet 
this standard for individuals on an annual basis, and still discharge all the krypton-85 produced. The result, 
however, of these discharges has been a gradual accumulation ofkrypton-85 in the earth's atmosphere since it 
readily mixes with the atmosphere and distributes over the entire globe. Since the nuclide has a 10.7-year half
life, its persistence in the environment will be for several decades. This factor and the increasing generation 
of krypton by various sources result in long-term low-level exposure of large populations throughout the 
entire world. 

Because of its rapid dispersion in the earth's atmosphere and the fact that it will expose all individuals in 
the world at a low dose rate, neitherthe current perspective or standard based on annual dose to an individual 
is sufficient to describe or control the public health impact of the discharge ofkrypton-85 to the environment. 
The current and proposed expanded development of nuclear energy use which will release long-lived krypton-
85 requires, therefore, the development of a broader environmental assessment that encompasses the entire 
radiological impact of this pollutant. This assessment requires a projection of the migration of the 
radionuclide through the environment over long periods of time, and a determination of the potential dose to 
populations (measured in person-rems), and the associated health effects expected to occur throughout this 
migration. All individual exposures, however small, should be included so that all of the impact on society is 
assessed, and the exposure of future generations implied by the essentially irreversible environmental 
commitments should be recognized. The population dose resulting from such an assessment can be termed an 
"environmental dose commitment". In the setting of standards for such radionuclides, it is important to 
recognize this long-term radiation risk, in addition to the present one of annual exposures of individuals, and 
to implement appropriate controls to minimize it. 

The environmental dose commitment for krypton-85, estimated to be produced by the nuclear power 
industry through the year 2020, has been determined (EPA, 1973) and the results are shown in terms of 
committed health effects in Figure 1. This analysis of the committed health effects is based on the prudent 
assumption that the public health impact ofradiation dose follows a linear hypothesis down to zero. Although 
it is recognized that data are not available to either prove or disprove this assumption, it provides the only 
sound basis for developing standards to protect public health. Within this framework, the only totally risk
free level ofradiation exposure is zero; a standard set at any other level must be justified on the basis that the 
activity producing the radiation exposure provides sufficient offsetting benefits. This perspective and others 
on the risks due to exposures to ionizing radiation were recently analyzed quantitatively by the Committee on 
Biological Effects of Ionizing Radiation (BEIR Committee) formed by the National Academy of Sciences' 
National Research Council (BEIR, 1972). 

The data in Figure 1 represent the sum of effects for the population within 80 kilometers of projected fuel 
reprocessing plants in the U.S., the U.S. population, and the world population. Most of the resulting dose and 
the effects from krypton-85 are due to the worldwide distribution of this source outside the U.S. The doses to 
individuals outside the U.S. are quite small, usually less than 1 millirem/yr; however, it is the cumulative 
wide-spread impact on a population this large that results in health effects of this magnitude. The health 
effects were calculated utilizing the BEIR Committee data and were derived from the total person-rem 
commitment to the world population over a 100-year decay period after a release occurs. The exposure 
pathway model was quite straightforward because of the rapid mixing ofkrypton-85 in the atmosphere; the 
most significant error, perhaps, is in the estimate of the projected world population over the 150-year period 
considered. 

Standards for controlling krypton-85 from nuclear energy sources should consider the availability of 
technology, its effectiveness, and its cost in terms of reducing the total population impact of releases of 
krypton over the time that it can be estimated to persist in the environment. Since fuel reprocessing plants 
represent the major source ofkrypton-85, it is the first point to consider control. Several processes can be used 
to remove krypton-85 from fuel reprocessing plant effluents; however, none of these have been demonstrated 
on a commercial scale. Sufficient information exists, however, to project the effectiveness of such technologies 
and the cost of their application as shown in Table 1. Since one fuel reprocessing plant of current design can 
support 45 to 50 large nuclear power plants, the cost of this control is less than 0.1 % of the cost of generating 
electric power (EPA, 1973). It appears, therefore, that the impact is sufficient and the cost-effectiveness of 
control is good enough to warrant serious consideration of reducing krypton-85 discharges from fuel 
reprocessing plants. Reductions of99% and more appear possible depending, of course, on the performance 
characteristics of the equipment once installed. Such a 100-fold reduction in the discharge ofkrypton-85 by the 
year 1985 would substantially reduce the projected health effects committed from this source as shown in 
Figure 2. These data indicate quite clearly the effect such control would have on the health effects committed 
by this source. 

Nuclear power reactors also discharge krypton-85; however, the quantities are generally less than 1,000 
curies per year per plant (EPA, 1973). The annual dose to an individual in the public from such discharges is 
less than about 1 millirem and most of this is surface dose to the skin, not to viable tissue or to genetically 
significant organs. Such discharges result in a 100-year dose commitment ofless than 1 person-rem from one 
year of operation of one of these power plants. The total health effects committed through the year 2000 from 
nuclear power reactors themselves are generally less than approximately 5 effects (EPA, 1973). Since the 
technologies to remove krypton-85 at reactors would have to be applied to each individual plant at a cost in the 
range of0.5to1 million dollars per plant, the public health protection gained does not appear to justify the cost 
that would be involved. 
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CONSIDERATIONS FOR RADON 
1. Environmental Sources of Radon. 

The envir~nme!ltal source.a of radol?-, other than the natural background levels, are directly related to 
processes which disturb .ura~mm deposits or which remove it from the ground and prepare it for other uses. 
For e~ample, when ~r:imum is extracted fro!ll ore at a mill, more than 99 percent of the ore material becomes 
th~ !111ll w'.1stes or tailings, a slurry of sandlik~ ma~rial in waste solutions which are accumulated to form a 
tailu:~gs pile. More than 9? p~rcent oft~~ radioactive decay products of uranium and about 4 percent of the 
uramu!ll fr?m ~he ?re re~am m these tailmgs. The concentration of radium-226 in the tailings averages about 
700 pC1/g, md1catin~ an mventory of about 56,000 curies ofradium-226 in a representative pile. The radon-222 
decay product of radium-226 emanates from sue~ a pile at an average of about 500 pCi/m2-s, representing a 
tot~ relea~e ofradon g8:s of~ore than ~30,0.00 C1/yr. Because of the presence in the tailings ofthorium-230, 
which by its decay maintams the radium mventory, the radioactivity in the tailings will remain almost 
constant for thousands of years. As of 1970, there were more than 80 million metric tons of tailings occupying 
more than 2,100 acres ofland (EPA, 1973). 

The emana~on rate ofradon from tailings piles is also influenced by whether the pile is wet or dry. If the pile 
is saturated ~t.h "".ater or under water, the water tends to prevent the escape of the radon gas by a factor of 
about 2?. This md1cates a release rate of about 22 pCifm2-s for a radium concentration of 560 pCi/g. For 
companson, the natural background release rate is about 1 pCi/m2-s in most parts of the U.S.; it may be one 
hund!ed .times greater, or more, over uranium deposits (Pearson, 1967). The radon release rate at any one 
location is also known to vary over a factor of 10 due to the effects of weather i. e. wind speed barometric 
pressure, atmosphere stability, rainfall, and snow cover. ' ' ' 

A significant source of radon which has received considerable attention is that in underground uranium 
mines. Alth?ugh this so_urce represents occupational exposures which are currently controlled by standards, 
the exhausting of the mmes to meet exposure standards represents a concentrated point source of radon and 
associated decay products which can exoose local populations at varying rates. 

Radon also exists in natural gas and at concentrations that may be quite high at the point of use if the travel 
time between the well and the point of use is short. A recent study (Levels, 1972) of radon in natural gas 
indicates considerable variation in the concentration levels at points of use in the U. S. with an overall 
average of about 23 pCi/J. 

The use of tailings as fill and construction materials represents a rather special source of exposure to the 
public from radon. The presence of tailings under buildings in the Colorado area has prompted remedial 
action in several locations because of the public exposures which occur. Most buildings contain materials 
which emanate radon. Some of these materials, such as various granites, have quite high radon emanation 
rates. Indoor concentrations due to building material emanation have been found to be typically 3 to 4 times 
the outdoor levels (Levels.1972). 

The largest source of radon in the environment, of course, is due to the ambient levels produced by the 
widespread distribution of uranium and its decay products in the earth's crust. The ambient radon level goes 
through a daily cycle of concentrations ranging from 0.03 to 3.50 pCi/l with the average U.S. level being about 
0.3 pCi/l (Pearson, 1967). 

2. Standards for Radon-222. 
The standards for radon-222 and its decay products are most often given in terms of a working level (WL). 

One WL is the total potential alpha energy from any combination of short-lived radon-daughters (through 
RaC')thatimpart 1.3x 10s MeV per liter of air. This level was first proposed by the U.S. Public Health Service 
in 1957 as a level which was thought to be safe, yet not unnecessarily restrictive to industrial operations 
(Holaday, et al., 1957). The Federal Radiation Council and the Environmental Protection Agency (Fed. Reg., 
1971 and FRC, 1967) recently recommended that the stand.ard for e~posure_to min~rs be 4 .w?rking level 
months per year (WLM). One WLM is the exposure resultmg from mhalat10n of air contammg a radon
daughter concentration of 1 WL for 170 working hours. 

The working level is often related to radon activity by calculating the !1umber of ~adon-daught~r 
disintegrations required to impart 1.3 x 105 MeV of alpha energy. A COJ?-Centration of 100 pC1/l rad~n-222 m 
secular equilibrium with daughter products RaA, RaB, RaC ~RaC') wil~ produ~e .1 WL. The wo~king level 
definition is often misunderstood as a unit ofradon concentration when, m fact, it is a concentrat10n of only 
the short-lived daughters RaA, RaB, RaC, (RaC'). It can be applied to an~ ~i~ture of these decay products. The 
conversion of 1 WL per 100 pCi/l radon-222 applies only for secular equ1hbnum. of radon a!1d da~ghters. The 
guides for control ofradon have been primarily oriented towards health protection of ura?mm mmers. These 
guides have undergone several changes over the years as the potential for lung carc~nomas from radon· 
daughters became better understood. Guides for continuous exposure of the general pubhc vary from 0.3 to .3 
pCi/1. The lowest recommendation of0.3 pCi/1 is derived from ICRP No. 9, par. 72, 1966, (ICRP, 1966). !h~s 
was derived as 1/30 of the radon-222 guide for continuous occupation exposure. The upper level of 3 pC1/I is 
derived from 10 CFR 20. . . 

Another instance of protection recommendations for the public is the issuance of gu1delmes ~Y. the U · S. 
Surgeon General regarding levels at which remedial action should be undertaken to ~emove ta1l~n~s from 
under buildings (JCAE, 1971). The guidelines are directly related to measured working lev~ls ms1de the 
structures. At levels below 0.01 WL no action is recommended; at levels above 0.05 WL action should be 
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considered. In the range between these values it is recommended that all relevant factors be weighted in a 
decision as to whether to remove the tailings. 

3. Public Health Impact. 

The public health impact of radon is difficult to determine exactlv because of a number of factors. Pure 
radon-222 is not nearly as hazardous as radon and its daughters together. Being a noble gas radon does not 
remain in the lungs and, in addition, radon is not in intimate contact with the tissue. In the event of a 
disintegration of radon, the alpha energy is likely to be expended into a non-critical area of the lung. Radon
daughters, in particular polonium-218 and polonium-214, which are not noble gas elements, have chemical 
and physical properties that cause them to be absorbed into the bronchial epithelium of the lung, leading to 
high dose rates to the region of the lung where tumors arise. Radiation dose caused by radon is therefore a 
function of the state of equilibrium between radon and its daughters at the time of exposure; it is not enough 
simply to know the radon-222 concentration alone. Furthermore, the dose rate in air with relatively little 
particulate matter will be higher from radon-daughters than for rather dirty air because more daughters will 
be present as ions rather than adsorbed onto particles. In western states where tailing piles are located, and 
where air is presumably lowest in aerosol concentration of radon-222, the dose rate should be higher than in 
more industrial areas. Air conditioning may serve the same purpose by removing significant numbers of 
particles from the air. 

The critical biological target in the lung is assumed to be the nuclei of the basal cells of the bronchial 
epithelium. Alpha particles have a limited range in tissue. To reach the basal cells they must penetrate first a 
mucus layer, then certain other cells. The bronchial epithelium shows extreme variations in thickness 
because it tends to fold upon itself. In addition, there is to be expected natural variation in thickness of both 
the mucus layer and the intervening cells if a population of all age groups is considered. It is therefore a matter 
of some controversy to determine exactly the depth the alpha particle must penetrate to deliver a critical 
exposure. Given these difficulties, it should be clear that radon dosimetry does not give a simple correlation 
between the radon-222 concentration in air and the radiation dose delivered to the lung. Inclusion of all these 
factors yields a range of conversion factors relating air concentration and lung dose. The factor that appears 
most suitable for general environmental exposure conditions appears to be that a steady concentration of 1 
pCi/m3 ofradon in air will produce 4 millirem to the lung. 

