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FOREWORD 

This report was prepared for the Environmental Protection 
Agency by the University of Virginia, Department of Nuclear ·· 
Engineering, for the purpose of summarizing the available informa
tion on radioactivity discharges from liquid metal fast breeder 
reactors (LMFBR 1 s). The Energy Research and Development Administration has 
underway an extensive effort to perfect this reactor type for 
~ommercial operation to produce electricity. While producing 
electricity, tile L~1FBR lfilill at the same time breed more fissile 
material than is consumed by the reactor. This is accomplished by 
using excess neutrons from the fission process to convert the abun-
dant isotope of uranium (238u) to tile fissile plutonium isotope 239pu· 
(Smaller quantities of other plutonium isotopes, some fissile and 
some non-fissile, are also produced in the process, by successive 
neutron absorptions and beta decays.) The plutonium so produced 
~an then be extracted and used to refuel the U1FBR, or to provide 
fue 1 for other. U1FBR 1 s or other reactor types, Present-day 1 i ght-
water reactors operate by fissioning 235u, whi~h comprises ~nly 
0.7% of natural uranium, tile balance being 238entially all 38u. 
By converting this 138-times more abundant U isotope to fissile 
material the LMFBR will. effect a many-fold increase in the amount 
9f electrical energy which in principle can be produced from the 
~vailable uranium deposits. 

This report is being published ~o that it will be available 
a~ a resource to the scientific community and the general public. 
The results of the report will assist EPA in assessing the environ
menal impacts of the Lt~FBR program as a whole as well as those of 
related individual facilities as they are developed .. The information 
also will be used to assist EPA in developing generally applicable 
environmental radiation standards for LMFBR-related facilities, and 
may be of assistance in our evaluations of LMFBR accidents. 

We solicit, and will appreciate receiving, any corrections or 
critical comments on the information and conclusions contained in 
this report. Please send any such comments to the Environmental 
Protection Agency, Office of Radiation Programs (AW-459), Washington, 
D.C. 20460. ~ 

. LY· [). """" 
W. D. Rowe, Ph.D. 

Deputy Assistant Administrator 
for Radiation Programs {AW-458) 
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ABSTRACT 

Sources of radioactivity from the normal operation of an 
LMFBR, and the transport of this radioactivity, were studied. 
Reliance was placed predominantly on published results although some 
new calculations were made where needed. Results were normalized to 
a 1000 MWe LMFBR and compared to values for a 1000 MWe LWR. 

Sources of radioactivity which were studied included plutonium 
and other transuranium elements, fission products, tritium, 
corrosion products, activation products, and tramp fuel. 

The study of the transport of radionuclides included reviews 
of transport of fission products and fuel from failed fuel, behavior 
of radioactivity in sodium and cold traps, and operation of gaseous 
radwaste systems. 

Operating experience for liquid metal cooled reactors 
relating to radioactivity was reviewed. lnclud~d were data from the 
fast reactors EBR-II, Fermi, SEFOR, Dounreay, Rapsodie, and BR-5, and 
limited data from the thermal reactors SRE, S8ER, and Hallam. 

The authors conpleted this study in September, 1973. Since 
that date a number of technical papers, reports, and studies have 
been published which might serve to extend or refine some of the 
conclusions of the present study (and in some cases may even refute 
results in this study). Therefore, the users of this report 
are cautioned to keep in mind the September, 1973 "cutoff date" 
for the references cited and used in preparing this study. 
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1. INTRODUCTION 

... Objectives of the Present Study 

Radioactivity produced in a Liquid Metal Fast Breeder Reactor 
(LMF3R) must either decay or ultimately leave the reactor site (o~ 
remain at the site after deco11111issioning the plant.) The :)urpose 
of this study is to examine all sources of radioactivity L1 an 
Lt'<1FBR power reactor and to determine the ultimate fate of this 
activity during the normal operation of the plant. This investigation 
is concerned with the quantity and form of the radioactivity that 
leaves the site. The "environment" is defined as anything beyond 
the site boundary, so all radioactivity leaving the site enters tr.e 
"environment". Nearly all of the radioactivity leaving will be 
contained; but then this radioactivity becomes the source at the 
next stage in an environmental study. An attempt is made to 
identify the sr:1a~l amounts of radioactivity that leave the site ur.
contained and enter the atmosphere and water directly. 

It should be emphas'ized that the study is limited to normal 
operation and therefore does not include accident situations. Normal 
operation does assume operation with some failed fuel, however. 

The study also includes numerous comparisons between the 
operation of an LMFBR ana a light water reactor (LWR). 

Numerical results are based on a 1000 MWe plant. For the 
LMFBR, and efficiency of 40% was assumed, so that the thermal power 
was 2500 MW(th). For the LWR an efficiency of 34% was assumed, which 
gives a thermal power of 2940 MW(th). 

Environmental statements for the LMFBR Demonstration Plant 
{WASH-1509) and for the FFTF (WASH-1510) were published in April, 1972 
and May, 1972. The statement for the Demonstration Plant contains 
a general description of the LMFBR program, including history, the 
projected U. S. program, and European, USSR, and Japanese programs. 
Tnerefore, this type of discussion is not presented in the present 
report. 

A study related to parts of the present one, and which also 
included a review of acc:dents, was reported in March, 1969 by 
ORNL (G. W. Keilholtz and G. C. Battle. Jr., 11 Fission Product Release 
and Transport in Liquid Metal Fast Breeder Reactors, 11 ORNL-NSIC-37. 
March, 1969). Since that time much has bf.lell reponed-and furthe-r 
experience with several cast reactors has be~n ~btained; this new 
material in addition to the old is includ~d in the present report. 

The present study i1cludes a review of operating experience 
with liquid metal cooled fast reactors and also some data from 
sodium cooled thennal reactors. The reactors! reviewed include: 



U.S. Fast Reactors: 
Experimental Breeder Reactor-II (EBR-II) 
Enrico Fermi Fast Reactor (Fermi) 
Southwest Experimental Fast Oxide Reactor (SEFOR) 

U. S. Thermal Reactors: 
Sodium Reactor Experiment (SRE) 
Hallam Nuclear Power Facility {HNPF) 
Snap-8 Experimenta1 Facility (SSER) 

UK Fast Reactor: 
Dounreay Fast Reactor (DFR) 

French Fast Reactor: 
Rapsodie 

USSR Fast Reactor: 
BR-5 

All of these reactors were sodium cooled except Dounreay and 
S8ER. which were cooled by NaK. It was more useful to treat various 
results from the operation of these reactors throughout the report 
under the different functional sections rather than to devote a 
separate overall section to operating reactor experience. 

1.2 Some General ResuHs of the Study 

Despite the vast amoun·:: of material reviewed and discussed in the 
present report. it is clear that there is still much to learn 
concerning transport of the radionuclides produced in an LMFBR. The 
quantities of the radionuclides produced in an LMFBR, which include 
·~he isotopes of plutonium and other transuranium elements (Section 3) 
ana the contained fission products (Section 4) are fairly accurate 
and well defined. Their disposition and safeguarding are of 
concern with respect to the reprocessing and fuel fabrication 
;;·:ants, transportation, and the waste disposal systems. The areas 
which are sti11 poorly defined concern fuel failure during normal 
operation (Section 6), the transport of fission products from failed 
fue1 (Section 6), and the fate of the non-noble gas fission 
products in the sodium (Section 7). The status of knowledge on 
tritium and corrosion products (Section 5) is better than that of 
the above problems, but still is not adequate. Only long-term 
operation of power LMFBR~s (for example, the Clinch River Breeder 
Reactor Plant, the Fast Flux Test Facility, and the current1y 
opet·ating dernonstration pi ants in the U. K., France and the USSR) 
w·n-. provide experience ~n these problem areas to replace the early 
estimates reported here. 

If an efficient ;aseous radwaste system is used on an fast 
power reactors, as prc)osed for the FFTF, it is expected that during 
normal operation the gaseous effluent released to the environment 
~~.e. to the atmosphere at the reactor site) can be made as low 
as required. · In a sod1um reactor leakage of coolant to thE environment 
cannot b~ permitted during normal operation. The only liq~id 
waste (other than tritiated water) will come from experimental ana 
cleanup facilities, which can be made to contain little waste ~f 
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necessary as in ::r:e case or EBR-II {Section 9}. The on1y mc.jor so .. r."ce 
of radioactivity teieased to the atmosphere and water at the: p"ta:1t 
site which is difficult to eliminate is tritium, but even he:~e the 
cold traps in an LMFBR appear to provide a reduc-:ion below e·=f~uent 
leve1s typical for light water reactors. Based Ul EBR-II ex·· 
perience (which is a very 1;1mited basis for extrapolation tc a larg( 
power reactor) and the estimated tritium sources in a large .Jlant, 
the ar.nual tritium release rate to the surrounding atmosphere from 
1000 MWe LMFBR is of the order of 100 Ci/yr and 1is less than 
10 Ci/yr to the condenser water (Section s~l). This liquid effluent 
rate compares to predicted tritium releases of 100 Ci/yr and 600 Ci/yr 
in the liquid effluent of a 1000 MWe BWR and PWR respectively 
(Section 5.1) 

For these reasons, it appears that the principal environmental 
prob1ems for normal operation of an LMFBR will involve offsite 
handling of the larger amounts of plutonium and transuranium 
elements and fission products shipped away from the site in the 
irradiated fuel, storage of the 85Kr• storage of the cold traps 
shipped away from the plant, and storage of sodium and primary 
system equipment after decommissioning of the power plant. The 
problems concerning sodium and sodium cold trap disposal do not 
exist, of course, for water reactors. The quantities of plutonium 
and the decreased 240pu in radial blanket material lead to a 
worseni n.g of the p l utoni urn prob 1 em for the LMFBR over the "Pu 
Recycle LWR 11

, but not greatly so (Section 3). The other environmental 
problems from normal operation of the LMFBR (e.g. fuel reprocessing, 
transportation, long-term storage of fission products) are similar 
to those of a light water reactor. 

2. SUMMARY 

2.1 Objectives and Methods 

The purpose of this investigation was to examine all sources of 
radioactivity in an LMFBR power reactor and to determine the ultimate 
fate of this radioactivity. Only normal operation was considered. 
There was particular concern vlith the form and quantity of radio
activity which leaves the reactor site; this radioactivity was 
considered to enter the "environment", meaning that this activity 
must be dealt with at a reprocessing plant, a storage facility, or 
elsewhere. 

The method of the study was predominantly to obtain numbers 
from published values ;,, the literature. These were augmented by 
some original estimates where needed. Operating experience of liquid 
metal cooled reactors w"s reviewed, including EBR-11, Fermi, SEFOR, 
Dounreay, Rapsodie, BR-5, SRE, S8ER, and Hallam. Numerical results 
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are presented on the basis* of the normal operation of a 1000 MWe 
LMFBR. 

2.2 Sources 

Radionuclides which are transported to the environment from 
normal operation of an LMFBR include: 

• plutonium and other transuranium elements 
• fission products 
• tritium 
• corrosion products 
• activation products (24Na, 22Na, 39A, 41A, 23Ne, cladding) 
•. tramp fuel 

Transport to the environment refers to any transport from the 
reactor site. Planned transport paths include shipments from the plant 
of irradiated fuel, cold traps or other used primary equipment, 
bottled gas from the gaseous radwaste system, wastes in water 
solutions, solid wastes, and sodium and primary equipment after 
decommissioning of the plant. Unplanned leakage to the environment 
includes gas leakage through the building ventilation system and 
tritium leakage through the secondary sodium system to the steam 
systems and thence to the condenser water. 

2.2.1 Plutonium and Other Transuranium Elements 

Depending on the specific design, a 1000 MWe LMFBR will have 
from 1100 to 1850 kg of plutonium loarled into it annually, and from 
1540 to 2000 kg of plutonium will be unloaded annually. The maximum 
plutonium inventory will be on the order of 3000 to 3300 kg. The 
typical isotopic content of the discharged plutonium for the mixed 
blankets and core is shown below. 

Wt. % of 
Isotope Total Pu 

238pu 1 
239pu 69 
240Pu 22 
24lpu 5 
242pu 3 

* In general, extrapolation of data to correspond to the 1000 
MWe size LMFBR has been done by assuming proportionality to reactor 
thermal power. Most parameters do chcnge linearly in such a scale-up, 
and the assumption of linearity is generally a good approximation. 
However, there are some important parameters which do not change 
linearly, and caution should be exercised in making any such 
extrapolations. 
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For comparison, a 1000 MWe LWR w~ll charge 0 to 730 kg of 
plutonium annually, will discharge 250 to 410 kg annually, and will 
have maximum plutonium inventories on the o·der of 500 to 2000 
kg, depending on whether they are based on ~35u fuel .or plutonium 
recycle. 

The amounts and activities of uranium 1nd the various transuranium 
elements discharged annuany from cor~~ and !Jlankets of a 1000 MWe 
LMFBR are shown below for a plutonium discharge of 2000 kg. 

At Dischaqe Ci after 
Element kg Ci 90 d 

u 2xlo4 7 7 3 
Np 8 1. 2x1 01 1. 2x1o7 Pu 2000 1. 5xl 0 1.5x104 Am 17 3.4x10~ 4.6xlo6 Cm 1 1.8x10 1 . 2xl 0 

2.2.2 Fission Products 

The important fissicn products still in the fuel one year after 
the fuel is removed from an LMFBR (i.e. those of activities still 
greater than 104 Ci/year in the fuel discharged from a 1000 MWe 
p1ant) are 

106Ru-Rh 125 
125~e 
127 
134Te-Te 

Cs 137 Cs-Ba 

14Tce 
144 
147ce-Pr 
151Pm 
155Sm 

Eu 162Gd-Tb 
The total fission product activity in the fuel discharged 

annually from a typical 1000 MWe LMFBR, together with the associated 
fission product power, are shown below as a function of cooling time 
after discharge. 

Cooling Time 

30d 90d 150d 300d 30yr 

Activity (Ci/yr) 4.3xlo8 2.4xl08 1.6xlo8 8.6xlo1 3.4xl06 

Power (MW) 1.9 1.0 \ 0.7 0.4 0.01 
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2.2.3 Tritium 

Tritium is produced in ternary fission,but in an LMFBR nearly 
all of this tritium escapes from thq fuel. Tritium is also produced 
in boron carbide control rods, but it is unclea~ how much of this 
escapes to the sodium. The annual estimated tritium production rates 
are summarized as follows: 

Source 

Ternary fissiog 0 Control rods: 1 B(n,t) 2a 

\i(n,nt)a 

Lithium contamination: 6Li(n,t)a 

In fuel (maximum) 
In sodium 

TOTAL 

Annual Production Rate 
(Ci/yr) 

20,000 
7,000 

2,500 

4,000 
100 

"' 30,000 

Tritium leaks to the environment, both as a gas to the atmosphere 
and as a liquid in the condenser water. Based on direct extrapola
tion from EBR-II (60 MWth) to a 1000 MWe LMFBR, the annual leakage 
rates would be "'60 Ci/yr of tritium to the atmosphere and "'3 Ci/ 
yr to the condenser water. This value compares to BWR and PWR 
liquid effluent rates of "'100 Ci/yr and "'600 Ci/yr, respectively. 
Most of the tritium in an LMFBR is held up in cold traps, and is 
eventually shipped from the site with the cold traps. 

2.2.4 Activated Corrosion Products 

Activated steel cladding and steel structures in and near the 
core are slow10 corroded by sodium. The principal activated corrosion 
products are 6 Co, 58co and 54Mn. Most of the corrosion products 
plate out on the walls of the primary system, while some are held 
up in the cold traps and some remain in solution in the sodium. 
Estimates of the corrosion products which will enter the sodium and 
still be present in the primary sodium system after 30 years of 
operation in the 1000 MWe LMFBR, together with the principal reactions 
and the half lives, are summarized below. 
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"-.alf Primary-System Corrosion Product 
Nucliae 

Fonnat1on 
Reaction Life Act", vi ty After 30 Years 

58 Co 

54Mn 

59 Fe 

5lcr 

l82Ta 

(Ci) 

59co(n,y) 
6°Fe(n,p) 
58Ni(n,p) 

54Fe(n,p) 

58Fe(n,y) 

50cr(n,y) 

5.24 yr 19,000 

181Ta(n,y) 

71 d 

313 d 

45 d 

28 d 

115d 

2.2.5 Cladding Activation 

1,000 

23,000 

19,000 

1,000 

7,000 

<6 ,000 

The cladding and channel walls are activated and the activity is 
shipped to the reprocessing plant with the fuel. Estimates of the 
cladding activity shipped from a 1000 MWe LMFBR annually with the 
discharged fuel are given below as a function of cooling time: 

Cooling Time 

30 d 90 d 150 d 300 d 30 y 

Activity (Ci/yr) 

Two activation products not considered among the activated 
corrosion products are 59Ni and 63Ni (half lives of 8 x 104 yr and 
92 yr respectively) which contribute 20 Ci and 500 Ci respectively to 
the 1000 Ci total at 30 years. 

2.2.6 Sodium Activation 

Sodium activates to 24Na (by an n,y reaction) and 22Na (by n,2n). 
Sodium-24 has a relatively short half life (15 hr) but 22Na has a 2.6 
year half life. At ~ 8 days after shutdown the 22Na becomes 
dominant activity. The equilibrium activities of the primary system 
of a 1000 MWe LMFBR are estimated at 2 x 107 Ci for 24Na and 3000 Ci 
for 22Na. 
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2.2.7 Miscellaneous Activation Products 

Argon-39 is produced by activation of 39K in sodium and is 
significant because of its long half-life (269 yr). Although no 
reported observations of 39A were found for operating fast reactors, 
the calculated 39A production rate for a 1000 MWe LMFBR (assuming 
300 ppm potassium in th~ coolant) is ~30 Ci/yr. 

Small amounts of the following activation products are found in 
operating fast reactors: 

41A, 23Ne -- Gaseous activation products always present in LMFBR's. 
110 

65Zn, Ag, l25Sb, 210Po -- Activation products observed in 
some fast reactors. 

Also, l34cs,l54 Eu, and several other isotopes listed in this 
report under fission products are actually activation products 
produced from activation of fission products. 

2.2.8 Tramp Fuel 

Tramp fuel will probably not be a concern in large LMFBR's. 
Total tramp fuel inventories of the order of half a gram of heavy 
metal atoms can be predicted based on other reactor experience. 
This results in an equilibrium fission product inventory in the 
primary circuit of about 300 Ci of fission products and 20 to 30 
Ci of actinide activities. The long-lived isotopic buildup would be 
to a few tens of curies of fission products and a few curies of 
long-lived actinides over the plant life. 

2.3 Transport of Fission Products and Fuel from Failed Pins 

Estimation of the transport of activity from failed fuel pins 
to the primary circuit is an extremely difficult problem. On the basis 
of limited experimental results and operating experience, the following 
conservative assumptions were used to calculate releases. 

1% failed pins 
90% of failed pins are leakers 
10% of failed pins have gross cladding failures 
75% of the noble fission gases are released from the fuel proper, 

i.e., pellets, of failed pins 

For gross failures, the escape fractions assumed are 

Fuel 1% 
Br, I, Cs 15% 
Te, Ru, Tc, Mo 5% 
All Others 1% 

The plutonium fraction in the escaped fuel is assumed to be 
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only one-tenth of the Jriginal Pu fraction because of the observed 
preferential leaching of the U and the inward migration of Pu. 
The releases calculated from the above assumptions can easily be 
adjusted to other failure or release fractions if experience or 
judgement dictates. 

Annual releases of a few selected fission products and plutonium, 
to the primary sodium or cover gas, together with the total released 
activity still present one year after a 30 year operating period, are 
given below. 

Activity Present One 
Year After a 30 Year 

'Radionuclide Annual Release 0Eeratin! Period 
(Ci) (Ci 

85Kr 1900 25,000 

90sr-Y 30 600 
106Ru-Rh 4600 6,000 

125Sb 40 

125~e 10 

l34Cs 350 

137cs-Ba 1100 30,000 

144ce-Pr 900 800 

147Pm 100 500 

151 Sm f 50 

154Eu 4 

155Eu 60 

241Pu(E3) 20 400 

Pu(a) 0.6 20 

Pu 2.5 grams 75 grams 
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A reduction in failed pins from 1% to 0.1% and a corresponding 
reduction in gross cladding failures from 0.1% to 0.01% would reduce 
all of the above releases, including the 85Kr release, by a factor 
of ten. If the assumption concerning relatively higher leaching 
of uranium than plutonium is correct,- this reduction in failure 
rates would reduce the annual plutonium release to the same order 
of magnitude as the plutonium in tramp fuel ( ~.1 gm.). Also, 
the fraction of fuel leached from gross cladding failures may be 
significantly less than 1% in most cases, further lowering the 
Pu release. 

2.4 Radioactivity in the Sodium System 

The primary sodium system of an LMFBR becomes highly radioactive. 
Fission products and small quantities of fuel enter the sodium from 
failed fuel pins, tritium and activated corrosion products enter the 
sodium, sodium becomes activated to 24Na and 22Na, and small amounts 
of other activation products and tramp fuel are present. Sodium 
leakage from the primary system (other than very small leakage to 
the secondary sodium) cannot be tolerated. Hence, coolant leakage 
is not a source of fission products in the environment as is the 
case with LWR's. Activated sodium causes maintenance problems, but 
only to plant personnel. An important environmental concern is the 
periodic removal from the site of cold traps which contain radioactive 
material. Also, after decommissioning of the reactor, the radioactive 
sodium and contaminated primary system components must be removed 
from the site and stored somewhere in the environment~ 

Many experimental studies on fission product behavior in 
sodium have been reported, some of which are reviewed in this report. 
One of the principal purposes for those studies is to determine the 
activity in the sodium in the case ofan accidental sodium fire or 
sodium release, and these considerations are beyond the scope of 
this report. 

Cold traps are used in LMFBR's to purify the sodium. Although 
the primary function of the cold trap is to maintain a low oxygen 
concentration, cold traps also remove much of the radioactivity 
from sodium during normal operation. These cold traps must be removed 
periodically, shipped from the site, and stored somewhere in the 
environment. Iodine and tritium are effectively removed from sodium 
by cold traps. Much of the cesium is removed, but according to 
EBR-II experience cold traps are not adequate for cesium removal. 
At low temperatures, much of the cesium will plate out on the walls 
of the primary system. Also, most activated corrosion products 
plate out on the primary system. Nobel gases are volatile in 
liquid sodium, except for small amounts that remain in solution, and 
quickly escape to the cover gas. 

A summary table of experience with the ~odium (or NaK) system 
of operating sodium (or NaK) cooled reactors· is given, on the next two 
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~ages. The table only lists radioactive isotopes that have been 
observed. Further details on levels of activity are given in 
Section 7 of this report. 

2.5 Gaseous Radwaste Management 

Information on the gaseous radwaste systems of FFTF, EBR-II, 
Fermi, SEFOR, Rapsodie, and Dounreay was reviewed. 

The amount of gaseous activity released from FFTF is expected 
to be trivial as a result of two factors: (a) a sophisticated 
gaseous radwaste system is used, which includes charcoal delay beds 
and a cryogenic distillation column, and (b) virtually no coolant 
leakage is permitted from a liquid metal cooled reactor. In this 
system, 85Kr will be bottled and shipped offsite for storage. 

Assuming the same type of gaseous radwaste system on an 
LMFBR power plant, the 85Kr release to the atmosphere from a 1000 
MWe LMFBR would be 3 Ci/year, based on scaleup of the FFTF projected 
values and aj~uming operation with 1% failed fuel. In addition the 
30 Ci/yr of A (produced from 300 ppm potassium in the coolant) 
would all be released to the environment. 

EBR-II has a gaseous waste system that does not presently allow 
operation with failed fuel. A proposed system using charcoal 
delay beds and 85Kr storage, will allow operation with up to twelve 
failed test oxide fuel pins. 

For comparison, short-lived noble gas and 85Kr leakage to the 
atmosphere is much higher for typical LWR's than for an LMFBR with an 
FFTF-type gaseous radwaste system. For a typical LWR with 0.25% 
defective fuel the 85Kr release rate is 800 Ci/year. Unlike the 
LMFBR, an important source of fission product gas leakage to the 
environment from an LWR is primary coolant le~~age. Gaseous radwaste 
systems can be added to an LWR to reduce the Kr leakage to values 
nearly as low as for the LMFBR, however, if required. The 39A source 
is not present in a LWR. 

2.6 Liquid and Solid Radwaste Management at EBR-II 

The only fast reactor operating experience with liquid and 
solid radwaste which was reviewed was for EBR-II. At present the 
EBR-11 liquid radwaste system has a decontamination factor of 102 
to 103. A modified system composed of a settling tank, evaporators, 
condensers, filters, mist separator, centrifuge, and ion exchange bed 
is being installed to increase the decontamination factor to 104. 

Low, intermediate, and high level solid wastes are processed 
at EBR-II. About 13,000 cu ft/year are processed, most of which is 
low level, In 1971, 1.5 x 106 Ci of high level waste were processed, 
with a volume of only 150 cu ft. Small amounts of plutonium 
contamination were shipped from the site. 
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Table 2.1 
Radionuclides Observed in the Primary COOlant System of Sodium (and NaK) COOled Reactors (other than 24Na and 22Na) 

~ 

Fermi BR-5 EBR-II Dounreay Rapsodie 

Fission Products 140Ba-La, 137cs 144ce, I4Ice, 144Pr, 1 34cs, 3H 14lce, l44ce, 132Te l37cs 

a9Sr, 1311 140Ba-La, ~a7cs, 131 I, 1 0 3Ru, 106Ru 

136cs, lOGRu, 9Dsr, 132r, 137cs, 9Szr-Nb 

9szr-Nb, 13Ir l'+OBa-La, l3ec5 ... 

Activated 54Mn 
Corrosion Products 

Other Activation 65zn GSzn, l24sb, 12sSb, 110112\g, 210p0 

Products 113sn, 113rnrn, l17rnsn, 

21 Op0 , 

Fission Products 14lce, l44ce, 1331 , 144ce, 141ce, 144pr, 137cs 140Ba-La I4Ice, l37cs,. 131r, 

1 o 3Ru, 9 Szr-Nb l40i3a.-La, 137c5 , l32r, I4DBa-!4, 

l36cs, 106Ru, 90sr, 9Szr-Nb, 91y, 

9Szr-Nb, 13lr 90sr-Y 

Activated s"Mn, Goeo S4z.ln, sseo, 
Corrosion Products GOco 

Other Activation &Szn, I82Ta 65zn 
Products 

Fission Products 137cs, l36cs, 131 137cs, 134cs 137cs 
I 

I33r, 9szr-Nb, 3H, I 
" I3s1 , 140Ba-La 

Activated s"Mn, &oeo s"Mn, sseo, 
Corrosion Products &oeo .. 

Other Activation &Szn, 124Sb 6Szn 
Products 

.. 
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Table 2 .1. (continued - page 2) 
Radionuclides Observed in the Primary Coolant System of Sodium (and NaK) Cooled Reactors 

SEFDR SRE S8ER Hallam 

Observed in Fission Products 86Rb 134cs, 137cs, B9sr, 

PrimaJ:y 
sosr, 13lr, 14Ice, 
l44ce, I03Ru, IDGRuf 

Coolant 95zr-Nb 14DBa-La 

Activated GDco Slcr, S4Mn, sGMn, soeo 
Corrosion Products 59pe, 60co 

Other Activation .6 5zn, l24sb 12ssb 
Products llOAg 

Observed on Fission Products 89sr, 90sr, 144ce, B9sr, 90sr, I03Ru, 

Pr:i.mary 
9Szr-Nb, 1 OGRu 1osRu-Rh 14Ice, 
137cs 144ce, 9Szr-Nb 

System 140Ba-r..a: 

surfaces 

Activated slci, s4Mn, 54Mn, 59Fe, 54Mn, GOeo 
w Corrosion Products 59pe, GOco ssco, soco 

Other Activation 
Products 

Observed in Fission Products l37cs, lOGRu, 

Cold l44ce-Pr, uoAg 

Traps 

Activated (CU, Fe, Cr, 54Mn, 59Fe, . 54Mn, 59pe s4Mn, soeo 
Corrosion Products·. 

Ni, Mn) 
GOco, 

Other Activation l25Sb 

Products 
--- --------- ---------
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Both solid and liquid waste quantities from EBR-II are larger 
than would be expected from an LMFBR power reactor due to the 
extensive use of hot cells for experiments there. 

3. PLUTONIUM AND OTHER TRANSURAtHUM ELEMENTS 

The LMFBR will have larger inventories of plutonium and other 
higher actinides than are found in enriched-uranium-fueled light 
water reactors (LWR's). In comparing LMFBR's and LWR's, it is also 
interesting to consider LWR's fueled with recycled plutonium. 
because plutonium recycle has already become a reality with the 
Big Rock Reactor. All three types of fu~l-reactor combinations 
are considered in this section in the predictions of transuranium 
e 1 ement production. • ' 

There are important environmental cQncerns raised by the 
increased plutonium inventories. forecast for planned LMFBR's. 1 These concerns are related to the extremely toxic nature of plutonium • 
the possib~e diversion of plutonium for clandestine weapons 
production , and the increased production in high-plutonium-content 
fuels of other transuranium elements in the form of extremely high 
specific activity nuclides. 

The general conclusions of this section, which address most of 
the concerns raised above are as follows: 

(1) The average plutonium inventory in an LMFBR, while signifi
cantly greater than that in a uranium-fueled LWR of the 
same size, will be less than an order of magnitude greater 
than in the LWR. 

(2) The average plutonium inventory in an LWR fueled with 
recycled plutonium will be about half the inventory in 
an LMFBR, thus posing similar toxicity control problems. 

(3) Plutonium derived from reprocessed fuel either from 
uranium-fueled LWR•s or from LMFBR•s can be used to 
construct an explosive nuclear weapon. The major differences 
are that the LMFBR has 11 blankets 11 of 238u to increase 
plutonium production, the plutonium from the radial 
blanket of an LMFBR would be exceptionally good for weapons, 
and the separate diversion of the radial blankets is 
possible because of the normal physical segregation of 
radial blanket and core. 

(4) The overall implication of conclusions (1), (2), and (3) 
above is that the plutonium problem, whether with respect 
to toxicity control or fissile material safeguards, is 
not created by the LMFBR but rather is aggravated by it. 

(5) Of the transplutonium isotopes, only 241 Am and243Am will be 
produced in kilogram quantities each year in a large LMFBR. 

14 



However, the much smaller quantities of 2~ 2cm and 244em produced 
will yield higher alpha and neutron activities than both the 
americium isotopes and the vastly more a)Qundant plutonium isotopes 
combined. (The plutonium will have a higher overall activity 
because of the beta decay of l4lpu). Indeed the spontaneous fission 
activity from the curium isotopes will be much greater than that of 
the plutonium isotopes in discharged LMFBR fuel despite the huge 
difference in inventories. Thus the curium isotopes deserve 
special attention in LMFBR fuels and pose even more of a concern in 
plutonium recycle fuel from LWR 1 s. 

3.1 Plutonium Inventories 

Calculated plutonium charges, inventories, and discharges for 
four reactors are shown in Table 3.1. Results for a pressurized 
water reactor (PWR) fueled w~th uranium and for a PWR fueled with 
plutonium are both presented . 

Similar results are presented for two LMFBR conceptual designs: 
the 1000 MWe AI Reference Oxide LMFBR4 and the GE 1000 MWe LMFBR5. 

The AI LMFBR is considered here because it has been used as the 
basis for many literature characterizations of the LMFBR. A design 
such as the GE LMFBR is probably closer to that which will be seen 
in the first generation of large LMFBR 1 S. 

The plutonium which is used in the fuel for the LMFBR 1 s and 
for the plutonium-fueled PWR shown in Table 3.1 is plutonium obtained 
from uranium-fueled light water reactors. 3,4,5 This would be the 
situation for tne first several years of a plutonium-fueled reactor 
industry because of the available plutonium stocks. By 1985 there 
may be as much as $1.7 billion worth of plutonium available from 
reprocessing of uranium fuels.6 

The fuel reloading schemes for the various reactors in Table 
3.1 differ significantly as can be seen from the table. Therefore, the 
most important factors for comparison are the maximum plutonium 
inventories and the average amounts of plutonium charged and discharged 
per year. The larger amounts associated with the LMFBR, as opposed 
to the uranium-fueled PWR, are clearly shown. However, just as there 
should be serious concern over the 3000 kg of plutonium present in 
an LMFBR and the 1500 kg shipped to and from the plant each year, 
there must also be appropriate concern over the 500 kg of plutonium 
present in a uranium-fueled LWR and the 250 kg shipped from the LWR 
plant each year. As stated previously, the plutonium problem 
already exists with LWR 1 s and is simply aggravated by the LMFBR. 

Note also that the reduction in the amount of plutonium involved 
in a plutonium-fueled LWR relative to an LMFBR is not nearly as 
dramatic as for the comparison of a uranium-fueled LWR and an LMFBR. 
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Table 3.1 

1000 MWe Reactor Charges, Discharges, and Inventories of Plutonium 

Fuel Ave. 
fraction Resi- Pu 
replaced dence dis- Pu 
per ti.rre charged* Charged* 

Reactor charg:e {da:z:s) (Kg:) (Kg) 

PWR3 1/3 1100 256 --
{U-Fueled) 

--
PWR3 1/3 1200 442 800 

(Fueled with 
Pu from 
U-Fueled PWR) 

AI Ref. Otide COre and 
LMFBR4 Axial Blanket 1/2 540 1270 1380 

(Fueled with 
Pu fran Radial Blanket .28 970 223 --
{]-Fueled PWR) 

Total 1493 1380 

GE IMFBRS COre and 
(Fueled with Axial Blanket .46 796 1304 1094 

Pu fran 
U-Fueled BWR) Radial Blanket .29 1260. 157 ----

Total 1461 1094 

* Refers to Pu charged or discharged at an actual refuelinJ. RefuelinJ recurred 
annually for the PWR (U-fueled) and GE LMFBR reactors so· that these numbers agree 
with the average annual arrounts for these reactors. Refueling was rnt annual 
for the PWR (Pu-fueled) and AI IMFBR reactors. 