Uranium tailings piles represent an unusual radiation exposure situation for the public. Even though such 
piles are currently stabilized after they are filled by covering them with soil and plantings of some sort, they 
can be expected to emanate radon at a rate close to that from a dry pile. Since the piles contain radium with a 
half-life of 1620 years, their emanation will continue for thousands of years. The radium will also be 
replenished by the decay of thorium-230. Such piles represent, therefore, an irreversible source of 
environmental contamination to the atmosphere of local areas by radon-222 and its decay products. Data 
from two representative piles are shown in Table 2 which indicate that the lung doses of individuals near the 
piles can be quite substantial. The health effects committed to surrounding populations can be expected to be 
significant if estimated for long periods of time. 

The only control method currently used for tailings piles is to stabilize them; however, this procedure only 
affects erosion of other radioactive materials. Perhaps the only controls that would appreciably affect the 
amount of radon and daughters entering the environment over the long-term from the use of uranium in 
nuclear energy programs would be to return the tailings deep underground to contain radon emanation or 
remove radium (the radon precursor) in the uranium mill. Neither the cost nor the effectiveness of either of 
these methods is known at the present time. In view of the radiation exposures over the long-term, however, it 
appears prudent to further consider methods ofreducing the discharge ofradon from uranium mill wastes. 

SUMMARY 

Both krypton-85 and radon-222 and its resultant daughters represent long-term health effect commitments 
as a result of current practices in the use of uranium and its by-products as an energy resource.New standards 
and concepts which recognize and control long-term environmental dose commitments are needed for each of 
these radionuclides. Effective controls can be required at reasonable costs for krypton-85 at fuel reprocessing 
plants, the major source of environmental levels of krypton-85 in the future. No such controls have been 
developed, however, for the discharge of radon from mine shafts or tailings piles, although future 
consideration of methods to limit such discharges to the environment appear warranted. Natural gas 
contaminated by krypton-85 is difficult to control, but as yet no new standards appear to be required. Radon-
222 and its daughters in natural gas should receive further emphasis with regard to controlling the levels that 
exist at the point of use. 
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TABLE 1. Summary of Health Effects and Costs of Krypton-85 
Controls for a 5 MT/Yr Fuel Reprocessing Plant. 

Health Effects 
Removal System Cost Averted 

Cryogenic $11.5 million 270!/ 
Distillation 

Cryogenic $12.1 million 2701/ 
Absorption 

Freon Adsorption $ 6.4 million 270!/ 

.l/'b 60% mortality expected from induced cancers and other serious effects. 

TABLE 2. Public Health Impact of Dry Tailings Piles. 

GRAND JUNCTION SALT LAKE CITY 

Ra-226 (Ci) 1.700 1670 
Ra-222 (Ci/yr) 5,600 13,500 
Size (acres) 55 107 
Doses (mrem/yr)* 

620 Background 2400 
Avg. Individual 800 380 
Max. Individual 3200 1140 
At 1 km 320 760 

*Dose conversion factor of 1 pCi/m3 radon-222 =4 mrem/yr. 
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Figure I. Estimated Past and Future Health Effects Committed by Krypton-85 Releases from the United 
States Fuel Reprocessing Industry. 
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Figure 2. Estimated Past and Future Health Effects Committed by Krypton-85 Released from the U.S. Fuel 
Reprocessing Industry, with 99% Removal. 
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Abstract 
Projections of future fission reactor capacity indicate that the present practice of releasing radioactive 

noble gases (primarily krypton-85) to the atmosphere cannot safely be allowed to continue indefinitely. 
Ongoing research programs are developing methods of extracting and concentrating these waste gases so 
they may be stored for extended periods, thereby allowing them to decay to relatively safe levels. 

Anticipating the need for facilities specifically designed for long-term storage of noble gases, we have 
reviewed some factors which might be considered in developing optimum siting criteria. Among these factors 
are, above- vs. below-ground storage, meteorology, geography, and demography. The objective used in these 
considerations is minimization of resulting population doses, both long- and short-term, from a major release, 
either "instantaneous" or "continuous," from the various facilities. 

Those sites considered are remote islands, continental shorelines, mountain tops, deep water, and inland 
low-population-density areas. 

Assuming an equal probability of containment failure at each of the site options, we conclude that siting is 
relatively inconsequential for long-term population doses. Siting, however, is important for s.hort-term 
exposures to local populations, especially where there might be a possibility of exceeding Radiation 
Protection Guides. The relative significance of long- vs. short-term doses resulting from exposures to 
radioactive noble gases is also discussed. 

INTRODUCTION 

Of those noble gases produced in nuclear reactor operations, only 85Kr is considered to have significant long
term health effects b~cause of its chemical stability, long half-life, high production rate, and its relative 
hazard. Figure 1 gives the projected production rate and total accumulation for 85Kr through the remainder of 
this century (ORNL, 1970). 

In normal operations, only minute quantities of 85Kr are released at the reactor itself. Almost all of the 85Kr 
is released at nuclear fuel reprocessing plants during the chopping and dissolving operations. At present, 
essentially all of this gas is released to the atmosphere. Figure 2 shows the projected individual dose rates for 
both skin and whole body resulting from exposure to accumulated 85Kr, assuming present practices of 
atmospheric release are continued. At current levels of reactor operation, this practice is considered to be 
acceptable; however, based upon projections for future reactor usage and resultant exposures, it appears to be 
the general consensus that the practice cannot be allowed to continue indefinitely. Figure 3 shows the 
projected worldwide population dose based on data from the previous figure plus predicted world population 
growth (UN, 1966). The point at which measures to prevent the release will become necessary has not as yet 
been defined, but it appears reasonable to assume that sooner or later the routine release of 85Kr to the 
atmosphere from fuel reprocessing plants will be prohibited. 

COST-BENEFIT ANALYSIS 

The application of cost-benefit analysis can be used to gain some insight into the advisability of instituting 
preventive measures. Table 1 gives some data on the effects of 85Kr atmospheric releases. These data have 
been derived by assuming the following: . 

(1) Concentration-to-dose conversion factors have been calculated from data given by Dunster, et al., 
(1970). These are 1.4x 104 and2.lx106 rem/yrperCi/m3 forwhole body and skin, respectively. 

(2) The mass of the atmosphere is taken to be 5x1021 gm, which at conditions of standard temperature and 
pressure occupies a volume of 4.2x1018 m3 (USGS, 1967). 

(3) For this cost-benefit analysis we assume that the released 85Kr mixes instantaneously with the entire 
atmosphere to a uniform concentration. The significance of atmospheric diffusion ofreleased gas to the point 
of uniform mixing will be discussed laterin this paper. 

(4) The only process by which atmospheric levels of 85Kr are diminished is by radioactive decay. 
Therefore, the mean atmospheric residence time for 85Kr is essentially its mean radiological life, 
approximately 15.5 yrs. This implies that there is no sink in nature that removes B5Kr and renders it 
biologically unavailable. 

It can be determined from these data that the total whole body dose resulting from each curie of B5Kr released 
to the atmosphere will average 4· 3 

1. 4 x 10 r7rn-rn 
______ c __ i_-.. x ..... r_ x 15 • s yr.s = 5 • 2 x 10-14 rem/Ci. 

4.2 x io18 rn3 

*Work performed under the auspices of the U.S. Atomic Energy Commission. 
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Deten;nination of tota~ J?Opulation dose is based on an assumed uniform exposure to the entire world 
population take~ as 3.5 bilhon people. Therefore, the total population doseintegrateq to infinite time is 1.8 x104 
man-rem per cune for whole body and 0.027 for skin. 

The monetary ~ost for biological damage due to radiation exposure has been estimated by various authors 
to be somewhere m the low hundreds of dollars per man-rem (Cohen, 1973). For purposes of this report we have 
assum~d a cost of $250 per man·rem for whole body exposure. For skin exposure this value is estimated at 
appro~ate.ly $40 per man-rem, base.don the ratio (factor of 6) between the ICRP maximum permissible dose 
(M~D). c:itena for ~hole body and skm (ICRP, 1966). This implies that roughly equivalent damage is done to 
an ~nd1Vldual by his exposure ~o MPD levels of either 0.5 rem/yr to the whole body or 3.0 rem/yr to the skin. 
U~mg these data, one may estimate the cost for bi?logical damage .due to ssKr based on either whole body or 
skin _exposure to be ro~~hly $0.05 or $1.00 per cune, respectively. Essentially this implies that skin may be 
C?ns1d.ered to be the cntical organ f~r 85Kr expo~ure .. For each curie released to the atmosphere, the resultant 
biological da~age cost to all _humamty over all time is approximately one dollar. Expenditures for prevention 
of85Krrelease m excess ofth1s figure would therefore not be considered to be cost effective. 

RELEASE PREVENTION COSTS 

Having estimated the effect of 85Kr release, we shall next estimate the cost of release prevention. Continued 
research has been performed on methods for 85Kr removal and storage. Other papers given in this symposium 
deal extens~vely with this toI_>ic. Estimates on 85Kr treatment costs have been provided by Slansky, et al., 
(1969), DaVIs (1973), and DaVIs, et al., (1973). From these data we can conservatively assume that for a 1,500 
ton/yr fuel reprocessing plant, 85Kr treatment facilities can be installed at a capital cost of $2,000,000 and 
operated at a cost of$200/ton offuel processed. Further, assuming a plant life of 20 yrs, an interest rate of 12%, 
and a content of 104 Ci of 85Kr per ton of spent fuel, we calculate a prorated capital cost of approximately 2¢/Ci 
and an operating cost of2¢/Ci, giving a total cost of 4¢/Ci for 85Kr release prevention. Using this estimate, we 
have performed the cost benefit analysis shown in Table 2. Comparing estimated biological damage costs 
against release prevention costs, we derived a cost benefit ratio of roughly 25. This analysis also allows us to 
estimate the cost effectiveness for 85Kr treatment to be $220/man-rem of whole body dose averted, or roughly 
$1.50 for each man-rem of skin exposure averted. To gain some perspective on the significance of these figures, 
we can compare them with cost estimates for other activities. As previously discussed, a suggested guideline 
for cost effectiveness is considered to be $250/man-rem of whole body dose averted, and $40 /man-rem of 
skin dose averted. Hull (1972) has estimated a cost of between $1,000 and $1,000,000/ man-rem averted as the 
cost for compliance with the currently proposed light-water reactor standards. It appears from these figures 
that, even under present conditions, it would be reasonable to require implementation of measures to prevent 
the release ofS5Kr from fuel reprocessing plants. Such a requirement certainly seems consistent with "as low 
as practicable" guidelines, especially when compared to the proposed standards for light-water reactors. 

STORAGE OPTIONS 

In any event, whenever prevention of atmospheric release becomes a requirement, some options for the 
accomplishment of this objective must be evaluated. These are diagrammed in Figure 4. Having decided to 
retain rather than release ssKr, we must consider whether to do so in some concentrated form or to retain the 
entire off-gas volume in which it is carried. . . 

Another option is whether or not to store the gases at the ~urface or a~ an unde.rground storage fac1~1~~· The 
main trade-off here is between greater assurance of retent10n plus easier surveillance at surface fac1hties as 
opposed to lower cost for underground storage. . . . . 

Finally, we must decide whether to store the retamed gas at the J?Omt of collection .or to t:ansport it a 
centralized facility specifically designed for long-term st?r.age: Select10n of the ~est options will depend on 
prevailing costs and political attitudes at the time the deCis10n is made. At such time, a thorough ~ost-benefit 
analysis of the various options should, of course, be made. We shall not atteml?t such an analysis here. For 
purposes of this study we shall assume that 85Kr is extracted from ~el repr_ocessmg offgas streams and stored 
in pressurized tanks at a centralized facility for the extend!ld peno?s of time necessa~ to allow for decay to 
innocuous levels. This assumption would appear to be consistent with present AEC philosophy as expre~sed 
in its nuclear waste management policy, in which storage of solidified high-level waste at centralized 
repositories is required (Fed. Reg., 1970). 

SITING CRITERIA 

Anticipating the need for some centralized radioactive noble gas sto:ag~ facility, ~e.have revie.w_ed sol?e of 
the factors that might be considered in developing optimum siting cnter1a. The facility we enVIs10n will be 
used for the receipt and long-term storage of pressure tanks of extracted noble gas that have been collected at 
various fuel reprocessing plants throughout the country and perhaps the world. From the work of Dunster, et 
al.,(1970) and from various other considerations, it would seem reasona~le to. assume that each. tank or 
container of gas would initially contain approximately 1 MCi of 85Kr. On this basis, roughly 20 con tamers per 
year would be generated at present, and by the turn of the century this figure would rise to approximately. 80 
containers per year. At 1 MCi per container, the output of decay heat would be no m?re than 1.6 kW! wh1~h 
should prove to be quite manageable, with cooling accomplished either b~ submers10n of t~e contamers m 
water or by maintaining sufficient air flow in the storage area to dissipate this heat by convection. 
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In determining safety criteria for siting the storage facility, we have assumed that in normal operation 
there would be no routine releases of radioactive gas. The only assumed mechanism for release would be from 
accidental or inadvertent containment failure. 

With the possible exception of sabotage, we do not consider the simultaneous leakage of more than one 
container to be credible. If massive multicontainer leakage were a major concern, then the entire concept of 
centralized storage would not be prudent, since this would constitute a policy of "putting all one's eggs in one 
basket." For purposes of radiation safety, therefore, the siting criteria that we have selected assume the 
leakage ofl MCi of 85Kr over a relatively short period of time. The siting objectives are twofold: first, to assure 
that in the event of such leakage, no individual at or near the fence line receives a dose in excess of MPC 
standards; and, second, to minimize resultant total population doses. 

MAXIMUM ACCIDENT DOSES 

To evaluate fence line dose criteria, we have calculated the total leakage required to exceed maximum 
permissible dose criteria for both accident and routine conditions, conservatively assuming a dilution factor 
(X/Q) of 10-6 sec/m3 between the point ofrelease and the fence line. The results of these calculations are given 
in Table 3. From these data we conclude, that even for routine release conditions, one may release as much as 
45 MCi without exceeding the 3 rem skin dose at the fence line. Therefore, our assumed maximum container 
capacity of 1 MCi appears to be well within these limits. 

POPULATION DOSE CONSIDERATIONS 

Our second radiation safety criterion is that in the event ofleakage, total population dose (man-rem) will be 
minimized. With this objective in mind, geographic siting becomes critical. A number of factors, all of which 
are to some extent interrelated, determine the type of storage site that will minimize population dose in the 
event of an accidental release. These are: 

1. Meteorology. 
Meteorology - or, more precisely, the diffusion climatology of the area surrounding the storage site -

determines the rate of dilution and the resultant effluent concentrations as a function of time and distance 
from the release site. Rapid diffusion accompanied by lower individual doses is favored by those locations 
experiencing a combination of the following factors: 

(a) Strong surface winds, relatively variable in direction. 
(b) Strong daytime heating resulting in neutral or unstable temperature lapse rates. 
(c) A relative absence of night-time temperature inversions. 
(d) A site that is elevated with respect to surrounding locations. 
2. Geography. 
Geographic factors that would tend to affect potential population dose are: 

(a) The distribution of population with respect to the storage site. 
(b) Topographical features that would affect the rate of dilution of effluents prior to their arrival at 

population centers. 

POTENTIAL SITES 

From these considerations we.have chosen to consider five hypothetical storage sites within the jurisdiction 
of the United States. These sites are evaluated on the assumption that a 1 MCi release of 85Kr occurs over a 
period of a few days or less. It is further assumed that the release occurs at a time when the surface wind 
direction is the most probable one for the particular site. The hypothetical sites selected for evaluation are: 

1. A Remote Island Site. 
Because of its relatively low population and distance from any major population center, Johnston Island, 

southwest of Hawaii, was chosen as a hypothetical site. The Marshall Islands, over 1000 km distant, are the 
most likely point of first exposure, since surface winds in this area blow consistently towards the west. In our 
analysis we assume that before reaching the Marshall Islands, the plume of 85Kr would loop into the middle
latitude westerlies and then move toward the east. 

2. A Coastal Site. 
Cape Hatteras, North Carolina has been selected as a hypothetical site since the prevailing winds at this 

location are usually offshore, but are not as directionally persistent as those at Johnston Island. Although our 
primary evaluation is based on most probable meteorological conditions, we have in this case also performed a 
calculation assuming onshore winds. 

3. A Remote Desert Inland Site. 
The Fort Irwin Military Reservation in the Mojave Desert of California was selected as a hypothetical site in 

this category. There are no population centers within 150 km in all directions. The average winds are toward 
Nevada; a "worst case" would occur with winds toward Los Angeles. Dose estimates are presented for both 
cases. 

- 656 -



4. A Mountain Top Site. 
Mt. Whitney, California was selected as a hypothetical site in this category. We have assumed that an all

weathe! road could be built to the summit and that the storage facility could be sited there at an elevation of 
approximately 4,400 m. The advantage of an elevated site of course is that it would allow for a maximum 
turbulent mixing of an effluent plume prior to its arrival at ~ny popul~tion center. Average and "worst case" 
winds are similar to those for the Mojave Desert, due to their proximity. Both cases have been included in the 
dose calculations. 

5. A Metropolitan Site. 
Although it is not considered credible that the storage facility would actually be located within a major 

population center, we have evaluated such a site to determine an upper limit to man-rem estimates. For this 
purpose, an analysis was performed for a facility located in downtown Chicago, Illinois. 

CALCULATIONS 

The hypothetical sites and their prevailing wind directions are shown in Figure 5. The calculational model 
used to determine population dose was developed by Knox, et al., (1972). The model has been adapted for use in 
this study according to the following assumptions: 

1. The release occurs at an elevation oflO m above ground. 
2. The effluent stream is eventually dispersed over the entire troposphere of the Northern Hemisphere with a 

depth of about 15 km. (The model used is applicable only to a hemisphere.) Since the Northern Hemisphere 
contains about 90% of the world population, the calculated population doses will therefore be conservatively 
large. Population statistics were obtained from 1970 census figures. 

Calculation of doses within 1,000 km followed the method of Knox (1971) in which functional relationships 
with distance were developed, except that winds were sector-averaged over 22.5 degrees. Th~ close-in equation 
for man-rem, Dp, is 

where 

D0 =individual dose at r 0 (1 km), rem, 

D R(r) prdrd8, 
0 

R(r) =ratio of dilution factors atrtor0 , expressed as functional ratios [seeKnox(1971) for full discussion], 

p =population density, people/km, 

r =distance downwind, km, 

r
0 

=distance to site boundary, km, and 

e =azimuthal angle, radians. 

Values ofR(r) and population density used in this an~lysis ar~ shown in Table. 4. . 
85 Beyond 1,000 km, Knox, et al., (1972) developed an mtermediate-range solution .. It is assumed that the Kr 

effluent is transported at 40 km/hr, spreading throughout the troposphere honzontal~y at a. rate of 220 
km/day (half-width) for the first few days and then at a rate proportional to t1/2

• If Do ~s the site boundary 
dose, then the total dose is 

= D 
0 

(15.5), 
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where 

( oooi \ } is the first-year individual dose. 

Table 5 provides summary values of population doses to 1,000 km and for three continents. Long-range 
Northern Hemisphere population doses out to infinite time are also given. These calculations assume a 
uniform mass concentration of85Kr in the atmosphere and a mean residence time of15.5 yrs. 

It is apparent that the worldwide population dose is rather insensitive to storage site. The largest Northern 
Hemisphere dose (for a Chicago location) is about 1-1/3 times the smallest dose (for a remote island site). The 
important siting criterion appears to be the avoidance of a location where a large number of people residing 
nearby might receive large individual doses. 

SUMMARY AND CONCLUSIONS 

1. Cost-benefit analysis indicates that it would be prudent poliey to require the prevention of 85Kr release 
from fuel reprocessing plants at the present time, assuming this can be accomplished at a cost amounting to 
less than $1.00/Ci. 

2. We have discussed options for accomplishment of 85Kr release prevention from fuel reprocessing plants. 
No value judgments have been attempted in evaluating these options. However, it has been assumed that a 
policy of concentrating effluent noble gases, retaining them in pressurized storage tanks, and storing them for 
long periods at some centralized facility will be adopted. Such a policy would appear to be consistent with 
currentAEC policy on high-level waste management. 

3. Criteria for siting a long-term noble gas storage facility should include assurance that in the event of a 
containment failure: (a) Maximum permissible dose guidelines (0.5 rem/yr for whole body and 3.0 rem/yr for 
skin) are not exceeded. (b) Resultant population doses (man-rem) are minimized. 

4. Five hypothetical sites have been evaluated to estimate population doses in the event of leakage. From 
this analysis it appears that geographic siting may be considered relatively unimportant. 

5. Site selection should be based on cost-benefit studies considering: (a) Transportation and handling costs. 
(b) Maintenance and surveillance costs. ( c) Resultant health benefits derived in terms of potential population 
dose averted. · 
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TABLE 1. 83Kr Exposure Data. 

Whole body Skin Units 

Concentration - dose conversion 1.4x104 2.1x106 rem-m3 

factor Ci-yr 

Total individual dose due to 5.2x10-14 7.8x 10-12 rem/Ci 
atmospheric B5Kr 

Total population dose due to l.8x 10-4 0.027 man-rem/Ci 
atmospheric 85Kr (world 
population= 3.5 x 109) 

Maximum permissible dose 0.5 3.0 rem/yr 

Cost of biological damage 250. 40. $/man-rem 

Estimated biological damage cost 0.05 1.00 $/Ci 
per unit release 

Assumptions: 

1. Instantaneous uniform atmospheric mixing 

2. Atm Vol= 4.2 x 1018 ms 

3. World population (1970) = 3.5 x 109 

4. Mean atm residence time (85Kr) = 15.5 yr 

TABLE2. Cost-BenefitAnalysis. 

1. Estimated Cost for 85Kr extraction and storage: 

$0.04/Ci 

2. Estimated Benefit due to 85Kr release averted: 

$1.00/Ci 

3. Benefit/costratio· 

1.00=25 
(i']4 

4. Cost effectiveness for exposure prevention: 

For whole body: 

$0.04/Ci x 1 Ci/man-rem ~$220/man-rem averted 
1.8x10-4 

For skin: 

$0.04/Cix-.!.... Ci/man-rem~$1.50/man-remaverted 
0.027 
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TABLE 3. 85Kr Accidental Release. (a) 

Maximum allowable 
fence line dose (rem) 

25 (whole body) 

0.5 (whole body) 

150(skin) 

3(skin) 

Maximum allowable container 
capacity (106 Ci) - assume 
fence line~= 10-6 sec/ms 

56,000. 

1,100. 

2,250. 

45. 

(a) Assume the entire contents of one container is released. 

TABLE 4. Population Densities and Functional Relationships R(r) for 
Calculating Population Doses to 1,000 km. 

1970 popuiation density (people/km2) 

Island Coast Desert Mountain City 

Distance Most Most Worst Most Worst Most Worst Most 
(km) R(r) probable probable case probable case probable case probable 

1-3 1 0 0 7 5 5 

1-3 1 0 0 7 5 5 0 0 2,500 

3-10 (3r0 /r)2 0 0 7 5 5 0 0 2,500 

10-20 (3r0 /r)2 0 0 7 10 10 0 0 2,200 

20-100 0.4r0 /r 0 0 20 15 25 15 25 800 

100-1000 0.4 r0 /r 0 0 70 50 200 40 200 70 

TABLE 5. Population Whole Body Doses for a 1 MCi Release of85Kr. 

Population whole body dose (man-rem) 

Johnston Is. Cape Hatteras Mojave Desert Mt.Whitney Chicago 

Distance or Most Most Worst Most Worst Most Worst Most 
Continent probable probable case probable case probable case probable 

1to1000 km 0 0 45 31 120 26 120 210 

North America 40 40 40 40 40 40 40 40 

Europe 92 92 92 92 92 92 92 92 

Asia 460 460 460 460 460 460 460 460 

Northern 590 590 637 623 712 618 712 802 
Hemisphere 
total 
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Figure 1. Projected worldwide 85Kr production. Data from ORNL (1970). 
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Figure 2. Projected worldwide individual dose due to atmospheric ssKr. 
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Figure 3. Projected worldwide population dose due to atmospheric 85Kr. 
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Figure 5.Potential storage sites (arrows indicate prevailing wind directions). 
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SELF ABSORPTION AND GEOMETRIC CORRECTION FACTORS FOR REACTOR OFF-GAS 
SAMPLES RELATIVE TO NBS STANDARDS"' 

R. F. Coley1, 2 and N. A. Frigerio2 

1Commonwealth Edison Company 
Chicago, Illinois 

2 Argonne National Laboratory 
Argonne, Illinois 

Abstract 

Although they can be counted in identical bottles using identical counting systems, real gas samples differ 
from the NBS solution standards (e.g., mock reactor off-gas) in two respects - geometry and self absorption. 
Because both detector and source are real and finite, the simple "narrow beam" linear attenuation coefficient 
approximations currently used in the industry are quite inadequate for correction. Accordingly, the well
tested, complete-analog program, BIM 130, was used to compute the fraction of photons, and the photon 
energy spectra, reaching typical detectors used in the industry. Using this method, it was possible to correct 
the given NBS standard activity to its effective activity relative to a gas sample in an identical bottle. Factors 
were much closer to unity than predictions based on "narrow beam" linear attenuation coefficient 
approximations. At 80 ke V, for example, such approximations gave 0. 76, whereas the factor proved to be 1.03 
for a 3" x 3" Nal(Tl) crystal and a 3 cm distance. Results are presented for various gamma energies of interest 
from 80 ke V to 1,830 ke V, and for the commonly used industrial distances of 3, 10, and 30 cm from the bottom of 
the sample bottle to the top of the detector container. Complete spectra for photons entering the detectors, as 
well as factors derived from these for typicalNal(Tl) and Ge(Li) detector resolutions, are given. 