Maximum 
Pu 
Inventory 
(Kg:) 

512 
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2740 

560 

3300 

il13 

356 

3069 

Ave. Arrount of 
Pu (Kg) Ave. Bui:nup-

Discharged Charged of COre Fuel 
per year ~ :z:ear (MI~/MI') 

256 -- 33,000 

403 730 33,000 

1716 1865 80,000 

302 

2018 1865 

1304 1094 100,000 

157 

'1461 1094 
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3.2 Isotopic Composition of Plutonium 

Table 3.2 gives ~nformation on the isotopic composition of 
plutonium in fuels discharged from specific reactor types 3,4,5,7,8,9 
and also shows the estimated average composition of plutonium available 
for recycle. 

The table shows that discharged fuel with the lowest percenta~e 
of fissile plutonium (239pu and 24lpu) is that from plutonium-fueled 
LWR's. This plutonium is much lower in fissile content than that 
from either uranium-fueled LWR's or LMFBR's. Next lowest in 
fissile content is plutonium from uranium-fueled LWR's. The 
plutonium with the highest fissile content (and thus most easily used 
in constructing a nuclear explosive) comes from the LMFBR and 
in particular from the radial blanket. 

It is important to remember, however, that (aside from possible 
diversion) high fissile isotopic content is extremely desirable for 
reactor fuels. Higher fissile content means better utilization, or 
more complete "burning" of the plutonium and it also means an 
overall smaller plutonium inventory for reactors designed to use high 
fissile plutonium. 

Isotopic composition also has a strong effect on the quantity and 
character of the radiation from plutonium. A good description of 
the contributions made by the various plutonium isotopes to the 
activity of interest in fuel manufacturing is provided in Reference 7. 
He discusses the neutron doses from spontaneous fission and from (a,n) 
reactions with light nuclei. Also the importance of the gamma 
activity from the 236pu chain is noted. However, for environmental 
considerations, the alpha and beta activity of the various plutonium 
isotopes is probably the overriding concern. (All of the plutonium 
isotopes of interest are alpha emitters except 241pu, a beta 
emitter.) Moreover, the potential for biological damage from reactor 
fuels is related not only to the plutonium content but also, to some 
extent, to the presence of other higher actinides. 

3.3 The Higher Actinides 

Although it is theoretically possible to produce elements all the 
way up through the highest in the actinide series by successive 
neutron absorptions in a reactor, only a few of the higher actinides 
are produced in sufficient quantities to be of interest as potential 
sources of danger to the environment. Figure 3.1 shows the isotopes 
of interest and the principal means of producing them in reactors. 
This figure is an elaboration of a figure from Reference 10. 
Most of these isotopes will be produced in significant quantities in 
both LWR's and LMFBR's. Calculations and some measurements on the 
quantities and activities of the various actinide nuclides 
present in reactor fuel during and after exposure have been made.3,4,10 
Table 3.3 shows average amounts and activities of several nuclides 
of interest that would be discharged each year from various reactor 
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Table 3,2 

lsnu,pk CrJ1\X'Sit i<Y1 of PlutrmilDTI in Discharged Fuels (Ht %) 
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/--............ 
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::>&.7 
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~. Sl 
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n,ooo 
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Table 3.2 

Isotopic C~sition of Plutonitnn in Discharged Fuels (wt %) 

I. Uranium-Fueled Reactors 

' 
Reactor PWR3 Yankee F.cMe) BWR5 BWRa Dresden-I7 

Burnup (MW:l,/Mr) 33,000 23,900 33,000 38,900 20,000 27,500 23,000 38,400 

238Pu 1.8 1.00 1.92 2.15 --- 1.0* " .80 1.71 

239Pu 58.7 67.7 63.3 56.4 58.9 57.2 63.4 53.3 

2Lt0Pu 24.2 18.8 19.2 21.9 25.7 25.7 24.8 28.8 

2LtiPu 11.4 10.0 11.7· 13.8 12.2 11.6 8.32 10.3 

~Lt2Pu 3.9 2.51 3.88 5.77 3.2 4.5 2.73 5.85 
~--

*Estirnate:l 

II. Estimated Average C<xrq;:osition of Pu Available for Recycle9 

Year 1975 1980 1985 

238Pu 1.0 1.5 1.7 
00 

239Pu 64 sa 54 

2Lt0Pu 22 24 25 

.!LtlPu 10 11 12 

2Lt2Pu 3 5 7 

III. Plutonium-Fueled Reactors 

Reactor PWR3 
AI Ref. Oxide IMFBR 4 

GE IMFBR S 
core & core & core & core & 
axial radial blankets axial radial blankets 
blanket blanket averaged blanket blanket averaged 

Burnup (MW:l;'Mrl 33,000 -core: 80,000- -core: 100,000-
Pu SOurce U-Fueled PWR U-Fueled PWR U-Fueled PWR 

238Pu 2.7 .9 .02 .a --- --- -
239Pu 39.3 61.5 97.6 66.8 67.5 94.9 70.5 

240Pu 25.6 26.0 2.33 22.5 24.5 4.9 22.4 

241Pu 17.3 7.2 .04 6.2 5.2 .2 4.6 

242Pu 15.1 4.5 --- 3.8 2.8 -- 2.5 
-~~ 
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Isotope 

23su 

23su 

23 a0 

237Np 

239Np 

236Pu 

238Pu 

2 3 9p..l 

21t0Pu 

HlPu 

242Pu 

Pu 

241Am 

242ffiArn 

Z42Am 

2 "Am 

Am 

2~2Qn 

l 
243Qn 

I 24~Qn 

I 
. ·Qn 

Subtotal 

Total 

Table 3,3 

Average Annual Arrounts arrl Activities of Selected 
Actinides Discharged from Reactors 

U-Fueled PWR
3 Pu-Fueled PWR 

3 

Curies Curies 
Kg Curies after 90d Kg Curies after 90d Kg 

231 .so .so 53 .11 .11 33.4 

.129 8.20 8.20 25.7 1.63 1.63 .88 

2.69x10~ 8.97 8.97 2.67x10~ 8.88 8.88 2.07x10~ 

13.5 9.51 9.74 3.55 2.50 2.55 2.92 

2.22 5,17x108 : 489 2.09 4.88x108 5.78x10 3 5.02 

1.85x10-5 9.86 9.31 2.24xlo-5 11.9 11.2 1.84xl0-5 

4.63 7 .83x10~ 8.06x104 10.7 l.80x10 5 1.92x105 15.6 

149 9.14x10 3 9.28x10 3 158 9.70xl0 3 9.84x10 3 1.35xl0 3 

61.4 1.35x104 L3sx1o" 103 2.28xl04 2.29xl04 454 

29.1 3.31x10 6 3.29x106 69.9 7.98x10 6 7.87xl0 6 124 

9.86 38.6 38.6 60.9 238 . 238 77 

-- - 3.39xl06 -- -- 8.09xl06 -
.79 2.58x10 3 3.80x103 3.47 1.13x104 1.42xl04 10.8 

1.3xlo- 3 130 ·' 130 .069 668 665 .21 

2.7x1o-' 2.17x10 6 l30 .011 9.02xl0 6 665 4.lxlo-3 

2.54 489 489 30.2 5. 78xlo<~ 5.78x10 3 6.05 

- - 4.55x10 3 -- - 2 .13x104 --
,35 1.16x106 7.94x10 5 2.29 7.58x10 6 5.27x106 .52 

4.0xlo-' 175 174 4.4x.l0-:2 2.05xl0 3 2.04x10 3 .02 

.• 87 7.06x104 7.00x104 . 19.7 1.60x106 1.58x106 .36 

- -- 8.64x10 5 - - 6.85x106 --
- 5.60xl08 4.26x106 - 5.19xl0 8 1.50x107 --
- 1.09x108 4.26x10 6 -- 1.1lx109 1.50x107 -

19 

IMFBR 4 

Curies 
Curies after 90d 

.07, .07 

.06 .06 

6.87 6.87 

2.06 2.10 

1.17xl09 1.16x10 3 

9.81 9.27 

2.64xl0 5 2.66x10 5 

8.28xl0 4 8.3lx104 

1.00xl0 5 1.00x10 5 

1.42xl07 1.40xl07 

299 299 

-- 1.44x107 

3.51xl0~ 4.05x104 

2.04xl0 3 2.04x10 3 

3.34x106 2.04x10 3 

1.16xl0 3 1.16x10 3 

- 4.57x10 4 

1. 74x10 6 1.20xl06 

911 906 

2,92x10~ 2.89x10~ 

-- 1.23x106 

1.19x10 9 1.57x107 

2.38x109 1.57x107 
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-~ ----,---------
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·· ;·:-ro 13.5 9.51 9. 74 3.55 2.50 2.S5 2.92 2.06 2.10 

23 ~No 2.22 5.17x10 8 469 2.09 4.88x10 8 ~.7Rx1 1 5.02 1.17x10 9 1.16xl0 3 

36
Pu l.B5x10-' 9.86 9.11 . 2.2--x1o- 5 11.9 11.2 1.84x10- 5 9.81 9.27 
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types. Also the activities are shown after a.90 day cooling period. 

Note that the LMFBR win indeed have the most heavy metal activity 
at discharge by about a factor of two over either the uranium-fueled or 
plutonium-fueled PWR's, with the major activity being that of the beta 
decay of 239Np to 239pu in all fuels considered. The situation changes 
significantly after 90 days of cooling. 

The relative amounts of total actinide activities after 90 
days of cooling for the LMFBR, plutonium-fueled PWR, and uranium
fueled PWR respectively are : 1, 0.96, and 0.27. The similar ratios 
for total plutonium activities are 1, 0.56, and 0.24. The percentages 
of total actinide activity which are due to plutonium alone are res
pectively 92%, 54%, and 80% for the three types of discharged fuels. 

The last comparison above is significant. It means that a 
reclamation of the plutonium from the uranium-fueled PWR or from 
LMFBR discharges would result in separation of most of the actinide 
activity. This is not true with the plutonium-fueled PWR discharges. 
About seven megacuries of americium and curium isotopes would have 
to be handled for the plutonium-fueled PWR discharged fuel after 90 
days, while the uranium-fueled PWR and the LMFBR would each have 
about one megacurie of americium and curium isotopes to handle. 

The beta emitters among the higher actinides (indicated in Figure 
3.1) all have half-lives of the order of days or less except 241Pu. 
Therefore, the activities shown at 90 days in Table 3.3 are mostly 
alpha activities. The total plutonium activity in 90 day cooled LMFBR 
fuel is 1.44 x 10? curies, but 1.40 x 107 curies of this is the beta 
activity from 241Pu. Thus about 4.5 x 105 curies of plutonium alpha 
activity are present compared to 1.23 x 106 curies of curium alpha 
activity. 

The alpha activity of 241Am will continue to build as the 24lpu 
decays. At three years after discharge, there will be about 8.8 x 104 
curies of 241Am alpha activity. At 30 years after discharge this 
activity would be about 3.5 x 105 curies. 

The gamma radiation from the various isotopes and their daughters 
is o/ostly low energy, with less than 1% of the photons exceeding 400 
KeV . There are a few exceptions such as the 2.6 MeV gamma ray 
from 208Tl, a daughter of 236Pu. This particular exception would 
probably only be important in uranium-fueled reactors. 

The neutron production from spent reactor fuels can be signifi
cant as mentioned previously, 7,10 both from spontaneous fission and 
from (a,n) reactions in light elements. Table 3.4 summarizes neutron 
production estimates for several nuclides and compounds. The pluto
nium and americium results are from Feference 7 except where indicated. 
The curium results are from ReferencE· 10. 

Tables 3.3 and 3.4 together show that the neutron production from 
curium isotopes in discharged fuel will be greater than the neutron 
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Table 3.4 

Neutron and Alpha Particle Yields 
From Selected Actinides and Their Compounds 

nL(g-sec} of Heav~ Isoto~e 

Chemical Spontaneous a{ ( g-sec) of 
Form Isotope Fission ( a,n) Total Heavy Isotope 

Pu 236Pu 3.7xl04 --- 3.7xlo4 1.97xl013 

Puo2 
238Pu 2.62xl03 1.4xl04 1.66xlo4 6.47xlo11 

*PuO 2 
238Pu 2.4 x103 2x104 2.2xlo4 6.47xlo11 

Pu02 
239Pu .03 45 45 2. 27xl 09 

Puo2 
240Pu 1.02xl03 1.6xlo4 1.7xlo4 8.38xlo9 

N 
N 

Pu02 
242Pu 1. 7xl 03 2.7 1.7xlo3 1.44xi08 

Pu 244Pu 5.lxlo3 --- 5. lxl o3 6.54xlo5 

Am02 
241Arn --- 2.6xlo3 2.6xlo3 1.20xlo11 

*AmO 2 
241Am --- 4xl03 4xTo3- 1. 20xl 011 

Cm2o3 
242Cm 2.30xlo7 2.00x107 4.3xlo7 1.23xlo14 

Cm02 
242cm 2.30xlo7 2.67xlo7 4.97xlo7 1.23xlo14 

Cm2o3 
244Cm 1.19xlo7 4.29xl05 1.23xl07 3.08xlo12 

244cm 1. 19xlo7 5.72xlo5 7 
3.08xlo12 Cm02 1.25xl0 

-
*All neutron yields for plutonium and americium are from Reference 7 except these two, which, 
along with the curium ne~tron yields, are from Reference 10. 



production from the plutonium despite the -two to three orders of 
mangitude difference in masses of the two l'lements which are present 
in the fuel. 

Moreover, the alpha activity of the curium isotopes will be 
greater than that of the plutonium, alth~y~h the total plutonium 
activity is higher due to beta decay of 4 Pu. 

It should be mentioned here th~t, because of the high toxicity 
and very long half-lives of the transuranics, and the unique waste 
disposal problems created by their presence, work is proceeding to 
develop the capability of recycling the actinides along with the 
plutonium. This would eliminate the need for handling the trans
uranics as waste, but would increase the concentration of these 
undesirable nuclides in the recycled reactor fuel material. 
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4. FISSION PRODUCT GENERATION 

4.1 LMFBR Fission Product Generation 

Fission product production rates were calculated for two represen
tative 1000 MWe LMFBR's. Extensive data was available for the AI 
Reference Oxide Design,l but the target b4rnup for this design was 
only 80,000 MWd/MT. Since frequently. L~fBR!comparisons have been 
made for a target burnup of 100,000 MWd/~T, similar results are 
reported for a GE 1000 MWe design2 that a?sum~s this burnup. Total 
fission product generation should be abou~ eq~al for the two designs, 
except for minor differences such as assumed load factors, different 
fractions of power and Pu/U fission ratios in the various core and 
blanket regions, and different residence times for the fuel. 

A summary of results is presented in Table 4.1. (Although tritium 
is a fission product, it is discussed separately in Section 5.1, 
and is not included in Section 4). Table 4.1 provides total fuel 
discharged annually from each reactor (in metric tons, MT), total 
fission product activity discharged with the fuel per year and fission 
product power in the discharged fuel, for various cooling times 
after reactor shutdown. 

The conditions (exposure, specific power, power distribution, length 
of time in the core, etc.) for both the AI and the GE designs are 
given in Table 4.2. 

In Reference 1, values are reported for fission product activities 
for the AI design for all fission products which were not negligible 
30 days after reactor shutdown. The Reference l calculations for the 
core were repeated for the most important of these nuclides 
(i.e. those which still contributed significantly at 150 days after 
shutdown) using fission yields from Reference 3. An energy yield of 
215 MeV/fission* was used, which leads to 2.90xlol6 fissions/sec MW, 
instead of the 203 MeV/fission (3.07xlol6 fission/sec MW) used in 
Reference 1. For the less important nuclides activity values from 
Reference 1 for the core were used; also Reference 1 values were used 
for al1 activities in the axial and radial blankets. (Those nuclide 
activities which were calculated are marked with an asterisk in Table 4.3). 
It was assumed that 87% of jhe fissions in the core occurred in · 
239pu and 13% occurred in 2 Bu. (Activities of several nuclides were 
checked using the same input as Reference 1 to assure agreement with 
the methods of Reference 1). 

*This value is higher than for LWR's rrimarily because of a higher 
value for the kinetic energy of fission products from plutonium 
fission than from uranium fission and high gamma energies from 
neutron absorption by steel in LMFBR's. 
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Table 4.1 

Fuel Mass and Fission Product Activity Discharged Annually 
From an LMFBR and Fission Product Power of Discharged Fuel 

I. FUEL MASS DISCHARGED 
AI Design GE Design 

Discharge from Core (M1/yr) 8.517 6.169 

Discharge from Axial Blanket 
(MT/yr) 4.948 6.912 

Discharge from Radial Blanket 
(MT/yr) 10.07 4.869 

II. FISSION PRODUCT ACTIVITY DISCHARGED 

AI Design Activity Discharged/Yr (Ci/yr) 
Coo ing Time 

30d 90d 150d 300d 30y 
Core 3.77xlo8 2.08xlo8 1.40xlo8 7.81xlo7 2.96xl06 

Axial Blanket 
Radial Blanket 

Total 

GE Design 

Core Only 

0.10x108 

0.44xl08 

4.30xl08 

3.08xlo8 

III. FISSION PRODUCT POWER 

0.05x108 

0.23xl08 

2.36xlo8 

1.67xl08 

0.03xl08 0.18xl07 0.06xl06 

0.16xl 08 0.60xlo7 0.37xl06 

l.59xlo8 8.59xlo7 3.38xlo6 

1.14xlo8 6.10xlo7 2.70xl06 

rission Product Power of Fuel Discharged/Year 
Cooling Time (Megawatts) * 

AI Design 30d 90d 150d 300d 30y 

Core plus Blanke ~s 1.89 1.02 0.71 0.38 0.010 

*Equal to the product of MW/MT and MT discharged/year. 
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Table 4.2 

Operating Conditions for Two 1000 MWe Designs 

Average core exposure (MWd/MT 

Core specific power (MW/MT(U+Pu)) 

Average irradiation time 
(equivalent full power days) 

Average chronological (residence) 
time in core (days) 

Load factor 

Fraction of power at mid-burnup, 
equilibrium fuel cycle (%) 

Core 

Axial Blanket 

Radial Blanket 

27 

AI Reference 
Oxide Design 

80,000 

175 

458 

540 

0.85 

87.8 

1.6 

10.6 

7 GE Follgw-on 
Design 

100,000 

157 

638 

796 

0.80 

87.6 

7.6 

4.8 



Fission Product 
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( 

l29Jnre 

12'3Te 
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* 111 I 

131JUxe 

1 32Te+l ·p 1 

Table 4.3 

Fission Product Activity of Core Discharge Fuel from AI 1000 ~ Referenc(t Oxide 
Design (80, 000 1-~l'ff· Elq:x)su.:ce) , as a Function of Cooli n.g 'J'imc 

Activity (Ci/MT(U+Pu)) 

~-------. .--~-
Cooling~ 

0 3()1 90d l50d 300d 

l. 542xl0 4 !.535xl0'' 1.519xl0 4 1.503xl0'' 1. 41i4xl0 4 

7.699xlO' 2. 522xl0' 2. 720x1o;· 29.28 

2.190xl0~ 1.455x101' 6.420x10' 2.835xlO'' 3. 700xlo'· 

l.810xl0 5 1.813x1o'' 1. 801ix10' 1.799x1o' l. 78lxl()c 

3.164x10'' 2.238xlO' l.103x10' 0.544xlor· 0.092xlO"/ 

5.457xl0'' 3.973xlo" 2.10fixHl' l.ll6x10' /" ' oq,..228x10 · 
~-~~ 

,,./ 

3 .142xl0' 7.093xl0 4 5.466xlO'· 2.898xl0~ l.531ixl0' 

5.436xlO" 5. 065xl0' 3.470xl0' 2. 079xln''-- F 0.475x10' 

13.18xl0° 8.039xl0' 0.00273 

15.05xl05 8. 933xlO' 3.142xl0" l.l05xl0' 0.08lxl0° 

6.372xl0 6 6.022xl06 5.378x106 4.B04x105 3.622xl0; 

4.303xl0 3 4.043xl0 3 3.439x10 3 2.909x10 3 1.950xl0 c 

3.05lx10 5 5.262xl07 4AS9x10 3.788x10? 2. %1'\xl n~ 

4. 770xl0 5 2.985xl04 l.Hi2xl0 2 0.455" 

3.22lxl0 3.212xl02" 3.183xl07 3.155xl0; 3.095xlo= 

9.01lxl02 5. 27lxlO" 2.116x10 7 80,29 ll.12 

-· ,, 47.13 43.45 36.74 31.078 19.90 

l.341xlO· 1.34lxl0: l.34lxl07 1.34lxl02 -- 1. 340xlo= 
/ ~/ ··--.., 

l. 955xl0)/ 1.653xl0 3 !.181x10 3 8.502xl02 "'3.600xl02 

1.11-sxin 5 1.578xl04 l.889xl0 2 2.267 

6:~525xlo 4 
~-

6.453x10 4 6.198x10 4 5.945xl0 4 5.356x10 4 

/ 
// 1. 615xl04 l.69lxl0'' 1. 766xl0'' l. 757x104 L590x1o~ 

~~""" 9.635x104 l.833x10 3 69. 7l 6.471 5.000 

5.199xl0 5 2.209xl03 0.039 

9.664x10 5 2.976x10 5 2.012xl0 5 l.375x10 5 5.125xl0 4 

7. 727xl0 5 4.213x10 5 l.237x10 ~- 3.646x10 4 1.650xlo 3 

l.85lxl06 2.702x10 5 7. 944xlO'' 2.343xl04 l. 095x10 < 

0.122 0.124 0.125 0.126 0.126 

4.791x10 6 0.374xl0 6 2155.810 12.43 

4.260xlo'+ l.426xl0'' 5.488xl02 16.90 

11.468x106 l.936x10 4 0.055 

30 yr 

2.240xl03 

8.820x104 

0.004 

73.02 

1.n::wx102 

32.52 

' 9.163 

'4:'1J,;9 
-,~, 

0.126 



Table 4.3 

Fission Product Activity of Core Discharge Fuel from AI 1000 MWe Reference Oxide 
, Design (80,000 Ml'fi/MI' Exposure), as a Function of Cooling Time 

Activity (Ci/1-fi'(~+Pu)) 

Cooling Tilre 

Fission Product 0 30d 90d 150d 300d 30 yr 

* 85Kr' 1.542xl04 1.535x104 1.519xl04 1.503xl04 1.464xl04 2.240xl03 
86Rba 7.699xl0 3 2.522xl03 2.720xl02 29.28 

* 89sr 2.190x106 1.455xl06 6.420x10 5 2.835xl0 5 3.700xl04 

*9Dsr+90y 1.810xl05 1.813xlos 1.806x10 5 1. 799xl0 5 1. 781x10 5 8.820xl04 

*9ly 3.164xl06 2.23Bpo6 1.103x106 0.544xl06 0.092xl0 6 

*9Szr 5.457xl06 3.973x106 2.106x106 l.ll6x106 0.228xl.06 

* 95Il1Nb> 7.093x10 4 5.466xl04 2.898xl04 l.536xl04 3.142x10 3 

*95Nb 5.436x10 6 5.065xlQ6 3.470x106 2.079x106 0.475x106 

9 9fu+-9 'lmrc 13.18x106 8.039xl0 3 0.00273 
* 1 a 3Ru+l o 3I!1ro.. 15.05x106· 8.933x106 3.142xl06 1.105xl06 0.08lxl06 
* 1 06Ru+l 06Rh 6.372x1o6 6.022x1os 5.378x106 4.804x106 3.622x106 0.004 

11 omllga 4.303xl0 3 4.043xl0 3 3.439x10 3 2.909x10 3 1.950xl03 

1'\) 11 ollga 3.05lx105 5.262xl02 4.459xl02 3.788xl02 2.960x102 
(X) 

1111\g 4.770x10 5 2.985xl04 1.162x102 0.455 
113Il'Cda 3.22lxl02 3.212xl02 3.1B3xloz 3.155x102 3.095xl02 73.02 
11srrca 9.01lxl02 5.271xl02 2.116x102 80.29 11.12 
l19JTisn 47.13- 43.45 36.74 31.078 19.90 
12l!Jlsn 1.341xl02 1.341x102 1.341x102 1.341x102 1.340xl02 1.020xl02 

123msn 1.955xl0 3 1.653x1o3 1.181x103 8.502xl02 3.600xlo2 

12ssn 1.145xl05 i.S7Bx104 1.889xl02 2;267 
*Izssb 6.525xl04 6.453x104 6.198x104 5.945xl04 5.356x104 32.52 

1zsrnre 1.615xl04 1.69lxl04 1. 766xl04 1. 757x104 1.590xl04 9.163 

12ssb 9.635xl04 1.833x103 69.71 6.471 5.000 4.119 

l27Sb 5.199xl05 2.209xl03 0,039 
12 7rn:re+l2 7Te 9.664xlo 5 2.976xlo 5 2.012xl05 1.375xl05 5.125xl04 

129Jnre 7. 727xl0 5 4.213x10 5 1.237xl0 !> 3.646x104 1.650x103 

129Te 1.85lx106 2.702x10 5 7.944x104 2.343x104 1.095x103 

1291, 0.122 0.124 0.125 0.126 0.126 0,126 

* 1311 4.79lx106 0.374x106 2155.810 12.43 
131Inxe 4.260xl04 1.426x104 5.488x102 16.90 

132Te+132I 11.468xl06 1.936x10 4 0.055 
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N 
\ll 

Fission Product 
* 133.xe 

I34csa 

I36cs 

* I37cs+I37msa.· 
140Ba+l40r..a 

irl'+lce 

l43Pr 

* I4'+ce+I'+4Pr 

l47Nd 

* l47Pm 
14Brr'Pma 

frl51Sm 

1s4Eua 

* 155Eu 
156Eu 

l&oTba 

161Tb 

l62Gd+l62f11rb 

Totll Activity 

Table 4.3 

(continued-page 2) 

.Fission Product Activity of Core Discharge Fuel from AI lOOO·~&e Reference,Oxide 
Design {80,000 Ml'.tl/Ml' Expsoure), as a Function of Cooling Time 

Activity (Ci/MI'(U+Pu)) 

Cooling Time 

0 30d 90d 150d 300d 

7.867x106 0.186x106 69.68 0.026 

7 .425xl04 7 .226xl04 6.839xl04 6.46lxl04 5.400x104 

3.448xl05 6. 971x104 2.843xl0 3 1.162xl02 0.045 

4.903x10 5 4.894xl0 5 4.875xlos 4.857xl0 5 4.8llxl05 

12.242x106 2.54lxl06 9.87lx104 3.835x10 3 1.050 

6.978xl0 6 3.70lx106 l.03lxl06 0.287xl06 O.Ol2xl06 

6.027x10 6 1. 74BxloG 8.407x104 4.034x10 3 5.100 

6.337xl0 6 5.886xlo6 5.186xlos 4.394xlo6 3.048xl06 

2.673xl06 4.100xlo 5 9.730xl0 3 2.286x1Q2 0.015 

7.673x10 5 7.743xlo 5 7 .454x105 7 .l38xl05 6.404xlos 

l.672xl0 5 1.020x10s 3.779xl04 l.407x104 2.000x10 3 

1.058x104 1.06lxl04 l.059xlo4 l.058xl0 4 l.055x104 

2.390x10 3 2.380xl0 3 2.362xl03 2.352xl0 3 2.300x10 3 

5.22lxl04 5.162xl04 5.046xl04 4.932x104 4.659xl04 

2.872x10 5 7.330xl04 4.58lxl03 2.862xl02 0.350 

3.22lx104 2.41Bxl04 1.360xl04 7.623xl0 3 2.000x103 

4.478xl04 2.20lx10 3 5.299 0.013 

2.286x104 2.154x104 1.927xl04 1.714xl04 l.200x104 

--
(11. 70x107) 4.42lx107 · 2.441Xlo7 1.647xl07 9.169x106 

30 yr 

2.985 

2.463xlQ5 

? .• 874x102 

0.849xl04 

6.518xl02 

:a.l65xla2 

3.472xl05 

* 1hese nuclide activities were calculated during the present investigation. Others were obtained from Reference 1. 

a. Activation products, produced by neutron activation of a fission product. 
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Table 4.3 

(cont.inued··page 2) 

Fission Product AcUvi ty of Core Discharge Fuel from AI 1000 MWe Reference Oxide 
Design (80 ,000 mi,/Mr Expsour.e), as a Function of COOling Time 

Activity (Ci/MI' (U+Pu) ) 

~ c ••e ,., .• ""~h',e ..,,,~,_.,.....,_.....,..,..,,~_.._.,...~~-..-..=u ... o~ •- •-.....>y~, -~''" ~·-- -....-.--.~ r-,...>~·••"v·~~ "'" •' "'·-~------ -:..----------------- ---~--~----cooll.iig Tlllr= 
,~.,,_n •'• •••• _ .. , • ~- ~ ,._ "'"'"''" ·•' "'~~=,._~~-..- , __ ----------._.-...... -.. -

Fissi,c:~l~--·-· 0 30d 90d 150d .. _.,. 
·----------------~~-

* 13 3Xe 1. B67xJ.o 5 O.l86xl0' 69.68 0.026 
1'4csa 7.425xl0 4 7 .226xlo'· 6.839xl0 4 6.46lxl04 

l3E-cs 3.448x10 5 6. 97lxl0 4 2.843xl0 3 l.l62xl0 2 

* 1 3 7 Cs-,Ll _, "nB:J. 4.903x.10 5 4.894xl0 5 4.875xl0 5 4.857xl0 
1 .,oBa+l4Cr..a 12.242xl0° 2.54lxlO" 9.87lx10 4 3.835x10 3 

* JL'1Ce 6.978xl0~ 3. 70lxl0': l.03lx10 6 0.287xl0" 
143Pr 6.027xJ.o 6 l. 748x10~ 8.407x10 4 4.034x10 3 

* l44ce-:-l44pr 6.337x10 6 c;. 88(-:xl n t· 5.186):l0f 4.394xl0 6 

147Nd 2.673x10 6 4.100xl0 5 9.730xl0 3 2.286xl0 2 

*147Pm 7.673xlos 7. 743xl0 5 7.454x10 5 7 .138xl0 5 

l48IT\proa 1.672xl0 5 1.020xl0:) 3.779xl04 l.407xl0'' 
*1s1su 1.058xl0'' 1.06lx10'" 1.059xl04 1.058xl04 

1~:,Eua 2. 390'.x10' 2.380xl0- 2. 362x10j 2-.352x10 3 

* 1 s_sEu 5.22lxl04 5.162xlO" 5.046xl0 4 4. 932xl_o 4 

l56Eu 2. 872:xl() 5 7.330xl0 4 4.581x10 3 2.862x10 2 

l5cTba 3. 22Jxl04 2.418xlO'-' 1. 36(br~0 4 . 7.623xl0 3 

161Tb 4.478xl0'' 2. 201x1.o 3 5.299 0.013 
l 6 2Gd+ 1 6 2flTb 2.286xlO'" 2.154xl04 1.927xl04 1.714xl04 

~--<=_,........._ _______________ ~~--~"'~o=----·-·-·---'"",___ ____ ~---~~---·-T---e-L,....,..._..,._~--,~~·--0 
· 'lbtal Activity (11. 70xl0 7 ) 4.421x10 7 2.44lxl07 1.647xl0 7 

300d ___ lQJE ___ _ 

5.400xl04 

0.045 

4.8llxl05 

1.050 

0.012xl0;; 

5.100 

3. 048;.;.·11}; 

0 .Olti 

6.404xl0~ 

2. OOC".i:l 0' 

l.055xl0-

2.300xl0: 

4 .659-'xl04 

:~ .. 25·,.. 

2.000xl03 

1. 2ooXl-.Q4 

'· 

9.169;,;106 

/ 

2.985 

2.463xl05 

2. 874x10 2 

0.849xl0 4 

6.518xJ0 2 

8.165rl02 

3.472xl0 5 

* 'Ihese nuclide activities wo-re ca1c.•tllatt:xl d:xcirr; the pres<"mt invcrc:;t.igatJon. Ot:ht'!rs were obtair!E!<:l frx::~- Reference L 

a. Activation prod.ucts, prodLKx3d by neutron a.cliva cion of a fission prcxluc·L 



The yields and half lives of the fission products (from Reference 3) 
are given in Appendix B. Also the decay ~che~es of the nuclides 
whose activities were calculated are illustra'ted in Appendix B. 

\ 
Results for the activities of the important radionuclides are 

listed in Tables 4.3, 4.4, and 4.5 for the core, axial blanket, and 
radial blanket of the AI 1000 MWe Reference Oxide Design. Results 
are listed as curies per metric ton of metal (U + Pu). Also listed and 
noted in the tables are a number of activation products which result 
from neutron activation of fission products. Core activities for 
the GE 1000 MWe Follow-On Design are listed in Table 4.6. Totals 
in Table 4.6 for those nuclides not specifically calculated are based 
on results from Reference 1. In Tables 4.3- 4.6 the totals at zero 
cooling time are only the totals for those nuclides shown (hence, they 
are shown in parentheses). By 30 days these are the only nuclides 
which are not negligible so that the totals from 30 days on are correct. 

In Table 4.7 are listed the gamma and beta energy production rates 
as a function of cooling time, also listed per MT of metal (U + Pu}. 