INTRODUCTION 

A problem familiar to those associated with the nuclear power industry is that of the quantitative 
determination of the amounts of noble fission gas nuclides in reactor off-gas samples. Typically, reactor off
gas grab samples are collected in 15 ml serum vials for subsequent measurements using a gamma detector and 
multichannel analyzer system. Because of the wide ranges in both activity and isotopic composition 
experienced for such samples, the power plant analyst requires efficiency calibration data for various source
to-detector distances - 3, 10, and 30 cm being typical. 

DISCUSSION 
Recently, the National Bureau of Standards, with the support of the Atomic Energy Commission (ICONS, 

1972), issued relatively inexpensive, mixed-radionuclide, gamma standards in 15 ml serum vials. 
Experimentally, one can use a multichannel analyzer system to compare the count rates from two bottles, one 
of known activity (the NBS standard), the other containing an off-gas samples. The absolute gamma 
activities in the off-gas sample could be simply obtained from the count rate ratio were it not for two factors: (1) 
the gas and the liquid are not identical in geometry; e.g., the extension upwards is higher for the gas than for 
the liquid and (2) self absorption and scatter are also greater within the liquid than within the gas. Because 
both NBS standards and samples can be counted in identical bottles using identical counting systems, a 
general set of geometry-self absorption correction factors for such samples might be a welcome step towards 
the long needed standardization ofindustrial techniques in this area. 

The assumption that the effects of the glass between the photons leaving the source medium and the 
detector is the same for two identical bottles is not quite true. Measurements performed at the National Bureau 
of Standards have indicated that up to 25% of a group of such standards fell outside of 1.5% of the mean 
activity value, when measured one inch over a 3" x 3" Nal(Tl) detector (Coursey, 1973). However, such small 
errors are not usually of concern within the nuclear power industry. 

The essential question is: For a given number of source photons, how many leave the source in such a 
direction as to be counted within the photopeak, for liquid and for gas? The number of photons leaving the 
liquid source per unit time may be expressed as: Ni= k1A1, where k1 is the fraction actually emerging from the 
liquid and A 1 is the known emission rate. Similarly, for the gas source: Ng= kg Ag. In order the compute k1 and 
kg, the complete-analog program BIM 130, which has been shown to give excellent agreement with 
experimental values in both simple and complex systems (Frigerio, et al., 1969 and 1973a and b ), was used. In 
addition, the program was utilized to compute the photon energy spectra reaching the two most common types 
of detectors in use in the industry, N al(Tl) and Ge(Li). Table 1 presents the spectrum reaching the detector for 
each of several photon energies emitted from the 12.4 ml right circular cylinder liquid source of radius 1.14 cm 
and a height of 3.037 cm representing the NBS serum vial source. Interactions within the 14.4 ml volume 
representing an off-gas sample, in the same serum vial, proved to be negligible (for 106 source photons there 
were only 5 photoelectric and 94 compton events within the source medium). Thus, the spectra of Table 1 
represent the net spectral differences between liquid and vapor phase samples counted in the same vial using 
the same counting systems. 

The fraction of source photons emergent from the liquid and from the gas samples, and striking the detector, 
were computed for a 3" x 3" N al(Tl) crystal and for a 46.2 ml true coaxial, right circular cylinder of Ge(Li) with 
a diameter of 42. 7 mm. These fractions are given in Table 2 for distances of 3, 10, and 30 cm from the bottom of 

*Work supported, in part, by the U.S. Atomic Energy Commission. 
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the vial to the top of the detector can. They represent the fraction of photons which would be counted within 
the photopeak for summation from the low energy channel (valley) indicated. The lower energy bounds for 
these summations were chosen to agree with actual experimental data obtained at operating nuclear units. 

The ratios of the liquid fractions given, to the corresponding gas fractions, yield the desired correction 
factors, kilkg. These are given in Table 3. 

Thus, the activity of an unknown gas source, Ag- is given by: 

Ag= (k1!kg)(Ng/N1)A1 

where Ai is the liquid source activity, as given by NBS, (Ng/N1) is the observed ratio of count rates, and 
(k1 /kg) is the correction factor as given in Table 3. 

Several features of Table 3 may be noted. First of all, the correction factors are greatly different than those 
from approximations obtained using"narrow beam" linear attenuation coefficients. At 80 keV, for example, 
such an approximation gives a single correction factor of 1.32 for an average photon path length in water 
equal to one-half the source height. That is, with u equal to 0.184 cm-1 for80 ke V and t equal to 1.52 cm in water, 
eut equals 1.32(Hubbell,1969). This may be contrasted with the corresponding values for a Nal(Tl) detector in 
Table 3, 1.03 to 0.97 as a function of distance to the detector. Such disagreement is a consequence of the fact 
that many of the "narrow beam attenuated" events are associated with scatter at small angles, with resultant 
small changes in energy (see spectra of Table 1). Thus, for real sources and finite detectors, a significant 
fraction of these scattered photons reach the detector, and remain within the photopeak. This fraction 
decreases with increasing energy so that, for example, (k1/kg) at 3 cm from a 3" x 3" Nal(Tl) detector drops 
from 1.03 at80 keV to a minimum of0.96 at400 keV. This may be called the "photopeak effect". 

At the same time, the total cross section also decreases with increasing energy, rendering the liquid more 
and more transparent to emitted photons. As this "transparency effect" becomes more pronounced (k1/kg) 
rises toward an asymptote of approximately one. Note also that the centroid of a liquid source is closer to the 
detector than the centroid of a gas source in the same vial. This results in (kalkg) values which can, and 
should be greater than one either at low energies (photopeak effect dominating) or at high energies 
(transparency effect dominating). The much higher resolution of the Ge(Li) detector mitigates the photopeak 
effect very noticeably, so that for a Ge(Li) detector (k1lkg) rises monotonically toward unity without an 
evident minimum. 

From the standpoint of the industrial user, the correction factors themselves are so close io one another that 
correction for specific energies is probably not warranted. Because off.gas samples are almost invariably 
measured atless than 550 ke V, it is recommended that the 250 ke V (k1/kg) values be used as adequate average 
correction factors for plant off-gas measurements. 
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TABLE 1. Spectra Inbound to Detectors for Various Monoenergetic Sources (a). 

keV(b) 

80 

75 

70 

65 

60 

55 

50 

45 

40 

35 

30 

<30 

sum(C) 

counts keV 

83,537 

4,449 

3,248 

3,124 

3,790 

593 

464 

103 

30 

5 
2 

0 

99,345 

keV 

660 

645 

630 

615 

600 

585 
570 

555 
540 

525 

510 

495 

480 

465 

450 

435 

420 

<405 
sum 

150 

145 

140 

135 

130 

125 

120 

115 

110 

105 

100 

95 

90 

85 

80 

75 

70 

65 

<so 
sum 

counts 

91,608 

251 

278 

238 

246 

237 

233 

239 

221 

242 

237 

237 

227 

195 

231 

254 

218 

4,379 

100,000 

counts keV 

96,114 

1,520 

1,406 

1,180 

1,051 

978 

977 

848 

893 

1,075 

1,210 

1,476 

425 

202 

194 

178 

111 

33 

33 

99,904 

keV 

840 

825 

810 

795 

780 

765 

750 

735 

720 

705 

690 

675 

660 

645 

630 

615 

600 

<585 

sum-

190 

185 

180 

175 

170 

165 

160 

155 

150 
145 

140 

135 

130 

125 

120 

115 

110 

105 

<100 

sum 

counts 

92,418 

170 

163 

185 

137 

145 

165 

143 

188 

150 

161 

142 

168 

138 

136 

143 

161 

4,952 

99,998 

counts 

86,819 

1,016 

938 

862 

802 

723 

699 

686 

614 

606 

561 

572 

591 

703 

796 

864 

1,008 

389 

689 

99,938 

keV 

1,335 

1,320 

1,305 

1,290 

1,275 

1,260 

1,245 

1,230 

1,215 

1,200 

1,185 

1,170 

1,155 

1,140 

1,125 

1,110 

1,095 

(1,080 

sum 

keV 

250 

245 

240 

235 

230 

225 

220 

215 

210 

205 

200 

195 

190 

185 

180 

175 

170 

165 

<160 

sum 

counts 

93,912 

73 

73 

64 

73 

73 

58 

60 

87 

65 

61 

63 

57 

70 

62 

66 

70 

4,936 

100,000 

counts keV 

88,076 400 

565 395 

566 390 

563 385 

490 380 

460 375 

496 370 

473 365 

473 360 

391 355 

424 350 

371 345 

392 340 

365 335 

319 330 

333 325 

351 320 

365 315 

4,503 <am 

99,976 sum 

keV 

1,590 

1,575 

1,560 

1,545 

1,530 

1,515 

1,500 

1,485 

1,470 

1,455 

1,440 

1,425 

1,410 

1,395 

1,380 

1,365 

1,350 

<1,335 

sum 

counts 

94,438 

43 
60 

58 

56 

53 

53 

41 

54 

48 

31 

44 

47 

53 

52 

46 

55 

4,740 

100,000 

(a) The source consisted of a 12.2 ml right circular cylinder of water with a radius 

ofl.14 cm and a height of3.037 cm. The spectra proved to be independent of 

both detector size and source-to-detector distance, to less than 0.03%. 

(b) The listed ke Vis the minimum energy for that channel. Thus, the first channel 

contains only unmodified photons. 

(c) The listed sum represents the total number of photons reaching the detector. 

The difference between this sum and 100,000 is the number of photoelectric 

events that occurred within the water. 
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counts 

89,749 

219 

215 

236 

223 

215 

212 

191 

215 

244 

221 

216 

187 

190 

187 

200 

197 

170 

6,707 

99,994 

keV 

1,830 

1,815 

i,800 

1,785 

1,770 

1,755 

1,740 

1,725 

1,710 

1,695 

1,680 

1,665 

1,650 

1,635 

1,620 

1,605 

1,590 

<1,575 

sum 

keV 

525 

520 

515 

510 

505 

500 

495 

490 

485 

480 

475 

470 

465 

460 

455 

450 

445 

440 

<435 

sum 

counts 

94,750 

33 

37 

30 

39 

29 

27 

28 

39 

32 

35 

37 

40 

42 

32 

36 

25 

4,702 

100,000 

counts 

90,759 

142 

124 

126 

138 
122 

165 

164 

146 

141 

146 

120 

118 

127 

135 

127 

140 

121 

6,938 

99,999 



TABLE 2. Percent of Source Photons Counted Within Photopeak. 

12.4 ml liquid source 

3" x 3" Nal(Tl> 46.2 ml Ge(Li) 

keV(a) keV (b) 3cm(c) IO cm 30cm keV (b) 3cm 

80 50 10.2 2.24 0.316 75 3.19 
150 110 9.73 2.14 0.310 145 3.20 
190 145 9.68 2.15 0.304 185 3.21 
250 200 9.64 2.11 0.337 245 3.22 
400 335 9.55 2.17 0.324 395 3.33 
525 445 9.61 2.17 0.318 520 3.36 
660 570 9.67 2.17 0.319 645 3.39 
840 735 9.70 2.13 0.294 835 3.39 

1,335 1,215 9.90 2.20 0.315 1,320 0.690 
1,590 1,455 9.95 2.29 0.334 1,575 3.57 
1,830 1,695 9.89 2.18 0.319 1,815 3.49 

14.4 ml off-gas source 

3" x 3" Nal(Tl) 46.2 ml Ge(Li) 

keV 3cm IO cm 30cm keV 3cm 

d 9.95 2.29 0.344 d 3.55 

(a) Initial source photon energy. 

(b) Low energy channel used for beginning of photopeak summation. 

(c) Distance from bottom of sample vial to top of detector can. 

(d) For a gas sample, essentially all photons are unmodified. Thus, 
the fractions are not a function of initial photon energy. 

IO cm 

0.646 
0.611 
0.623 
0.638 
0.677 
0.664 
0.649 
0.655 

0.0945 
0.719 
0.670 

IO cm 

0.717 

TABLE 3. Combined Factors for Geometry and Self Absorption. 

(k1/kg) 

3" x 3" N al(Tl) 46.2 ml Ge(Li) 

keV 3cm IO cm 30cm 3cm IO cm 30cm 

80 1.03 1.00 0.97 0.90 0.87 0.82 

150 0.98 0.95 0.92 0.90 0.87 0.82 

190 0.97 0.94 0.91 0.90 0.87 0.82 

250 0.97 0.94 0.91 0.91 0.88 0.83 

400 0.96 0.93 0.90 0.94 0.91 0.86 

525 0.97 0.94 0.91 0.95 0.92 0.87 

660 0.97 0.94 0.91 0.97 0.94 0.89 

840 0.98 0.95 0.92 0.99 0.96 0.91 

1,000 to 2,000 1.00 0.97 0.94 1.00 0.97 0.92 
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30cm 

0.0830 
0.0950 
0.0775 
0.110 
0.103 
0.0880 
0.0870 
0.0785 

0.111 
0.104 

30cm 

0.107 



XI. Round Table Discussion 

of Noble Gases 



NOBLE GASES FROM NUCLEAR REACTORS: 
CONTAINMENT VS. ENVIRONMENTAL RELEASE 

During the Symposium, a round table discussion was held on the subject of noble gases, in general, and 
krypton-85, in particular. The members of the panel were: V.P. Bond, M. Eisenbud, C.C. Gamertsfelder, and 
E.C. Tsivoglou. Chairman was A.A. Moghissi. 

MOGHISSI: Welcome to the panel discussion. I believe the stage is set for a very interesting and fruitful 
discussion. Before I get started, let me introduce the panel. On my extreme right is Dr. Carl C. Gamertsfelder, a 
technical assistant to the Director of Regulatory Standards of the U.S. Atomic Commission. He received his 
Ph.D. in Radiation Physics from the University of Missouri in 1941 and soon afterwards joined the 
Radiological Laboratory of Chicago. He also served at Oak Ridge National Laboratory in 1943, and at 
Hanford in 1944. On these three assignments he was involved in various developments in health physics and, 
most particularly, in matters related to production of plutonium for weapons. In 1952, he joined the aircraft 
nuclear propulsion project. In that capacity, he was concerned with safety analysis, metallurigical studies, 
and application of atomic energy. In 1964, he performed aerospace safety analysis on nuclear power projects 
and since late 1969 he has been with the Atomic Energy Commission. 

On the extreme left is Dr. Merrill Eisenbud. He is Professor of Environmental Medicine and Director of the 
Laboratory for Environmental Studies at New York University Medical Center. He joined the University's 
faculty in 1959 following a 12-year career with the Atomic Energy Commission during most of which he 
served as the Director of Health and Safety Laboratory. From 1936 to 1947, he served as an industrial 
hygienist on the staff of the Liberty Mutual Life Insurance Company where he was engaged in studies of 
chemical and radiation hazards in industry. For two years, from 1968 to 1970, Dr. Eisen bud served as the first 
Environmental Protection Administrator for New York City. In that capacity, he had the primary 
responsibility for the Departments of Sanitation, Air Resources and Water Resources. Dr. Eisenbud holds a 
degree in Electrical Engineering from New York University and two honorary doctorates from Fairly 
Dickerson University and Catholic University of Rio de Janeiro. He is a member of many National and 
International Committees concerned with Public Health. Dr. Eisenbud is the author of numerous papers, 
including a textbook on Environmental Radioactivity, the second edition of which just appeared. 

Next to him, on my left, is Dr. Victor Bond, who is the Associate Director of Life Sciences and Chemistry at 
Brookhaven National Laboratory in Upton, New York. He is internationally known as an expert in the field of 
nuclear medicine, radiation biology and therapy. Dr. Bond served as a medical officer in the U.S. Navy from 
1945 to 1954. For six of these years, he was head of the Experimental Pathology Branch of the Naval 
Radiological Defense Laboratory in San Francisco. Following his tour of duty with the Navy, Dr. Bond joined 
the staff of the Brookhaven National Laboratory's Medical Research Center. He held increasingly 
responsible positions at Brookhaven until he was appointed in his present position as Associate Director of 
the Laboratory in 1967. Dr. Bond is also an Adjunct Professor of Radiology at Columbia University and 
Adjunct Professor of Medicine at the State University of New York at Stony Brook. Dr. Bond is a member of a 
large number of national and international organizations. He has published over 250 papers. He has 
contributed to many books and monographs. Most of us who have been in this business have referred to them 
for a long time. IfI may add a personal note, Dr. Bond has given a number of ideas which I have used in my 
research. 

Last, but not least, on my right, is Dr. Tsivoglou. Dr. Ernest Tsivoglou is a Professor of Civil Engineering at 
the Georgia Institute of Technology in Atlanta, Georgia, where he has been a member of the faculty for the 
past 7 years. Before joining the faculty of Georgia Tech, Dr. Tsivoglou was with the U.S. Public Health Service 
from 1949 to 1966 in Cincinnati and Columbus, Ohio, and Salt Lake City, Utah. In the Public Health Service, 
he was a Sanitary Engineer Director, and was Chief of Physical and Engineering Sciences in the Division of 
Water Supply and Pollution Control. He had various assignments in his Public Health Service career working 
in stream sanitation, radioactive waste control, studies of the fate of pollutants in the environment and 
research in the kinetics of natural processes. He also provided technical assistance and consultation to State, 
Federal, and other National agencies. Dr. Tsivoglou is largely responsible for the recurrence of the 
discussion on environmental radiation standards and emission standards from power reactors. 

Here are the members of our panel; now I would like to ask them, one by one, to give a brief statement of their 
ideas, positions, what else they want to say in terms of the theme of our panel discussion, after which time I 
would appreciate receiving questions. 

EISENBUD: I will confine myself to the subject of krypton-85 because this panel is supposed to discuss the 
pros and cons of containment versus release of krypton-85, the long-lived Noble Gases, of which there is only 
one. We are working in a field in which information is accumulating more rapidly than the risk. We talk about 
the projected per capita dose rates for the year 2050, but that is a long way off. We are dealing with a 10.5-year
half-life nuclide which, at the present time, is being produced in relatively modest amounts. I know, for 
example, that the present world-wide estimate for 1970 was a production of 6.6 MCi. This will go to 102 MCi in 
1980 and up to 1000 MCi by the year 2000 and so on, into the next century. 

We are talking, so far as National policy is concerned, about a relatively small num her of plants that are the 
principal sources ofkrypton-85. It has been noted by several speakers that the reactors put out about 0.1 % or 
less of the krypton-85 so that 99.9% or more will be released by relatively few fuel reprocessing plants. I believe 
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that what is needed is a sort of interim national policy which should be reevaluated every 5 or IO years. From 
my point of view, there is no question that this would call for a containment of the krypton-85 in some form by 
the fuel reprocessing plants. Whether this would need to be done in the long-term, would depend on how a 
number of important questions are answered in the future. I didn't hear any of the speakers question the 
validity of the risk coefficients that have been used by the various speakers and which have their origin in the 
BEffi Report. I would certainly hope, and this is what I mean when I say the information will accumulate 
more rapidly than the risk, that, in the next decade, the biologists would give us answers to some fundamental 
questions, such as: Is there dose rate dependence, and should the risk coefficients which are based on 
relatively massive exposure, be modified accordingly? For a given dose rate, is there a linearity, and is there a 
threshold? 

. When we tal~ about the genetic effects ofradiation and such diseases as leukemia in humans, these are very 
difficult questions to answer. I would hope that Dr. Bond might address himself to this question. One 
difficulty is that the leukemia incidence is normally something like six cases per hundred thousand people per 
year: It is a relatively rare d.is~ase. But sk!~ cancer is the most common of the neoplasms, and, incidently, one 
that is rarely fatal. If the skm is that sensitive to cancer so that we need to be concerned about per capita doses 
of the order of one.to ten mrem per year, it should be possible by epidemiological techniques in a population as 
large as the atomic energy workers to see if they have a higher incidence of skin cancer. The incidence of skin 
cancer in the general population is very high compared to leukemia. It is estimated that one out of four Iight
skinned Australians develop one or more basal carcinomas by the time they are 65 years old. Thus, there is a 
much larger epidemiological base. For example, the uranium refinery workers who handled natural uranium 
and were exposed to the distilled daughter products in the course of the process, received relatively high skin 
doses. This group should be studied. 

In summary, there are some fundamental questions, mainly of a biological nature, which will determine 
whether or not the radiation exposure of the order of background are significant. We should bear in mind that 
these levels will not be approached until sometime in the next century and our National policy should be 
developed accordingly. If my calculations are correct, the present per capita skin dose from krypton-85 is 
about 27 µrem per year and this will increase by 1980 to 0.6 mrem per year, and then to a little less than 1 
mremperyear by the year 1990. Thus, 17or18years from now, the dose will still be less than 1 mremperyear 
on a per capita basis. This would give us time to get the basic biological information and to make the decision 
as to what the National policy should be. 

BOND: First, I would like to thank our Chairman for his very generous introduction. I do not have a prepared 
statement and there is little that I can say that has not already been said. I would like, in essence, to repeat 
several points that have been made. 

First, let me state that I believe in the approach that has been used, of "as low as practicable" and that, "no 
radiation exposure should be given or allowed without good reason and compensating benefits." I also think 
that if we are exposed to a number of risks, this in no way gives us license to be cavalier about exposure to other 
risks. However, I also believe in looking at risks in context and in the philosophy of"as low as reasonable" as 
well as "low as practicable." 

Let me remind you of what was stated this morning. The speakers agreed that the principal dose from 
krypton-85 was to the skin, and that dose to internal organs was a couple of orders of magnitude less than the 
dose to the skin. The figures that were given were of the order of a few mrem sometime in the next century. The 
dose to the whole body would be one or two orders of magnitude below that. In other words, we are talking 
about a small fraction of one mrem per year to the whole body. 

We heard certain data on biological effects. With respect to the effects ofradiation on the skin, no increase in 
skin cancer in those exposed in Hiroshima and Nagasaki have been reported, and a period of approximately 
30 years has elapsed. The exposure. was, of course, at hig~ dos~s and dose rates. ~nd incl~d~d neutron 
irradiation in the exposure in Hiroshima. The report of the Biological Effects of Iomzmg Radiation (BEIR) 
Committee of the NAS/NRC (1972) presented data on a number of cancers which were well-known to result 
from exposure to radiation delivered at high doses and dose rates. The data were insufficient to provide risk 
estimates for skin cancer. 

Numerical risk estimates for a number of other types of cancer were obtained as upper limit risk values by 
interpolation between data obtained at high doses and the ni:'-tur::il ~ncidence at ba~kground exposure levels. 
The BEIR Committee however which was very conservative m its approach, did not feel that the data 
available were adequate to provide risk estimates for skin cancer. ~his go~s along with results available ~om 
some of Dr. Eisenbud's associates, on effects of exposure on the skm of ammals. The curves appear defimt~ly 
to be curvilinear, with increasing slope with increa~ing do~e.1:here also ~ppears to be a dose rate .effect ~h~ch 
generally follows curvilinearity. Also, United Nations Scientific Committee ~n Effec~s of Atomi~ Radia~on 
(UNSCEARReport 1972) which opined on the same da.ta that the BEIR C.ommittee reviewed, p~ovided no nsk 
estimates for skin cancer. The UNSCEAR Committee, however,unhke the BEIR Co':11mittee refused to 
providerisk estimates for any type of cancer for exposure at low doses and dose rate~. This was done o~ the 
basis that the data obtained in man apply only at the high doses and dose :ates at ~hich they. were obta~ned, 
and that the risk estimates obtained at low doses and dose rates o~tamed. by mterpolatio~ very hkely 
overestimate the true risk by a considerable margin. In summary, the nsk of skm cancer, followmg exposure, 
is minimal, indeed. 
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Now, with respect to the removal of krypton, and the approaches to removing it from power plants and from 
reprocessing plants. From what I heard today, it is expensive to do this. Dr. Cohen said that the releases from 
power plants represent only a very small fraction of that from reprocessing plants. Let me remind you that, 
even into the next century, the average dose is 1 mrem per year. As a taxpayer, it seems to me that our money 
could be better spent than outfitting power plants to prevent the release of this isotope. I think that we could 
achieve much more real reduction in the mortality rate by spending this money elsewhere rather than 
spending our money to prevent imaginary deaths from this isotope. 

So, my position then is similar to that of Dr. Eisenbud. I would have to be shown much more than I have 
been shown that there is a biological hazard, or that the dose is higher than has been shown, before I would 
become an advocate of outfitting power plants to reduce the release of krypton-85. I would have questions 
about outfitting the fuel reprocessing plants, but feel less strongly about that. Thank you. 

GAMERTSFELDER: I am beginning to feel a little bit like Hoyt Whipple this morning, and people who have 
talked about all the things that are hard to talk about. I would say, in respect to removing krypton from the 
power plant emissions, that the AEC has not considered doing it at present. There would be no point in doing it 
until there were some effort put into removing it from the major source, which is the reprocessing plant. Now 
with respect to reprocessing plants, the AEC has no definite plans to remove krypton, but the people who.are 
operating reprocessing plants have been told and have cooperated in providing enough space in their plants 
so that, in the future, when the equipment is developed, it could be put in. The bulk of exposure results from 
releases of krypton in countries other than the United States. It seems to me that if it becomes technically 
desirable as well as morally desirable to remove krypton from our fuel reprocessing plants, there should be 
some kind of international cooperation. We could get a lot more by getting some cooperation from our 
neighbors. I do not know if I have enough information to say when these things ought to take place. I would 
leave that to, I guess, the State Department. 