Noble gases and iodine have special significance since they can be 
released to the cover gas. These fission product sources are listed 
separately in Table 4.8. Saturated activities in a 1000 MWe reactor 
are listed, except for 85Kr and 129I. The 85Kr and 129r are the amounts 
at shutdown for the GE 1000 MWe design, with average core discharge 
exposure of 100,000 MWd/MT. The longest half-lives of the noble 
gases or iodine other than 85Kr and 129! are th~ 11.96 day l3lmxe and 
9.065 day 131I. As can be seen from Table 4.3 the only nuclide in 
Table 4.8 still important after one year is 8~Kr; hence, all but 
85Kr are short-term hazards only. 
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Fission Product 

85Kr 
86Rba 

89sr 

9Dsr+90y 
9ly 

95zr 

9511Nb 

95Nb 

9 9M.:>+9 91lTc 

1 0 3Ru+l 0 3!!1Rh 

106Ru+l06Rh .... ..... 
!I om~ 

110Aga 

lllAg 

ll3I!t:da 

11511bl . 

lt9rnsn 

121Insn 

123Insn 

12ssn 

125Sb 

12511\re 

12Gsb 

127sb 

127mre+l27Te 

129mre 

129Te 

129r 

13tr 

1311% 

Table 4.4 

Fission Product Activity of Axial Blanket Discharge from AI 1000 MWe 
Reference Oxide Design, as a Function of Cooling Time 

Activity [Ci/MI' (U+Pu) ] 

Cooling Time 

0 30d 90d 150d 

7.878xl02 7.840xl0 2 7.755xl0 2 7.670xl02 

72.64 23.80 2.569 0.277 

1.294x105 8. 70xl04 3.91lx104 1. 757xl04 

7.944xl0 3 7.897x103 7.859x10 3 7.840x10 3 

1. 766x10 5 1.247xl05 6.140x104 3.023x104 

2.834xl05 2.059xl0 5 l.086x10 5 5.724x104 

5.668x10 3 4.364xl03 2.305x10 3 1.219xl03 

2.626x105 2.522xlQ5 1. 757xlos 1.058xl05 

6.480xl0 5 3.949x102 1.338x1o-4 

6.612xl0 5 3.9llxl0 5 1.37lx10 5 4.799x10 4 

1.608xl05 l.519xl0 5 1.356x105 1.2llxl05 

8.162 7.519 6.376 5.413 

7.37Bx102 0.973 0.829 0.704 

1.162x104 7.283xl02 2.843 0.011 

0.580 0.578 0.573 0.568 

95.40 58.66 22.29 8.473 

3.306 3.042 2.569 2.182 

1.001 1.001 1.001 1.001 

38.730 32.779 23.521 16.814 

4.090xlQ3 4.478xl02 5.365 0.064 

9.730x102 9.824xl02 9.446x102 9.097x102 

2.947x102 3.22lxl02 3.495x102 3.56lxl02 

1.455x103 2.758x102 9.919 0.398 

1.918xl04 91.82 0.002 

2.097x104 4.865x103 3.533xl03 2.409xl0 3 

2.872xl04 1.568xl04 4.610xl03 1.360xl03 

7.236xl04 1·.001x104 2.957x10 3 8.69lxl02 

0.003 0.003 0.003 0.003 

1.86lxl05 l.445xl04 82.466 0.470 

l.644xl0 3 5.970xl02 23.521 0. 721 

300d 

7.260xl02 

2.500xl0 3 

7.600x10 3 

5.325x10 3 

1.175xl04 

2.800xl0 2 

2.600x10 4 

4.500xl02 

8.780xl04 

3.500 

0.450 

0.550 

0.815 

1.475 

1.000 

.7.900 

7.85xl02 

3.500xl02 

0.042 

8.900xl02 

66.00 

40.00 

0.003 

30 yr 

1.143xl02 

3. 779xl0 3 

0.131 

0.763 

0.456 

0.189 

0.042 

0.003 

~ 

>< z 
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Table 4.4 

Fission P.Lu..klci Activity of Axial Bla.l'!ket Ili sclhL>J'· I n••u 1,1 1110(1 11-V... 
Refnn:;nce Oxidt< Design, as a Function of Ox>l ing 'I'imc 

1\ctivity [Ci,M.l.' (U.;-Pu) ] 
-----~· .. ~-"-~ .... ---------· _______ , 

COOling Time 
-~-------~ -------··"~ (' .. 

Fission Product 0 30d 90d 150d 300d 30 yr 
--· 

f~Kr 7 .878xl0 7 .840xl0·' 7.755xl02 7 .670xl02 7. 260xl0; ·1 l.l43xl07 

i'6Rba 72.64 23.80 2.569 0.277 
89sr l.294x10'' 8. 70xlO'· 3.91Lxl0 4 1.757xl04 2.500xl0 
·•0sr+:luy · 7. 944xl0 3 7 .897xl0 7.859xl0 1 7 .840xF1 • 7.600xl0 3. 779xl0 1 

~:y l.766xJO' l.247xl0' 6.140xl0 4 3.023x10 5.325xl.c· 

~ 5 zr 2.834xlo' 2. 050:.;,10 l.086xJ0 5.724xl0' l.l7 Sx,l. '· 

'3 Sl1\fu 5.668xl0 4. 364xl0' 2.305x10' 1.219xl0' 2. 8()(;y~r; 

~5Nb , . h~h;-:J_Q5 2.522xlO' l. 757xl()c l.058xl0c ~ ~ _,...., ~-. ~ 

9 9M:J+ 9 9mrc 6.48QxlQc 3. 949xl0 l. 3l8xl0-'' 
I 0 3Ru+ I 0 3Il1Rh 6.612xl0 5 3.911x10 5 l. 371x10 5 4.799xlo- 4 • 50()-;<_]_rj. 

w ...... IOERu+l06Rh l.608xl0 5 l.519xl0° 1. 356xHP 1.2llxl0° 8.780xl')' 
j l ~m;.ga 8.162 7.519 6.376 5.413 3.S0( 
1101\ga 7 .378xl0 2 0.973 0.829 0.704 0.450 
II lAg l.l62xl04 7. 283xl0 7 2.843 0.011 
li3Jrcda 0.580 0.578 0.573 0.568 0.550 0.131 

11 "ITCd 95.40 58.66 22.29 . 8.473 0.815 

. '"ffiSn ...; • ...)l.JO J.u .. .:: :::.569 2.182 1.47:; 

I: lffiSn 1.001 1.001 1.001 1.001 1.000 0. 763 
12 3IDsn 38.730 32.779 23.521 16.814 7.900 
125sn 4.090xlo 3 4.478xl07 5.365 0.064 
125Sb 9.730xl0 2 . 9.824xl0 2 9.446x10) 9.097xl0 2 7,85xl0~ 0.456 

12 Sffire 2.947xl02 3.221x102 3.495xl0· 3.561x102 3 • 500x.l r:;: 0.189 
126Sb l. 455xl:03 2.758xl02 9.919 0.398 0.042 0.042 
127Sb L.918xl04 91.82 0.002 
12 7ntre+l2 7Te 2.097xl0 4 4.86Sx10 3 3.533xl0 3 2.409x10 3 8.900xl'l;: 

.. 

129mre 2.872xl0 4 l.568x10 4 4.610xl0 1 1. 3fi0xl0 3 66.00 
129Te 7 .236xl0'' l.001x10 4 2.957xlO-, 8.69Lxl02 40.00 
1z91 0.003 0.003 0.003 0.003 0.003 0.003 

131 I l.861x10 5 1.445xl04 82.466 0.470 
l31Inxe l.644xl0 3 5.970xlQ2 23.521 0.721 



Table 4.4 

(continued-page 2) 

Fission Prcrluct Activity of Axial Blanket Discharge fran AI 1000 r+1e 
Referenoe Oxide Design, a:l a Function of Coolin;J Ti.ma 

Activity [Ci/!Jtl'(U+Pu)] 

Cooling T~ 

Fission Produ....~ 0 30d 90d 150d 300d 30 yr 

132Te+112 1 5.318xl0 3 8.908xl02 0.003 

133xe 3.278xl0 5 7.65lxlf1 2 2.862 0.001 

l34csa 3. 750xl02 3.646xl0 2 3;457xl02 3.268xl02 2.800xl02 0.015 

l36cs 6.98lxl0 3 l.407xl0 3 57.528 2.343 

w 1 3 7cs+ 1 3 7maa. 1.495x10'' l.492x104 1.486xl04 1.48lxl04 l.425xl0 4 7.472xl0 3 

N 
l40Ba+l40La 6.083xl0~ l.282x10 5 4.978xl0 3 1.927xl02 0.070 

14lce 3.070xl0 5 L625x10 5 4.496xl0 4 l.247xl04 4.500xlQ2 

14 3Pz· 2.806xl0" ~. 849:ldO" 3.287xl0 3 l.578xl02 O.llC 

)44Ce+[ L;4Pr 2.598xl0 5 2.399xl0 5 2.059xl0 5 1.785x10 5 1.780xl0 5 

.,ol.!' _ _... 
-- 147!'\ld 1 .672:xl0 5 ?-569x104 6.064xl0 2 14.2~4 

l47Pm 3:.73lxl0~ 3.807xl0~ 3.675xl04 3.523xl04 3.100xl04 13.98 

14 8Irtproa 1.861x10 3 Ll34xlQ 3 4.204xl02 l.559xl0 2 12.55 

l51Sn 4. 704YJJ) 2 4.723xl02 4.723xl02 4.714xl0 2 4.680xl0 2 3. 722xl02 

lSitEua 19.2? 19.17 19.08 18.89 18.50 5.252 

155Eu 3.324xl0 3.22lx103 3.023xl0 3 2.834x10 3 2.350x](} 0.034 

156Eu 6.660x10 3 L 710xl0 3 1.06'?xl 6.679 0.004 

160n:,a 56.58 ,~7A1 23" ~!(; 13.41 0.280 

16ln:, 7.916xl0 2 G.094 2. 258xl0-"' 

l62Gj+l62Inrb 2.418xl02 :2.040xl02 1.816xl02 l.330x102 
.. -•O,._J,,......•.~•"'M~· 

-~,----··~~,~~- "''"~~'-·'· ""·~-- ·-~-----"' 

'lbtal Activity (4. 714xl0 6 ) l.%3xlOb 9.973xl0') 6.4llxl0 5 3.715x:l0 5 1.176x104 



Table 4.5 

Fission Product Activity of Radial Blanket Discharge from AI 1000 HWe Refer~ce 
Oxide Design, as a Function of Cooling T:ime 

Activity (Ci/MT (U+Pu) 

Cooling T:ilre. 

Fission Product 0 30d 90d 150d 300d 30yr 

SSKr 2.428xl03 2.409x103 2.390xl03 2.362xl0 3 2.300xlo3 3.505x102 

86Rba 3.363xloz 1.1'05x102 11.90 1.285 
B9sr 2.465x10 5 1.653xl0 5 7 .415x104 3.335x104 4.285x103 
90sr+90y 2.37lxl04 2.362x104 2.343x104 2.343xl04 2.290xl04 1.126x10" 
91y 3.372xJ05 2.371xl0 5 l.l7lxl05 5.772xl04 9.150x10 3 

9szr 6.1o2x1o 5 4.430xlo5 2.333xl05 • 1.237x105 2.500x104 

9s~w 1.219x104 9.403x10 3 4.959xl03 2.617xl03 5.100x102 

95Nb 5.819x105 5.526x105 3.826xl05 . 2.295xl0 5 5.500x10'~ 

w 9 9.t--b+ 9 91llrc 1.330x106 8.105xl02 2.749xlo-4 
w 

8.00lxl05 I 03Ru+l 0 3Rh l.35lxl06 2.796xlos 5.063xl04 9.500xl02 

1 06Ru+l 06Rh 4. 742xl05 4.4llxl05 4.005xlos 3.57lxl05 2.675xlO'~ 
11omAga 77.36 71.22 60.45 51.29 34.00 
llOAg 5.120x10 3 9.257 7.859 6.669 .4.300 
II lAg 3.316xl04 2.078x103 8.105 0.032 
ll311lcda 6.017 5.989 5.942 5.894 5.795 1.360 
II 5l1lcd 1.568x102 96.35 36.74 13.98 1.150 
119Jnsn 8.643 7.954 6.735 5.696 3.750 
l2lffisn 5.885 5.876 5.866 5.857 5.800 .4.478 
123Jnsn 1.190xl02 l.001xl02 71.98 51.14 21.90 
12ssn 1.077x104 l.l71xl03 14.07 . 0.169 
12ssb 3.344x10 3 3.363xl03 3.231xl03 3.098xl0 3 · 2.800xl03 1.549 
125IDre l.115x10 3 1.171xl03 1.228xl03 .1.237xl03 1.200xl03 0.643 
I26sb 2.125xl0 3 4.034xl02 14.73 0.727 0.300 0.208 
127sb 5.507x104 2.626xl02 0.006 
12 7ffire+l2 7Te 6.253x10 4 1.719xl04 l.l59xl0 4 7 .907x103 2.500xl03 
12 91llre 6.546xlO" 3.57lxl04 l.049x104 3.089xl0 3 1.45xl02 
I29Te l.625xl05 2.286xl04 6.735xlo3 1.984xl03 1.300xl02 
129r 0.010 0.011 0.011 0.011 0.011 0.011 
l3lr 3.939xl05 3.06lxla" 1. 748x102 0.992 
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Table 4.5 

1 ,, ,, I J. ~ ~ i.'~ ; ; .,_ ; \ t • : I~ lj I' ..,. •I { {' • r\ l\ -~ 1 f;'t(l !'1V' RPft_':t'ell~ 

Oxii-ie }}(": ·if:pl, l\f '"' f"\)11 l'f• :·. '.1 ilrt~ 

:.:;... ; l..V..;..<_.J ' k;'l ,;'(11 1: .' 

~ --~- .. -...-.. ~~ --~-=-~-·-·· 

' 
\''-

Coolin) Tine 
,_ - - ~---~·"·-- ~---- --~-----~· -- --- -~·--

._, 

-., / 30~ ---(1!-:ib i u·} l·r.u..:~~•,_·l 0 j()d •l.hl E>IK; 30fk' 
/ 

'-
---------~ ..... ·-~ -~---- -----· -- ---- --- ··--·---~~··-· ··----·~- ---~--···-~ -·-- ------·~ 

85Kr 2.428x10 3 2.409xlQ I 2.390xl0 1 2.3fi2xl0 l 2. 300xl0 l 3.505xl02 

86Rba 
-"-....., 

3.363xl02 1.105xl02 11.90 1.285 

89Sr -.2_. 465xl0 5 1.653xlo'• 7 .415xl04 3.335xl0'' .4.285x10 3 

'lOsr+ 90y 2.J7lxl04 2. 362xl04 2.343xlO'' 2. 343xl o'• 2.290x10'' l.12fixl0 4 

9ly 3.372xl0~ 2. 37lx10" 1.171xl0' 5. 772xlO'' 9.150xl0 3 

g~Zr 6.102x10 5 4.430xl0 5 2.333x10' l.217xl0' 2. 500x1 0'' 

95JTNb l.219x10 4 9.403x10 3 4.959xl0-1 2.fil7xlo·· 5.100x10 7 

95Nb S.819xl0 5 5.526x10 5 3.826xlO" ·2.295x10< 5.500x104 

9 9».:>+ 9 9ffirc l.330xl06 8.105xl02 2. 749xlo-'· 

l 0 3RU+l 0 3Rh l.35lxl06 8.00lxl0 5 2.796x10 5 5.0f'3xl04 9.500xl0 7 

w 
w 

l 06Ru+l 06Rh 4. 742xl0 5 4.4llxl0 5 4.00Sxl0 5 3.57lxl05 2.675xl04 

110~a 77.36 71.22 60.45 51.29 34.00 

IIOAg 5.120x10 3 9.257 7.859 6,669 4.300 

II lAg 3.316xl04 2.078xl0 3 ' 8.105 0.032' 

l l3Incct" 6.017 5.989 5.942 5.894 5.795 1. )h() 

I l SJTt:d 1. 568x102 <96.35 . -36.74 13.98 1.150 

119Jnsn 8.643 7.954 6.735 5.696 3. 7S:J 

12ll11sn 5.885 5 .il76 5.866 5.857 5.800 4.478 

12 'Insn 1.19()x107 l.OOlxl0 2 71.98 51.14 21.90 

12ssn 1,·Q77xl04 1.17lxl03 14.07 0.169 

12ssb 3.344x10 3 3.363xl03 3.231x10 3 3.09&10 3 2.800xl0 3 1.549 

12sm_r9 1.115xl03 1.17lxl03 1.228xl0 3 1.237xl0 3 1.200x10 3 0.643 

126Sb 2.125xl0 3 4.034xl02 14.73 0.727 0.300 0.208 

12/Sb 5.507xl04 2.626xl02 0.006 

I 2 7ffire+ L' ~ Te 6.253xl0 4 1. 719xl04 1.159xl04 7 .907x10 3 2.500xl0 3 

12 911Te 6.546xl04 3.57lxl04 1.049xl04 3.089xl0 3 l.45xl0 2 

129Te l.625xl0 5 2.286xl04 6.735xl0 3 1.984x10 3 1.300xl02 

1291 0.010 0.011 0.011 0.011 0.011 O.Oll 

13ly 3.939xl05 3.06lx104 1.748xl02 0.992 



Table 4.5 

(continued-page 2) 

Fission Product Activity of Radial Bl.anl<:et Discharge fran AI 1000 Jolte Referer~Ge 
Oxide Design as a ~on of CoolilYJ Time -

Activity (Ci;MI'(U+Pu)) 

~ ~~~ / 

Fission ~ 0 30d 90d 150d /,.30(5;f' 30yr ---·. . ., . 

131Inxe 

132Te+l32I 

133XP 

134csa 

130cs 

1 3 7cs+l 3 7msa 
~ l40Ba+l'' 0La 

l4lce 

/ 143Pr 

1/ / 144ce+l44Pr '-;:"? . 

·---_, ... """'' 

' 

147m 

l47Pm 

14B!Tlpma 

--- / l51Sm 

;...,.. 154Eua 

155Eu 

156Eu 

160rftP 

l61Tb 

162Qj+l62mrb 

'lbtal Activity 

'· ~~--

·.3. 760xl0 3 
''. 

l:ll8xl06 
'",·~ 

7. 04 7x10b.~. 
"o_'>,. 

2.645xl0 3 

1.88QxlQG 

4.770xl04 

1.254x106 

6.310xl0 5 

5.913x10 5 

6.320xl0 5 
0 -

3 .16W0'5/'" 
,.-"/- 5 

~/-r. 020x10 
,.,_..,->~ 

7.784x10 3 

l.370xl0,) 

1.275xl02 

1.219x104 

1.833xl04 

5.129xl02 

2.513x10 2 

1.096xl0 3 

(l1.23xl0 7 ) 

1.313xl0 3 51.20 

1.880xl0 3 0.005 

1.625xl04 6.083 

2.579xl0 3 2.437xl0 3 

J •. _-:-:;I .x..lO 1.549xlo2 

4. 770Xl94 4 .• -75lxlo4 

2.626x10 5 1.020xl04 

3. 335x1Q.~·~ 9. 248xl04 

1.445xlo5 6.924xl0 3 

5.800xl0 5 5.007xl05 

4.865xl0 4 1.152x102 

1.030xl0 5 9.919xl04 

4.742xlO' 1.757xl0 3 

l.379xl0 1 1.370x10 3 

1.275xl07 1.266xl02 

1.181x104 l.ll5Xl04 

4.695xl0 3 2.938xl02 

3.845x102 2.163xl02 

1.237xl02 0.299 

1.035x10 3 9.238xl02 

4.361x106 2.327x106 

1.578 

.• 

o~·oo2 

2.305xl0 3 

6.320 

4.734xl04 

3.958xl02 

2.560xl04 

3.325x102 

4.326x10" 

-- 27.11 

9.54lxl0'' 

6.546xl,0 2 

l.370xl0 3 

1.256xl02 

1.049xl04 

18.326 

1.209xl02 

0.001 

8.237xl0 2 

1. 515xl0 5 

2.000xl0 3 

4.700xl04 

0.180 

1.000x10 3 

0.140 

3.975xl0· 

0.900 

8.2~':x~-" 4 

49.00 

1.360xl03 

1.220xl02 

'.,, ,8.900xl0 3 

o)l22 

27.50 

6.100xl02 

5. 943xl0 5 

0 .111-:' 

2.370xl0 4 

37.88 

l.086x10 3 

34.85 

0.125 

3.648x104 
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Table 4.5 

(continued-page 2) 

Fission Product Activity of Radial Blanket Discharge fran AI 1000 MWe Reference 
Oxide Design as a Function of Cooling Time 

Activity (Ci;MI' (U+Pu) ) 

Cooli..11g Time 

Fission Product 0 30d 90d 150d 300d 30yr 

131Inxe 3.760xl03 1.313x103 51.20 1.578 

l32Te-r132r 1.118x106 ·1.880xl0 3 0.005 

133xe 7 .047x105 1.625xl04 6.083 0.002 
13'>csa 2.645x103 2.579xlo 3 2.437xl0 3 2.305xl0 3 2.000xl0 3 0.107 
136cs 1.880x104 3.797x10 3 1.549xl02 6.320 

137cs+l3~ 4. 770x10 4 4.770xl04 4.75lx104 4.734xl04 4.700x104 2.370xl04 

1'1 0Ba+l40La 1.254x106 2·.626xl0 5 1.020x10'~ 3.958xl02 0.180 
I 'lice 6.310x10 5 3.335xl0 5 9.248x104 2.560x104 1.000x103 

143Pr 5.913x10 5 1.445xl05 6.924x10 3 . 3.325xl02 0.140 

l""ce-rl""Pr 6.320xl0 5 5.800xl05 5.007xl0 5 4.326xl05 3.975xl05 

w 147Nd 3.164xl0 5 · 4.865xlo" 1.152xl02 27.11 0.900 .;.. 

147Pm 1.020xl05 1.030xl0 5 9,919x104 9.541x104 8.200x104 37.88 

· 14 srn:Bna 7.784x10 3 4.742xl0 3 1. 757xl0 3 6.546xl02 49.00 
1s1su 1.370x103 1.379xl03 1.370x103 1.370xl03 1.360x103 1.086x103 

1s4Eua 1.275xl02 1.275xl02 1.266xl02 1.256xl02 · 1.220xl02 34.85 
155Eu 1.219x104 1.181xl04 1.115x104 1.049x104 8.900xl0 3 0.125 
156Eu 1.833xl04 4.695xl03 .2.938x102 18.326 0.022 
16oTba 5.129xl02 3.B45xl02 2.163xl02 1.209xl02 27.50 
161Tb 2.513x10 2 1.237xlo2 0.299 0.001 
16 2G:j+l6 2mrb 1.096x10 3 1.035xl03 9.238x1()2 8.237x102 6.100xl02 

'Ibtal Activity (11.23x10 7) 4.361xl0 6 2.327x106 1.515x10 5 5.943x105 3.648x104 
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To.!Ae 4. 6 

l•')<~s:on Proo·v:t Ptctivity of O..a:'€' Discharg .... F'UeJ f:t,-an GE 1000 fYM'>= F'oJJ.ow-on Design 
0 00' noo ~IM'I' E:q~§'S\r.te) J ?.!!: !'! Fin¥ : ion nf ,., ..-, 1 il10 'J'il1Y: 

Act I vi ty (Ci/MI' (U+Pu)) _ _...._,,...,..._,.., ___ ~·-- ~-----~~--- _,.______ ···--------._,.·-··~--------~--.-· ... -~--...... --- -----.,.-~"""""'--------~------------~-

Cooling Tine 
------------··- ------···-·-··--·-------------- ----·------· ·-·--· 

Fission Prodoct 

fl5Kr 

B9sr 

'lOsr+9oy 

9ly 

9Szr 

95r£Nb 
'lSNb 

1 0 3 Ru+ 1 0 3Illru1 
l06Ru+l05Rh 

12ssb 

l27Sb 

l3lr 

l33xe 

1 3 7 Cs+ 1 3 7ffiaa 
14ler 

l44ee+l44Pr 

147Pm 

151Sn 

155Eu 

'lbtal for calculated 
nuclides 
Total for un:::alculated 
nuclidf's 

'lbtal 

0 

1. 915x10 4 

2.322x106 

2.260xl0 5 

3. 357x10" 

5. 795xl06 

7 .533xl04 

5.787xl0 6 

15. 95xl06 

7.396xl06 

7 .925xl04 

5.510xl0 5 

5.077xl0· 

8.336xl06 

6.120xl0 5 

7.395x106 

7.238xl0 6 

9.339xl05 

1.324xl04 

6.421x104 

30d 90d 

1.906xHl4 l.886xl04 

1. 542x1Ql· 0.680x1Q6 

2.253x10" 2.254xl0° 

2. 374xlO'' l.l7l.xl06 

4.219xl0 6 2.236xl()t; 

5.805x104 3.078xl04 

5.387xl0 3.687xl06 

9.199xl06 3.330xl06 

6.990xl06 6.244x106 

7 .829xl0'' 7 .517xl04 

2.34lxl03 0.041 

0.396x106 2284.590 

O.l97x106 73.84 

6.109xl0 5 6.086xl0 5 

3.922x105 l.093xl06 

6. 723x106 5.809xl06 

9.387xl0 5 .9.031x10 5 

1.327x104 1.325xl04 

6.348x104 6 .205x104 

4.296x107 2.619xl07 

0.697xl0 7 .085xJn7 

lSOd 

l. 866xl04 

0.300xl06 

2.245xl0 5 

0. 577xl0° 

l.l85xlO" 

1.63lxl04 

2.209xl06 

1.072xl06 

5.576xl06 

7.210xl04 

13.17 

0.028 

6.063xl0 5 

0. 304x106 

5.019xl05 

8.648xl0 5 

1.323xl0 4 

6. 066xl04 

l.812xl07 

0.037x107 

300d 

l.817xl0 4 

0.039xl06 

2.223xl05 

0.099x1Qt 

0.242x106 

0. 334xl-04 

0 .505xl06 

o.086xlos 

4.204x10 5 

6.496x104 

6.006xl0 5 

1.246.xl04 

3.482x105 

7.758x10 5 

1.319xl04 

5.730xl04 

0.973xl07 

o.rnr.xl0 7 

30yr 

0.277xl04 

l.l04xl05 

0.008 

39.44 

3.075xl0 5 

. 3.482x102 

1.062xl04 

O.lOOxlO~ 

4. 37x105 

• OJ 

----------------------------·---- ·------~----~-----------~---~------~~-------~-~~ .. ---
4. 99xl07 2.70x107 1. 85xl0 7 0.99xl07 4.4xl05 



Table 4. 7 

Energy Generation Rate from Fission Product Decay for the 
AI 1000 MWe Reference Oxide Design as a Function of Cooling T:ime 

. Specific Power [Watts/MT (U+Pu)] 

eooiing Tlire 
30d 90d lSOd 300d 3C:1E.__ 

(:crre 

~Decay 9.56xl0l;' 4.39x104 2.57xl04 1.12x104 .49xl0 3 

:aeta Decay 10.00xl04 6.2lxl04 4.87xl04 2.8lxl04 .59x::...o 3 

Axial Blanket 

Ga'il!la Decay 4.07x10 3 1. 77x10 3 1. 00x10 3 .43x10 3 15. 

Beta Decay 4.07x10 3 2.29xl0 3 1.69x103 .91xl0 3 21. 

Racial Blanket 

!::;;anma Decay 8.83x10 3 3.94x103 2.27x10 3 0.98xl0 3 48. 

:Beta Decay 9.37xl0 3 5.60xl03 4.29x10 3 2.45x10 3 66. 
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Table 4.8 

Total Activity of Noble Gas and Iodine Nuclides During 
Opera t.ion_ of a 1000 MWe LMFBR 

Radio- Saturatcrl Half-life Accumulated 
nuclide Activity, Ci Yields (Fast Fission) 

239Pu 23Su 

(%) (%) 
8 3Illf<r 7.016x106 1.86h 0.350 0.412 

BS!lKr 1.301xl07 4.4h 0.642 0.811 

85Kr 2.4x105* 10.76y 0.142 0.173 

87Kr 2.250xl07 76m 1.108 1.416 

88Kr 2.759xl07 2.'l9h ·1.368 1.677 

B9Kr 3.585x107 3.18m 1.653 3.010 

13lllXe 4.822xl05 11.96d 0.025 0.022 

Is3mxe 3.785x106 2.26d 0.195 0.181 

l33Xe 1.328x108 5.27d 6.824 6.471 

1ssmxe 3.459x107 15.7m 1.902 0.852 

135Xe 1.416x108 9.16h 7.447 5.748 

137Xe 1.138x108 3.82m 5.785 5.951 

138Xe 7.828xl07 14.2m 3.709 5.908 

l29I 1. 7* 1.6x107y 0.922 0.653 

131! 8.086x107 B.065d 4.196 3.662 

132! 1.050xl08 2.284h 5.366 5.300 

133! 1.327x108 20.8h 6.817 6.471 

13~! l.392xl08 52.3m 7.186 6.553 

135! l.217xl08 6.7h 6.290 5.673 

*At'JProxirro.te values in the reactor (1000 r.llV2 GE design) at shutdown for refueling. 
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Table 4.8 

Total Actfyity of Noble Gas and Iodine Nuclid~§ During 
\Operation_of a 100(1 MWe LMFBR ·· 

\ 

Radio- Saturated Half-life Accumcilate:l 

nuclide Activity, Ci Yields (Fast Fission) 
239Pu 23Su 

(%) (%) 
8~ 7.016xl06 1.86h 0.350 0.412 

85~ 1.30lxl07 4.4h 0.642 0.811 

85Kr 2.4xl05* 10.76y 0.142 0.173 

87Kr 2.250xl07 76m 1.108 1.416 

88Kr 2.759xl07 '2.79h 1.368 1.677 
'· 

89Kr 3.585xl07 3:·18m 1.653 3.010 

13l!nxe 4. 822x105 11.9,6<1 0.025 0.022 

133Mxe 3. 785.l'J_()6 2.26d, 0.195 0.181 

l33Xe 1.32BxlOB 5.27d 6.824 6.471 

13sJllxe 3.459xl07 15.7m 1.902 0.852 

135Xe 1.416x1G8 9.16h 7.447 5.748 

137Xe 1.~3Sxl0'' 3.82m 5.785 5.951 

138Xe 7'.828xl07 14.2m 3.709 5.908 
.. 

129! 1. ?* l.6xl0 1y '· 0.922 0.653 

131 I B.086xl0'' 8.065C ~ .• 196 3.662 

132! l.OSOxlO 2.284h 5:·366 5.300 •, 
' 

133I, 1. 327xl0 20.8h 6.8\~ 6.471 

134! 
i 

1.392xl0 52.3n 7.186' 6.553 

/135! 1.217xlO'l 6.7h 6.290 5.673 
I 

I 

1/ 

I *A,.-:proxi.Imte va lnes in the reactor (1000 ~ GE design) at shutdown for refueling. 

\ 
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4.2 Comparison with LWR Fission ?reduct Generatior 

The fission products generated by a reference LWR have been 
estimatec. by ORNL staff in their study of siting fc r fuel reproce:~ · ns 
plants and waste management faci 1 ities. 4 The refer·ence LWR is a 
pressurized water type fueled with Zircaloy-clad UC)2 (3.3% 235u), 
operating at an average power level of 30 MW/MTU and achieving a 
fuel exposure of 33,000 MWd/MTU. The Diablo Canyon Nuclear Power 
Plant Reactor served as a prototype for the reference design. 

Values for LWR fission product inventories after cooling 4imes 
of 90 and 150 days, as taken from Table 3.9 of the ORNL study, are 
presented in Table 4.9. Comparison of these values with the corres
ponding values for an LMFBR core discharge (see Tables 4.3 and 4.6) 
reveals that the fission product inventories per metric ton (U + Pu) 
are much lower for the LWR than for the LMFBR, as expected from the 
large difference in MWd exposure per MT. 

The total fuel charge in the PWR is 88.6 MTU, of which one tnird 
(or 29.5 MTU) is discharged each year. The total fission product 
activity associated with the fuel shipped annually is given in 
Table 4.10 ~s a function of cooling time. On comparing these values 
with the corresponding AI LMFBR values of Table 4.1 (i.e. 2.36xl08 
Ci/yr shipped after a 90-day cooling period and l.59xlo8 Ci/yr 
after a 150-day cooling period), it is evident that the 1000 MWe LMFBR 
will ship annually a greater quantity of activity from the plant 
site than will the 1000 MWe PWR, assuming equal cooling times. 
This result does not change by including also the actinide activity 
(see Table 3.3) and the cladding activity (Table 5.13). (A comparison 
between the GE design and the PWR cannot be made without a calculation 
of the blanket discharge activities.) 

The higher overall fission product activity in the discharged 
LMFBR fuel results primarily from the shorter residence time of LMFBR 
fuel in the reactor, i.e., 540 days for the AI LMFBR design vs. 3 
years for the PWR. Considering freshly discharged LWR and LMFBR 
fuels, the average time elapsed since a particular fuel atom 
fissioned is roughly 550 days for the LWR compared to only 270 
days for the LMFBR. The longer average dec~y time.prior to reactor 
shut-down for the PWR far outweighs the e{fects of differences between 
the two reactor types in 1 fuel exposure, thermal efficiency, energy 
release per fission, and isotopic fission product yields. It is 
of interest, however, to compare the isotopic yields of several 
important fission products. Table 4.11 gives yields of specific 
nuclid~s from thermal fission of 235u and 239pu and from fast fission 
of 238u and 239Pu. These are cumulative yields. The table indicates 
significantly lower production rates for 90sr and 85Kr and a higher 
production rate for l31I in the LMFBR. 
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Table 4.9 

LWR Fission Product Activities as a Function of Cooling Tim~ 

Curies/Metric Ton Discharged Fuel 

Nuc1ioe 90 days 150 days 

3H 6.98E 02 6.92E 02 

85Kr 1.13E 04 l.12E04 

86Rb 1. 72E 01 1.85E 00 

89sr 2.16E 05 9.60E 04 

90sr 7.69E 04 7.66E 04 

90y 7.69E 04 7.66E 04 

9ly 3.22E 05 1. 59E 05 

93zr 1.88E 00 1.88E 00 

95zr 5.24E 05 2.76E 05 

95mNb l.llE 04 5.86E 03 

95Nb 8.69E 05 5. 18E 05 

99rc 1. 42E 01 1.42E 01 

103Ru 2.55E 05 8.91E 04 

103mRh 2.55E 05 8.91E 04 

106Ru 4.59E 05 4.10E 05 

110mAg 3.08E 02 2.61E 02 

110Ag 4.01E 01 3.40E 01 

115cd 1. 17E 02 4.43E 01 

119sn 1.29E 01 1.09E 01 

123msn 5. 11E 02 3.66E 02 

124sb 1. 73E 02 8.63E 01 

125sn 1.67E 01 2.00E 01 
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Table 4.9 
(Continued - 2) 

LWR Fission Product Activities as a Function of Cooling Time 

Curies/Metric Ton Discharged Fuel 

Nuclide 90 days 150 da~s 
12550 8.48E 03 8.13E 03 

1 ?5ffi-re 3.32E 03 3.28E 03 

12"Mre 9.04E 03 6.18E 03 

127Te 8.94E 03 6.11 E 03 
12911_ 2.27E 04 6.69E 03 1e 

129Te 1. 46E 04 4.29E 03 

131 I 3.81E 02 2 .17E 00 

131mxe 1. 06E 02 3.27E 00 

134Cs 2.25E 05 2 .13E 05 

136Cs 5. l OE 02 2 .08E 01 

137 Cs l.07E 05 1.06E 05 

137m8a 9.99E 04 9.96E 04 

140Ba -, .11 E 04 4.30E 02 

140La l _ 28E 04 4.95E 02 

14lce 2.05E 05 5.67E 04 

l43Pr 1 A4E 04 6.94E 02 
144 Ce 8.92E 05 7.70E 05 

l44Pr 8.92E 05 7.70E 05 

147 Nd 2 .l6E 03 5.10E 01 

147 Pm 1.04E 05 9.94E 04 

148mPm 1. 06E 03 3.92E 02 

148Pm 8.82E 01 3. 15E 01 
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Table 4.9 
(Continued - 3) 

~WR Fission Product Activities as a Function of Cooling Time 

Curies/Metric Ton Dischar9ed Fuel 

._ ... cl ide _90 days 150 days 

151 Sm 1. 15E 03 L 15E 03 

152Eu 1. 16E 01 1 .lSE 01 

l53Gd 2. 66E 01 2.24E 01 

·i54Eu 6.87E 03 6.82E 03 

-.55Eu 6.79E 03 6.37E 03 

!56Eu 3.51E 03 2.19E 02 

160Tb 5.34E 02 3.00E 02 

-62Gd 1.86E 02 1.66E 02 
~; 

,)_Tb 1 .86E 02 1. 66E 02 

Total 6.19E 06 4.39E 06 
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TQble 4.10 

Fission Product Activity Transported Annually 

Fran a 1000 MWe PWR 

Cooling Tirre I daY,S 

90 

150 

42 

Activi9 Transported 1 Ci/yr 

1.83 X 108 

1.30 X 108 

\ 



Table 4.11 

Yiela~ of Selected Fission ~ucts from Thermal and Fast Fission 

-~-.---~ 

Thenna.l Fission Fast Fission 
Nuclide Yields{%)fran Yields(%)fran 

23su 239Pu 239Pu 23Bu 

95m£<r 1.332 .598 .642 .811 

85Kr .285 .144 .142 .173 

l3lr 2.774 3.889 4.196 3.662 

3"sr 5.935 2.121 2.089 3.282 

13/cs 6.228 6.534 6.625 5.952 

l33xe 6.766 6.838 6.824 6.471 
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5. OTHER SOURCES* 

5.1 Tritium and Its Transport 

Tritium produced in an LMFBR comes from two principal sources -
ternary fissions in the fuel and n,t reactions in boron control rods. 
Lithium contamination in the fuel might lead to another important 
source, and Lithium contamination in the sodium is a minor source. 

An estimate of tritium production rates in thermal reactors was 
given by Peterson, Martin, Weaver, and Harward, 1,2 who also presented 
results for tritium production rates from fast fission in a Pu-fueled 
fast reactor. More recently Sehgal and Rempe3t reported calculated 
tritium production rates for EBR-II and FFTF. Kabele reported 
tritium calculations for FFTF,4 but the references other than the ANS 
summary were preliminary and not available to the public at the time 
of this investigation.5 Limited information on the details of Refer
ence 4 were obtained from Westinghouse personne1.6 Data on tritium 
production and transport throughout the EBR-JI reactor system have 
been reported.?,~ Data on tritium transport through fuel cladding in 
fast reactors have been reported;8,9 data on tritium transport through 
control rod cladding have been obtainectlO but have not been publicly 
reported. 

5.1.1 Summary 

A summary of estimated annual tritium production rates in a 1000 
MWe LMFBR is given in Table 5.1. Results could easily be off by a 
factor of two. · 

Most of the tritium may enter the primary system. It is known 
, that nearly all of the tritium produced in ternary fission enters the 

primary sodium. Some unpublished experimental results indicate that 
only a fraction (i.e.~ 30%} of the tritium in the control rods enters 
the sodium. Until firm data is presented to show this, however, it 
should be assumed that all the tritium enters the sodium. 

EBR-II experience indicates that ~ 0.2% of the tritium that enters 
the sodium escapes to the atmospher and ~ 0.01% escapes to the condenser 
water (EBR-II has a complete steam cycle). It is unclear to what ex
tent these percentages will apply to an LMFBR power reactor, but they 
represent the best indication currently available. 

*References are indicated at the end of each subsection of Section 5, 
unlike the procedure used in other sections. 
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5. OTHER SOURCES* 

5. ~ :-ri\um and Its Transport 
--- \ 

TrL·~.m produced in an LMFBR comes from two principal sources -
t~. -~ ~· ~~s~ions in the fuel and n,t reactions in boron control rods. 
Lit~· ... m c.::nt~mination in the fuel might lead to another important 
SC0'·:2, and L'ithium contamination in the sodium is a minor source . 

. -".n estimate of tritium production rates in thermal reactors was 
give oy Petersrin, Martin, Weaver, and Harw~rd, 1,2 who also presented 
resG:ts for tritium production rates from fast"fission in a Pu-fueled 
ias.: reactor. More recently Sehgal and Rempe3t reported calculated 
t;it' .Jm production rates for EBR-II and FrTF~ Kabele reported 
tritium caiculations for FFTF~4 but the rr:ferences other than the ANS 
sunrnary were preliminary and not availab]r: to the public at the time 
of this investigation:·5 Limited informat on on tge details of Refer-
enc~ 4 were obtained from Westinghouse personnel. Data on tritium 
production and t'ransport throughout the E3R-I I reactor system have 
oeen reported.?,~ Data or tritium transport through fuel cladding in 
fast ·r-eactors have been reported;8,9 data on tritium transport through 
control rod cladding have been qbtainedlO but have not been publicly 
reported. 

5. '! , -~ Surrmary 

-. summary of estimated annual tritium production rates in a 1000 
MWe ._t=BR is given in Table 5.1. · Results could easily be off by a 
fact:: ~ of two. 

·,os ·.:: of the triti urn may enter the primary system. It is known 
the·: ·.ear·.y all of the tritium produced in ternary fission enters the 
.:Jri;;,;:.~y sodium. Some unpublished experimental results indicate that 
o::·iy a fraction (i.e. "-' 30%) of the tritium in the control rods enters 
tne sodium. Untn firm data is presented to show this, however, it 
should be assu.med that all the tritium en·~ers the sodium. 

EBR-II.experience indicates that"-' 0.2% of the tritium that enters 
~:ne sodium•escapes to the atmospher and "-' 0~01% escapes to the condenser 
water• (EBR-II has a complete steam cycle). It is unclear to what ex
tent the.se percentages will apply to an U1FBR \power reactor, but they 
repres7nt the best indication currently a':ailat>1e. 

* eferences are indicated at the end of each subsection of Section 5, 
,~nlike the procedure used in other sections. 
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Table 5.1 

Estimated Tritium Production Rat(•s in a 1000 MWe LMFBR 

·Source J~nnual Activity Production Rate 

Ternary Fission 20,000 Ci/yr 

s4c control rods (shim and safety), 7,000 
. 1 0B ( n , t) 2 a 

Lithium.produced in control rods 2,500 

\ i (n,ntLx 

Lithium contamination in fuel (20 ppm I i in fuel) 
6u (n, t) a 4,000 

Lithium contamination in sodium (5ppm Li in Na) 
6Li(n,t)a 100 

TOTAL "'30,000 Ci/yr 

Extrapolation 9f the above EBR-II leak rates to the LMFBR would 
indicate leakage rates for a 1000 MWe LMFBR of the order of 60 Ci/yr 
to the atmosphere and 3 Ci/yr to the condenser water. This value for 
leakage to the condenser water compares to liquid effluent tritium 
rates of 100 Ci/yr for a BWR and 600 Ci/yr for a PWR reported in the 
AEC draft statement on the proposed Appendix I to 10 CFR 50.24 

5.1.2 Sources 

5.1.2.1 Ternary Fission 

Tritium production rate from ternary.fission in a 1000 MWe LMFBR 
(2500 MWt) is estimated to be 20,000 curiesfyear. This value could 
be as much as a factor of two lower than t~f true value however, 
since the tritium production rate from fast.,fission of ~39pu is so 
poorly known. AEC funding to establish this value more precisely 
has been terminated. 

The production rate of 20,000 Ci/yr is. based on the fol!owing 
parameters: Tritium yield from 239pu fast fission"' 2 x 10- t/f 
(Reference 11) Tritium yield from 238u fission is assumed to be the 
same as from 239pu fast fission. N ~ number of tritons produced/year, 
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~no is roughly equal to: 

(2 x lo-4 t~it?ns) (2.9 x lo16 fissions) (2500 MW) (.864xlo5 ~~c) 
f1ss1on MW-sec day 

( 8 365 operating days) 
· x year . 

3.7 X 1023 

r112 (tritium) = 12.4 yr. 

A= 1.77 x 10-9 sec -l 

Neglecting decay during the year, the annual activity production rate 
from ternary fission is: 

Activity = NA ~0,000 Ci/yr 
3.7 x lola dis/sec/Ci 

The tritium yield data in Reference 11 consist of three points, 
as follows: 

Neutron Energy 

425 + 45 keV 

483 + 52 keV 

540 + 55 keV 

Tritium yield/fission 

(1.9 ~ 0.9)x 10-4 

(2.3 ~ l.O)x 10-4 

(1.1 ~ 0.4)x 10-4 

;hese values are preliminary and so are not reported io a public 
:ocument. The tritium yields for thermal fission of Z39pu are not 
well known. Hence it is difficult to comgare behavior of tritium 
yields of 239pu with tritium yields from 235u as a function of 
fission energy. Such a comparison would be useful since both the 
thermal and fast fission yields for tritium from 235u are fairly well 
established. 

Four measurements of the thermal fission yield for 235u reported 
since 1960 all lie between 0.8 x lo-4 and 1 x lo-4 tl~tons/fission, 
with the latest value of Dudey, Fluss, and Malewicki ·being 
0.85 + 0.09 x 1o-4. Dudey, et al. report values for fast fission 
(i.e.-between 200 and 800 keV) between 1.5 and 3.0 x lQ-4, with an 
average near 2.0 x lo-4 which is nearly constant over the 200 to 
800 keV energy range.l2 Hence the tritium yield from fast fission 
of 235u is about 2.5 times the yield from thermal fission. 

Unfortunately there are no reliable thermal fission tritium 
yields for 239Pu. Horrocks and White13 report preliminary values 
ranging from 1.8 to 5.0 x l0-4 tritons/fission. An independent 
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'~:~timate of tritons/fission can be inferred from two :intermediate 
~esu~ts which nave been reported--alphas/fission and ~lphas/triton 
;;om fission. The number of alphas/fission for thermal fissions of 
?39pu is ~2 x lo-3.12 The n~mber of alphas/triton is ~6.14,15 
._.,1is gives a value of 3 x 10- ·critons/fission. Dudey reports a 
·:neoretical prediction of 2.3 ~ lo-4 tritons/fission, even though he 
~ays the theory is inadequate. 6 

On com~aring the preliminary values for tritium yield in fast 
·=iss~on of 239pu from Reference 11 with the above range of thermal 
fission yields). it is noted that the increase in yield with energy 
observed fof 2j5u fission may not apply for 239pu fission. 

The tritium yield for 239Pu assumed by Sehgal and Rempert3 to 
calculate tritium production in FFTF was 1.8 x 10-4, a value which 
·:hey estimated as the therma 1 fission yield for 239pu. They report 
an annual tritium production rate of 1670 Ci/yr for ternary fission, 
assuming 300 MW(th) operation at a load factor of 0.7. 

For comparison the annual tritium production rate from ternary 
''~ssion in a 1000 MWe light water reactor (for 34% thermal efficiency 
and 0.8 load factor) can be calculated to be ~15,000 Ci/yr. This 
value is based on the following assumptions: 55% of the fissions 
~cfiur in 235u, 41% in 239pu, and 4% in 238U; the tritons/fission in 
i3 U are the same as 239Pu; thermal fission yields ~~e used; and the 
:·.umber of tritons per thermal fission in 235u and 2 Pu fission are 
::1.85 x lo-4 and 2 x lQ-4, respectively. This compares to value of 
:8,700 Ci/yr for a 1000 MWe light water reactor reported in Reference l, 
~n which a higher thermal fission yield for 2Jou (1.3 x lo-4) was used. 

5.1.2.2 Boro~ Carbide Control Rods 

It is likely that B4C will be used for shim control in the 
l.MFBR. Boron carbide is being used for the early demonstration plants 
(e.g. PFR, Phenix, FFTF, U. S. Demonstration Plant). Tantalum 
was selected as the shim control mater;al for all five 1000 MWe 
follow-on conceptual designs 17 (i.e. CE, W, CE, AI, and B & W), 
vchile B4C, was chosen for, safety rods .,:or some of them. Since 
cperating and planned reactors use B4C, however, it is prudent at 
this time to assume that B4C will continue to be used for our present 
::t<rpose of predicting tritium production. 

The principal reaction accounting for tritium production in boron 
,.c.tDide control rods of an LMFBR is the l0s(n,t)2a reaction. This 
•eaction has a threshold at about 1 Me' and has a cross section 
deraged o~er the fission spectrum of rv30 mi 11 i barns. A second 
reaction, Li(n,nt)a, contributes some tritium; 7Li is produced from 
Lhe lOs(n,a )7Li reaction which is the neutron absorption reaction 
~hat leads to the use of B4C as neutron control material. The 
threshold for the 7Li(n,ntla reaction is 2.8 MeV. A third reaction 
that produces tritium is 11B(n,t)9Be, but this reaction has such a 
high threshold (9.6 MeV) that it contributes little to the total 
tritium production rate. 
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No reported tritium productiJn ra:es from control rods were 
~und for a large ~ower LMFBR that uses s4c shim control. Sehgal 
~nd Rempert have reported calculated3t1'it1um production rates from 
;~c control rods in EBR II and FFT~. Kabele reports total predicted 
~ritium production rates for FFTF. These calculations cannot be 
~sea directly for a large power reactor, however, because the tritium 
Jroduction rate depends upon the fuel cycle adopted and the amount 
Jf ~4c needed in the core for shim control for the particular reactor 
Jes1gn. 

For this reason, an example calculation of tritium production in 
3 1000 MWe LMFBR has been made based on control requiry~ents and 
results reported for the GE 1000 MWe follow-on design. The basis 
for this design is: --

12 month refueling interval. The required shim reactivity 
was 4.76$ (1.80% ok/k). 

16$ worth of safdy control (including the backup control 
· system which is located in the axial blanket during operation). 

~e GE design assumed tantalum rods for shim control and B4C rods for 
safety control. Reference 18 provides a neutron balance at mid-cycle 
=or an equilibrium fuel cycle, which provides tantalum absorption 
~ates in the core and axial blanket and boron absorption rates in 
·:ne axial blanket. The fraction of neutrons absorbed by tantalum in 
:he core is 0.00875, which is one half of the shim control requirement 
Jf 0.0180. Hence, the nertron balance is reported for the true mid
cycle case, i.e. with half of the shim control rods withdrawn from 
the core. Half the shim rods represents the average amount of control 
in the core during the entire equilibrium fuel cycle. 

For the example calculation, the tantalum absorptions were replaced 
'Nith the required number of boron absorptions to provide the same 
;him control in order to simulate boron-carbide shim control rods. 
Reference 18 gives (a) the total neutron flux, (b) the core average 
~~ux spectrum, (c) the core adjoint flux, ~~. (d) the fraction of 
fissions in the core, and (e) the Ta captur~-to-fission ratio in the 
core at mid-burnup. The rore fission r0te can be calculated to 
give a total reactor power of 2500 MW(tt ). A sixteen group cross 
section set is also avail~ble from General Electric which contains 
:atural boron and tantalurr, capture cross sections, both self-shielded 
for a control pin array equivalent to a 2;6nch rod diameter. These 
data permit calculation of the number of B atoms in the core 
required for shim control by forcing 

10 "" 10 "" * N( B)~aCi( B)~i~i = N(Ta)~crq(Ta)~i~i· 
1 1 

'he neutron spectrum changes caused by replacing the tantalum with 
boron were ignored. 

For reference, the intermediate results are: 
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A capture in boron and a capture in Ta have almost equivalent effects 
on reactivity. Only 1% more absorptions were required in B than 
Ta to provide equal reactivity control. 

Core average fission rate= 1.7 x 1ol 3 fissions/cm3 sec 

Fr·om the neutron balance, core control-rod captures (mid-cycle) = p.00875 
core fission 0.299 

Tantalum absorption rate in core = 4.9 x loll absorptions/cm3 sec 

Boron absorptions in core for same l1k :::; 4.9 x 1011 absorptions/cm3 sec 

16 10 . 
>.ac.( B)q,;= -8 -1 1.57x10 sec 
l"'=i 1 

108 concentration: N(
10

B) = 3.1 X 1019 ~ 
em 

Volume of core: V = 3.66 x 106 cm3 

With these values it was possible to c~lculate t~8 reaction rate 
for tritium production in the core from the, reaction B(n,t) 2a. 
This reaction rate is: 

00 

N( 10B)Vi o(E) ¢(E}dE (reactions in core/sec) 
Eth 

where Eth is the threshold energy for the reaction(~ 1.3 MeV). 

The curve for o(E) was that recommended by Irving19 for the 
ENDF-8 evaluation. The flux was assumed to follow the fission 
soectrum in the first energy group. i.e. above 2.2 MeV. A plot of 
·::he flux spectrum from Reference 18 was used to obtain the spectrum 
oelow 2.2 MeV. The spectra were nor~Blized to the group 1 and group 2 
fluxes, the two groups in whic.h the B(n,t)2a. reaction occurs. The 
group 1 flux (for which the lower energy limit was 2.2 MeV) was: 

¢1 = 2.8 x 1014 n/cm2 sec. The group 2 flux (lower limit of 0.825 MeV) 
was: 

o2 = 7.0 x 1014 n/cm2 sec. The 

j[ o(E) tP{E)dE = 2.9 X 10-ll 
Eth 

integral for the 10B(n,t)2a. reaction was: 

-1 sec 
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-enct::, the triton production rate from 10B in the core was: 

N(; 0s)v= J 0 (E) 4>(E)dE- 3.3x 1015 tritons/sec 

Eth 

··nis results in an annual tritium activity production rate from 10s 
.n t~e core, A(shim, core), of: 

A(shim,core) = 4000 Ci/yr 

There are two more contributions to the tritium activity from 108--(1) 
reactions in the part of the shim rods in the axial blanket and (2) 
reactions in the safety and shutdown rods which are present in the 
axial blanket. The tritium production from these two sources can 
be estimated by using again the neutron b9lance data from the GE 
designand by assuming that the ratio of lOB(n,n )7Li reactions and the 
;oB(n,t)2a reactions is the same in the axial blanket and the core. 
This assumption is not exact because the spectrum is softer in the 
axial blanket so that the assumption leads to a small overestimate 
of the tritium production. 

From the GE neutron balance, the ratio of tantalum capture in 
~~e shim rods in the axial blanket to that in the core is 0.00300/0.00875. 
·:.1e ratio of boron captures in the safety rods in the axial blanket 
:o the tantalum absorptions in the core is 0.00364/0.00875 and this 
··atio would be the same (within 1%) if B4C had been used for shim 
:ontro1. Hence the tritium production rate, if the shim rods were 
34C, would be 

A(shim, ax. blanket) = A(shim,core) ~:~~~~~ = 1400 Ci/yr 

A(Safety-shutdown, ax. blanket) = A(shim,core) 0.00364 
0.00875 = 1700 Ci/yr 

Hence the total tritium production rate in the control rods is: 

A ~ 7000 Ci /yr 

This tritium production rate from 10B capture is significantly 
·;ower than the values which would be extrapolated directly from 
References 3 and 4. Both Sehgal-Rempe~C and Kabele calculate higher 
:ritium production rates in FFTF from ' B capture than from 
ternary fission, a result opposite from that shown here for a power 
reactor operating with a typical fuel cycle. Sehgal and Rempert 
;:-eport an annual tritium production rate for FFTF of 3980 Ci/yr from 
iOB, based on 300 MW(th) operation at 0.7 load factor.3 Direct extra
polation to a 2500 MW(th) LMFBR at 0.8 load factor gives a value of 
38,000 Ci/yr. 

51 



Kabele reports a to4a1 of 40 Ci/day generation for tritium 
production rate in FFTF. It is known from conversations with 
Westinghouse personnel that ~ 80% of this is from boron capture in 
the B4C control rods. Assuming Kabele used 400 MW(th) (the rated 
power level for FFTF) and 0.7 load factor, a direct extrapolation 
to a 1000 MWe LMFBR would give 64,000 Ci/yr. Hence, Kabele's number 
is significantly higher than Sehgal and Rempert's, and the tritium 
production rate from lOB in a power reactor is grossly over
estimated by extrapolating either calculation to a power reactor. 
This overestimate is probably due to the relatively large amounts of 
boron needed for control purposes in a test reactor. 

Tritium can also be produced by the 7Li(n,t)a reaction in a 
boron carbide control rod. Lit9~um-7 builds up in a control rod 
since it is the product of the B{n,a )ILi reaction that provides 
the control. 

Again, the GE neutron balance18 provides a means of estimating 
the tritium production from this source. During one year of operation, 
the number of fissions that occur in the core is: 

(1.7 x 1013 fi~sions) (3.66 x 106 cm3) 
em -sec 

(.864 x 105 dsec) (0.8 x 365 ~) ay yr 

= 1. 6 X 1027 

From the neutron balance, the number of 10B(n,a )7Li reactions in the 
core is: 

(:~~~75 ) (1.6 X 10
27

) = 5 X 10
25 

The ratio of the integrals f a(E) ~(E)dE for the 7Li(n,t)a reaction 
and the 10B(n,t)2 a reaction is: 

00 

7
Li = 2~ crLi(E) ¢(E)dE 

lOB Joo 08 (E) <!>(E) dE = 
2.4 X 10-ll 

3.0 X 10-ll 
= .8 

1. 3 
where the 7Li{n,t)a cross section was obtained from BNL-325 20 · 

Since the number of 10B atoms in the core ~8 mid-cycle is l.lx 1026 , 
at which time the tritium production rate from B(n,t)2 ain the core 
is 4000 Ci/yr, the tritium production rate from 7Li(n,nt)a in the 
core after one year, after refueling, is 

C 5 X 1025 
4000 y~ X l.l X l026 x.8 = 1500 Ci/yr 
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ne 1a~ue varies both as the 7L1 concentration builds up and as the 
~Jcs a~e withdrawn during the fue~ cycle. Also the B4C shim rods 
ourn out and must be replaced periodi:ally. 

~-ie source from 7u(n,nt)a ;eactions in the shim and safety 
ro~s 1~ the axial blanket was estimated to be 1009 Ci/yr after one 
year of operation. This value would increase as Li is built up 
in ·:ne safety rods, which would not require replacement as often as 
the shim rods. The rate of increase in the safety rods would be 

~ 500 Ci/1§ per year, assuming the neutron balance for the GE 1000 
MWe design, wh·ich assumes a particular amount of s4c safety control 
in the axial blanket. 

Adding the 1500 and 1000 Ci/yr values gives a total of 2500 
Ci/yr for the tritium production rate from the 7Li(n,nt)a reaction 
as listed in Table 5.1. 

For comparison tritium production rates in boron in a light 
water reactor can be estimated from Reference 1. For a 1000 MWe 
~~R (2940 MW(th)), the estimated annual tritium production in the 
chemical shim for the equilibrium fuel cycle is ~700 Ci from the 
10s(n,t)2a reaction and~ 1250 Ci from the hi(n,nt)a reaction. 
7~itium production rates in BWR control rods are much higher, but 
the tritium does not escape from the control rods. 

5.1.2.3 Lithium Contamination 

Lithium is present as an imp~rity both in reactor fuel and in 
the sodium coolant. Neutron capture by lithium-6 leads to tritium 
production through the reaction 6Li(n,t)a . 

Although fresh fuel is expected to have less than 1 ppm 21 lithium, reprocessed fuel may contain as high as 20 ppm lithiuW. 
Kabe1e included this source (20 ppm) in his estimates for FFTF. 
Extrapolating Kabele's calculation to a 1000 MWe LMFBR results in 
an estimated 4000 Ci/yr tritium production rate from 20 ppm of 
lithium in the fuel. 

Lithium content in the FFTF sodiur1 is specified to be less than 
5 ppm. The tritium production rate from this lithium is <100 Ci/yr. 
·:his va 1 ue can be estimated from the a I love 4000 Ci /yr source from 
lithium in the fuel since the sodium and fuel volumes in the core 
are comparable, the lithium mass concentration is 5 ppm in sodium 
instead of 20 ppm in fuel, and the sodium density is a factor of 
10 lower than the fuel density. 
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5,: .3 Transport of Tritium in an LMFBR System 

:) .. l .3.1 Escape into Sodium System 

Escape from Fuel Pins 

Tritium produced in the fuel from terna~y fi.ssion and from 
1ithium in the fuel diffuses thr~ugh the steel cladding into the 
sodium. Roy, Rubin, and Wozadlo report experimental results of 
irradiated mixed-o~ide fuel pins with austenitic stainless steel 
cladding which show that less than 1% of the tritium produced is 
retained in the fuel pin. Hence nearly all tritium gets into the 
sodium and little is available for release during fuel repro
cessing . 

. Additional data on7t§itium leakage from fuel is available 
for EBR-II driver fuel. ' The data is of less interest since 
the driver fuel is metallic uranium. Assuming 2 x lo-4 tritons 
produced/fission, EBR-II staff report that nearly 100% of the 
tritium diffuses out of the driver pins at average fuel tempera
tures greater than 1000°F and that 80% escapes when the average 
fuel temperature is 800°F.8 

This situation is different from the case of light water 
reactors. Little of the tritium diffuses through the zirconium 
cladding, so most of the tritium is retained in the fuel pin in 
iight water reactors. The difference may be caused by the dif
ference in cladding temperature more than by the difference in 
ciadding material. The cladding in an LMFBR operates at'\, 400°F 
higher than that in a light water reactor. 

Control Rods 

No published data wert found on diffusion of tritium from control 
rods in an LMFBR. It has c1enerally been assumed by LMFBR designers 
tnat tritium produced in B~C rods would diffuse through the cladding 
s:nce the cladding is steel at high temperature, as is the fuel 
c'l adding. 

Some data have been received directly from the EBR-II staff, 
however, that differs from the above assumption. The EBR-11 experi
ence is that all of the tritium produced in B4C clad in steel stays 
within the rod. It was assumed at EBR-II that this resulted from 
irradiation at lower B4C temperature (ll00°F) and higher B4C densities 
(2.5 gm/cm3) than planned for power reactors. Later, these B4C rods 
w~re heated to 1500°F for 120 hours and still no loss of tritium oc
curred. However, EBR-II staff learned that HEDL experimenters who 
irradiated B4C control assemblies in EBR-II at 1600°F centerline 
temperatures and 2.1 gm/cm3 density--similar co power reactor condi
t~ons--found that 70 to 75% of the tritium pr~duced was retained in 
the cladding. Unfortunately, so much of the experimental work done 
by HEDL for FFTF is unavailable to the public that details on this 
question are unavailable; it is still not clear what fracton of the 
tritium produced in B4C rods will escape to the sodium. 

54 



-.-:1L question may be rendered aca( ernie if a different design 
.Gj:"'Oach is taken. Boron 5arbide 7ont ·ol rod> may )e designed to vent 
... ":e neiium produced from 1 B(n,a ) Li ·eactions to the coolant in order 
t~ avoid the large pressures resulting from helium production. In 
~~at case, the tritium produced would also escape to the sodium. 

5.1.3.2 Transport in the Sodium and Steam Systems 

Tritium is removed in cold traps. The 1eaction that removes 
·:ritium is unclear. Two possib~e mechanisms are deposition of 
s0dium hydride and exchange of Hand tritiun, in the steel mesh in 
t:;e trap. 

Some tritium, however, can escape elsewhere--to the cover gas 
f'"'Om which it could leak to the reactor building and the environment, 
~:1rough the primary system boundaries (piping and vessels) to the 
·2;;ctor building and the environment, and to the secondary sodi urn 
acoss the tube walls of the intermediate heat exchanger. 

Most of the tritium which finds its way to the secondary sodium 
· ~· trapped in the secondary-sodium cold trap. Some, however, escapes 
-:·Tough the secondary-system boundaries to the environment, and some 
e~ters the steam system through the steam generators and superheaters. 

Proof that tritium is removed in the cold traps comes from 
,:.,:::;erati on represented by Figure 5.1 which is reproduced from Reference 7. 
'"Th;:: measured tritium concentrations in the primary sodium with and 
w~:nout cold trap operation clearly indicate the effectiveness of the 
cc::d trap in remov·ing tritium. Also at EBR-II, during one month when 
·:nc.:: secondary-system cold trap was not being operated, triti urn 
co:·.centrations in water samples taken from the steam system were 
5 ~o 8 times higher than for normal operation with the secondary cold 
traps in service.8 

Most of the tritium which reaches the steam system would be 
expected to get into the environment eventually; the modes and rates 
a~ :eakage will depend on how the stean system is designed and operated. 

EBR-II has reported both tritium prod~c~i~n rates and distribu
~":~ of the tritium in the EBR-II comp~ex. ' ' The results of 
ie·'erences 7, 8, and 3 are summarized in Table 5.2. All losses to the 
·ea:tor building should appear in the air to the stack since the 
reactor building atmosphere is continually exhausted to the stack. 
The Known tritium losses to the environment during operation are 
~ ; Ci/yr. This is about 0.2% of the tritium that enters the pr~mary 
sodium. About 10% of the tritium at EBR-II remains in the fuel. 
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Table 5.2 

Summary of EBR-II Tritium Data 

Reference 7a Reference 8b Reference 3b 

Production Rate 

Ternary Fission 
Boron 
Total 

Known Loss Rates 

In air to stack 
In condenser water 

Tritium Distribution 

100% 
Neglected 

Percent distribution from 
Ref. 7 (boron control not 
included) 

Fuel 
Primary 
Primary 
Outside 

20-25% 
sodium 4% 
cold trap 68-70% 
fuel and 

primary system 3-7% 
Loss from power 

plant <1.5% 

Absolute activities of typical 
sampling data (Ref. 8) 

Primary sodium 
Primary argon 
Secondary sodium 
Secondary argon 
Steam system 

Based on 50 MW(th) operation 

420 Ci/yrc 

0.9 Ci/yr 
0.05 Ci/yr 

'V 10% 

15.5 Ci 
0. 0015 Ci 
0.083 Ci 
0.00018 Ci 
0.00058 Ci 

a. 
b. 
c. 
d. 

Based on 62.5 MW(th) at 0.7 load factor 
Based on 2.0 x lo-4 tritons/fission in 235u 
Based on 0.8 x lo-4 tritons/fission in 235u 
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The latest public documentation of EBR-II tritium concentration 
was found in Reference 22 in which.the following results were reported: 

Table 5.3 

Tritium Concentrations in EBR-II 

Region 

Primary Sodium 

Secondary Sodium 

Turbine Condensates 

Concentration 

4.2 X 10-2 f.!Ci/gm 

6.3 X 10-2 f.!Ci/gm 

6.7 X 10-3 f.!Ci/gm 

9.2 X 10-3 f.!Ci/gm 

2.9 X 10-3 f.!Ci/gm 

72 pCi /ml 

l3 pCi /ml 

Date of Sampk 

April, 1971 

May, 1971 

April, 1971 

May, 1971 

June, 1971 

May, 1971 

June, 1971 

Secondary 
Cold Trap 
O~erating? 

No 

No 

No 

No 

Yes 

No 

Yes 

These values are consistent with the results from Reference 8 quoted 
in Table 5.2. 

Additional data is now being reported in the non-public ANL 
reactor progress reports. For example starting in September, 1972 
(Reference 23) tritium in the steam system is being reported regularly. 
7he value in Reference 23 is ~ 10 pci/gm with the secondary cold 
trap operating, which is similar to the result in Table 5.3. The 
tritium activity reported in Reference 23 in the primary argon cover 
gas is 16 pci/cm3. This result is about a factor of 10 lower than the 
concentration that would be calculated from the primary cover gas 
result from Reference 8 data in Table 5.2 above. 

The source terms in the EBR-II analysis of Reference 7 include 
only ternary fission, and assume 0.8 x lo-4 tritons per fission,3,7 
since boron control was not used at that time. Sehgal and Rempert 
calculate more than 2 l/2 times as much tritium from boron control 
rods as from ternary fission3. However, the tritium in the boron 
control rods may not contribute to the source in proportion to 
its production rate since, according to Reference 10, the tritium 
produced in the B4C rods does not escape from the rods in EBR-II. 

An extrapolation of tritium leakage from a 1000 MWe LMFBR can 
be made by assuming that the same fraction_of tritium that enters 
the primary sodium escapes to the environment as in EBR-II (i.e. 
~0.2% to the atmosphere and 0.01% to the condenser water). Based 

on ~30,000 Ci/yr er,tering the sodium in a 1000 MWe LMFBR 
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(see Table 5.1), the amount leaving the reactor through the stack 
would be~ 60 Ci/yr. The amount leaving in the condenser water 
would be ~ 3 Ci/yr. Such an extrapolation may be misleading for 
several reasons. Leakage of argon to the reactor building is 
excessive in EBR-II (See Section 8.2) and much higher than could 
be tolerated in an oxide-fuel power plant; hence the stack leakage 
extrapolation may be too high. Also the steam generators, a principal 
component in the pathway to the condenser, contain double wall 
piping which may not be used in a power reactor; hence the fraction 
of leakage to the condenser could be higher in a power reactor not 
using the double wall design. Also, since EBR-II is a pot design 
extrapolation to a loop-type design may not be valid because of 
different bulk sodium and wall temperatures, etc. 

For comparison, the AEC has calculated tritium leak rates in the 
liquid effluent for a BWR and PWR.24 For a 1100 MWe BWR, the 
annual tritium release rate in the liquid effluent was predicted to 
be 110 Ci/yr (or 100 Ci/yr for a 1000 MWe plant). For a 870 MWe 
PWR the corresponding release rate was 500 Ci/yr (or 600 Ci/yr for 
.~ 1000 MWe plant). The AEC report did not consider tritium in 
Jaseous effluents. 