TSIVOGLOU: I do have some prepared comments that I would-like to make before we get to the question 
period. I feel like everybody else here on the platform that all my stuff has been stolen before the discussion got 
to me, but that happens. If you will bear with me, I would like to read these comments, because I find I stay out 
of trouble better that way. 

The question of containment versus environmental release is far from new in the pollution control business. 
The same old question has been raised in connection with virtually every pollutant that has appeared on the 
scene. And it has been the principal question that I have contended with since I began working in this field 
some 20 years or so ago. The arguments from both the proponents and the opponents of environmental release 
are still also much the same. I don't think anybody here will be surprised to find that I am opposed to a policy 
of unnecessary environmental dispersal of the radioactive noble gases that result from nuclear power 
generation.We have seen a lot of progress in the last few years, let me say in the last four or five years. I recall 
as though it were yesterday the arguments in Minnesota that there was no technology available to reduce the 
stack releases from nuclear power plants; that the cost of doing so would be outrageous and would stifle the 
growth of the industry; and that releases up to the AEC limits would not hurt anybody anyway. Yet, in the 
short space off our years, we have seen the development of an excellent containment technology. We have seen 
that the actual costs are not that unreasonable. The industry still seems to be in a healthy state. And there has 
been a sharp reduction in the release limits that used to be regarded as acceptable. 

It appears to me that the earlier real problems associated with noble gas releases from reactors are solved in 
the large sense and under much improved control, and that such releases can be expected to be truly minimal 
in the future. Therefore, I would like to confine my remarks here to the matter of release of krypton-85 from fuel 
recovery plants. We all seem to agree that that is the major noble gas problem that confronts us. Now, I too 
have a few numbers. They are crude numbers and I will duck as rapidly as possible later if anybody tries to pin 
me down on all of the assumptions, on which exponential curves I have used, and what references I am citing. 
An eight hundred megawatt nuclear generating plant of the Dresden-II type will have something like a half 
million curies of krypton-85 in the fuel rods after an initial twelve months of operation at full capacity. A 
considerably larger inventory will accumulate as operation continues, depending upon the operating level, 
frequency offuel changes, and so on. There should be very little loss, we all agree on that, so that essentially all 
of that krypton-85 will go to a fuel recovery plant. The current generation of commercial fuel recovery plants 
envisions release to the atmosphere of all krypton-85 received. The Allied Gulf Plant at Barnwell, South 
Carolina, expects an atmospheric release in the neighborhood of about twelve million curies a year when 
operating at full capacity. TheGE Midwest Fuel Recovery Plant projects an annual release of about three and 
a half million curies, but I understand that is operating one shift. The Nuclear Field Services Plant in New 
York State is currently shutdown for improvements. With the backlog of fuel that is accumulating for 
processing it seems safe to assume that all of these recovery plants, all three, will be operating at full capacity 
as soon as possible. So that within a very short time, with only those three plants in full-capacity operation, we 
can expect a combined release of20 to 30 million curies a year ofkrypton-85. And that is the immediate future. 
As more generating plants come on line over the next two decades or so, there will be an increasing need for 
fuel recovery capacity, and the annual krypton-85 release will increase accordingly. By the end of the century 
then, according to my horseback numbers, if we go on the way we are, we alone will have released somewhere 
around a half a billion or more curies of krypton-85 to the environment. Let us admit right off the bat that it 
would undoubtedly be most difficult to prevent the escape of some of this gas and there are bound to be 
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occasional small releases. I am not an adherent of the currently popular zero-pollution cult either. I am a 
physicist among other things, and to me zero is an absolute, not a hazy concept. It is a word that is being used 
just a little too loosely today by politicans and, sometimes, by people who should know better. However to me 
the proponents of unrestrained environmental release represent the extreme opposite. Now they would leav~ 
future generations a legacy of world-wide contamination that I have to regard as inexcuseable. Perhaps the 
key to this problem is the matter of need. Ifl were able to convince myself that we were incapable of developing 
a suitable technology for krypton-85 containment or so destitute of money that we could not afford to contain 
it, then perhaps I might be more willing to go along for a time with a temporary policy of environmental 
release. But, I simply do not believe that such a real and honest need exists. 

Let me recall briefly some of the arguments. The arguments against containment involve again the 
question of available technology (do we know how to do it?), the matter of whether we can afford the cost the 
question of proof of harm, and the possibility of accidental release of the stored krypton-85. ' 

Perhaps this example will help explain my attitude a little better. About two years ago I published a paper 
in which I called for containment of krypton-85 from fuel recovery plants. Shortly ther~after I was told by 
representatives ?fthe ind us.try "w~ would be glad to capture and store the krypton-85, but there' is no practical 
technology available that is apphcable on a full scale for a plant just like ours." It seems to me I am being 
presented ~th the.question of which came first, the chicken or the egg. Of course, the technology needed to be 
developed just as it needed to be developed four years ago to control the stack releases from boiling water 
reactors. I have too much faith, in essence, in the skills of our engineers and scientists to accept the argument 
that there is no available technology. From what I see of the program, and from what I have heard here and in 
the halls, I gather that there is fairly general agreement now that the technology is available, or can be very 
shortly. As for the cost, coming up with a cost that is reasonable appears to me to be an integral part of 
developing a practical technology for containment. The problem of potential accidents with the stored 
krypton-85 is also technological in nature: I can't belive that we are unable to design a storage facility that can 
safely contain or disperse the relatively small quantities of gas that might escape if a tank were to rupture. 
And so I come finally to the old proof of harm argument, like who would be hurt anyway if we were to release it 
all? I must confess that I cannot prove and I would not attempt to that a billion or two curies of krypton-85 in 
the world environment will harm anybody. But I also must confess that I do not have infinite faith in the 
wisdom of those who decide what is safe and what isn't. To gamble now that no future harm can result from a 
policy of environmental release, to be so certain ofourinfinite wisdom, is to me to gamble with the well-being of 
future generations. 

It is well, too, to remember that these little gambles can add up to larger ones. Krypton-85 is not the only 
radioisotope that we have around. And so I come back to the matter of need. In my view, the only acceptable 
justification for a policy of environmental release ofkrypton-85 would be a real and convincing proof of need. 
Unless I can convince myself that environmental release is a real and pressing necessity,~ unwilling to 
gamble, even in a small way, with the well-being of future generations. I am afraid I remain ynconvinced that 
there is a need. I think we will know, in a very short time, whether our technological people are capable of 
developing containment processes that are effective, reasonable in cost, and safe. If my faith in their skill 
proves to be unfounded, I will hang my head. 

MOGHISSI: Thank you members of the panel.Now is the time for questioning. 

NEWMAN: I am Bob Newman with Allied Gulf Nuclear Services. When we first announced to the 
Commissioners of the AEC in February of 1968 that we intended to build a plant in Barnwell, South Carolina, 
we made the commitment that the plant would be designed to accommodate krypton capture facilities as far as 
space is concerned, connections, penetrations, and so forth. It was quali;fied; it i~ still qualified. We need ~o 
know when the cost benefit study or risk benefit or both warrants such an mstallat10n, when the technology ~s 
available and when criteria and methods of storage are developed. I can tell you that when our plan.t m 
Barnwell goes into operation, it will have incorporated in it fac~lities for pollutio:r;i abatement in e~cess of suety 
million dollars. I do not think we are skimping, nor are we trymg to delay. We, m our present chmate, ~ccept 
the linear dose relationship. We have our doubts, but we see no choice at the present time bu~ to accept it. We 
especially have doubts, as has been brought out here, on the e!fect oflow exp.osures to the skm from krypton. 
Even so, we are going ahead and assume it can be used as a bas~s. We do not thmk the In.dustry should respond 
to emotion. I was in Washington, talking to one of the Agencies. One of the fir,~t questions that ca!Ile up ~as, 
"when are you going to start capturing krypton?" I say, "why? why should we? The answer was simply, ~he 
public demands it." Not one technical reason, not one justification, 1?-ot one health. relate? re~s?n for captunng 
it but the public demands it. I do not think the Industry can go on this way. There is a finite hm1t to then.umber 
of dollars we have. I want to see our dollars spent in the right way to ~o the ~ost good. We agree with the 
principle of "as low as practicable." Licensing boards n?w ~re applymg this to workers as well as to the 
public. I think one can opine from authoritative sources, projections of future doses of krypto~-85 for the year 
2000 vary by almost two orders of magnitude. I think this is ~me. problem tha~ w.e are !ac~d with. T~e experts 
should be able to get together and say this is a reasonable projection and a realistic pr?jection on w~1ch we ca.n 
d l · I second the suggestion that as much work should be done as practical on definmg what is oourp annmg. . . Ar h · rt t?H d tt h 
the consequence of the skin exposure to very low levels ofradiat10n. et ey i~po a~ · ow oes one a ac 
a dollar value to them? What is the value of a man-rem of very low level skm dose. 
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I do not think there is technology available which we would want to recommend to our management. I am 
sure there is at least one person in this room that disagrees with me from the comments I heard before. I do not 
think that we can obtain designer assistance for a technology which we could license through the AEC, 
meeting all their safety requirements.I am a chemical engineer. I have spent most of my career in the chemical 
business. I know the countless times the gas purification systems have failed because of trace impurities not 
recognized. You can synthesize a gas mixture and demonstrate a purification system. But, as in the case of 
krypton recovery facilities in operation today, trace impurities can lick you. The long-term storage has not 
really been looked at. Yes, it is feasible, but it has not really been addressed and engineered and the safety 
implications considered. Accidents do have to be looked at, we do not have enough knowledge yet to really 
assess the potential nor the consequences of an accident. Dr. Morgan, I will agree, the health physicists have 
done a fantastic job, but if you have radiochemical plant processes, from time to time, you have to do some 
maintenance and you are going to get some exposure. Is it safe? I think it is safe. Is it as low as practicable? I do 
not know, but still it is a trade-off. 

MOGHISSI: Please make your statement brief and put your questions to the panel. 

NEWMAN: I would like the~ panel to answer the following questions: 1. Define how the public can be 
educated in the real life of the potential consequences of krypton release. 2. How can the Industry, and that is 
used in the broad sense, the whole nuclear community, obtain well defined and supportable numbers on which 
we can make projections and plans. 3. How can we get the AEC, or maybe EPA, to set forth the overall criteria 
to which krypton recovery facilities should be addressed and on which you would base your decision to install 
the krypton recovery facilities including how does one weigh one number vs. another when they are not in 
consistent units. And, finally, can we get this whole thing on a real life basis and eliminate, at least within our 
own house, the emotion and hysteria? 

MOGHISSI: Does any one of the panel members volunteer to answer all these questions? 

EISENBUD: I cannot answer any of them, but I would like to ask one more question which I think perhaps 
Dr. Gamertsfelder can answer. Is there a krypton recovery system in existence today which the Commission is 
prepared to license? 

MOGHISSI: The question is for Dr. Gamertsfelder. The last question first and then we go on to the other 
questions. 

GAMERTSFELDER: I know of none and I do not think our licensing people know of any either. I do not 
think the research work has been done to clean up the gas streams that the krypton collection system would 
have to have before it could be operated. The initial stream has nitrogen oxides, hydrogen, oxygen, and 
various other things which have to be looked at from a safety standpoint as well as from an economic one. 

TSIVOGLOU: Ithoughtl heard a littler earlier from Jim Martin of EPA, that EPA has reached a conclusion 
that there is a technology, that is either available or very close to it, for krypton removal from fuel recovery 
plants. I even thought I heard him put a figure of about ten million dollars on it which, let us suppose, is 
optimistic - perhaps it will cost somewhat more than that. So I am a little confused really in the sense of what 
stage of technology we are. I presume that the EPA and AEC have been working together and are aware of 
everything that everybody else is doing. Perhaps somebody from EPA would like to comment on the stage of 
their investigations in the technology. 

MOGHISSI: BeforethesomebodyfromEPAcomes, there is somebody from Industry who would like to make 
a statement. 

DA VIS: (Linde) Two years ago when the fuel reprocessing plant in Morris, Ill., went out for bids for a krypton-
85 recovery system, we provided them with a commercially proven system using components that have been 
used for the last 50 years in the chemical industry which would give krypton recovery within 99%. Cryogenic 
systems and their present state-of-the-art are such that there are probably over a thousand plants in the world, 
some processing over twelve million cubic feet of gas an hour, and these plants operate 99% on stream time. 
For the Morris facility, we were talking about $800,000 for installed equipment or purchased equipment, and 
probably $1,500,000 in installed units and utilities. Operating costs are about two to three hundred dollars per 
day. I think that our paper in this Symposium shows that technology is here, it comes from a different area and 
has been used and proven thoroughly in many other applications outside the nuclear industry. We have the 
technology and even though its components are drawn from other fields, itis available. 

MOGHISSI: Is Jim Martin here? Jim, a question was put to you. EPA has made a decision to recommend the 
collection of krypton from fuel reprocessing plants. Has this decision been discussed with the AEC? 

MARTIN: Carl (Gamertsfelder) can answer that question for you. Yes, it definitely has been. The AEC does 
raise points that are fair.We do not blame them one bit for being unsure that the system can be made, not only 
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to perform to meet an environmental standard, but also that it can be made to perform in a way that it won't 
blow up in somebody's face. I submit that these are technical problems that can be overcome within a 
reasonable time. What is lacking is the decision to get on with the solution of those technical problems. Now 
as an Agency, we are trying to be quite fair in allowing or recommending a time period that is reasonable k, 
wor~ to~ard those solutions. But, we are ready to bite the bullet and say it has got to come out. Once you get 
movm~, it may not perform at 99%. You may have leakage, you may only get 90%, but until you start, you are 
no.t gom~ to get these problems solved an~ I .think that what has been holding us up, perhaps the starting of 
th~s.part1cuh~r·approach, has been the conv1ct10n that is tied to the things that I tried to point out in my paper at 
this Symposium. We have not really looked at the total impact of the decision. In view of the comments from 
Lind~, and several other places, we are not convinced that the arguments that the technology is not available 
are valid. We are prepared to admit that it's not demonstrated, but we believe that we are close to it. 

EISENBl!D: My. instinct w?uld lead me ~o believe that this is why we should not freeze the National policy 
around a smgle piece of equipment or a smgle performance standard. When I said that I thought that the 
information was accumulating faster than the risk, I was not talking entirely about the biological 
information; I meant the engineering information too. It might be useful, as a matter of National policy, to go 
through a 5- or 10-year period of demonstration of these plants seel.ng to it that one installation uses 
cryogenics, if this seems reasonable. I think the technology will eventually prove to be feasible from what I 
have seen from the literature. I think that we are probably almost there. I would hate to see us making the same 
mistake in the nuclear industry as they have made in the automobile industry in mandating a short time table 
for emissions controls which will lead to installation of ineffective hardware which will not do the job in the 
long-run. 

BOND: I agree with Dr. Eisen bud. I do not see a reason for a crash program or for hasty regulations in this 
area. The low doses to which we are exposed in the present state of the technology are such that we have plenty 
of time to evaluate more thoroughly than has been done up to the present. I would also bring up something that 
was touched on several times and that has to do with the trade-off in risk - real vs. hypothetical risk; if the 
material is concentrated versus dispersing it widely. It has been stated that if one wishes to spend the 
necessary amount of money, the gas can be concentrated with a minimum exposure rate to the individuals 
concerned. However, I would expect that the cost would be considerable. While, perhaps, all persons are 
created equal, not all man-rems are. If we concentrate the material, we now have large amounts ofradioactive 
isotopes and large amounts ofradiation in a single location. I have dealt enough with accidents generally, and 
with nuclear installations to appreciate fuliy the human elenient.-Acciclents have occurred-and they will occur. 
I do not have much faith in probabilities of accidents. I know that accidents have occurred where it is 
inconceivable that they could have occurred and substantial exposures have been sustained. What I am 
getting at, basically, is that what we may be trading is an unsubstantiated hypothetical risk from the material 
widely dispersed versus a strong possibility of a real obvious hazard to individuals resulting from the 
concentration and storage of the materials. 
TSIVOGLOU: I would like to clarify something. I did not intend to call for a "crash program." I do not think 
that is what Dr. Martin of EPA was speaking about either. I have not heard anybody here, including myself, 
say that a crash program is necessary. I have heard people indicate that what we really need is a decision to go 
ahead. Because we do not even have a decision to go ahead yet, I am with Merrill Eisen bud, completely. In the 
sense of a time lapse, if we, today, got a decision to go ahead, from the way things have gone, it looks like five 
years is the minimum before there will be anything in operation. So, nobody is calling for a crash program. 

GESELL: I am with the University of Texas School of Public Health. I just had the thunder stolen out of my 
question. Both the AEC and the EPA have a history of supporting research on tec~nology for preve~tin? 
environmental contamination for instance the research on the emergency core coohng. I was wondenng if 
there were any plans, and I a-di addressing this to any spokesman from EPA or AEC who might be here, for 
support and funding research on krypton removal. 

MOGHISSI: Carl, I think you would be the right person to answer that question. 

GAMERTSFELDER: I cannot say that there are funds available at the present time. I. know. the. subject is 
being discussed within theAEC, but decisions of that kind are not made by a few people discussmg it. It takes 
time. 

MOGHISSI: Any more comments? 

BENDIXSEN: (Allied Chemical, Idaho) The last comments have been very interesting to me since _we 
happen to be recovering krypton-85 in a distillation facility. Who is going ~o fund th~ first ?emonstration 
facility - EPA, AEC, or the industry? I do not count the unit we are operatmg !ls the first umt. Anyo.ne ~ho 
has looked at the reports we have published knows that we do not say that, and i~they look at our effic1enc~es, 
they know that it is not the demonstration unit. Since we have a good representatioi:;i on the panel, I ~ould hke 
to ask who is going to fund it? I might tell you right at the moment, there is no~ a~y fundml!!' f~r a 
demonstration unit. There is funding at Oak Ridge for a certain development work for a hqu1d carbon d1ox1de. 
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There has been some for a fluorocarbon system. There is no funding at all for a cryogenic system within the 
AEC. There has just begun this last fiscal year some funding to start looking at the containment and disposal 
of krypton-85. But let me return to my initial question. Who should fund it? EPA, AEC, or Industry? 

EISENBUD: I will volunteer to answer this question because it is something that I feel very strongly about. I 
think that the National policy to put the AEC into the R&D business, for the first 20 or 25 years in the so-called 
atomic era was very sound, and could be justified. But we now have a nuclear industry which is building 30 or 
40 reactors a year. At the present time, more than 200 nuclear power plants will be built in the next six or seven 
years, It is a fifty or hundred billion dollar industry. That industry consists of four or five manufacturers and 
two or three reprocessors. I suggest that Industry should set up the money to fund the research and not expect 
Uncle Sam to do it for you. 

TSIVOGLOU: I cannot resist saying Amen. 

BENDIXSEN: Let me point out that I am employed by the Government too. I am employed by Allied 
Chemical, but we are under subcontract to the AEC. I only do what they have told us to do and fund us to do at 
the moment. 

EISENBUD: Pardon me ifl point my finger. YourCompanyis one of the largest industries in the world. You 
have got to get together and develop the mechanisms for doing this internally. 

BENDIXSEN: Please do not take my words as a member employee of Allied Chemical as any position of 
Allied Chemical. I have spent the last eight years in the same office and I have worked for three different 
companies. Those three companies have had the same subcontract with the AEC. So my company loyalty 
should not mean that I am stating something for Allied Chemical. 

DEMPSEY: I am with the Division of Waste Management and Transportation. We are the Division 
responsible for evaluating and developing containment technology and we have a program with Allied 
Chemical at present. They finished a study on their cryogenic technology and put costs down for making a full 
stage system. Our plan is to go on to a demonstration by 1979. In the meantime, we are looking at the storage 
aspects. 

PRETRE: (Switzerland) I would like to support what Dr. Bond has just said. May I recall that there is on one 
side, the general public, and, on the other, the personnel of the plant. The man-rem situation now is roughly as 
follows: For the public around the plant, the exposure between one and ten man-rem per year and for the 
personnel in the plant it is between one hundred and one thousand man-rem per year. That means the dose in 
the plant is two orders of magnitude higher than the dose outside the plant, It seems, therefore, that we have 
already passed the optimum. It is also important to realize that the man-rem for the personnel in the plant are 
real man-rem absorbed at high dose rates. On the other side, the few man-rem absorbed by the public are 
calculated and if they are really absorbed, they are at low dose rates. So, any additional retention of 
radioactivity in the plant will increase the total of man-rem instead of decreasing it. Therefore, it might be 
completely wrong to further concentrate all the radioactivity at the same point. 

STRONG: I am with the Atomic Energy Commission, Licensing. I would like to address my question to Drs. 
Eisenbud and Bond. I was intrigued by Dr. Eisen bud's comment that he expected that, within the reasonably 
near future, we might expect information from biological studies that would resolve current problems 
regarding thresholds for cancer reduction: Linear versus other probability functions, etc. I wonder if you 
would expand on this and perhaps indicate what might represent reasonably conclusive evidence. 

BOND: Let me say that at the time the BEIR Committee was reviewing data available to them, relatively 
little - this might be surprising to you - but relatively small amounts of data on late effects in animals were 
available to that group. A few years ago, a large amount of work, financed by the Atomic Energy Commission, 
was undertaken to evaluate such things as the shape of dose effect curves for different types of tumors in 
animals, the possibility of dose rate effect, RBE, and so forth. These experiments took years to complete. The 
data had not become available at the time of the BEIR Committee or the UNSCEAR Committee's 
deliberations. As a result, members of the BEIR Committee paid very little attention to animal data in their 
deliberations. They paid most attention to the relatively poor data available on the human. The UNSCEAR 
Committee, on the other hand, paid more attention to animal data, even then available, and took a far less 
conservative position in their report than did the BEIR Committee. Since the publication of these reports, data 
from these experiments that have been in preparation, are becoming available. These data are not published, 
as yet, but I have seen preprints. I will give you my interpretation that the data indicate that the bulk of 
animal tumors will show a curvilinear dose-effect relationship with increasing slope. They also indicate that a 
dose rate factor will apply in a number of situations. In addition, there are techniques open to us now at a very 
fundamental level to evaluate better, both somatic and genetic effects of radiation. I would expect, over the 
next few years, the data available to us and our ability to interpret these data, will be markedly improved over 
what they were at the time of the BEIR and UNSCEAR reports were written. 
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EISENBUD: It would ?e presumptuous of me to say that I agree with what Dr. Bond says, but I certainly do. I 
would add one more pomt. There is an admirable tendency now to reevaluate old animal and human data. A 
recent paper by two of my own colleagues, Drs. Albert and Altshuler looked at not only radiation tumors, but 
cigarette smoking. In examining both the human data and the anim~l data, they have shown that as the dose 
goes down, the delay in onset of the tumoris longer. Of course Robley Evans was the first to point this out, and 
he coined a term "practical threshold." He pointed out that the radium dial painters who had lower body 
burdens of radium took longer to develop the bone cancers. So, that in theory, if the incubation period is longer 
than the life of the person, the dose cannot be termed carcinogenic, because death will result from other causes. 

KIRK: (~PA) .I hate to muddy the waters at all, but there was a paper several years ago by Dunster and 
Warner m which they stated the opinion that the first group that would start receiving significant radiation 
expo~ure to krypton w<?uld probably be the people in the air products industries, recovering the krypton from 
the air. We may be tradmg off a high radiation dose to a segment of the population in the radiation industry to 
avoi~ a higher man-rem dose to a segment of a population outside of the nuclear industry. 

SOLD AT: I am with Battelle Northwest, Richland, Washington. I would like to make two points. First, I do 
not want anyone to leave the room with the impression that the utility industry is sponsoring absolutely no 
research and development effort in terms of nuclear safety. This is an impression that might be gained from 
some of the things that were said here today. And second, I would like to restate what Dr. Bengston of the 
I CRP .stated two weeks ago at the meeting of the International Radiation Protection Association. He said that 
it is perfectly logical to use reasoning that was used in the BEIR Report to arrive at dose limits. But, it is not 
equally logical to use such ultra conservative reasoning to calculate the effects of these doses. 

MARTIN: (EPA) I raised another question earlier that fits into this argument of looking at the long-term 
commitment of the decision to dispose of pollutants in a certain way. It involves radon from our monuments 
called "tailing piles." I would like to have the panel comment on that, while I think we have bogged down in a 
morass here on krypton-85 and the battle lines and the opinion lines are pretty well drawn. Could we have 
some comment on radon? 

BOND: I cannot comment, in deptJ;i, and would like to say only that I have been rather surprised at the time 
delay in effecting measures to reduce the exposure of miners. It was known many many years ago, in the last 
century, in deep mines in Europe, that miners did develop lung cancer. This was associated with radiation 
exposure. Yet, this went on for years without effective protection and it is only recently that adequate 
measures have been put into effect. I would also like to say that, with the exposure to radon, the doses received 
by the bronchial epithelium of the miners are quite high and very much higher than what we are talking about 
from krypton. Furthermore, exposure from radon is to alpha emitters, not beta emitters, so the problems are 
not comparable, at all, in that respect. 