The EBR- I I experience, therefore, i nd,i,ta t~s that although the 
~ritium production tate in an LMFBR is higher than in a LWR, the 
amount that finds its way to the liquid effluent is smaller in an 
'.MFBR. 
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5.2 Activated Corrosion Products 

Sodium slowly corrodes metallic surfaces in and near the core. 
These metallic surfaces are radioactive as a result of neutron 
activation. Radioactive corrosion products 1nay remain in solution in 
the sodium or may be deposited on other surfaces in the primary system, 
such as the reactor vessel, piping, intermediate heat exchangers, 
pumps, and cold traps. 

Both corrosion rates and deposition rates are influenced by surface 
and sodium temperature, flow velocity, and oxide concentration in the 
sodium. Corrosion and deposition rates and the dependence of these 
rates on the above parameters vary for different metals. Although 
experimental information on corrosion and dGformation rates has 
been obtained by General Electric, 1,2 by Hanford Engineering 
Development Laboratory3 (HEDL), and in the United Kingdom4 (as discussed 
in References 5 and 6), analysis of the distribution of corrosion 
product activity throughout the primary sodi urn system is still qu~ te 
uncertain. In the analysis of activated cor'osion product distribution, 
the primary sources of uncertainty are assoc.ated with corrosion 
rates and deposition patterns; uncertainties involving reaction rates 
and amounts of target nuclides present are h'SS important. 

The best analyses available are two analyses* for FFTF. The most 
recent and complete analysis was performed by HEDL,S and a slight1y 
earlier analysis was made t.y General El:;ctric.6 The corrosion data of 
GE and other data and methods used by HEOL were applied here to 
extrapolate corrosion prodGct activity and distribution to a 1000 MWe 
LMFBR. Additional data on corrosion product reactions appear in AI's 
STP-1 code7 and in an ORNL referenceS which quotes data from their 
reference library. 

The principal corrosion products, the reactions that produce them, 
and their half lives, are given in Table 5.4. 

* The principal purpose of the two reports was to estimate dose at 
primary system components for maintenance purposes. However, 
production and distribution of the activation products were intermediate 
steps in both reports. 
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Table 5.4 

Activation Reactions in Stainless Steel 

Nuclide Reaction Tl/2 

60Co 59 60 Co(n,y) Co 5.24 yr 
60Ni(n,p) 60co 

58 Co 58Ni(n,p) 58co 71 d 

54Mn 54Fe(n,p) 54Mn 313 d 

59 Fe 58 59 Fe(n,y) Fe 45 d 

55Fe* 54 55 Fe(n,y) Fe 2.4 yr 

5lcr 50cr(n,y) 51 cr 28 d 
54Fe(n,a) 51 cr 

182Ta 181Ta(n,y)l82Ta l15d 

The following additional reactions are possible, but they contribute 
little to corrosion product activity: 

58N. ( )59N. 1 n, y 1 

62N. ( )63N. 1 n, y 1 

52cr(n,2n) 51 cr 

55Mn(n,2n) 54Mn 
59co(n,2n) 58co 

The above reactions have cross sections that are too low to ~§ke 
them of interest except possibly the reactAons ~h~t produce Ni and 
63Ni since their half lives are $0 long1 (B',x 10 yr and 92 yr 
respectively); these two products are intluded in the section on 
Cladding Activation (Section 5.3.2). . 1 

*!gis corrosion product was not included in the HEDL calculation5 because 
Fe decays only by electron capture, giving up a. maximum of 0.22 

MeV energy as internal bremsstrahlung, and this energy is of little 
consequence to primary system ma·intenance. 
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5.2.1 Estimated Corrosion Product Activity in 1000 MWe LMFBR 

Estimates of the corrosion rate and activity of each activated 
corrosion product in the primary system of a 1000 MWe LMFBR are 
presented here. It is· important to emphasize that great uncertainty 
exists in the estimates. The methods used here show how to estimate 
corrosion product activity, and provide an order-of-magnitude 
result. The large differences between the GE and the HEOL cal
culations for FFTF are then discussed in order to indicate the 
degree of uncertainty in the calculations. 

Corrosion product inventories in the primary system are given 
for 30 years of reactor operation. 58co,5lcr,59Fe and182Ta achieve 
equi!bbrium during the first year. 54Mn takes somewhat longer, 
and Co and 55Fe still longer. The data used to estimate these 
inventories are listed in Table 5.5. Estimated inventories are given 
in Table 5.6. 

Table 5.5 
Data for Corrosion Product Calculation 

Region Corrosion Surface Average Neutron 
Rate Area Flux 2 (mi1s/y_r) (ft2) (n/cm sec) 

Core 0. 13* 17,000 7 X 1015 

Upper axial blanket 0.3 8,000 3 X 1015 
I 

Gas Plenum (above core) 0.3 17,000 0.5 X 1015 

Radial blanket 0.1 10,000 ·2 X 1015 

(upper ha 1f) 

*Based on corrosion vs. temperature curve in Reference 6 and 
an inlet temperature of 8000F and outlet temperature of ll00°F. 

63 



mallaire
BlankStamp



5.2.1 Estimated Corrosion Product Activity in 1000 MWe LMFBR 
I 

, .... Js,timates ot the .. ,cor,rosi.ol'l rat~,i.md'iac!iY,it.Y,.qfeqch activated 
c0rro~ton .P,ro'duct in t~.e prtmary:s,Y~tem. ¢l'f a '1 OQO .MWe t.MFBR are 
ptes·~nted Here. It iS important to 'emphasize 'that great uncertainty 
exists in the estimat£ls,.,q The llJHhgq,s .u~ed here show how to estimate 
corrosion product activHy,,;amt,proy~c~ ·an order-of-magnitude 
result. The large differend~s ·l)etweer1 the GE and the HEDL cal-

. culation~ fqr:FFTF ar;~ then djscyssed in orc:ter t() J,ndicate the 
<H~gree of uocertaintv in th~ calculations. · 

_· ·::-: ,•- . -·-.• ~,_!: \ .. ; \ ,- ~_-.. )-~ ; :· ~ -~- ~ ·. 

Corrosion product inventories in the primary system are §iven 
for 30 years of re~ctor operation. 5~co,5lcr,59Fe andl82Ta,,a,chieve 

,.equilbbrium d~ting t~~ first y~ar. 5.Mn'takes some~h~t longer, 
·and ° Co and Fe stllllonger. The data used tQ.estlmate these 

inventories are listed in Table 5.5. ·Estimated inveritories are given 
in Table 5.6J · 

Table 5."5 · 

Data for Corrosion Product Calculation 

Region 

Core: 

Upper axial blanket 

~as ?1enum (above core) 

.~ad1al blanket 

(upper half) 

Corrosion 
Rate 
(mils4yr) 

0 .13* 

0.3 

0.3 

0.1 

Surface 
Area 
(ft2) 

17,000 

&;ooo 

17!000 

10,000 

·Av~rage Neutron 
Flux 2 . (n(cm se~F 

7 X 1015 

3 >s:lo15 

().5 X 1015 

2 x ·lOJ~ 

corrosion. vs~ temperatur~.:curve irt Reference 6 and 
an temperature of 8000F and outlet temperatu,re of ll00°F. 

:;· .... .1. 
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Table 5.6 

Estimates of Activated Corrosion Products in the Primary a 
System of the 1000 MWe LMFBR After 30 Years Operation 

Isotope 
Formation 
Reaction 

(n,y} 
(n,p} 

(n,p) 

(n,p) 

(n,y) 

(n,y) 

(n,y} 
(n,a) 

(n,y) 

Contribution to the Primary 
System Activity 

Core 
(Ci) 

1400b 
1000 

Axial 
Blanket 

(Ci) 

9300b 

20,000c 2800 

16,000d 2400 

26,000 f 

300 

2500 
200 

800 

500 

2800 

3200 

Gas 
Plenum 

(Ci) 

6600b 

300 

f 

300 

1800 

2400 

Radial 
Blanket 

( Ci) 

2200b 

400 

300 

f 

Total Primary 
System Activity 

(Ci) 

20,000 

23,000 

19,000 

>26,000 

1,000 

7,000 

a. All values based on stoichiometric corrosion, assuming 316 stainless 
steel (see Table 5.9 for composition). 

b. Based on only 0.02% by weight cobalt in stainless steel. (HEDL5 
assumed 0.02%, GE6 assumed 0.1%). · 

c. This value was calculated using ~(E) and o(E) (see page 66). For 
comparison the value calculated from ~of Table 5.5 and aof Table 
5.7 was 21,000 Ci. 

d. This value was calculated using q,(E) anc1 o(E) (see page 66). For 
comparison the value calculated from <J>O" Table 5.5 and a of Table 
5.7 was 15,000 Ci. 

e. The assumption of stoichiometric corrosion is believed by HEOL5 to 
be particularly poor here. (HEDL assumed only 1% of stoichiometric 
corrosion). 
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f. Cro s sect1ons were unava1la~le for the soft spectra in these reg~)ns. 
I: s expected that the 55Fe gene~ation frJm the n,v reaction 
wou d be higher outside than inside the core. It was decided not 
to ~ursue this calculation further, however, because of the low 
importance of the 55fe isotope since it is neither as or y 
emitter (see footnute, Table 5.4) 

The corrosion rates are based on a curve presented in the GE 
report6 for a sodium flow rate of 15 to 28 ft/sec and an oxygen 
concentration of 2.6 + 1.5 ppm. The 0,13 mils/yr corresponds to an 
averaae corrosion rate over the core for an inlet of 8000F and an 
outlef cf llOOoF. The 0.3 mils/yr corresponds to llOOOf sodium. 
The lower value for the radial blanket accounts for both a lower 
sodium temperature and a lower flow rate. 

The HEDL calculation5 assumed much lower corrosion rates even though 
tne same inlet and outlet temperatures were assumed. Two cases were 
repor~ed by HED~--one for an oxygen content of 5 ppm and one for an 
JXygen content less than 2 ppm. Even for the high oxygen case, the 
:orrosion rates were a factor of 2 to 3 lower than the GE values. 
Jalues used by HEDL were: core-0.055 mils/yr; axial reflector-0.13 
~ils/yr; gas plenum-0.095 mils/yr; and radial reflector-0.025 mils/yr. 
For the case of ~ ppm o~ygen, HEDL assumed a further reduction in 
corrosion rate of a factor of four, i.e. 0.014 mils/yr was used for 
the core. The source of such a large discrepancy in corrosion rate was 
1ot discussed. GE claims that its curve is based on mass transfer 
data from GE and UK. GE refers to the experimental results of 
3rehm of HEDL, indicating agreement in some areas and disagreement 3 in others. HED~'s analysis references only a later paper by Brehm. 
The GE analysis also used lower corrosion r.1tes than in Table 5.5 but 
their calculation assumed a 7000F inlet and a 1050°F outlet. 

Stoichiometric corrosion rates were assumed by GE 6. Significant 
::leviation. from stoichiometric corrosion was assumed by HEDL,5 however. 
oased on specific information about corrosion of particular elements. 
For example, cobalt in stainless steel is assumed by HEDL to corrode 
at about 20% of the rate of the stainless steel in high oxygen sodium, 
and manganese is assumed to corrode at twice the rate of stainless 
steel. Tantalum is assumed to corrode at only 1% of the rate of 
:.tainless steel, an assumption which HEDL says is backed up by the 
fact that no 182Ta is observed in EBR-II and tantalum corrosion 
:ates are low in other stainless-sodium systems. However, 182Ta was 
observed on the primary pump walls at EBR-II, even though EBR-II 
:taff suggested that the source of the l82Ta was the cladding of an 
antimony neutron source instead of the stainless steel structure. 
~n1y iron and chromium are assumed to be released at stoichiometric 
rates by HEDL. The GE analysis did not include a calculation of 
~antalum activation. 

The surface area of the core is tha: calculatet for the 1000 MWe 
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GE follow-on design. 9 The upper axial blanket has half the area in 
the GE design, and it was assumed that the p1enum area is equal to 
the core area. The sodium in the lower axial blanket has too low a 
temperature to contribute to corrosion. 

The fluxes were based on both the GE 1000 MWe follow-on design 15 report9 and on the HEDL FFTF report.5 The average flux of 7.1 x 10 
sec in the core ~S given in Reference 9. For FFTF the core average 
flux is 4,2 x 10 ; the value is smaller primarily because of the 
relatively smaller size of the core. Avy§age fluxes in the rest of 
the FFTF are: axial reflector--1.5 x 10 ; gas plenum-0.3 x lol5; and 
radial reflector-0.9 x 1o15. It was assumed that the average fluxes 
in the corresponding zones in a 1000 MWe reactor would be in the same 
ratio to the core flux in both the 1000 MWe LMFBR and FFTF. Since 
cross sections for n,Y reactions are high in the gas plenum region, 
the activation rates are sensitive to the correct flux in this region. 
Also the flux extrapolation from FFTF to a 1000 MWe LMFBR in the gas 
plenum region may introduce a large error. 

As discussed in Section 5.2.3, the actual ener~y dependeg~ 
neutron fl~x was used in the calculations of the 5 Ni(n,p) Co and 
the 54Fe(n,p) 54Mn reactions in the core. The flux spectrum was 
combined with the energy dependent n,p cross sections obtained from 
BNL-325.10 This procedure offered an independent check of the HEDL 
method (and of the HEDL flux averaged cross section), which was useful 
due to the important contributions from these two reactions in the 
core. As indicated in Table 5.6 (footnotes c and d), nearly identical 
results were obtained using the actual $(E) and a(E) as were obtained 
using $(total) and a. 

Flux averaged activation cross sections were taken directly from 
the HEDL report,5 as follows: 
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Re;.,:t·icn 

ss ~ ( ) 60c ~Jo n ,y o 

50\-, ( n, P) 60c0 

5f\ . .rn p)58c0 ... \ ' ' 
54 ... , ) 54M 

:-e~n,p n 

58-~ r ) 59F :-.:::\n,y e 

54- , )55F :-2:,n,y e 
oiL 51 -..dn,y) Cr 

54,- ' )51 c re;,n,a r 

~ S 1,.., . n ) 182Ta 
'"" ·.' •Y 

Tab-ie 5.7 

Corrosion Product 
Neutron Cross Sections (Barns) 

Zone 

Ax al Reflect ion 
Core n Blanket 

.122 1.73 

.0006 .001 

.014a .00~ 

.009a .003 

.012 .042 

.012b 

.035 .086 

.0007 

1.12 9.18 

Radial 
Gas Reflector 
Plenum or Blanket 

3.47 1.95 

.001 Not Determined 

.001 .003 

.001 .002 

.070 Not Determined 

.150 Not Determined 

19.7 Not Determined 

Energy averaged cross sections for a typical LMFBR core spectrum 
were aiso given in References 7 and 8. These cross sections, together 
witt 1alues for the less important reactions, are given in Table 5.8 
for comparison with the HEDL values5 used for the present study. 

3.. As described above, the actual cross sections as a functiQn of 
2nergy were used for the 58Ni(n,p)58co and the 54Fe(n,p)54Mn 
reactions in the core and the results ~re compared to results 
based on these flux averaged cross sections in Table 5.6. 

-his cross section for 54Fe(n,Y) 55Fe comes from Reference 8. 

,. \ 
I 
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Table 5.8 
... 

Crnparison of HEDL, 5 AI, 7 am ORNL 8 Cross Sections 
Averaged OVer an IMFBR Core Erergy Spectrum 

Cross Section (barns) 

Reaction HEDL AI ORNL 

s9eo(n,y)6oeo 0.122 0.136 0.012* 

6% (n,p) 60eo 0.0006 0.0004 0.0003 

ssNi(n,p)sseo 0.014 0.016 0.017 

54pe (n,p} 54Mn 0.009 0.01~ 0.011 

58pe (n, Y) 5 9pe 0.012 0.017 0.008 

54pe(n,y) SSpe 0.012 

soer (n,y) s1er 0.035 0.027 0.012 

~81Ta(n,y)l82Ta 1.12 

58Ni (n,y} S~i 0.007 

62Ni (n,y) 63Ni 0.005 

52cr(n,2n)Slcr 2 x lo-s 1 x 10-5 

5 %(n,2n) 54Mn 3 x lo-5 6 x 10-s 

59eo(n,2n)saeo 3 X lO-S 4 x 10-s 

5'+Fe (n,a) 51er 0.0007 0.0006 

*Tr-.:is value, as qu')ted in the ORNL reference, appears to be a factor of lO 
too lCM. 
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The composition and isotopic abundances assumed for the stainless 
steel are given in the following table: 

Table 5.9 

316 Stainless Steel Composition and Isotopic Abundance 

Isotopic 
::lement Weight Percent Isotope Abundance 

Fe 65% 54 Fe 0.0582 

Ni 12 58 Fe 0.0033 

Cr 18 58Ni 0.6788 

Mn 2 60Ni 0.2623 

Co 0.02 50cr 0.0431 

Ta 0.01 59 co 1.000 

Mo 2 181Ta 1.000 

:he 0.02% cobalt content was the value assumed by HEDL in Reference 5. 
jgis value might vary significantly from one reactor to another, and the 
"' Co activity is dependent on (nearly directly proportional to) this 
number. For example, the GE analysis6 used 0.1% cobalt. RRD standards 
specify <.05% cobalt in fuel cladding materials. 

5.2.2 Distribution of Corrosion Products in the Primary System 

The corrosion products are deposited on surfaces throughout the 
--'~1mary system. Graphical data on deposition rates are given in the GE 
analysis.6 From this data GE estimated where the activation products 
~ere deposited. HEDL quotes some general qualitative experimental 
~esults:5 for example, manganese preferentially deposits in cold 
parts of the system wher£as cobalt is deposited in the hot parts of the 
system. The uncertainty concerning deposition location is illustrated 
by comparing, in Table 5.10, the final results of GE and HEDL for 
~eposition in FFTF components. No GE results were presented for 
~1cr,59Fe, and 182Ta. 

As discussed in the GE reports, it is unclear whether deposition 
ca;1 continue at the rate indicated by current experiments after a thick 
ceposit has built up on the surfaces. Perhaps the cold traps which will 
be removed periodically will trap more of the metal corrosion products than 
;1dicated in Table 5.10 since the surfaces there will be periodically 
renewed. Some metallic products will remain dissolved in the sodium 
a~d will be part of the coolant activity when the plant is decomissioned. 
It is likely, however, that most of the corrosion products will plate 
out onto system compo~ents or be removed by the cold traps. 
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Table 5,10 

Fraction of N~clides Deposited in Primary System Components 

HEDL 5 and GE6 Results 

Component Nuclide 

60Co 58 Co 54Mn 51C 59F 182T r, e, a 
HEDL GE HEDL~ HEDL GE HEDL 

Vessel . 31 -:51 -:or T:08 

Hot leg p1p1ng, .249 .20 .12 .109 
Vessel-to-pump 

Pump . 12 .08 .08 .030 

Hot leg p1p1ng .04 .03 .01 .017 
Pump-to-IHX 

Top Half .258 .114 . 168 .114 .42 .1 05 .684 
IHX Bottom Half .280 .280 .333 

Cold leg piping .02 .145 .01 . 145 .25 .250 .046 

Cold Trap .003 .300 .003 .300 .03 .035 .005 

Primary tank, inlet .034 .034 .059 

Bottom shield .127 .127 . 218 

5.2.3 Calculational Method 

The method used by HEDL for calculation of activated corrosion 
product inventories in the primary system was adopted, and the method 
is outlined here. 

The activity (in curies/cm3 of steel) for a given isotope, 

X 
f f.ri'l 
e 1 o 

j = 3.7 X lo10M 
e 

-ft..t -ft..t 
( e J ) = K( 1 - e J ) 

a;~ 1 -

(1) 
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where fe =weight percent of the element,-e. 

f.= abundance of reactant nuclide, i. 
1 

p = Steel density. 

N =Avogadro's number. 
0 

Me = atomic weight of element, e. 

cr· = activation cross sect<on (a\erage over energy spectrum) for 
1 nuclide i which results in production of nuclide j. 

~ =neutron flux (average over space, integrated over energy). 

A. =decay constant of radionucl ,de, j. 
J 

t = duration of reactor operation. 

The fuel is replaced after it has been in the core for some 
residence time, T , a time which is short compared to the 30 year life 
of the plant. He~ce, an average value of corrosion product activity 
over the residence time is needed. Assuming X= 0 for fresh fuel, the 
average value of X is: 

X. =JTR -A.t /'(TR 
J K(l -· e J)d t J dt = 

0 0 

where K is defined by Equation 1. 

A - .TR e J 
K(l +---=-

Aj TR 
(2) 

In a 1000 MWe LMFBR, it was assumed that the fuel residence time, 
TR, was two years in the core (and axial blanket and gas plenum) and 
three years in the radial blanket. (Some of the core fuel and the outer 
part of the radial blanket would probably have longer fuel cycle 
intervals.) In the core, therefore, half of the fuel would be 
replaced each year. 

An alternate way to derive Equation 2 is to obtain an average 
activity over a one year period. For example, assuming two-batch loading 
and a refueling interval of one year (TR/2 = 1 year}, the average activity 
during a typical year is: 

-
X· = K J 

TR /2 

} f (1 
0 

TR /2 
Jdt 
0 
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which is equivalent to Equation 2. 

The activity transported to the primary system, Q(curies), is 
obtained from the corrosion rate C and the corrosion product activity 
X, as follows: 

dQ. 
_.:.J_ =-X . CA - A .Q. 
dt J. J J 

For Qj = 0 at t = 0 

Q. = X.CA 
.J J ( 1 - e 
A· 

J 

= f f.pN e 1 o 
3 7 X lQlUM . e 

- Aj t) 

aiq,CA 
(1 + 

A· J 

e 
-A/R 

Aj TR 

· -A t 
--.-..::..,.1 ,..-) ( 1 - e j ) 

X.T R 
J 

where t = total reactor operating time (assumed 30 years for results in 
this report) 

C = corrosion rate of stainless steel (em/sec) 

A = corrosion surface area (cm2) 

For the work reported by HEDL, a further parameter would be 
needed to account for the deviation from the stoichiometric rate of 
the corrosion rate of the specific element in stainless steel being 
condiered. 

For the 58Ni(n,p) 58co and the 54Fe(n,p) 54Mn reactions in the core, 
Equation 1 was modified so that a; <P was replaced by the 1Btegral fa(E) 

<P (E)dE. The cross sections were obtained from BNL-325. The flux 
was obtained by the method described in Section 5,1.2.2 for the tritium 
production rate calculations, i.e. <P (E) below 2.2 MeV was obtained from 
the multigroup flux in Reference 9 and <P (E) above 2.2 MeV was assumed 
to be the properly normalized fission spectrum, with the energy de
pendence: 

If e -E/1 .41 MeV. 

5.2.4 Corrosion of 182Ta from Tantalun Control Rods 

Tantalum is being considered as a material for shim control. One 
o~ the disadvantages of the use of Ta is its high activation rate to 
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Because of the high activation rate of tantalum, shim rods mace 
--- tr.1s material will probably be clad in stainless steel. The GE 
1000 MWe follow-on des gn, which includes twelve tantalum shim rods, 
specifies that the tan1.alum would be in large (2 tc 3 inch diameter) 
solid rods clad with 5 mil stainless steel. Hence direct corrosion by 
sodium would not occur unless preceded by cl,1dding failure. 

Little information was found on corrosion rates of tantalum 
oy sodium. The HEDL report says that l82Ta was found only in small 
quantities in LAMPRE, a Los Alamos plutonium fueled, sodium cooled 
reactor, which had Ta in the core, and HEDL claims that the corrosion 
rate of Ta in low oxygen sodium is known to be quite low. 

The total activation rate of tantalum sflim rods can be estimated 
~rom tne GE 1000 MWe follow-on report.9 Based gn their neutron balance, 
tte tantalum midcycle capture rate is 2.5 x 101 

7
captures/sec, which 

corresponds to an equilibrium activity of 7 x 10 Ci. Since the 
.-~ai-:'-1-:fe is 115 days, this activity would remain in the environment 
1ong after the rods were removed from the reactor. 

5.2.5 Activated ~orrosion Product Experience at Operating Sodium
Cooled Reactors 

5. 2. 5. 1 Sumrna ry 

A review article by Zwetzig 11 contains information about corrosion 
products in sodium or taK cooled reactors. Table 5.11 summarizes 
the corrosion products observed, in the manner which he used, with 
adc:itions as referencec. 
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Table 5.11 
Corrosion Products in Sodium-Cooled Reactors 

(Other than Tritium) 

EBR-11 12 •13 
1 

Rapsodie14
1 SREl1,lS,lGl HPNFll 

Neutron spectrum :fa,rt __ . I fast I thermal ithe~ I thennal __ ... 

Typi ca 1 outlet temperature i 900°F j I 1 000°F 1 950°F 

S8ER 11 

1300°F 

Corrosion and Activation 

products in primary 

coolant 

Corrosion products on 

primary system surfaces 

Corrosion ar1u f\Ctl vat ion 

products in cold traps 

Sb, 56M 60c n, o 

59Fe,60Co 

ll3m1 117m5 ' n, n 

--oo ~4Mn, Co, 

i 182Ta 

c:.n 
·rMn,'"'uCo 

65zn,l24sb 

J ; r J 

1 54M sac 1 54M 59F 54M· 60c 1 54M 59F 
I 

n, o, 1 n, e, n, o 1 n, e 
l ' 

60c ' 60c 51 c , j. sse 60c , o I o, r . o, o 
I I 
I I I . 
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A-c EBR-II, tne fciiowing or8ducts jo the primary sodium are 
.:_,.equantly monitored: ~4Mn, .,, mAg, 117msn, ancl ll2sn- 113mJn. 
:.r -~hese only !:l4Mn comes from corrosion of stainless steel; the 
Aes~ are pecu:~ar to EBR-II. 

~.1 December, i970, the primary p:.Amp of EBR-II was replaced and 
~ua~itative information on activation products was obtained. Detailed 
'2Su1ts were reported in July, 1971.12 Acti'!leltion sroducts ooathe 
pump prior to steam cleaning included 22Na, 54Mn, 6 Co, and I 2Ta. 
Also present was the fission product 137cs. I~ steam cleaning the 
oump, the following were removed: all of the 2Na, 44-67% of the

182 J 4Mn, 42-92% of the 60co, and~ 65% of the 137 Cs. None of the Ta 
wcs removed. On the uncleaned surface the 182Ta activity was less 
·:.11an 0.1 of the 54Mn acti'lity. On the cleaned surface the activation 
;Jroducts remaining were 34Mn, 60co, anj 182Ta, listed in decreasing 
order of activity. Reference 12 speculated that the source of 
tantaium was the cladding of the antimony neutron source used in EBR-II. 

:~ is noted that the presence of 58co, 59Fe, and 51 cr was not 
H'ij i ca L:ed in either Reference 10 or in any other of the ANL reactor 
JE:ve ·i opment program progress reports. 

Activation ~roducts and 137cs were also reported to be present 
)~ :ne inside surface of the reactor tank at the cover-gas-tank 
-.r:terface.l2 Both 54Mn 1nd 60co were present. It was postulated that 
137cs vaporized from thE: sodium and redeposited on the tank wall, 
bu:: i ·c was not known how the 54Mn and 60co got there. 

Activated corrosion products were identified in the EBR-II cold 
t1·ap from gamma scan2 13 These inc 1 uded 54M~ and 60co. A 1 so 
ac~ivation proaucts 2Na, 134cs, 65zn, and l 4sb were observed in the 
cold trap. 

5.2.5.3 Rapsodie 

In Rapsodie, the corrosion products 58co, 60co, and 54Mn were 
or,served on the primary pump after three years of operation at 24 MW(th) 
::::oG equivalent ful1 power days).12 The ~4Mn activity distribution 
~·eng the axis of the primary pump is shown in the report. Both 
~L·v.n and 58 co were obsen ed on the pi pes of the primary system. The 
-)L,.,.,!1 JJas distributed fai ly uniformly along the pipes. The 54Mn 
~~·~a~e activity on the old leg piping (4QQOC) is 2 to 5 times higher 
:n3J. on the hot leg pi pi g (5QOOC). Values of 54~1n surface activity 
;o. ';e:. between 0. -, and 1 ll Ci/cm2. 

5.2 5.4 SRE 

Corros1on product contamination was ol served on the piping walls 
of SR£.13 The radionuclides ~4Mn, 6Dco, and 59Fe were identified. 
Tht:: activity levels of these nuclides were roughly equal to thel37cs 
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activity leve·i on tne piping, '\., 0.01 1.1 Ci/cm2, at shutdown on 
July 26, 1959. 

As described in Section 7.2.4.4, Table 7.9, corrosion-product 
elements were concentrated in the primary cold trap at the SRE.l6 
However, concentration ratios were not large, ranging from '\., 10 to 
~ 100 for Fe, Ni, Cr, and Mn. 

5.2.5.5 SEFOR 

No data on radioactive transport of corrosion products was 
reported for SEFOR. However, a report on cold trap experience at 
SEFOR17 did show some corrosion-product elements in the'\.. 200 lbs 
of sodium oxide removed from the primary cold traps. The following 
concentrations of impurities were listed for the SEFOR cold traps 
(Table 5.12). 

Table 5.12 

Weight Percent of Impurities in SEFOR Cold Traps 

Element ~ 

Cu 200 

Fe 50 

Cr 20 

Ni 6 

C-(carbonate) 240 

c 130 

The copper was an unexplained surprise. The cold traps were 
not radioactive because the traps reported in Reference 17 were removed 
and analyzed prior to power operation. 
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~-j Activation Products 

~-~.1 Sodium Activation 

Socdum has tne disadvantage 4hat it is activated by neutrons. The 
Jrincipa1 activation product is 2 Na, formed by the absorption of a 
neutron by 23Na. A second activation product is 22Na also formed from 
23Na in an n,2n reaction. Although the 24Na acti~ity is far greater 
than the 22Na activity dur~2g reactor operation, 4Na decays with a 
·:4.7 hour half life while Nahas a 2.6 year half life. Therefore in 
:onsidering the long term environmental effects of storage of sodium after 
ts use in an LMFBR, or the effects from dispersion of sodium by a 

sodium fire the long half-life isotope 22Na is more important than 
24Na. The ~2Na activity becomes greater than the 24Na activity about 
ten days after reactor operation ceases. 

5.3.1.1 Sodium-24 

Sodium-24 in the Primary System 

Calculation of the activity of 24Na is straightforward since it 
~oes not result from a threshold reaction. A typical calculation 
~s provided for the General Electric 1000 MWe conceptual design described 
ir; Reference 1. ~he equilibrium activity produced in the primary 
coolant is 2 x 10 Ci. It would have been of interest to compare 
:his result with a result extrapolated from EBR-II, but Na activity in 
the primary system is not reported in the ANL Reactor Development 
Program Reports. 

Sodium-24 Activity in the Secondary System 

24 Sodium-24 c~n enter the secondary system in two ways--by leak~ge of 
Na from the pr1mary to the secondary system through small leaks 1n the 

·';~termediate heat exchanger and, in a pot-type LMFBR design, by direct 
,:,ctivation of the secondary sodium. It should be noted here that 
·~eakage of sodium from the 1rimary to the secondary system would normally 
~e minimized by controlling the primary system pressure lower than 
~~he secondary so that leakage would be in the other direction. 

Activation of secondary sodium in pot-type designs will be made 
,~,an by shielding the secondary sodium loop from neutrons. No 

e;;timate of secondary sodium activation was available from conceptual 
'"esign reports, and both FFTF and the Demonstration Plant will be loop 
:csigns instead of pot designs. 

EBR-II is a pot-typ, design and some secondary 24Na activity is 
reported. Early values reported in the ANL Reactor Development Progress 
Reports were corr2~ted for an earlier cdibration error in Reference 7. 
During 1972, the Na activity in the E: R-II secondary system varied 
fihom 8.6 to 38nCi/gm, with an average value of "'20 nCi/gm. The 
secondary sodium inventory is 6 x l07gm Hence the total secondary 24Na 
activity is of the order of 1 Ci. 
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5.3.1.2. Sodium-22 

Soaium-22 resu1ts from the threshold reaction, 23Na(n,2n) 22Na, the 
thresho1d for the rear.tion being 12.5 MeV. On decay a 1.28 MeV 
gamma and two 0.5 MeV gammas are released from positron annihilation. 

Two estimates of 22Na activity produced in a 1000 MWe LMFBR were 
compared. The first estimate is an extrapolation from measured data 
in EBR-I~. The second is a result quoted by General Electric in their 
1000 MWe follow-or. report. These two estimates disagreed so greatly 
a third value was calculated for this report in order to try to under
stand the possible source of the disagreement. (A third comparison 
was possible, based on extrapolation from a calculation for SEFOR. 
However, the methods used for the SEFOR calculation were likely the 
same as for the GE 1000 MWe calculation so that the extrapolated 
result is not necessarily an independent calculation.) 

EBR-II Extrapolation 

Sodium-22 activity
2
in the primary system of EBR-II has been 

measured. Knowing the 'Na activity in EBR-II, the power level, the 
operating time, and the load factor, one can extrapolate approximately 
to the activity produced in a 1000 MWe LMFBR. 

The 22Na activity in November, 1~72, in EBR-II was 60 nCi per 
9ram of sodium in the primary system. The primary system contains 
90,000 gall~ns of sodium. The accumulated exposure at this time was 
60,309 MWd. During the year prior to November, 1972, the exposure 
',~as 10,446 MWd,3 and the exposure had been fairly constant for the 
last four years. The power level has been ~2.5 MW(th)* since 1970, 
before which it was 50 MW(tn). Assuming that reactor operation has 
always been the same as the year prior to November, 1972, the load 
factor for EBR-II would be 0.46 and the chronological time for operation 
would be 5.75 years at 62.5 MWth. 