TSIVOGLOU: I feel some urge to comment since I guess the first nuclear work I did involved studies ofradon 
and its daughter products in uranium mines back in 1952. Dr. Bond commented very justly on the long-time 
delay between the time we knew what to do, and the time anyone actually got down to work and began to try to 
protect uranium miners. My recollection of the time delay is something like 15 or 18 years. We knew in 1953 or 
1954 that if we ventilated a uranium mine we could cut these doses down. This is a good example because it is 
the crux of the matter that we have here about krypton. The time delay occurred because we could not get a 
decision anywhere to go ahead and do something, because people argued and kept arguing. The Atomic 
Energy Commission, under the Atomic Energy Act, had no authority, it said, to do anything. The Public 
Health Service, at that time, felt that it did not have jurisdiction within a state boundary. And yet, the States in 
the early fifties and mid-fifties had no competence in the nuclear field. Who was to advise them? How was 
anybody to get a decision? It took 15or17 years to get a decision, and you know who made it? The Department 
of Labor under the Walsh-Healy Act. This is the same problem that bothers me now. And it is the problem that 
Jim Martin brought up on containment ofkrypton-85. No one wants a crash program, but I think we do have 
an urgent need for a decision. 

EISENBUD: Well Dr. Tsivoglou, if you and I ever found ourselves on the same platform back in the 
Minnesota days, and I am surprised that we didn't because I thought you and I were on every platform and in 
every discussion group during the late 60's. You were then arguing against the right of the Federal 
government to preempt health and safety in respect to these matters, had we been on the same platform, and 
knowing of your experience, I would have pointed out to you, Ernie, that the reason that mess in the Southwest 
developed which was absolutely inexcusable, was because of a quirk in the law which made it possible for the 
AEC to in'terpret that the State should regulate that particular problem. Since 1936 or 1937, established by 
NCRP for a completely different reason, there was a radon standard which may have been arrived at in the 
wrong way since we were not very sophisticated, but the recommended value prior to World War II was not too 
far off. Had it been adopted by the States, there would be several hundred men alive today who have since died 
of lung cancer. 
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TSIVOGLOU: That is absolutely correct. Had the standard for occupational protection that was available 
been adopted, it would have worked. However, the States had no competence in this field. In 1953 and there
abouts, there were not a lot of experts who even knew how to calculate simple radioactive decay. Merrill, if I 
heard you right, I think I may have been accused of saying I want the Feds to preempt now, although I did not 
in Minnesota. I think the Feds need to preempt where the States are not capable. However, I make no apology 
for my position in Minnesota, I think the States, many of them, have gotten to the point where they are 
entirely competent to regulate in the nuclear field. So that- I am a States-righter, let us face it. 

BOND: I would submit that the parallel drawn by Dr. Tsivoglou is dubious, to say the least. What I mean is 
that, with the uranium miners, there was very little, if any, question that real harm was being done. The doses 
were high. The miners did have lung cancer. The role of smoking was and still is incompletely evaluated, but 
there was no question that those exposures to radon represented an occupational exposure resulting in serious 
damage. The problem should have been taken care of. Now contrast that with the krypton problem. As we 
have gone into many times during this meeting, the dose from this source is well below even current so-called 
"population standards" for the general public. Harm has not been demonstrated. It has been calculated that 
at these low doses in mice, the number of animals that would be required to determine an effect would be up in 
the billions, so high that one could not possibly conduct the experiment. So that, on the one hand, we are 
dealing with a real hazard; on the other hand, we are dealing with a supposed hazard. 

HOLADAY: I am going to surprise you Alan (Moghissi) and not discuss the history of the uranium miner 
business because my blood pressure can get a lot higher than Ernie's (Tsivoglou). I will just make one 
comment. There is enough blame in that whole business to pass around and everybody from the Department 
of Labor, down to any State Bureau of Mines, all the way through, can pick up his proper share and there is 
still plenty left. What I came up here for was to speak to the question that was asked about the "tailing piles" of 
radon which all the panel carefully ducked around. This is one of those things that, looking at it, you can see 
no real excuse for not taking care of it. I personally cannot get concerned about the amount of radon released 
from a "tailing pile" in Shiprock, New Mexico, compared with what is coming out of a few hundred square 
miles around that place. In other words, you can completely stop the radon emission from that source and you 
will never notice the difference. The problem ofcontrolling abandoned "tailing piles" from mines is not new. It 
has been taken care of, many times, merely on the basis that the stuff blowing around was a nuisance to the 
community and the area. The people who owned the mill hauled in dirt and covered it up and stabilized the 
thing just on the basis of being a good neighbor. I suspect that, here, the problem is that if they came back and 
stabilized them, their lawyers would tell them that somebody will say that they are admitting guilt. The 
problem is a simple one to cure. It just costs money. 

MORGAN: I would like to comment on some of the remarks of my good friend, Vic Bond. I would interpret 
what he said that he is somewhat depreciating the application of the linear hypothesis at low doses and low 
dose rates. I am not sure whether Vic was in attendance at the meetings of the Congress of the International 
Radiation Protection Association in Washington, a few days back. At that Congress, there were some very 
well known and respected persons who presented some reasons why, at low doses and low dose rates, 
theoretically at least, one might expect a much greater risk per rem than at higher doses and dose rates. Also 
at the hearings in Aliquippa, Pennsylvania, in response to allegations of Sternglass, that the Shippingport 
nuclear power plant had damaged the neighboring population, Dr. Bross brought out some of this research 
results of the tri-state studies which indicate that, in a population, there are critical groups such as those with 
asthma who seem to suffer far more from the effects oflow doses ofradiation than the average member of the 
population. One might argue that we are not concerned in these statistics with small groups, but this group of 
asthmatics is not a small group in a world population. So, I for one, would feel much more comfortable if in the 
next decade, we would ~ink in. terms of dev!lloping techniques to remove the krypton-85, get rid of these 10 
mrem per year to the skm and, m the meantime, hope that we have been overly conservative and protecting 
these critical segments of the population. 

BOND: I do not know to whom at the IRPA meeting Dr. Morgan was referring to specifically r have seen 
reports of several individuals who do feel that, perhaps, the risk is greater at low doses and dose r~tes than the 
linear hypothesis would indicate. Oftidal, for instance, was one. Others have attempted to repeat that work 
and have been unaf>le to. I have seen estimates of this nature derived from the data in Hiroshima and 
N agaskai. These data are heavily weighed by a neutron radiation component. In other words the people w 
not exposed to a single radiation and, therefore, conclusions drawn from these data on the effects of lo LET 
radiations, to my mind, are not valid. With respect to Bross in Buffalo, there are others who very s ~- 1 disagree with his work and with his conclusions. (P. G. Smith, e_t al., British Medical Journal 27 Men~~;[. 
Hollacher, T. C., M. E. J. Med., 287:887, 1972). Bross started with leukemic children and cl~im d ~l t th' 
relative risk of this disease from in-utero exposure was greater in those with a "marker" (viral: b ~ . ~ 
infection; allergy) disease. Those who disagree start with children who have a "marker" disease rd fl ena 
greater incidence ofleukemia in those irradiated in-utero versus those not exposed. The conclusio~1.1 th nt t~o 
markers are associated with leukemia, irradiated or not, and that in-utero exposure is a "red h is. a,, I e 
summary, I know of no convincing data indicating that the "linear hypothesis" is other than c ernng .. n 
with respect to exposure at low doses and dose rates. onservative 
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CHIRIWOLU: <q-f~bs and Hill) The tendency here, today, seems to be that we should not be bothered by any 
relea~e as long as it is not proven to be harmful. I think we should go the other way around. As long as it is not 
defimtely proven to be harmless, we should try to separate it and contain it till we know it is safe to release it. 

STEI~DLE~: (Argonne) There has been remarkably little practical information that has come out of this 
panel discuss10.n. I am wondering if the costs of a krypton retention system, like waste management cost, in 
general, are gomg to be passed on to the guy who turns on the electricity. Can we get an estimate of what 
fraction of the power costs you anticipate to be involved in the krypton system? 

EISENBUD: I will answer that by saying that! do not think anybody here really knows and I do not think it 
really matters. This argument has been used in such a way that you simply pile engineered safeguard upon 
engi~eered safeguard until far beyond the importance to the additional cost of power, is the fact that you end 
up with a plant that becomes very difficult to operate. I believe that many of the operating problems of the 
present generation of nuclear reactors is because of the application of redundant safeguards. They simply 
provide more and more opportunities for something to go wrong. 

MOGHISSI: Carl, would you like to volunteer to give an answer if you have any number? 

GAMERTSFELDER: Give me a few minutes. I might have a rough number. Based on certain comparisons 
with radioactive waste systems for power plants, I made a very rough calculation for krypton removal from 
reprocessing plants. The cost would be a very small fraction of a cent per kWh, somewhere in the 
neighborhood ofl0-4 to10-3 cent per kWh. 

MATUSZEK: (New York Health Department) Unfortunately, what might come to the public, out of this 
discussion, is that there should be a major National policy to go to containment, particularly as Jim Martin is 
proposing it and Ernie (Tsivoglou) is in generi:tl agreement. Unfortunately we are not an island. Unless EPA 
plans to build a plastic dome around the United States, this reinforces what Carl Gamertsfelder said, just 
briefly, in his comments, that the rest of the world may not agree with us. The result of all this National policy, 
including time, effort, research, and money may be an inconsequential reduction of the dose to the world 
population. · 

SNYDER: (Oak Ridge) I was going to raise the same question, but I will try to phrase it slightly different. By 
one of the estimates used today, the present reactors going into commission will be operating in the year 2000 
or there abouts and, consequently, if this pattern persists, then you are faced with an industry which is saddled 
with a policy and this is very difficult to reverse. We have seen it in the case of radon. We have seen it in 
the medical profession and so on. In other words, it is more difficult to reverse a policy once it is entrenched or, 
at least, Ithinkthat is the general course of experience, than it is to take steps in time.Now, the question is how 
close are we to that time. And I think perhaps the panel might wish to comment on this point. 

EISENBUD: I have a few numbers that I could read. I thought I gave them earlier. It is true Walt (Snyder), 
that the reactors we are building today will be operating in the twenty-first century. However, the reactors 
that are already built are delivering a per capita dose of approximately 27 µrad per year. And if we made no 
change in technoiogy, by the year 2000, the dose from the thousand reactors that will be operating in the 
world, will be 2.7 mrem per year. I have tried to make the point that, in my opinion, we have five years to 
formulate a National policy which will give us hardware that will do the job effectively without trade-offs 
that may be undesirable. 

NELSON: (Environmental Protection Agency) There were some comments made earlier on the trade-off 
between the anticipated dose to the radiation workers which compared with the low, but nevertheless, existent 
dose to the general population. I would like to query the panel on this subject. The radiation worker is working 
voluntarily at his task whereas the general dose is given to anyone who happens to be downwind of the source. 

TSIVOGLOU: Of course this is part of what has bothered me for a long time. In our great wisdom, we are 
making decisions for all of th~ general public and what we think they ought to be e~I?ose? to~ where ~h~y do not 
understand what is going on m the first place, and where they have no real participat10n m a dec1s10n. I am 
afraid of decisions like that. I do not like to decide that the whole public can absorb such and such dose without 
knowing what I am doing. And I think Neil Nelson made the point that the radiation worker knows, we hope 
he knows what he is doing and he is a radiation worker by his own free choice. When it comes to how much 
radiation' dose we will subj~ct people to, we are tending not to give people any choice. 

BOND: I think both of these considerations work out better in theory than in practice. I question, very much, 
that most radiation workers appreciate what the risk is. Sure, an effort is made, particularly recently, to 
explain this to them, but I am not sure how.much th~y appreci:ite it. The other thing i~, I am ~ot ~ure how mu~h 
we in the practical world really have choices. For instance, if we do not want to dnve or nde m a car, we, m 
pri~ciple, have that optio:i. I '!o_uld ask anyon~ to bec?me practical about it and see i.f you can get a~ong in t~is 
modem day world without dnving a car. Again, I thmk these arguments are fine, m theory, but, m practice, 
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they break down. The public, at large, does benefit from power generation, so there is that trade-off. Finall~, 
why should any group force large expenditures on the public to save them from the hypothetical risk whe!1, if 
they were informed and had a choice, they might well prefer to expend the money to reduce the real and serious 
risks to which they are exposed. 

MOGHISSI: Ifl may put the last question of the day. I was recently invited to talk in a civic club. One of the 
very nice ladies put a question to me which I am going to put to the panel. The question is as follows: The 
release ofkrypton-85 by industrialized nations violates the spirit of the Test Ban Treaty because, and that was 
the way she put it, the risk is being given to the total population of the world, while the benefit goes to selected 
nations; those who have the capability for fuel reprocessing. 

EISENBUD: We have a case in New York, where a power plant is planned 70-80 miles from New York City. 
The people there are saying, why should we be inconvenienced to build a plant to provide New York City with 
electricity for their subway? It is a very challenging question. The less developed parts of New York get some 
benefit from the industry and the commerce in New York City, just as developing countries, are getting the 
benefits of U. S. technology. 

That lady had a very good question which we are going to hear more and more. Power plants are being 
proposed at sites where local people will not benefit from them, particularly, if a public agency is building 
them, in which case, they do not even pay taxes. 

MOGHISSI: Thank you very much, members of the panel. On behalf of the organizers of this Symposium, I 
would like to express to the audience my appreciation for the excellent cooperation. I am particularly 
appreciative to the panel members for their frank and clear answers. 
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