The total activity, A, in November, 1972, was 60 nCi/gm in 
90,000 gallons of sodium, or 17 Ci. This activity and the equilibrium 
activity, A , are related by 

00 

A = fA (1 - e -A22t) 
00 

'.1ere f = 1 oad factor 

\ 22 = 22Na decay constant 

'-;nee completing this investigation, it was learned that since about 1972 
-~.-1e actual power level has been about 9% below 62.5 MW(th), orapproximately 

57MW(th), even though 62.5 MW is still quoted as the 11 nominal 11 power. 
~o modifications were made to the EBR-II calculated results given in 
this report to account for this lower power level. 
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t = chronological operation time 

Hence A = 47 Ci. 
00 

Next assume that the 22Na equilibrium activity is proportional to 
the power level. The geometry and sodium vol~ fractions in EBR-Il and 
a power reactor are different, but still the extrapolation is expected 
to be a reasonable approximation. Also the fission spectrum for the 
235u fuel of EBR-II is sufficiently similar to the fission spectrum 
for the

2
Pu fuel in a power reactor, even above the 12.5 MeV threshold 

of the 3Na(n,2n)22Na reaction, that the different fuel does not 
introduce a large uncertainty in the extrapolation. One can extra
polate the activity after long operation in a 1000 MWe LMFBR (2500 
MWth, 0.8 load factor) to: 

A= (47 Ci) (.8) ~~~~ ~i~ = 1500 Ci 

It is of interest to note that the 22Na activity in £BR-II is 
increasing in a manner consistent w~2h the equations utiltzed here. 
For example in November, 1971, the Na activi~y was 94 ng~, and the 
ratio of 60 nCi/gm to 54 is about equal to the ratio of (1 - e-5·75A22)/ 
(1 - e-4.75A22}, where 5.75 yr and 4.75 yr are the chronological opera
ting times for November, 1971 and November, 1972 respectively. 
(A 22 = .266 yr-1) 

GE 1000 MWe Follow-on Value 

The result for the 1000 MWe follow-on pesign reported by General 
Electric is:l 

A = 9600 Ci 

I \ 

\ 

SEFOR Extrapolation 

The calculated 22Na equilibrium activity for a lQad factor of 
unity is 65 Ci . The SEFOR power level was 20 MWth. Extrapolation to 
a 1000 MWe LMFBR at .8 load factor gives 

A = 6500 Ci 

This value is closer to the 1000 MWe follow-on result than the 
EBR-II extrapolation, but bot2

3
are based on General Electric calculations 

which may have used the same Na(n,2n) cross sections. 

Present Calculation 

Since the above results varied so widelyA the 22Na activity was 
calculated from the fission spectrum and the '3Na(n,2n) cross section. 
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The activity was estimated from the equation: 

A =[L:N23,k j an,2n(E)dE1 f(l - e-A22t) 
k 12.5 

MeV 

Nhere the subscript k refers to the region--core and blanket. The flux 
was obtained from the fission spectrum, normalized to the first group 
of a mu1tigroup flux distribution. Details of the first-group flux 
calculation are given near the end of this section. The fission spectrum 
was represented by 

1j!(E) = IE e-E/T 

where T = 1.41 MeV for 239Pu. The cross section fur the 23Na(n,2n}22Na 
reaction was obtained from BNL-3255 (which used the 1963 data of Picard 
and Williamson), although a large margin of error was possible in 
reading the cross section as a function of energy. 

The calculated equilibrium 22Na activities generated in the core and 
blanket were 

A(core) = 2.4 x 103 Ci 

A(blanket) = 0.3 x 103 Ci 

The activity of 22 Na produced outside the blanket was not calculated. =: is probably small since the neutron leakage is small from the 
blankets, and in calculating the blanket flux (see next section for 
details) no leakage was allowed. There may be leakage of uncollided 
hi~h energy neutrons ,into the sodium pool, however, which might provide 
a 2Na source that is not negligible. In SEF2~· which was a small 
:eactor with thin reflectors, the calculated · Na production outside 
rhe reflectors was ~25% of the total. 

Based on the above results, the total 22Na activity from a 1000 
~e LMFBR is estimated to be: 

A ~ 3000 (1 - e-.>.zzt) curies 

One further estimate is possible, based on the recalculation of 
the integral 

00 

J. a(E) l)! (E)dE 
12.5 MeV 
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A value of 8.9 x 10 ... 6 barns Mev312 was obtained for this integral 
(see next se~tion). For S~FOR the calculated ~olue for this integral 
was reported as 2.3 x 10- . Since the SEFOR 2Na production rate, 
together with the extrapolation of 6500 Ci for the 1000 MWe LMFBR 
from the SEFOR numbers. wis based on the SEFOR value for this integral, 
one would be justified in renonnalizing the SEFM e~trtpolation to 
our calculated integral. This renonnalization gives: 

A = 6500 X 8·9 x l0-
6 

= 2500 Ci 
2.3 X 10-5 

which is close to both the above estimated result of 3000 Ci and the 
result of 1500 Ci extrapolated from EBR-II. 

Further Details of the 22Na Activity Ca~culation 

The sodium-22 activity is given by 

A= [N23,ci an,2n(E)¢c(E)dE + N23,b j 
12.5 12.5 

'r n , 2 n ( E ) 4> b ( E ) dE] f ( 1 -e- A 2 2 t ) 

MeV MeV (l) 

where N23 ,c = total # of atoms of Na-23 in the core 

N23 ,b = total # of atoms on Na-23 in tne blanket 

~c(E} space averaged, energy depende1t flux in the core 

~b(E) = space averaged, energy depende1t flux in the blanket 

0 n,2n = n,2n reaction cross section 

A22 = decay constant for 22Na = .266 yr-1 

t = chronological time since initiation of reactor operation 

f = load factor 

~(E) was obtained as follows: The high energy neutron flux is 
proportional to the fission spectrum, w(E), where 

l)!{E) = IE e-E/T 

where T = 1.41 MeV for Pu-239 fission 

Hence ~(E)= a~ (E)= alE e-E/1.41 at high energy. 

The integrals in Eq'n (1) were rewritten, following the method 
of reference 4, to obtain: 
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00 

Jf on, 2n(E) o (E)dE 
12.5 
MeV 

00 

=a J 
12.5 
MeV 

The constant ,"l was detenni ned as fo 11 ows. In terms of group 1 of 
a ~u1t~group flux structure, 

00 

cp, = a f l/!(E)dE 

E £,1 

where E 
1 

is the lower energy of the group and Et 1 is large enough 
R,, , 

(2) 

that the energy spectrum throughout group 1 can be approximated by the 
fission spectrum. Hence, if ~l can be evaluated, then the proportionality 
constant a can be determined. 

The flux ~l was estimated for a group structure for which E 1 = 3.7 
MeV. The flux 1n the core ~ 1 c was evaluated from the neutron balance 
equation (i.e. the multigroup'equation for group 1): 

(DB2 + Ea + Eer + Ein)l ,c~l ,c = x, (v:E Efi<l>; )core 

where 

i 

(:r:rfi~i)core =total fission/sec in the core 
i 

and the subscript l,c refers to group 1 of the core. 

For the blanket the equation for ~l,b was: 
2 v core 

(Ea + Eer + Ein)l ,b~lb = x1 (v L;t:f;<l>; )blanket + 018 ~1 ,c vblanket (5 ) 
i 

where the sources were both fission in the blanket and group 1 
leakage from the core, and no leakage is assumed from the blanket. 

The calculated fluxes were: 

<~>, ,c = 0.9 X 1014 

<l>l,b = 0.8 X 1013 

00 

The integral in Eq•n (3) is Ji l/!(E)dE = 0.23 

3.7 MeV 
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~ence the proportionality constants, a, are: 

a(core) = 4 x 1014 

a(blanket) = 3 x 1013 

The sodium-22 activities generated in the GE 1000 MWe 
:'ind blanket are: 

6 
t 

(N23 c) (9 x 10- ac)f(l - e-A22 ) 
A (core) = -"'---'-'-=-----__;;_ __ ----

3.7 x 1010 dis/sec Ci 

= 2.4 X 103 (l - 3-: 22t) Ci 

based on the following nwnerical values: 
2 

N23,c = 3.1 x 104 atom-em 
barn 

(

from: core volume= 3.7 x 106 cm3 ) 
sodium volume fraction = 0.37 
sodium density = 0.85 

9 x 10_6 a = 3. 6 x 109 barn-neutrons 
c cm2 - sec 

f = 0.8 

A(blanket) = .26 x 103 (1 - e -A22t) Ci 

A(total) = 2.7 x 103 (l - e -A22t) Ci 
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5.3.2 Cladding Activati('~f"!_ 

The stainless steel structure in and near the core of an LMFBR 
becomes activated. The only part of this activation considered in this 
report is the fuel cladding activation, which is to be shipped from 
the site with the fuel. · 

\ . 

For a fuel assembly design that has steel\ hexagonal cans enclos~ng 
the entire assembly {as in present FFTF and demonstration plant design), 
the steel can would contain from 50 to 100% as much steel as the cladding. 
The specific activity of this steel would be equal to ~hat of the 
cladding. Hence the total steel activity shipped from the site would be 
nearly a factor of two higher than the cladding activity alone. 

The cladding activity for the AI 1000 MWe Reference Oxide Design 
was calculated by ORNL, ~nd these val~es are reproduced in Table 5.13. 
These values were checked for order of magnitude by using cross 
sections and fluxes from Section 5.2 {Activated Corrosion Products) and 
approximate cladding volumes. The results agreed within factors of 
2 to 3, which was considered acceptable for the purpose of this review. 

The fuel mass discharged annually from the AI design was 8.517 MT 
(U + Pu) (see Table 4.1). The cladding activity discharged annually 
with the fuel is therefore 8.517 times the totals in Table 5.13. 
These results are given in Table 5.14. 
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Isotope 

s1er 
SI+Mn 

55f'e 

59pe 

sseo 
GOeo 

59ru_ 

63Ni 

Total 

Table 5.13 

Cladding Activity of ~tIl-l' lR 

Core Fuel as a Function of Cooling T~ 1 

f,ctivity [Cijl-fl'(U + Pu)] 

Cooling Tine 

0 30d 90d 150d 

6.17x10 .. 2.92xl0 .. 6.55x103 1.47x10 3 

1.50x105 1.40x105 1.22x105 1.07xl0 5 

7.60x10 .. 7.43xl0 .. 7.12xlO" 6.8lxl04 

l.03xlO" 6.52xl03 2.59x10 3 1.03x10 3 

4.10x10 5 3.07x10 5 1. 71x105 9.55xlo" 

1.35x103 1.33x103 1. 3l.xl0 3 1.28x10 3 

2.1 2.1 2.1 2.1 

67.8 67.7 67.6 67.6 

.300d 30yr 

35 
7.50xl0 .. 

6.o0x1o14 25.5 

1.00xl02 

2.26x10 .. 

1.20x103 25.9 

2.1 2.1 

67.5 54.1 

. 
5.58xl05 1 3. 75xlo5 ·I 2. 74Xlo_5 _.___l_.5_9_xl_o_s_.l._l_oa_~ 

Table 5.14 

Cladding <ctivity Discharge:l Annually Fran 

1000 Kie I.MFBP 

Activity (Ci) 

Cooling T:iJre 

0 30d 90d l50d 30bd 30 yr 

6.0xl06 4.SxloG 3.2xl06 2.3x106 1.3xl06 900 
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Half-life 
(Tl/2) 

28 d 

313 d 

2.4 yr 

45 d 

71 d 

5.2 yr 

8x1014 yr 
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~'.3.3 Activation Products 39Ar, 41 Ar, and 23 Ne 

5.3.3.1 Argon-39 

Argon-39 has a 269 year half life and undergoes e- decay (0.59 MeV 
:nax i mum S, no y). It is produced from 39K in the sod i urn coo 1 ant from 
the reaction: 39K(n,p) 39Ar. Although no reported observations of 39Ar 
were found from

3
eperating fast reactors, Refet·ence 1 estimates that 

3.13 Ci/day of Ar would be produced in the 975 MWe Clinch River Breeder 
:~eactor (CRBR) if the potassium impurity concentration in the coolant 
were 1000 ppm. For reference, some potassium concentrations have been 
L 160 ppm in EBR-II (e.g. Ref. 2, and Table A.28 of this report) 
and '\, 300 ppm in SEFOR3. Our independent check on 39Ar activity agrees 
with the Reference 1 value to within 50%, whirh is within the accuracy 
::f the (n,p) reaction cross section available'< Extrapolating from 
·.:,"le CRBR value, and assumin:J 300 ppm potassiwn impurity in the coolant, 
gi1es a 39Ar activity production rate of "'30 Ci/yr for a 1000 MWe LMFBR. 

5.3.3.2 Argon-41 

This ~ydion~~lide has a 1.83-hr half-life and undergoes negatron 
;~~ecay to41 K. ~O can be ~roduced in the LMFBR by two mechanisms: 
~·K(n,p) Ar and Ar{n,y)4 Ar. The EBR-II staff suspects t~at the 
-=irst reaction is the principal production SOL~9e in EBR-II. EBR-II 
cover gas typically contains about 1.5 llCi of A~ per liter of cover 
0as. Rapsodie was reported6 to have a cover gas lAr content of 
200 llCi/1 and BR-5 a cover gas 41Ar content3 of 100 llCi/1 . 

5.3.3.3 Neon-23 

This radionuclide has a 37.6 sec half-life and undergoes negatron 
decay to 23Na. 23Ne is produced by the following reaction 

23Na(n,p) 23Ne 

SEFOR was reported8 to have a specific 23Ne cover gas activity of 
-~.000 llCi/1 when operating at lOMW. With a cover gas volume of 0.56 x 
cc, the total cover gas activity was 16.4 Ci from 23Ne. The 23Ne 
~:.:.-.::ivity in the SEFOR core sodium was estimated to be 5700 Ci at 10 MW. 
: ",:;-:: these numbers, the average time for disengagement of the 23Ne atoms 
·:rom the sodium was determined to be 5.5 min. 

Rapsodie was reported6 to have a cover gas 23Ne content of 10,000 
_,_c-i/1 • Both the primary coolant and tne cover gas of the #2 primary 

?Ump were analyzed for 23Ne at BR-5.7 T1e sodium contained 500,000 
~Ci/1 and the pump cover 1as contained 700,000 llCi/1 . 
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5.3.4 Miscellaneous Activation 

5.3.4.1 From Fission Products 

A number of radioactive nuclides are prod:..~ced from activation (n,Y 
reactions) of fission products. In this report, these radionuclides 
are included under "fission products." They are listed in Tables 4.3-4.6, 
and.indicated by ~he8~ootnyf~"a." 11 !Jhe "y9j~vatiy~4fiss1~Hmprod~§4s" of 1mgortance are. Rb, Ag, Ag, Cd, Cs, Pm, Eu, 
and 1 Orb. 

5.3.4.2 From Impurities in Sodium Systems 

A number of miscellaneous activation products are reported from 
sodium-cooled-reactor operating experience. These a~e frequently peculiar 
to the particular reactor system and are generally low in activity level. 

Such activation products observed in EBR-Il include 65zn, 124sb, 125sb, 
l13sn, 113msn, 117msn, 11 DmAg, and 21 Opo (see Appendix A Tab 1 e A25) . The 
210po comes from the bismuth (210Bi) in the tin-bismuth seal in the 
EBR- I I cover. It is presumed that the 125sb, ll3sn, 113m Itt, i,ind 117msn 
come from activation of the tin. It is unclear whether the liOmAg results 
from activation of a fission product or activation of a silver impurity 
in the sodium. Also the source of 124sb is unclear--perhaps from activa
tion of 123sb in the sodi:..~m. The 65zn presumably comes from activation 
of the 64zn present in the EBR-II sodium, although, like Sb, zinc is not 
listed as a trace metal in the sodium in EBR-II reports. 

In Rapsodie, 210Po was also observed. 1 Like EBR-11, Rapsodie has 
a tin-bismuth cover seal. Also 65zn wa~ obse1·ved in Rapsodie .. 

125 2 1, 5 
In SRE, Sb was gbserved. The ' Sb was reported to come from 

activation of 124sn. llOAg was observeci in the cold trap of SRE, but 
the source is unclear. 

In SEFOR, 110Ag and 124sb were both observed in the sodium (see 
Appendix A, Table A22). S;nce the only other fission product observed 
in SEFOR was 86Rb, and sin' e Ag and Sb are listed (Table A21) as 
impurities in SEFOP sodium one can presume the llOAg and 124sb come 
from activation of these i, 1purities. 
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5.4 Tramg Fuel 
/ 

Tramp fuel is the term used to describe fuel material presenVon the 
outer \urface of fue 1 pins as a contaminant from the process O~/lue 1 
fabrica\ion. When this tramp fuel is exposed to neutrons in ~ne core 
it becom~s a source for direct introduction of fission prodlj,cts into 
the prima)zy coolant. . : ' · / 

\ / 

The ex~~t amount of ramp f1.1el present; in any core \th 1 be a 
function of many thin9s but primarily a function of th,e' fuel element 
fabrication process. · ' ,/' 

Estimates d.f the amounts of tramp fuel in SEFOR1, and in EBR-II 2•3 

have been made.\ Neither of these reactors utilije fuels typical of 
those which will\be found in large LMFBR's. T¥ EBR-II fuel is metal 
rather than oxide\.and is therefore fabr·icated/1n a siqnifi"cantly 
different way from\oxide fuels. The SEFOR f,l:1~1 is indeed oxide fuel, 
but is of significantly different diameter ,;than will be used in future 
LMFBR Is . \\ / 

/ 
' 

Despite the nonpr~totypic fuel in ~£R-II and SEFOR, the tramp fuel 
information from these \reactors will be used to estimate tramp fuel 
inventories in a 1000 MW~ LMFBR. The basic assumption for extrapolation 
from EBR-II and SEFOR data is that;the mass of tramp fuel per unit 
length of fuel pin in the core wi,Tl be similar for the large LMFBR. 

5.4.1 SEFOR 
f/ 

/ 

The total tramp fuel inv~ntory in SEFOR has been estimated1 as 0.2 mg. 
of fissile material, or about 1 mg of heavy metal fuel atoms. Based 
on a total pin length estimate4,of 1740 ft., the inventory per foot 
of fuel pin in the core;is 6 x lo-4 mg/ft. 

5.4.2 EBR-11 
,l 

i 

E. R. Ebersol~/~~s estimated2 the 235u in tramp fuel in EBR-II 
to be 2 mg based/on the normal tramp back~round of 133xe and l35xe 
observed in the/tover g~~S G. S. Brunson claims an inventory of 
roughly 7 mg o( unclad U in the cor&. Since the EBR-11 fuel is 
enriched to a;{ou t 50% 235u • a range of 4, to 1 1~ mg of fue 1 is indica ted 
for the amoY'nt of tramp fuel in EBR-II. <On the basis of 6910 ft. of 
fuel pins Jn the coreS, a corresponding rarge of 5.79 X lQ-4 to 2.03 X 
lo-3 mgffJ can be determined. 

/ 
5.4.3 ,Rapsodie 

/ 
I . . 

r;6 direct data are available for tramp fuel in Rapsodie; however, 
a tr;amp fuel inventory for Rapsodie which is in general agreement with 
th t of EBR-II can be inferred from other published information as 

lows: Differences in fast fluxes, cover gas vol~mes, fissile fractions 
core fuel, and total length of fuel pins in the EBR-II and Rapsodie 

cores tend to ca nee 1 . Therefore, ignoring co 1 d trappi,ng of precursors, 

;· 
, .. t 
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5.4 Tramp Fuel 

Tramp fuel is the term used to describe fuel material present on the 
outer surface of fuel pins as a contaminant from the process of fuel 
fabrication. When this tramp fuel is exposed to neutrons in the core 
it becomes a source for direct introduction of fission products into 
the primary coolant. ·· 

The exact amount of tramp fuel present in any core will be a 
function of many things but primarily a function of the fuel element 
fabrication process. 

Esti~ates of the amounts of tramp fuel in SEFOR1 and in EBR-rr 2•3 
have been made. Neither of these reactors utilize fuels typical of 
those which will be found in large LMFBR•s. The EBR-II fuel is metal 
rather than oxide and is therefore fabricated in a siqnificantly 
different way from oxide fuels. The SEFOR fuel is indeed oxide fuel, 
but is of significantly different diameter than will be used in future 
LMFBR•s. 

Despite the nor:prototypic fuel in EBR-II and SEFOR, the tramp fuel 
i nforma ti on from these reactors win be used to est i rna te tramp fue 1 
inventories in a 1000 MWe LMFBR. The basic assumption for extrapolation 
from EBR-II and SEFOR data is that the mass of tramp fuel per unit 
length of fuel pin in the core will be similar for the large LMFBR. 

5.4.1 SEFOR 

The total tramp fuel inventory in SEFOR has been estimated1 as 0.2 mg 
of fi ss i1 e material , or about 1 mg of heavy meta 1 fue 1 a toms. Based 
on a total pin length estimate4 of 1740 ft., the inventory per foot 
of fuel pin in the core is 6 x lo-4 mg/ft. 

5.4.2 EBR-II 

E. R. Ebersole has estimated2 the 235u in tramp fuel in EBR-II 
to be 2 mg based on the normal tramp back~round of 133xe and l35xe 
observed in the cover gas,. G. S. Brunson claims an inventory of 
roughly 7 mg of unclad 2J~u in the core. Since the EBR-II fuel is 
enriched to about 50% 235u, a range of 4 to 14 mg of fuel is indicated 
for the amount of tramp fuel in EBR-II. On the basis of 6910 ft. of 
fuel pins in the coreS, a corresponding range of 5.79 x lo-4 to 2.03 x 
lo-3 mg/ft can be determined. 

5.4.3 Rapsodie 

No direct data are available for tramp fuel in Rapsodie; however, 
a tramp fuel inventory for Rapsodie which is in general agreement with 
that of EBR-II can be inferred from other published informatiqn as 
follows: Differences in fast fluxes, cover gas volumes, fissile fractions 
of core fuel, and total length of fuel pins in the EBR-II and Rapsodie 

, cores tend to cancel. Therefore, ignoring cold trapping of precursors, 
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the cover gas specific activities due tQ tramp fuel should be similar. 
Indeed this is found to be true. The l35xe activity in the EBR-II 
cover gas at saturation from tramp fuel2,3 is about 3 x lQ-3 llCi/cc. 
The measured saturation activity of l35Xe in the RAPSODIE cover gas 
right after initial startup6 was 1 x lo-2 PCi/cc. 

5.4.4 Extrapolation to 1000 MWe LMFBR 

The information on tramp fuel inventories presented above suggests 
the use of a value of 10-3 mg of heavy metal fuel atoms per foot of 
fuel pin in the core. Large LMFBR's will contain tens of thousands of 
fuel pins having total lengths of tens of miles. For an average linear 
power density of 9 kW/ft, the total core fuel length is ~ 250,000 ft. 
Hence, a total inventory of 0.25 gm of tramp fuel is estimated. 

The coolant fission product inventory due to this load of tramp fuel 
can be estimated using the data of Reference 7. If no deposition or 
other removal mechanism is assumed for fission products which enter 
the primary sodium, about 300 curies of fission product activity could 
be present in the sodium for the equilibrium fuel cycle. Most of this 
activity would be from short-lived isotopes. The long-lived isotopes 
would eventually contribute an activity of a few tens of curies if 
the same primary sodium were utilized throughout a normal plant life. 

The corresponding upper limit activities for the higher actinides 
would be 20 to 30 curies for the equilibrium fuel cycle with a buildup 
to a few curies of long-lived actinides over the plant life. It is 
important to emphasize that these estima·:es take no credit for cold
trapping, plating out, or other removal rnechanisms for the radioactive 
nuclides. 

The activities discussed above are quite small in magnitude 
compared to that from activation of prim<ry sodium, impurities in the 
sodium, and corrosion products in the socium. 
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6. TRANSPORT OF FISSION PRODUCTS FROM FAILED FUEL 

6.1 Introduction 

· The task of predicting activity releases to the primary coolant 
and cover gas from the fuel of an operating LMFBR is extremely 
complicated. At this time there is no consensus of opinion on almost 
every major question that arises in answering questions like the following: 
What fraction of the noble fission gases are released from a mixed 
oxide pellet operating under specific conditions? What are the release 
times for the gases from the pellet? What pin failure rate will be 
observed? How can the failures be characterized, e.g. size, location, 
time of occurrence, etc. For large cladding failures, how much of 
each of the various radionuclides will be leached from the exposed 
fuel by the flowing sodium? 

These and other similar questions need to be answered before realistic 
release predictions can be made. This section contains partial 
answers to all of the questions listed above, and more. The fuel. 
testing which will accompany operation of the FFTF should provide better 
answers. There is a considerable amount of art (engineering judgement) 
involved in the prediction of fuel performance today, due to limited 
experience. 

Radioactivity releases from intact non-vented fuel in normally 
operating LMFBR's will be limited to tritium. Any non-vented fuel 
which is not intact will be categorized here as failed fuel; this 
includes either "leaky .. fuel or fuel exhibiting gross cladding failure. 
These two types of failures will, of course, have significantly 
different consequences. The distinction between small holes in 
cladding and relatively large failures has been made with varying 
degrees of consistency in available literature on fuel failures, 
thus making it difficult to interpret reported failure rates. 

Release from vented-to-coolant fuel will be treated separately, 
although much information from venting tests (e.g. holdup times, etc.) 
can be important in defining release rates from non-vented fuel. 

The problem of activity release from fuel pins will be handled in 
two main parts: release of activity from the fuel proper, i.e. from 
the pellet, powder, etc.; and release of activity from the pin itself 
to the primary coolant. Each of these main parts of the problem will 
involve several subproblems and phenomena. 
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6.2 Brief Background Description of Irradiation Experience Relating 
to Fission Product Release 

The FFTF, the LMFBR Demonstration plant, and probably the first 
generation of large ( ~1000 Mwe)LMFBR's will use mixed oxide fuels 
which are about 20% Pu02 by weight and 80% U02. These fuel pins 
will probably consist of mixed oxide pellets and helium bond gas in 
an austenitic stainless steel cladding. Later reactors may employ 
so-called advanced fuels (carbides and nitrides instead of oxides), 
but the choice of oxide fuel for early plants is governed by the 
much more extensive experience and testing that has been achieved 
with oxide fuels, as opposed to carbide or nitride. However, even 
though there is considerable information available on oxide fuels, 
much uncertainty still exists about oxide performance under the 
extreme operating conditions forecast for LMFBR fuels. 

Extremely high burnups ( ~100,000 MWd/MT}* and fast fluences 
( ~3 x l023n/cm2) are the goals for LMFBR fuels. The fuel pins 
would undergo these irradiations whilf~ operating at peak linear 
powers of the order of 18 kw/ft with corresponding fuel surface and 
centerline temperatures of l8000F and 4900°F, respectively, in flowing 
sodium with velocities of the order of 25 ft/sec and maximum outlet 
temperatures of l3000f.l,2 

The conditions described above have not been simultaneously 
achieved for fuel tests to date. Moreover, even while falling 
short of prototypic test conditions, problems have been encountered 
in oxide fuel testing which have not been completely solved and which 
may prevent achieving original performance goals.3 

The main reason that oxide fuel problems have not been solved is 
the lack of appropriate test facilities. The fast fluxes of sufficient 
magnitude needed to achieve ~3 x lo23n/cm2 have not been available. 
EBR-11 and DFR require over three years to accumulate desired fast 
fluences. The FFTF will provide higher fast fluxes {achieving the 
desired fluence in about 1.5 years) for testing fuels, but its own 
driver fuel will be operating at slightly lower specific power and 
lower coolant, cladding, and fuel temperatures than proposed LMFBR's. 
Still, many of the limitations indicated today in fuel performance 
should be better quantified by FFTF programs. (Design burnup --i.e. 

> 100,000 Mwd/MT -- has been readily achieved in low power fast test 
reactors like EBR-II and DFR and in thermal test reactors by enriching 
the uranium portion of the U02- Pu02 fuel. However, the combination 
of design fast neutron fluence at the cladding and fuel burnup cannot 
be readily achieved.) 

* Experimental fuel exposures appear in the literature both as atom 
percent burnup and as megawatt days per metric ton. The conversion 
factor is almost exactly: 1 atom%= 10,000 MWd/MT. 
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Fuel swelling and release of fission gJses with resulting 
cladding stress due both to fuel-cladding mechanical interaction and 
to high fission gas pressures were early recognized as problems.4 
Satisfactory mitigation of the effects of these two phenomena can 
probably be achieved by (1) incorporating sufficient voidage within 
the fuel proper to accommodate solid fission products and any un
released fission gases,5 and (2) by providing sufficient plenum 
volume (or venting) to handle gases released from the fuel. However, 
knowledge of the amounts of gas released from the fuel but remaining 
within the pin is important in terms of potential releases. 

Two unanticipated problems with the stainless steel cladding were 
discovered: the significant swelling of stainless steel on irradiation 
to high fast fluences,6 and irradiation induced creep.7,8 Austenitic 
stainless steels irradiated to fast fluences of the order of 
7. x l022n/cmZ have been observed to exhibit volume increases of as 
much as 7%.6 Techniques such as heat treating prior to irradiation 
may reduce such swelling significantly;9 however, even with the data 
on control thimble swelling ~f EBR-II, extrapolation by factors of 
two on fluence must be made. 

Creep rates of 304 stainless stee1 in a fast flux of only . 2 5 x lol2n/(cm2sec) and a simultaneous thermal flux of 6 x lol3n/(cm sec) 
have been found to be a factor of 2 to 5 higher than those of an 
unirradiated specimen.6 Experiments on 316 stainle~s irradiated 
in EBR-II to fast fluences approaching 7 x 1Q22n/cm have showri creep 
rates inc18asing about tenfold while linear creep strain decr2ases. 
fourfold. Again extrapolations to fluences of 3 x lo23n/cm are 
needed. 

More recently, Foster, et a1. 66 have reported measurements on 
solution annealed and cold-worked types 304 and 316 stainless steel. 
The irradiation creep rates are linear with stress and essentially 
independent of temperature at low fluence levels:. At high fluence 
levels there are limited data which indicate that irradiation creep 
increases as swelling becomes significant. The relationship between 
swelling and irradiation creep is of great technological significance 
to the design of fuel rods and assemblies. In particular, the 
beneficial. role of irradiation creep in relieving the stresses created 
by differential Sl'#elling is becominq more clearly understood, and 
is being applied to core design. 67 

Because of the sensitivity of predicted total plastic strain to 
various levels of lituration of cladding swelling (10-15%) and fuel 
swelling (20-35%), additional prototypic test data at high fluence 
and burnup is necessary to determine the combined effects of fuel 
swelling, fission gas pressures, cladding swelling, it~radiation-induced 
cladding creep, and perhaps other, as yet undiscovered phenomena. 
Indeed, the ultimate limiting phenomena for fuel performance may be the 
deterioration of the cladding due to fuel-cladding interactions.l2 
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The uncertainties indicated above make it difficult to predict 
failure rates and activity releases for LMFBR fuel pins operating at 
or near design conditions. Indeed, the ability of the reactor rad
waste system to handle released activities from failed fuel will 
ultimately determine the quantity and quality of failed pins that 
can be accommodated in the core at one time. 

The statistics of LMFBR oxide fuel pin irradiations have recently 
taken a sizable leap. As shown in Table 6.1, the number of pins ir
radiated or undergoing irradiation in the world's fast reactors was 
~ 110,000 as of January 1974. This total is up from ~ 23,000 as a 
result of the startup of the Russian BN-350 and the French Phenix 
and replacement of fuel in existing fast reactors. Because the 
first three prototype LMFBR power stations plan to replace fuel at 
rather frequent intervals*, continued rapid growth in oxide pin 
operational statistics is expected. 

These three early power stations will provide the first fast 
neutron irradiation experience on large multipin fuel assemblies 
at LMFBR prototypic temperatures and flow rates. and much more 
realistic fluence-to-burnup ratios, than have heretofore been 
possible. 

6.3 Tritium Release from Fuel Pins 

Tritium produced in the fuel from ternary fission or from 
lithium impurities in the fuel can diffuse through the stainless 
steel cladding of intact pins. Results of fast flux irradiation 
of stainless-steel-clad mixed-oxide fuell3 indicate that more 
than 99% of the tritium produced in the fuel .of Jarge operating 
LMFBR's will be released to the primary coolant. Tritium produced 
in the fuel could introduce about 24,000 Ci/yr'into the primary 
coolant system, as discussed in Section 5.1 of this report. 

6.4 Release Fractions for Noble Gases from Oxide Fuels 

Release fractions of 7 to 25% were observed in the initial fast
flux irradiation of Pu02 - U02 fuel in EBR-II even though it was a 
very short irradiation.T4 

At about the same time information on the Russian BR-5 plutonium 
oxide fuel became available,l5 indicating release fractions of 40-54% 
for burnups of less than 3% and about 60% for burnups greater than 
3.5%. 

*BN-350 reportedly will have one-fifth of its fuel replaced every 54 
days; Phenix will have one-sixth replaced at 60-day intervals, and 
the PFR (Prototype Fast Reactor) in Great Britain will have one-sixth 
replaced at 49-day intervals. 
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Table 6.1 
Oxide Fuel Pins Irradiated in LMFBR's 67 

Completed On-Going Total 

USSR 

BR-5 'V 2,490 
BR-10 "'1,~20 
BOR-60 'V 8,000 3,400 
BN-350 · 'V 8,000 38,200 61,600 

France 

OFR 41 
Rapsodie-Core I 4,305 
Rapsodie-Fortissimo 'Vl3,600 'V3 ,700 
Phenix 23,002 44,650 

USA 

SEFOR . 648 
EBR-II "'800 'V 1 ,000 "'2 ,450 

UK 

ORF "'800 "'200 "'1 ,000 

OEBENELUX 

Rapsodie 73 
ORF 48 60 181 . 

Other "' 150 

TOTA~ "-38,800 "-71,100 "'no ,ooo 
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The first data from Rapsodie, 16which Lses mixed-oxide sintered 
fuel pellets in 316 SS cladding. showed gas releases of up to 
60% for pins operated at peak powers of 12.2 kW/ft to burnups of 
20,000 MWd/MT. 

One of the largest sets of experimental data is that from the 
General Electric F2 Series. The series consisted of 21 encapsulated 
fuel pins in an experimental program designed to "investigate such 
parameters as fuel density, compaction process, stoichiometry, 
diametral aod axial gap, cladding material, and cladding wall 
thickness.••17 Results gf the irradiations have been published as 
data became available. ,17-20 The results are summarized in 
Table 6.4. The fission gas releases are seen to approach 100% at high 
burnups and are not strongly a function of initial fuel density in this 
range of burnup. 

Table 6.3 shows irradiation results of twelve other mixed-oxide 
fuel elements irradiated in EBR-11 under Argonne National Laboratory's 
fuel element performance program. The first group of four ANL 
elements were some of the first une21apsulated elements to achieve 
large burnups in EBR-II. The NUMEC elements were designed to give 
a comparison of fabrication processes. The last group of four 
ANL elements were designed to assess various void deployment techniques 
in accommodating fuel swelling. The information in Table 6.3 is 
mostly from Reference 22. The data indicate that fission gas release 
approaches 90% at. 10 at% burnup ("' 100,000 MWd/MT.) 

Other irradiations such as the PNL tests 23 could be added to 
these examples, but the trend is clear. On the basis of data presented 
here plus other irradiations in EBR-II or DFR. Lambert, et al., 
have concluded that, for fuel operating in the linear power range 
expected for LMFBR's (9 to 18 kW/ft), fission gas release increases 
with burnup in the manner shown in Table 6.4, regardless of initial 
smear density or form of fuel.22 

The experimental information presented thus far in this section 
provides a good basis for estimating fission gas release from fuel in 
LMFBR pins. Moreover, the proliferation24 of theoretical models to 
explain the data will hopefully aid in extrapolation of data to 
other conditions through an understanding of the phenomena involved. 

In order to estimate activity release from failed pins to the 
coolant from the above information, the burnup of the failed pins 
must be known. It is a reasonable assumption that failure rates will 
also increase with burnup. This has certainly been borne out by 
experience.25,26 If most of the pins do achieve the goal burnups, 
then the highest rate of failures would occur at burnups approaching 
100,000 MWd/MT. This argument leads to the assumption that the 
"average" failed pin contains fuel which has released at least 75% 
of its total inventory of noble fission gases and will continue to 
release noble gases at about the same rate as they are produced. 
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Table 6.2 

General· Electric F2 Series of Fuel Pin Irradiations 

Fuel 
Density Fuel Max ' . anearoo Density Linear Peak Fission 

··. (% Theoret- (%Theoret- ~ Bunlup Gas 
Pin ical) ical) (kW/ft) (at. \) · Release 

F2A 94.0 95.6 15.6 5.19 49 

.F2B 94.6 95.2 16.0 5.26 48 

F2E ,4.4 95.3 16.3 5.35 NA 

··F~ 94.8 96.1 16.3 5.33 so 
F2N 92.6 96.2 17.7 5.42 50 

F2P 94.5 95.6 9.7 3.26 32 

~20 94.9 96.2 16.3 5.25 47 

.F2S 96.1 97.1 17.4 5.49 55 

F2U 87.0 89.5 15.8 5.61 63 

. F2W 83.8 NA 13.6 5.08 58 

FZ'i 83.9 NA 13.3 4.91 56 

F2Z 87.2 89.2 15.7 5.50 58 

FX 93.1 94.6 16.1 7.20 64 

F2H 94.9 95.3 16.7 7.30 67.5 

F2R 95.2 95.3 16.1 7.17 60.8 

F21' 94.6 96.1 16.9 7.07 59.2 

F~ 94.0 95.8 16.1 7.39 NA 

F2D 94.3 96.4 16.5 12.8 NA 

F2G 93.0 95.6 16.1 12.7 '11100 

F2V 86.7 89.7 15.7 13.1 NA 

F2X 83.9 NA 15.3 11.9 '11100 
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Table 6.3 

ANL Irradiations in EBR-II 

Fuel 
Density Fuel .M.:u. % 
Sneared Densi;ty Linoa.r Peak Fission 
(% Throret- (% Theoret- Power Bunlup Gas 

fin ical) ical) (kW/ft) (at. %) Release 

ANL-012 78..5 81.1 16.0 2.91 69.1 

ANir007 78.6 79.0 15.7 4.73 82.1 

ANL-021 80.2 82.8 16.4 4.7 85.6 

ANL-026 82.5 85.2 17.0 4.7 NA 

Nt.re::: B-2 88.8 90.6 15.0 9.8 89.8 

Nt.JMOC C-1 88.4 91.1 '14.'7 10~'9 95.7 

NUMEC C-11 88.3 89.8 14.0 10.9 90.8 

NUMEX:: C-15 82.7 84.4 12.9 10.6 68.0 

ANL OOPC-1 80.0 82.2 14.5 3.6 69.0 

ANL SOPC-3 82.7 85.3 14.8 3.5 62.6 

ANL SOPC-5 77.1 86.0 12.1 3.2 56.4 

ANL SOVG-17 80.0 NA 13.7 3.5 59.5 
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Table 6.4 
Percent of Fission Gas Released vs Fuel Burnup 

Fuel Burnup Fission Gas 
(MWd/MT} __B_, ~ 1 e as eci____{!L 

<2000 "'30 

30,000 "'50 

50,000 "'70 

100,000 >85 
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6.5 Fuel Failure Rates 

As discussed previously, failures can be of two types: small 
leaks and gross cladding failures. No data is available which gives 
failure rates of either type for fuel pins tested under prototypic 
1,000 MWe LMFBR conditions. For this reason, failure rates and failure 
types will be assumed for example calculations in this report, 
using available experience as a guideline, but with emphasis on the 
fact that realistic rates must await future experience. Certainly, 
the failure rates which will be tolerated will depend on the coolant 
and cover gas cleanup systems. · 

Some overall feel for fuel reliab~'ity can be obtained from 
numbers presented by Bernath and Wolfe · in April, 1971. In 
summarizing world-wide fast reactor experience at that time, they pointed 
out that less than S% of all rods tested had failed. Ignoring 
the BR-5 failures,2 which resulted when pins with very small fission 
gas plena were pushed well past their design limit, less thQn 0.5% 
have failed. This picture gets even better if DRF failures28 caused 
by cover-gas entrainment in the coolant are ignored. However, it 
is important to note that different fuel tests have different goals 
(conditions at specific burnup, power, etc.) and are not all aimed 
at achieving high burnups. For example, the first twelve pins of 
the General Electric F Series tests werT removed after burnups 
between about 35,000 and 60,000 MWd/MT. 9 

The only extensive oxide driver fuel experiences have been 
obtained from BR-5 and Rapsodie, together with limited experience at 
SEFOR. The BR-5 experience,25 as indicated above, was intentionally 
oriented toward run-to-failure with the goal of learning the effects 
of operating with leaking fuel elements. Also BR-5 used straight 
Pu02 in its first core, not a mixed oxide. 

Experience with the 24 MW core at Rapsodie has been encouraging. 
Through February 22, 1970, when the reactor was shut down for 
modification, no operation-limiting failures had been observed in 
Rapsodie test pins in nearly three years of operation.29 However, 
the reactor core was known before shutdown to contain at least one 
failed fu~b sin with direct contact between the sodium coolant and 
the fuel. • Twenty of the driver fuel subassemblies had obtained 
a burnuo of 50,000 MWd/MT compared to a design value of 30,000 
MWd/MT.~2 However, the gross cladding failure did not occur in any 
of these assemblies. It was found in a pin which had achi~ved a 
burnup of 40,000 MWd/MT ~~d a fast fluence of 4 x lo22n/cm at a linear 
power of only 6.3 kW/ft. It was concluded from instrument records 
that the rupture had occured in January, 1969, when the pin had 
experienced a burnup of only 24,000 MWd/MT. Also there were indications 
that the pin had started leaking at 16,000 MWd/MT. 

It is important to note that this 1S only one pin out of 2300, and 
no gross cladding failures were observed in the higher burnup pins 
which had operated at bdce the power ( "'12 kW/ft). However, several 
leakers have been observed during Rapsodie operation, including at 
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least three during the first year of operation. 34 Conservative overall 
failure rates of 0.5% with 10% of these gross cladding failures 
could be inferred from the very limited data. 

Reports of fuel failure experience with the Rapsodie .. Fortissimo" 
(40 MW) core are not available. This experience should be followed 
closely since the failure rate may be significantly higher for the 
new core.35 

Experience at SEFOR was even better than at Rapsodie, but this 
experience is not as significant with regard to fuel operation. No 
failures of any type were detected in the first two years of 
operation.36 Perhaps this was to be expected because of the much 
thicker cladding in SEFOR, combined with ~uch smaller power densities 
and fast fluxes as compared to Rapsodie.3 Indeed SEFOR was designed 
to check physics characteristics, especially the Doppler effect, 
rather,than to serve as a fuel irradiation facility. 

In conclusion, the available experience with fuel failure 
rates can only give very general guidelines. For purposes of 
creating a source term for the primary coolant in this report, a 
failure rate of 1% will be assumed, 10% of which are gross cladding 
failures (i.e. overall 0.1% gross cladding,failure). 

6.6 Leakage of Fission Products from Failed Fuels - Gaseous and Solid 

An important factor in determining noble gas activity in the 
primary coolant due t•l failed fuel is the rate at which gases can 
escape through the pin defect. The degree of enhancement of 
concentrations of long-lived vs. short-lived isotopes (or the corres
ponding daughters of such isotopes) in cover gas samples is an 
indication of release rates to the coolant and transport times in 
the coolant to the cover gas. 

6.6.1 Escape Rates from Plenum to Sodium 

Mixed-oxide pins irradiated to burnups of ~40,000 MWd/MT in 
EBR-11 ~ere punctured at different axial locations to measure escape 
rates.3B The results indicate that the fuel and insulator columns 
provide significant resistance to gas releases. The times required 
to release 50% of the noble gases varied from less than a minute 
to about 20 minutes, depending on the puncture location. Punctures 
at the top of the fuel, at the top insulator, and in the plenum all 
released over 80% of the gas within about two minutes. One bottom 
insulator puncture released 80% of the gas in four minutes. From 
this data, an average release time of about four minutes seems 
reasonable. Two limiting factors about the experiment were that the 
test was run out of pile and that the ~;izes of the punctures were 
not given. 

Carelli and Coffield39 calculated internal pin pressyres as a 
function of time after failure for punctures of areas lo-6 in2 and 10-4 
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in2. The larger hole gave almost complete gas release for various 
puncture locations in a matter of seconds. The smaller hole held up 
the gas release to about three minutes, consistent with the 
measurements of Reference 38. 

Other experimental measurements of release times have given quite 
different results. Studies by Gregoire, Novak, and ~1urata40 on two 
mixed oxide pins in naturally convecting NaK indicate much larger 
delay times. The pins failed while under irradiations in the General 
Electric Test Reactor (GETR) at a burnup of about 18,000 MWd/MT. The 
one pin on which plenum depressurization results were given required 
about four hours for total gas escape, with the peak escape rates 
within the first 45 minutes after failure. The pin was continually 
moved to lower power regions during the time immediately after 
failure, so the results are not exactly applicable to full power 
operation either. Moreover, although many cracks were observed in 
the failed region (14 inches below the plenum), no areas were given. 

A more recent GE test41 showed even longer release times, but 
is not really applicable to sitations of interest here because the 
pins had only undergone 3900 MWd/MT irradiation at the time of 
defection. This test is more applicable to determination of in-fuel 
diffusion rates. 

At this point one is left with a wide range of five minutes to 
one hour for possible delay times for release of plenum gas from the 
fuel pin. 

6.6.2 Transit Time from Failure to Cover Gas 

Delay times for transit to the cover gas from the defected pin 
may show less uncertainty. These times will, of cQurse, depend on 
reactor and vessel dimensions, coolant flow rates, etc. 

A number of measurements of the transit time between fuel 
and cover ~as have been made. Measurements in SEFOR36 on disengagement 
times for 3Ne gas of 5.5 min. from core to cover gas were assumed to 
be the same as for fission gas bubbles.36 Studies in Rapsodie42 
(the Tempete tests) were made on disengagement times for noble gases 
released from the lower region of Rapsodie pins. The results 
indicated that 11 0nce the clad barrier is passed, the transfer of 
xenon and krypton from clad failures from the pin to the reactor 
cover gas will be fast and practically complete 11

• The Tempete test 
results indicated disengagement times of the order of a few minutes, 
thus agreeing with SEFOR results. This also agrees with previous 
out-of-pile results from Atena43 and with observed cladding failures 
at Rapsodie. An averave assumed disengagement time of 5 to 10 minutes 
could be inferred from the SEFOR and Rapsodie data. 
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in2. The\larger hole gave almost complete gas release for various 
puncture 1\ocations in a matter of seconds. The smaller hole ~eld up 
the gas re~ease to about three minutes, consistent with the ~~ 
measurement$ of Reference 38. 

Other e~perimental measurements of release times have given quite 
different resuJts. Studies by Gregoire, Novak, and Murata40 on two 
mixed oxide pins in naturally convecting NaK indicate much larger 
delay times. Th~ pins failed while under ir-radiations in the General 
Electric Test Rea!=tor (GETR) at a burnup of about 18,000 MWd/MT. The 
one pin on which p.Jenum depressurization results were given required 
about four hours for total gas escape, with the peak escape rates 
within the first 45 ~inutes after failure. The pin was continually 
moved to lower power regions during the time immediately after 
failure, so the result~ are not exactly applicable to full power 
operation either. Mor~ver, although many cracks were observed in 
the failed region (14 inches below the plenum), no areas were given. 

A more recent GE test41 showed even longer release times, but 
is not really applicable t6\sitations of interest here because the 
pins had only undergone 3900,MWd/MT irradiation at the time of 
defection. This test is more applicable to determination of in-fuel 
diffusion rates. 

At this point one is left With a wide range of five minutes to 
one hour for possible delay times-.for release of plenum gas from the 
fuel pin. · · 

6.6.2 Transit Time fro~ Failure to tover Gas 
\ 

Delay times for ,transit to the cover gas from the defected pin 
may show less uncertainty. These times will, of course, depend on 
reactor and vessel 'dimensions, coolant flow rates, etc. 

. ' 

A number of,ineasurements of the transh time between fuel 
and cover ~~s hiiVe been made. Measurements '-;n SEFOR36 on disengagement 
times for Ne'gas of 5.5 min. from cor~ to cqver gas were assymed to 
be the same a:; for fission gas bubbles. 6 Stua,ies in Rapsodie42 
(the Tempete/tests) were made on disengagement t,imes for noble gases 
released froin the lower region of Rapsodie pins . .,\The results 
indicated that "once the clad barrier is passed, the transfer of 
xenon andlkrypton from clad failures from the pin to the reactor 
cover ga,s will be fast and practically complete". Th,e Tempete test 
results/indicated disengagement times of the order of a few minutes, 
thu~'reeing with SEfOR results. This also agrees with previous 
out- f-pile results ft om Atena43 and with observed cladding failures 
at apsodie. An averave assumed disengagement time of 5 to 10 minutes 
could be inferred from the SEFOR and Rapsodie data. 
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6.6.3 Time for Diffusion out of the Fuel 

From the previous discussion, a delay time of five minutes to 
one hour seems reasonable for gas which has already been released 
from the fuel proper but is still inside a lr~aking pin. Another delay 
of the order of five to ten minutes might be seen in transporting 
noble fission gases to the cover gas. However, these total delay 
times of 10 to 70 minutes may well be insignificant compared to the 
time required for fission products, whether n'oble gas, semi-volatile, 
or solid, to diffuse out of the main bJdy of the fuel proper. 

A recent GE test cited previously~1 indicates diffusion times 
for noble gases of the otder of many hours. Perhaps the best data 
for operating ij~ns is that obtained from Gulf General Atomic experi-
~ents at ORNL. From this data a diffusion time of the order of 
twelve hours is indicated for noble gases. Often the assumption is 
made that other elements diffuse much more slowly in reactor fuel; 
however, the results of Davies, Long and Stanaway4o indicate migration 
times for iodine, tellurium, and cesium comparable to the noble gases. 

6.6.4 Diffusion Direction 
" -

The question of diffusion times leads logically to the question 
of diffusion direction. Elements which tend to diffuse toward the 
center of the pin, i.e. up the temperature gradient, may contribute 
significantly less to coolant contamination from gross cladding 
failures than those elements which diffuse down the temperature 
gradient. Note, however, that some elements may have high concentra
tions at both the central void and at the outer surface, with minimal 
in between. A fair amount of migration behavior has been determined. 

In mixed oxide fuels operating at sufficient linear powers 
(> 11 kW/ft), plutonium will preferentially migrate to the central 
void,46 apparently by preferential vapor transport mechanisms. This 
phenomenon is desirable in the sense that it reduces the amount of 
plutonium that can be leaked into the coolant. The plutonium migration 
is undesirable because of its effect on the Doppler Coefficient 
{small effect) and on the maximum a~lowable power rating (bigger effect). 47 

Duncan, et al., 48 have observed fission product migration in 
the F Series of fuel pin tests. Volatile elements such as I and Cs 
migrate to the cladding. Some elements, such as the noble metals Mo, 
Ru, Rh, Tc and Pd, form metallic ingots in the center void of high 
burnup fuels. Other elements, such as Ba, Zr, and Sr, in the form 
of oxides, produce nonmetallic deposits on the walls of the central void. 
These nonmetallic deposits all contain some Pu and U oxides. 

Lambert, et. al. ,49 also observed outward radial migration of 
Cs along with axial migration. They also found the noble metals 
mentioned above in the form of metallic ingots in the central void. 

~~d~~~i!~0~h!h~~e~=~~~t~~ TOjR~~·,sg~h:egg~r:a~~b~P~~~r?a1~~: which 
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Johnson, Steidl, and Crouthame1 50 observed similar behavior for 
137cs as was given in References 48 and 49. Reference 50 also 
indicated a l37cs as was given in References 48 and 49. Reference 50 
al~o indicated a l37cs increase near the central void, with a minimum 
137cs concentration at an intermediate radius. Essentially uniform 
concentration of Ce and the other rare earths was observed, while Mo 
increased markedly in concentration in the outward radial direction. 

The outward radial migration of cesium is unfortunate in two 
respects. First of all, cesium oxide is apparently important in 
cladding corrosion51 (along with Mo02). Moreover, when the cladding 
fails the Cs then has access to the sodium coolant. The same 
undesirable access to sodium is achieved by I in its migration outward. 

6.6.5 Experimental Data on Transport of Specific Fission Products 
to the Sodium or NaK Coolant 

The migration behavior described above is generally borne out 
by experience. General Electric has run a series of tests on 
irradiated defected fuel to determine leakage of fission products from 
the fuel.40,41,52,53,54 The tests varied greatly in important aspects 
such as burnup of fuels tested (3900 to 41,000 MWd/MT at failure), 
environment (in-and-out-of-pile), coolant, coolant velocity, and size 
of defects (0.0007in2 to 0.050 in2). 

Fuel pin B9A52 was irradiated to only 8700 MWd/MT before bein~ 
intentionally defected by three 31 mil holes (each of area 0.00075 
lined up within a one inch notch but in the cladding. The only 
really non-prototypic condition was the low sodium velocity. Almost 
no l03Ru or 95zr was released to the coolant (as opposed to previous 
tests). However, almost all of the 137cs left the fuel. Less than 
1% of the fuel was lost from the pin. In general leakage of both 
fuel and non-gaseous fission products from pinhole defects is extremely 
slow relative to leakage from the large defects in experiments reviewed 
below. 

Rods 890-1 and 890-241 •54 were intentionally defected under 
irradiation at a burm' p of 3900 MWd/MT. The defects were 30 mil ho 1 es 
(area of about 0.0007 in2). Information on the sodium contamination 
should be available soon for comparison with B9A. 

NaK cooled pins B3B and B3c40 had ruptures much larger than pin
hole defects. The NaK analysis from these tests showed the presence 
of many radionuclides. Table 6.5 show'; the analysis of the B3C 
coolant. Both pins failed at about 18,000 MWd/MT in GETR, and 
B3C was left in up to 53,000 MWd/MT. B3B lost 1% of its fuel; B3C 
lost 5 to 10%. Most of the Cs which got into the NaK of B3C remained 
there, and only a small amount plated out. The ruptures in 838 were 
several separate small cracks. There was one large continuous rupture 
in the B3C cladding. 
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Table 6.5 

Leac;htng Results from Grossly Befected Oxide Pin (B3C.) in NaK40 

Isotope 

1~4es 

137cs 

144ee 

106Ru 

103Ru 

125Sb 

95zr 

9ly 

239Pu 

u 

Concentrations 
in NaK 

(atoms/gm NaK) 

2.4x1Ql5 

2.l.xlol7 

7.7x1Ql0 

4.2x1Qll 

9.Qx1Ql3 

l.3x1Qll 

3.2xlolz 

<8.9x1Ql4 

* .54xlo-3 

*1.3 

* J.lgm,/gm NaK 

** J.lgm,/in2 

106 

Plateout 
Concentrat:dons 
(atans/in2) 

l.23x1Ql3 

l.42xlQ15 

.96xlo15 

2.9xlol4 

6.lxlQ15 

l.5xJ..Ol4 

3.6x1014 

<9.7x1Ql3 

** 12 



An intentionally defected section of fuel pin F2U which had been 
irradiated to 41,000 MWd/MT was exposed to ll500F flowing sodium for 
18 hours.53 The defect had an area of about .050 in2, versus ~.002 
in2 for B9A. There was substantial loss of selected measured 
fission products (shown in Table 6.6) but less than 1% loss of fuel, 
with uranium preferentially escaping compared to plutonium (presumably 
because of Pu migration toward the center of the pin). Leached 
fuel deposits showed U/Pu ratios of from 1643/1 to 42/1, compared to 
an original ratio of 4/l. 

The BR-5 experience25 is generally consistent with the above 
test results. The first indication of gross cladding failure was 
detection of 137cs in coolant samples. The most important results 
for determining defective fuel source terms is that the escape 
fractions of l37cs, l36cs, and l33xe were an order of magnitude 
higher than the escape fractions Qf i31I, 95zr, 95Nb, 140sa, 140La, 
and l35xe. Also, the 1311 and l36cs activities were appreciable 
only with very large leaks. In addition to the major radionuclides 
discussed above, small amounts of 144ce, 144pr, and 106Ru were found 
in the BR-5 primary coolant. 

6.6.6 Theoretical Models for Fission Product Transport 

Theoretical models to describe the migration of the various 
chemical species and thus their availability for transfer through 
failed cladding to the coolant, have been available since the late 
1950's. A simple diffusion model concerned strictly with fission 
product concentrations within isothermal particles or grains was 
developed by Booth.55 Neglect of the temperature gradient present in 
operating fuel renders the Booth model inadequate, however. Others56,57 
have used Booth's release equations and have included the effect 
of fuel surface temperature gS~dients. These56,57 models have been 
widely used. Yuill, et. al., have derived the relationship between 
release fraction and temperature gradient directly from equations 
for diffusion in the fuel controlled by the Gibbs free-energy gradient. 
Models which incorporate both concentration and temperature effects 
have been moderately successful, but release estimates used for 
the example calculation in the present report will be based on 
experimental work. 

6.7 Vented Fuel 

Vented fuel is of interest for two reasons. First it may be 
desirable to use vented fuel, either for safety reasons or simply 
to maintain cladding integrity to the high burnup goals of LMFBR's. 
In addition, the experimental work from vented fuels gives added 
information on release rates from the fuel and from the pin which 
can be used in analysis of defective non-vented fuel. 

A good discussion of vented fuel elements is given by Keilholtz 
and Battle.59 Little new work on vented fuel has been reported 
since their paper. One possible venting design not discussed in 
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Table 6.6 

Loss of Fission Products from Grossly Defected Oxide 

Fuel in Flowing Sodium53 

Nuclide % Loss From 
Fuel 

137Cs 66 

144ce 32 

106Ru 85 

90sr 29 

147Pm 32 
95Nb-Zr <1 

125Sb <1 
U,Pu <1 

108 



Reference 59 was a modified 11 diving bell .. concept60 with separate 
inlet and outlet capillaries that is mucy shorter than the original 
GE "diving bell .. design. 

The main arguments62 for vented fuel elements have been ones of 
long term performance and safety: fewer Gladding failures because 
of reduced fission gas pressure buildup, better transient behavior 
with respect to coolant voiding because of reduced amounts of gases 
available, and reduction of failure propagation that might be caused 
by blanketing of neighboring pins by gas expelled from failed 
non-vented pins. 

If the dominant mechanism for fuel failure turns out to be a 
combination of fuel and cladding swelling, mechanical property change 
of the cladding under irradiation, and/or fuel-cladding interactions, 
the first argument for vented fuel gi,en in the previous paragraph 
may not carry much weight. Thus, the main arguments may be ones 
of safety, e.g. no sudden. gas bursts to add reactivity, or propagate 
failures, or possibly transport fuel. 

One disadvantage of using vented fuel (other than the obvious 
complications of increased shielding plus larger cover gas and 
sodium cleanup system) is the possible transport of non-gaseous 
fission products from the fuel to the coolant. This could happen 
by diffusion of volatile elements (such as Cs) or by release of 
gaseous precursors which subsequently decay to solids. (See the 
nqtes on DFR experience at the end of this section). 

One additional disadvantage may be a long term buildup of 
certain radionuclides in the primary sodium, notably 134cs, produced 
by neutron activation of 133cs, a daughter of 133xe. 

Whatever the final judgement is on use of vented fuel, the 
testing of vented fuel has produced valuable data on release fractions 
of various radionuclides. 

The w~rk of 0 'Nei 11, et. a 1. 
61 on mi ~ed .oxide fuel exposed to 

16,500 MWd/MT in a thermal flux gave the following major results: 

1. About 44% of noble fission gases were released from the 
the fuel proper, i.e. were available for venting. 

2. Effective gas delay time was 5 days. 

3. Dominant sodium activity after decay of 24Na was 134cs, 
although this would be less of a problem for fast fluxes. 

4. Release fractions of all isotopes (including fissile) except for 
the noble gases were extremely small - in the range of 
lo-10 to 10-6. 
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Table 6.7 gives measured release fractions. It is a reproduction 
of Table 5.1 from Reference 61. Note that all of the long-lived 
85Kr which was released from the fuel proper escapes while smaller 
amounts of the other, shorter-lived radionuclides escape. 

The delay time is due to diffusion through the fuel proper, then 
flow upward past the fuel pellet and blanket pellets, and finally 
movement through the venting device. 

Other experience with vented fuel has been quite limited with 
the exception of the Dounreay Fast Reactor (DFR). The Dounreay 
experience is not entirely applicable, because DFR uses NaK-bonded, 
niobium-clad, uranium alloy metal fuel rather than gas-bonded 
mixed-oxide fuel. Concentrations of delayed-neutron emitters in the 
primary coolant (NaK) were so high that it appears that much of the 
uranium was, in effect, directly exposed to the primary coolant.64 

Much experience llas been gained from DFR operation, however, 
which is valuable both in terms of evaluating vented fuel and in 
terms of fast reactor operation in general. 

Many ~roblems have been encountered in the years of DFR 
operation,63,64,65 few of which, however, were a direct result of 
using vented fuel. 

Modification of many joints in the blanket gas system was 
found to be necessary in 1962 after airborne levels of r(ldioactivity 
in the containment sphere rose to 100 times background.64 The 
major activity at that time was found to be 88Rb (17.8 min. half-life) 
and 138cs (33 min. half-life), nuclides that are not generally a 
problem in non-vented fuel operation. For the vented DFR fuel, 
the noble gas precursors of these nuclides were transported to the 
containment sphere atmosphere, where they decayed. 

Blanket
5
gas samples64 in normal operation show activities due 

to 133xe, 13 Xe, and 41A which vary by as much as a factor of 100 
depending on the sampling location. Typical values for the Xe 
isotopes are on the order of 107 dpm/cc. A table of possible 
radionuclides accounting for measured activities in the NaK is 
given in Reference 64. Amounts of U and Pu in the primary circuit 
are small (less than 0.5 gm and 20 mg. respectively.) Coolant 24 activlts during normal operation is about 100 times that due to Na, 
with 3 Cs the major nuclide of interest. 

The data presented above for DFR are so different from expected 
vented oxide fuel behavior (due mainly to the effectively direct 
exposure of so much of the DFR fuel surface to the primary coolant) 
that it can contr1bute little to estimating activities from either 
vented or failed mixed-oxide fuels. 

6.8 Examhle Calculations of Releases of a Few Selected Radionuclides 
to t e Primary Coolant and the Cover Gas System 
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Radionuclide 

Noble 
Gases: 

85Kr 

l31mxe 

133Xe 

133mxe 

135Xe 

Solids: 

103Ru 

131 I 

137Cs 

Table 6.7 

Isotopic Release Fractions from 
GE Vented Fuel Test 

Half-Life 

10.76 yr 

11.96 d 

5.27 d 

2.26 d 

9.16 h 

Other (Sr, Y, Zr, 
Ba, Ce) 

111 

Release 
Fraction 

0.44 

0.30 

0.27 

0.05 

0.0003 

4xlo-10 

lxl0-8 

lxlo-6 

10-8 to 10-6 



From discussions and data already presented in this section, it is 
clear that predictions of releases from the fuel are dependent on 
a large number of complicated factors, the biggest one of which is: 
how much activity can the cleanup systems and containment handle 
and still satisfy federal guidelines and regulations. This factor 
will obviously be the governing one. However, example calculations 
will be made here using several assumptions (some based on available 
information and some arbitrary) of possible releases from failed 
fuel in an operating 1000 MWe LMFBR. 

Assumptions will include the following: 

1% failed fuel 

90% of the failed pins are leakers 

10% of the failed pins have gross cladding failures 

75% of the fission gas is released from the fuel proper, i.e. 
pellets, of the failed pins. 

For the gross failures, the following percentages of long-lived 
elements are assumed to escape: 

Fuel 1% 

Br, I, Cs 15% 

Te, Ru, Tc, Mo 5% 

All Others 1% 

The choice of escape fractions was based on relative volatility of 
the elements (or their oxides) and release data from References 40 
and 53. Escape fractions based on only the volatilities and 
Reference 40 data would have suggested lower values for the group of 
Te, Ru, Tc, and Mo and for the group of 11 a 11 others. 11 On the other 
hand, Reference 53 suggests much higher release percentages. 
Neither test was prototypic so a compromise was made. Limited BR-5 
data available generally support the choices for long-lived Cs 
and 11 all ·Others. 11 Plutonium fractions in the released fuel will be 
assumed equal to 0.1 of the original fraction based on observed 
preferential leaching of the uranium, due partially to plutonium 
migration. 

At Westinghouse's Ad~'nced Reactors Division, the following 
escape rates are assumed: _1 5 105A 

1 - e • x , 
Noble Gases f = 1. 5 x 105A 
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Halogens 

Alkali Metals (Cs) 

All Others 

f = 1 

f = 0.01 

6 
1 -1.5xl0>. - e 

where f is the fraction of fission products produced in a defected 
fuel pin which escapes to the coolant. 

Table 6.8 gives calculated equilibrium cover gas activities 
for several noble gases assuming various total delay times between 
production and entry into the cover gcs. The table is simply a 
modification of Table 6.2 from Refererce 61 to account for 1% 
failures and 75% gas releases plus slightly different nuclear data 
available today. The table reflects the same cover gas purge rates 
as in Reference 51 with the corresponding limitation on long-lived 
radionuclide activity. Note that the differ·ence in 1;otal cover gas 
activity between no delay and a 15 hour delay is only about a factor 
of 4. Thus, the results are not too critically dependent on a good 
knowledge of migration or diffusion rates within the fuel pellets. 

Table 6.9 gives calculated annual contamination of the primary 
system from important long-lived nuclides. The numbers are based 
on assumptions stated above plus calculated activities from the GE 
1000 MWe LMFBR as given in Table 4.6. The activities shown in 
Table 6.9 are important because much of th~se will collect in the 
cold traps and be shipped from the reactor or else will deposit 
on the colder surfaces of the primary system. 

i 

Note also that the 85Kr which is removed by the cover gas 
cleanup system may also be shipped away eventually, just as all the 
activity which remains inside the fuel pin will be. The amount of 
85Kr removed by the gaseous radwaste system under the conditions 
described here would be about 1900 Ci/yr. 

The last activity source to be discussed here is fuel leached 
from elements experiencing gross cladding failures. An assumed 
fuel loss of less than 1% from such pios is con~istent with almost 
all of the references cited above.40,41 ,52,53,54 Combined with the 
assumption of 0.1% gross cladding failures and the assumption that the 
Pu fraction in leached fuel is only 0.1 of the original fraction, 
burdens of fuel contamination of the primary circuit can be estimated. 
The annual leaching rate thus calculated is 130 gm per year of 
metal fuel atoms, of which about 2.5 gm would be plutonium. This 
would represent about 20 Ci of plutonium activity, most of which would 
be beta activity of 241Pu. 

It should be emphasized here that the failure rates and release 
fractions assumed in calculating all types of release from LMFBR 
fuel were, to a certain extent, arbitrary and may be proven high by 
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Nuclide 

89Kr 

137xe 

138xe 

135mKr 

87Kr 

83mKr 

88Kr 

85mKr 

135xe 

133mxe 

133xe 

13lmxe 

85Kr 

/ 

Total" 

\ Table 6.8 , 

E~le Equilibrium LMFBR Cover-Gas Activity from Failed Fuel for 
·\ Various Delay Times After Birth for Gaseous Radionuclides 

(1% fuel failure, 75% release) 

3.18m 

3.82m 

14.2m 

15.7m 

76m 

.1.86h 

2.79h 

4.4h 

9.16h 

2.26d 

5.27d 

ll:96d 

10.76y 

I. 

j 

0 

2.69xl05 

8.54xl05 

' 5 
.5.87x10 

2 .. 59xl05 

l.69xlo5 
·, 

5. 26xl,04 

2.07xlo5'· 
. 4 

9.76xl0 

1 .06x106 

4 2.79xl0 

1.14xlo6 

3.30xl03 

20.2 

4.73xlo6 

\ 
t 
' 

Curies 

10m 

3.08xlo4 

1.36xlo5 

3.60xlo5 

1 .66Xl05 

.• 5 
l. 55xl 0 

4.9lxlo4 

1.99xlo5 

9.50xlo4 

' 6 l.03xl0 

2.t9xlo4 
\ 

1.14i'lo6 
' \ 

3.30xlol. 

20.2 

3.39xlo6 

114 

lh 

.269/' 

12.8 

Sh 

3.14xlo4 .256 

1.84xlo4 .471 

15h 

9.90xlo4 8.44xlo3 59.2 

3.64xlo4 789 206 

1.62xlo5 6.19xl04 5.17xlo3 

8.32xlo4 4,4lxl04 

9.80xlo5 7.24xlo5 

2.74xlo4 · 2.6lxl04 

1.14xl06 1.10x106 

3.30xlo3 3.30xl03 

\, 
\, 20.2 20.2 

8.99xl03 

3.14xl05 

2.3lxl04 

l .05xl 06 

3.17xl03 

20.2 

2~'58xlo6 l.97xl06 l.40xlo6 
'\_ 

\• 

\ 
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Table 6.8 

Example Equilibrium l~1FBR Cover-Gas Activity from Failed Fuel for 
Various Delay Times After Birth for Gaseous Radionuclides 

.• .., (l% fuel failure, 75% release) 

Curies 
~. 

Nuclide "Ha 1f-l ife 11 0 10m lh 5h l5h 

89Kr 3 .18m 2.69xl05 3.08xlo4 .269 

.137 Xe 3.82m 8.54xlo5 l . 36xl o5 12.8 

l38x 14.2m 5 3.60xl05 3.14x1o4 .256 ,e .5.87xl0 

135mKr h 5 1.84xlo4 l5.7m 2.59xl0~ 1 . 66xl 0 .471 

87Kr 76m 1.69xl05 1.55x105 9.90xl04 8.44xl0 3 59.2 

83mK ,r l.86h 5.26xlo4 4.91x104 3.64xl0 4 789 206 

88Kr 2.79h 2.07xl05 1.99xl0 5 1.62xlo5 6.19xl04 5.17xl03 

85mKr 4.4h 9.76xl04 9.50xlo4 8.32x104 4.4lxlo4 8.99x103 

135Xe 9. l6h 1.06xlo6 1.03xl0 6 9.80x105 7.24xl05 3.14xlo5 

133mxe 2.26d 2.79xl04 2.79xlo4 2.74xlo4 2.6lxl04 2.3lxlo4 

l33xe 5.27d l.l4xl06 1.14xl06 l.l4xl06 1.10x106 1.05xlo6 

13lmxe ll. 96d 3.30x103 3.30xlo3 3.30xlo3 3.30xl03 3.17xl03 

85Kr 10.76y 20.2 20.2 20.2 20.2 20.2 

Total 4.73xl06 6 2.58xlo6 1.97xl06 1.40xl06 
·~ 

3.39xl0 . 
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Nuclide 

90 Sr-Y 

106Ru-Rh 

12ssb 

125mTe 

137Cs-Ba 

144Ce-Pr 

24lpu (B) 

Pu (a) 

Pu 

Table 6.9 

Calculated Annual Activities of Long-Lived 
Radionuclides Entering Primary 

Sodium from Failed Fuel 

Annual Releas~ 
(Ci) 

1900 

30 

4600 

150 

1100 

900 

100 

20 

0.6 

2.5 grams 

Activity Present One 
Year After 30 Year 
Operation Period 

(Ci) 

25,000 

600 

6000 

40 

10 

350 

30,000 

800 

500 

50 

4 

60 

400 

20 

75 grams 

*Activation product of 133Cs (daughter of 133Xe); therefore, activities 
depend on irradiation history of failed pins, i.e., time of failure. 
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a significant factor in future years. However, the numbers used 
were reasonably consistent with experience and do serve as a conve
nient basis for calculating releases. If, for example, overall fuel 
failure rates are 0.1% instead of 1%, the gas release estimates 
may be scaled down by a factor of ten, etc. 

Returning to the question of fuel leaching from pins having 
gross cladding failures, this leaching may indeed be the ultimate 
limiting factor on fuel performance. Little information is available 
on the magnitude of fuel contamination which can be tolerated in 
the primary circuit. Certainly ~R-5 operated with plutonium con
tamination from failed elements, 5 and DFR has found no problem with 
having about 0.5 gm of fuel in the primary coolant;64 however, only 
20 mg of this was plutonium. Perhaps the best estimate of how much 
fuel leaching will be tolerated can be found by looking at the 
question of tramp fuel (Section 5.4 of this report). Tramp fuel 
inventories per unit fuel pin length consistent with those seen in 
SEFOR, EBR-II, and Rapsodie would indicate total tramp fuel 
inventories of 0.5 gm in a large LMFBR, of which about 0.1 gm would 
be Pu. To restrict fuel leaching to this order of magnitude per 
year would require a reduction by more than a factor of 200 of the 
leached fuel mas~ calculated above; however, the observed pre
ferential leaching of U over Pu can result in annual Pu leach 
rates calculated above that need only be reduced by a factor of 20 
to approach the magnitude of Pu inventories in tramp fuel. 
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7. FISSION PRODUCTS IN SODIUM SYSTEMS 

Fission products may enter the primary sodium from the fuel, 
either through failures in the cladding, or from the purposeful venting 
of fission product gases to the sodium. The extent of fission product 
release from fuel is discussed in Section 6. 

In that section it was noted that fission product gases (e.g. Xe 
and Kr) escape from both fuel failures and vented fuel. Iodine is 
volatile at fuel temperatures and some escapes; some cesium and 
rubidium enter the sodium by the decay of xepon and krypton 
precursors before these gases escape from' the sodium. The major source 
of fission products such as l37cs, 90sr, 140sa, 95zr, and 14lce 
is the leaching of fission products from the fuel in large cladding 
ruptures. The release of fission product tritium was discussed in 
Section 5.1.3; it can be assumed that all tritium from ternary fission 
enters the sodium. 

Much of the interest in cleanup of solid fission products is 
generated by analyses of reactor accidents in which relatively large 
amounts of fuel might melt and come directly into contact with sodium. 
Although this report is concerned with normal operation, some solid 
fission products enter the sodium even in normal operation; therefore, 
results are presented for the behavior of solid fission products in this 
report. 

In the first part of this section, a review of fission product 
behavior in sodium is presented, including operating experience for 
sodium-cooled reactors. In the second part, the role of the cold 
traps in sodium purification is discussed. This second part will 
include discussions of (a) cold trap operation, (b) cold trap 
experimental results, and (c) cold trap operating experience for 
sodium-cooled reactors. 

7.1 Fission Product Behavior in Sodium 

Fission products entering the sodium generally experience one 
of the following fates: (a) escape to the cover gas, (b) deposit 
on system surfaces, (c) removal by a cold trap, or (d) they remain in 
solution in the sodium. The thermodynamics of vaporizition (hence, 
of process a above) is reviewed by Castleman and Tang. 

A review of fission product behavior in sodium is given by 
Castleman.2 His article forms the basis of much of the review here, 
although it has been augmented with additional material. Of particular 
interest is a loop experiment reported by Plumlee and Novak3 in 
which fission products and fuel were leached from a purposely defected 
fuel pin by flowing sodium, and the fate of the fission products in the 
loop was determined .. (This experiment was also reviewed tn Section 6.) In 
particular the relative retention in the sodium versus depy~~tion 
on the cold steel surfaces of the system was measured for Cs 
I 
(alkali metal), 90sr (alkaline-earth metal), 144ce and 147pm (rare earths), 
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the resul~s 5of which are discussed in the sections below. Experiments 
by Saroul • also provide information on fiss-ion product behavior 
in sodium. Following the review of each type of fission product, 
operating from sodium-cooled reactors is repo'ted. 

7.1.1 Behavior of Each Fission-Product Type 

7.1.1.1 Noble Gases 

The noble gases of principal interest are xenon and krypton. 
Noble gases escape into sodium from leaking fuel (see Section 6). 
Effectively all of 'the noble gases then escape from the coolant to 
the cover gas within a few minutes after entering the sodium (See 
Reference 6,7 for example). 

The time delay before escape, however, allows some decay of 
xenon to cesium and krypton to rubidium in the sodium. For example, 
138cs results from decay of 138xe. With the vented fuel of Dounreay 
the on-line activity of the NaK coolant is 100 times the 24Na 
~§~ivity, with 138cs reported as being the major contributor.8 Some 

Xe (half-lHs 17 min.) may escape from failed fuel, but the 
half-life of Cs is only 32 min.; hence, it would not be an 
im~ortant long-term environmental source in the sodium. Also some 
13 Cs is produced from decay of 137xe in the sodium; however the 
short half-life of l37xe (4.7 min.) prevents much of it from escaping 
from failed fuel. Although significant l35xe (9.2 hr. half-life) 
escapes from the fuel, its daughter 135cs is relatively stable 
(2 x 106 y). Perhaps some 88Rb is produced in the sodium from decay 
of 88Kr {2.77 hr. half-life) which leaks from failed fuel, but the 
half-life is short (18 min.~7 so that8~t is not a long-term environmental 
oroblem. The daughters of Kr and Kr are stable; the resulting 
tl/Rb and 85Rb could activate to 88Rb and 86Rb, with half-lives of 18 min. 
and 18.7 days respectively. 

Vented fuel elements can be designed to delay fission gas transfer 
to the sodium and thereby substantially reduce the entrance of the 
short-lived noble gases into the sodium, as described in Section 6.7. 
This was not the case for the vented fuel in Dounreay, however, 
since the NaK was, in effect, able to contact much of the fuel directly 
in Dounreay. As noted above, in Dounreay 138cs, which is the 
daughter of 138xe, is the main source of activity in the coolant 
during on-line operation,8 although the half-life of 138xe is only 
17 min. 

Saroul reports experiments in the Pirana and Aetna facilities4•5 
in which fission gases from molten irradiated uranium were allowed to 
enter first sodium and then an argon cover gas. He reported 
significant retention of noble gases by the sodium. However, un
certainties concerning whether equ~librium was reached and the meaning 
of material balances led Castleman to emphasize other noble gas 
solubility experiments to argue that noble gas retention in the sodium 
.should be negligible. 
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7.1.1.2 Iodine 

Iodine which enters the sodium reacts with sodium to form Nal. 
Sodium iodide remains in solution in the liquid, with only small amounts 
being vaporized into the cover gas, still as Nai. Extensive data 
on Nal volatility have been reported by Castleman and Tang (e.g. 
Reference 1) and by Pollock, Silberberg, and Koontz (e.g. 
Reference 9). In Reference 9, relative volatility data for Nar 
are reported in terms of a distribution coefficient, Kd, defined as 
the ratio of the mole fraction of solute in the vapor to the mole 
fraction of solute in the liquid. 

Sodium iodide does not generally react chemically with other 
fission products. Some reactio?0with cesium to form Csl is possible; 
but Castleman, Tang, and Mackay showed experimentally that, for the 
low concentrations and for the sodium temperatures involved in reactors, 
Csl readily decomposes to Nal and Cs. This lack of reaction between 
Cs and Nai was also confirmed by Cooper, Grundy, and Taylor.ll 

It has been observed (for example in the Pirana experiments4) that 
in stagnant sodium a large fraction of the iodine is concentrated4 near the gas-liquid phase boundary. In other Pirana experiments, 
when argon was bubbled through the sodium the iodine was distributed 
homogeneously in the sodium. 

Fission product isotopes of another halogen, bromine, are of 
sufficiently short half-life not to be of environmental concern. 

7.1.1.3 Alkali Metals 

Cesium and rubidium are alkali metals, with cesium being the more 
important for environmental considerations. 

Plumlee and Novak3 found that cesium is retained in sodium far 
more than any other fission product, which might be expected since 
sodium itself is an alky1} metal. They report that in their loop 
experiment, 50% of the Cs which was leached from the fuel remained 
in the sodium and 50% plated out on the colder loop surfaces. 
This finding is somewhat consistent with EBR-II experience (Section 
7.1.2.2) and BR-5 experience (Section 7.1.2.3). It is also consistent 
with the results of Clifford,34 which is described in Section 7.2.3.1 
on cold trapping of cesium. 

Cesium is present in both sodium liquid and sodium vapor as 
elemental metallic cesium. Cesium reacts little with other fission 
products. Cesium will react with carbon if present.l2 

Cesium is highly volatile in sodium. Experimental results by 
Pollock, Silberberg and Koontz9 and theoretical and experimental 
results by Castleman and Tangl indicated high volatility of cesium 
relative to sodium (far higher, for example, than Nai). Clough and 
Wadel2 confirmed these high volatilities. They found, further, that 

125 



the volatility was decreased significantly either by adding graphite 
or charcoal to the sodium or the gaseous phase. Cesium apparently 
both reacts with graphite and is adsorbed on graphite surfaces. 

The concentrc:tion of cesium does exhibit some inhomogeneity at 
a sodium liquid-gas interface, with higher concentrations beinq found 
near the surface than below the liquid level. On draittirtg steel 
vessels which contained cesium dissolved in sodium, Saroul found that 
appreciable cesium remained at the vessel surface and a significant 
amount had penetrated the vessel wall to a 3 to 4 l.l depth4 ,5 

Although less work has been reported on 1·ubiqium, its properties 
are similar to those of cesium. For example ·:astleman reports 
thermodynamic properties for rubidi~m which i 1dicate that it is also 
highly volatile relative to sodium. 

7.1.1.4 Alkaline-Earth Metals 

Alkaline-earth fission products include strontium and barium. 
Little of these materials ente

4
r the primary sodium from fuel failures. 

However some 89sr, 90sr, and 1 Osa has been observed in the sodium 
from failed fuel in operating sodium-cooled reactors. 

3 90 Plumlee and Novak reported that, of the Sr that entered the 
sodium in their loop experiment, only 0.024% remained in the sodium. 
Hence nearly all of the 90sr presumably plated out on the system walls. 

The alkaline earth metals have low volatility in sodium: 
Castleman reports that their chemical state in sodium is not well 
established; they probably interact with dissolved oxygen in sodium~ 
but the nature of the oxygen compounds in sodium is not well known.~ 
Clough reports experimental values for strontium volatility in 
sodium that are lower than expected for elemental Sr, indica~ing that 
some relatively nonvolatile oxygen species has been formed.l Later 
Clough and Wade again suggest that barium and strontium are present 
in sodium as BaO and SrQ.12 

Saroul reported in the Pirana experiments4 that 140sa - 140La 
tended to concentrate near the liquid sodium-argon gas boundary in 
stagnant sodium. 

Saroul also reported4 that most (83%) of the 140sa - 140La 
released from the uranium into the sodium deposited on the stainless 
steel walls of the sodium vessel upon removal of the sodium at 250°C. 

7.1.1.5 Rare Earths 

Rare earth fission products include cerium, lanthanum and pro
methium. Little cerium and promethium ent~r.the sodium·from fuel 144 failures although Plumlee and Novak3 found significant amounts of Ce 
and 147pm leached in their exP.eriment. Lanthanum-140 is produced by 
decay of the alkaline earth lllOsa and is found with 140sa. 
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Plumlee and Novak3 report <0.0024% retention of 147Pm in sodium; 
hence nearly all of these two fission products plated out on the 
system walls. Saroul also showed that most of

4
tge cerium and lanthanum 

is transported to the wa-lls of sodium systems. • The rare earths 
are relatively nonvolatile. 

7.1.1.6 Transition Metals 
95 95 

Transition metals include Zr - Nb among fission products. 
Information on their behavior in sodium was not found. Such small 
amounts of these two isotopes were leached in the Plumlee-Novak 
experimen't3 that relative retention in sodium and deposition on system 
surfaces could not be measured. 

7.1.1.7 Noble Metals 

Noble metal fission products inclucte palladium, rhodium, and 
ruthenium. Little information on their behav1or1 ~~ sodium was found. 
Plumlee and Novak report that a large amount of Ru was leached 
from the fue 1 in their experiment and 1 ess than 0.023% was retained 
in the sodium.3 Presumably, this means that niost plated out on the 
system walls. 

7.1.1.8 Tritium 

The fission product tritium, and its behavior in sodium, are 
discussed in Section 5.1. 

in 
Co 

7.1.2.1 Summary 

Zwetzig14 has reported a summary of fission-product operating 
experience in the coolant systems of sodium or NaK cooled reactors. 
Table 7.1 is patterned after Zwetzig's summary; it includes his 
results plus additional results as referenced in Table 7.1. 

7.1.2.2 EBR-II 

Activities of various radionuclides in the primary system of 
EBR-II during 1971 (the last year they were publicly reported) are 
listed in Table A25 of A~pendix A. The principal fission products 
observed are 137cs andl3 I. Also observed was the activation product 
134cs which results from activation of the fission product l33cs. 

In July, 1971, the fission and actiy%tion products on the pump 
walls of the primary pump ~ere reported. 137cs was found on the 
pump walls; 65% of the l37cs was removed by cleaning the surface. 

Also 137cs was reported15 in the walls of the primary tank at 
the argon cover gas level. This was believed to have resulted from 

'vaporization and subsequent recondensation of l37cs. 
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Table 7.1 
Fission Products Observed in the Primary System of 

Sodium and NaK Cooled Reactors (other than tritium) 

Fermi 14 BR-517 EBR-II 15 

fast fast fast 

Na Na Na 

140sa-La, 1. 37 Cs, l37cs, 131 1 
89Sr,131 1 144c 141ce 144P e, , r, 

140Ba-La' 137 Cs 

136c 1 o6R s u' 

95zr-Nb, 90Sr, 1311 

141Ce, 144Ce, 133I, 137 Cs 

103Ru, 95zr-Nb 

137 c - 136c 131 1 1331 s' s' ' 
137 Cs, 134cs 

135!, 95zr-Nb, 140Ba-La 

Dounreay8 

fast 

NaK 

l41ce, 144ce, 132Te 
131 I , 1 03Ru, 1 06Ru, 

1321,'137Cs, 95zr-Nb, 

140Ba-La ' 138Cs 

140Ba-La l 

137 Cs 
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N 
1.0 

Neutron Spectrum 

Coolant 

In Primary Coolant 

On Primary Piping 
or Pump 

In Cold Trap 

- --- ----------

Rapsodie18 

fast 

Na 

137 
cs 

14lce, 137cs, 131 1, 

132 I 140,., _ . 
, bd-La, 

95zr-Nb, 90sr-Y, 

9ly 

L__.___ ___ ---- --- -- --------------- --

Table 7.1 (Continued) 

SEFOR 
(See Appendix A, 

SRE14,20 S8ER14 Table A21) 

fast thermal thermal 

Na NaK NaK 

86Rb 141c 131 1 1o3R e, , u 137Cs, 131 1, 132Te-I 

137cs, 83sr, 90sr, 95zr-Nb, 

140Ba-La, 144ce, 1 06Ru 

895 go5 gsz -Nb r, r, r , 89sr, 90sr, 95zr-Nb, 

144Ce, 137 Cs , 1 06Ru 103Ru 144ce, 1 06Ru-Rh 

140Ba-La, 14lce 

137Cs, 106Ru, 144ce-Pr 
- ---- - ---- -- -- ------~ -- -----



An interesting results concerns 137cs seqreqat1on in the primary 
sodium system of EBR-11 at low temperature.lo After a reactor 
shutdown on November 15, 1970, the primary pumps were turned off and 
the sodium was cooled to 3500F on November 17. ~~mpling of l37cs and 
22Na continued during and after this time. The Na activity in the 
sodium remained constant. The 137cs activity, however, steadily 
decreased from 11 nCi/gm Na to 4 nCi/gm in one month. This decrease 
can be seen in Table A25 of Appendix A, as. r{'ported in Reference 16. 
It was supposed that the 137cs segregated from the bulk of the 
quiescent sodium and concentrated at the sodium-metal and sodium-gas 
interfaces in the primary tan~ After the sodium was reheated and 
operation again started, the ~7cs activity returned to its original 
value, as can be seen from later results in 1able A25, Appendix A. 

7.1.2.3 BR-5 

The following results for BR-5 operation were obtained from 
Reference 17. 

The USSR sodium-cooled Pu02-fueled 5MW(th) BR-5 fast reactor was 
operated for 8 years from 1959 to 1967. At the end of the first stage 
of operation (1962-1964) there were 63 assemblies with Pu02 fuel with 
5.0- 6.5% fuel burnup in the core. Between 1964 and 1967, the reactor 
was operated with PuC fuel, to 2.4% burnup. Integrated power for the 
8 years was 4100 MW days. 

During the eight years of operation there was no situation 
endangering the integrity of the reactor because of sodium leakage 
from the heat-transfer system. No sodium leakage occurred at pipe 
welds. Isolated leakages did occur in liquid metal fittings, through 
the level metering devices, in the heat exchanger equipment, and 
through a fault in the drainage piping of the primary circuit. Four 
of 65 valves were replaced due to sodium leaks. 

A unique feature of BR-5 operation was long-term operation with 
an excessive number of fuel failures. Before completion of operation 
with the Pu02 core, 17 of the 63 fuel assemblies contained failed fuel. 
The concentrations of fission product activities in the sodium and in 
the primary system walls at the end of the first stage of operation is 
given in Table 7.2. 

Bef~re 2% burnup, the re~~dual activity in the sodium was ~~e 
only to 2Na. At 3% burnuo~ 7cs was detected ( ~ 20% of the Na 
activity). At 5% burnup, ·t~7cs was 200 times its activity at 3% 
burnup, and other fission products were found in the primary sodium 
(see Table 7 .1). 

7.1.2.4 Dounreay 

Dounreay fuel is U-Mo alloy and is vented to the NaK coolant 
During operation the fission product activit.Y is ~ 100 times the 24Na 

1 activity, the dominant isotope being l38Cs (l3tlcs activity= 0.6 Ci/gm 
NaK} .8 
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Table 7.2 

Fission Product Activity .in BR-5 During 
First Stage of Operation (1962-64) 

Isotope Activity 

Primary Sodium 131 I 0.8 mCi/liter 

137Cs 7 mCi /1 iter 
95zr-Nb 0.3 mCi/liter 
140Ba-La 2 mCi/l iter 

Walls of Primary System 131 I 70 mCi/cm2 

Energl{MeV) 

0.14 

0.22 

0.364 

0.5 

0.67 

0.76 

1.6 

137 Cs 74 mCi/cm2 

95zr-Nb 55 mCi/cm2 

140Ba-La 19 mCi/cm2 

Table 7.3 

Gamma Activity of Fission Products in DFR Coolant, 
6 Days After Sampling 

Possible IsotoEes Activitl ~Ci/gm NaK} 

143c e, 144ce 0.7 

132Te 1.2 

131! 6.8 

103R 106R u, u 0.7 

1321, 137 Cs 7.3 
95zr-Nb 2.3 
140Ba-La 8.8 
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The fission product gaiJilla activities 6 days after sampling 
in the DFR coolant are given in Table 7.3.8 

7.1.2.5 R~~sodie 
\ 

After t~ree years of operation, including 500 equival~nt days at 
24 MW, Rapsod'i,e was shut down for conversion to 40 MW operation. At 
that time a st~,dy ?f fission

1
groducts ~n the sodium was ,m?de and the 

results are suiTtl:larlZed here. Operat1on had proceeded'Wlth one 
failed fuel pin~ with direct contact of sodium coolant" and the U02-Puo2 fue 1. \ 

137cs and 140sa were the main fiss1on products deposited on 
primary system pipes~ / 

,· 

137 Fi~~lon ~§~ducn0d~posit§g on the pri~~rY pump inclu~ed: 141 ce, 
Cs, I, I" Ba,La, Zr-Nb,and .Sr-Y. The ax1al 

distribution of b7cs was· plotted in Reference 18 for the primary pump. 

The 137cs level in the primary sodi~m rose steadi1y to 0.05llCi/gm 
Na at the end of the 500 effective days of operation at 24 MW. 

The primary pump was decontamVi'ated by a~gernate washing in 
water and dilute nitric ,~9 phos,pl;rbric acids. A 90% decontamination 
factor was obtained for Cs, w~ich was not considered adequate for 
future work. A sample steel b~h".from the pump was washed with alcohol 
with a resulting 99% decontamHlation factor, but it was considered 
too dangerous to use alcohol/for thf:t .. entire pump. 

7.1.2.6 SRE 

During Run 14 of SRE, from July 12...:·26, 1959, fuel element cladding 
failures occured in 14/of the 43 elements. The total accumulated 
irradiation through Run 14 was 2426 MWd. ·The fuel in SRE was 
metallic uranium, bonded with NaK, and clad in stainless steel. 20 The fate of fission products from these failures is well documented 
and is reviewed here in some detai1. Unfortun~tely some uncertainty 
exists on its direct applicability to an LMFBR\~ystem since 7 to 
70 lbs. of carbon were also in the system. ' 

Prior to,Run 14, small amounts of fission products were found 
in the primary sodi urn. The fission product 1 eve 1 s ·detected prior to 
Run 14 are/given in Table 7.4, which is reproduced frpm Reference 20. 

I 

i 

Aft~~ Run 14 the fission product levels rose to the values listed 
in Table' 7.5, again reproduced from Reference 20. It is interesting 
to noti in this table that the variation in fraction of isotope 
releaied 83 the primary ~odium was only_a factor of 10 between the 
lozwt (1 Ru) and the hlghest (137cs) 1SOtope. .. 

In Table 7.6 are listed primary sodium levels for threes.ampling 
1 da es -- at the end of Run 14, 3 months later, and one year later. 

. \ 
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The fission product gamma activities 6 days after sampling 
in the DFR coolant are given in Table 7.3.8 

7.1.2.5 Rapsodie 

After three years of operation, including 500 equivalent days at 
24 MW, Rapsodie was shut down for conversion to 40 MW operation. At 
that time a study of fission Qroducts in the sodium was made and the 
results are summarized here.l() Operat-ion had proceeded with one 
failed fuel pin, with direct contact of sodium coolant and the U02-Puo2 
fuel. 

137cs and 140Ba were the main fission products deposited on 
primary system pipes. 

Fis~ion oroducts deposited on the primary pump included: 141 ce, 
137cs, 1311, ·IJLI 140sa-La, ~5zr-Nb,and YUsr-Y. The axial 
distribution of 137cs was plotted in Reference 18 for the pr-imary pump. 

The 137cs level in the primary sodium rose steadily to 0.051-lCi/gm 
Na at the end of the 500 effective days of operation at 24 MW. 

The primary pump \vas decontaminated by a~~ernate washing in 
water and dilute nitric i~9 phosphoric acids. A 90% decontc.mination 
factor was obtained for Cs, which was not considered adequate for 
future work. A sample steel bolt from the pump was washed with alcohol 
with a resulting 99% decontamination factor, but it was considered 
too dangerous to use alcohol for the entire pump. 

7 .1.2. 6 SRE 
. 

During Run 14 of SRE, from July 12-26, 1959, fuel element cladding 
failures occured in 14 of the 43 elements. The total accumulated 
irradiation through Run 14 was 2426 MWd. The fuel in SRE was 
metallic uranium, bonded with NaK, and clad in stainless steel. 20 The fate of fission products from these failures is well documented
and is reviewed here in some detail. Unfortunately some uncertainty 
exists on its direct applicability to an U~FBR system since 7 to 
70 lbs. of carbon were also in the system. 

Prior to Run 14, small amounts of fission products were found 
in the primary sodium. The fission product levels detected prior to 
Run 14 are given in Table 7.4, which is reproduced from Reference 20. 

After Run 14 the fission product levels rose to the values listed 
in Table 7.5, again reproduced from Reference 20. It is interesting 
to note in this table that the variation in fraction of isotope 
released to the primary sodium was only a factor of 10 between the 
lowest (103Ru) and the highest (137cs) isotope. 

In Table 7.6 are listed primary sodium levels for three sampling 
1 dates -- at the end of Run 14, 3 months later, and one year later. 
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Sanp1e N:>. 

Sallplin3' Incation 

Date of Sample Rerova1 

Date of Last Reactor Scram 

9~zr 

1 03Ru 

1 06Ru 

u11 

t37es 

lltOBa-La 

tlttee 

Table 7.4 

Typical Radioactivity Levels of SRE 
Prinazy Sodium Prior to Run 14 20 

R-24 R-27 

Material Evaluation Reactor Pool 
Facility 
10/2/58 2/6/59 

9/25/58 1/29/59 

R-32 

Material Evaluation 
Facility 
4/14/59 

4/6/59 

Specific Activity (\.1Cjjgm Na) 

5.2xlo-2 

5.9xlo-4 s.Oxlo-4 

2.2xlo-3 

s.lxl.o-3 1.6xlo-2 

s.lxlo-4 6.5xlo-4 

2.8xlo-4 

s.4xlo-'+ 

133 

2.9xlo-3 

4.0xlo-2 

L5x1o-2 

4.3xlo-2 



\ 

...... 
w 
..s:=o 

Table 7.5 

Initial Fission Product Analysis of SRE 
Primary Sodium After Run 142° 

~. '·-,_ Primary Coolant Activity Total Coolant Inventory Total Reactor Inventory f!::aetiOiiof' Inventory 
Isotope (IJCi/gm Na)a (curies)a (curies)P .... ..-···- P.eleasajb 

137cs 1.26 

134cs 0.02 

89Sr 20.0 

9 OSr 0.97 

131I 0.74 

14lee 4.38 

144ce ./ s-.18 

140Ba-~_-···· 1. 65 

. 9·sz;:_Nb 13.9 

l03Ru 0.95 

(a) As of July 26, 1959 

2.77xl0 1 

-4xlo- 1 

4.44xl0 2 

2.14Xio 1 
~ 

'·- 1 
1.63xl0 

9.65xl0 1 

1.4lxl02 

3.63xl01 

3.06xl02 

2.09xl0 1 

8. 70:C10} .·· 

2xl02C 

1.60xlO' 

8.15xl0 3 

1.68xl04 

1. 27xl05 

1.69xlos 

5.61x104 

5 • :; 3;{t:J.': 

7 .52x104 

(b) M.lltiply values in this colUIU1 by -3 to adjust fraction released to average values for trose fuel elerents 
which suffered cladding failures {14 of 43 elerents failed) . 

(c) Fran neutron capture in 133cs; estimated. 

3.~~xlo- 3 

2xlo-3c 

2. 78xlo-c 

2.63xl0-' 

o.97xlo- 3 

D.76xlo- 3 

!").67xl0- 3 

0.65xll)_, 

0.r:;5xln-' 

0.28xl0-3 
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w 
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Isotope 

--
137cs 

13'+cs 

89Sr 

9 OSr 

131I 

14lee 

144ce 

140Ba-La 

9 Szr-Nb 

103Ru 

Primary Coolant Activity 
(uCi/grn Na) a 

1.26 

0.02 

20.0 

0.97 

0.74 

4.38 

5.18 

1.65 

13.9 

0.95 

(a) As of July 26, 1959 

f 

Table 7.5 

Initial Fission Product Analysis of SRE 
Primary Sodium After Run 1420 

Total Coolant Inventory 
(curies) a 

2. 77x10 1 

~4xlo-l 

4.44x102 

2.14x10l 

l.63xl0 1 

9.65x101 

1.4lxl02 

3.63x10 1 

3.06x102 

2.09x10l 

'l'ota1 Reactor Inventory 
(curies) a 

8.70x103 

2x1o2c 

1.60x10s 

8.15xl03 

1.68xlO" 

1.27xl05 

1.69xl05 

5.6lxlO" 

5.53x105 

7.52xlO" 

(b) Mlltiply values in this oolum by ~3 to adjust fraction released to average values for those fuel elements 
which suffered cladding failures (14 of 43 . elements failed) • 

(c) Fran neutron capture in 133cst estilrated. 

Fraction of Inventory 
Re1easea.b 

. 3.18x10-3 

2x10-3c 

2.78xlo-3 

2.63xlo-3 

o.97xlo-3 

0.76xlo-3 

o.67x1o-3 

0.65x1o-3 

0.55x1o-3 

o.28xlo-3 
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Sarrple Date 

Tine After Run 14 

I37cs 

I34cs 

B9sr 

90sr 

I3Ir 

I4Iee 

I44ee 

140&1-la. 

95zr-Nb 

103Ru 

Table 7.6 

Fission Product Analyses of SRE Pr:i.nary Sodium 
As a Function of T:ilre After Run 14 20 

Primary Cool,mt Aci:ivity (J.ICi/g Na) 

7/26/59 10/31/59 7/26/60 

0 97 days 1 year 

1.26 0.45 0.028 

0.02 0.006 Undetectable 

20.0 0.25 Not analyzed 

0.97 0.060 Not analyzed 

0.74 0.00012 Undetectable 

4.38 0.000088 Undetectable 

5.18 0.00031 Undetectable 

1.65 Undetectable 

13.9 0.0067 Undetectable 

0.95 0.0045 Undetectable 

135 

Ratio [Oct. 31 (actual) J 
Oct. 31 (decay 

only) 

0.36 

0.3 

0.043 

0.062 

0.63 

0.00016 

0.00008 

0.0013 

0.024 



Also listed are the ratio of the Oct. 31 results to the values which 
would result if radioactive decay were the only loss mechanism for 
the isotope. The fact that the ratios are below unity indicates 
that other mechanism such as deposition on primary system walls or 
deposition in the cold trap are effectiv.ely removing.fission.products 
from the sodium. Discussion of cold trap purification of the SRE 
sy~tem is given later in this sectioo Csee

1
section 7.2.4

1
4). By 

July 26, 1960 (one year later), the 13lr, 4Usa-La, and 41ce had 

~:~~~=~e~0 ;~hl4~~!~nfo~~~: !~~Yl~7~~ ~~~:t:~i~~~~tedH~~e~~~e;h~emoval 
mechanisms, such as cold trap cleanup. A strontium analysis was not 
made in the final sample. 

Analysis of fission product activity on primary pipe samples 
was also made. Residual sodium on samples of pipe walls was 
removed by methanol and water. Next the pipe was subjected to a 
series of etches by hydrochloric acid. Sodium, methanol wash, and 
HCl etch solutions were analyzed. An example analysis of the etch 
solution at the surface is given in Table 7.7. ~n additiyn4 Reference 20 shows a graph of the activities of 5zr-Nb, 4 Ce, and 
137cs as a function of depth into the pipe wall, to a depth of 0.2 mils. 

7. 1. 2. 7 SEFOR 

The only fission product reported in the SEFOR sodium was 86Rb 
(see Appendix A, Table A22), which is actually an activation product 
of 85Rb which results from decay of 85Kr. 

7.2 Cold Traps 

7.2.1 Brief Description of Cold Trap Technology 

Cold traps are used for the purification of sodium in liquid metal 
cooled reactors. Impurities are removed in cold traps by precipitation, 
making use of the fact that solubilities are reduced by lowering the 
sodium temperature, and by adsorption on surfaces in the cold trap. 

The principal impurity to be removed by a cold trap is sodium 
oxide (Na20). Operation of the cold trap, including temperature and 
duration of operation, is governed by the need to reduce the oxygen 
content of sodium. The principal mechanism for oxide removal is 
precipitation. Traps operating in the 25QOF to 300°F range can hold * 
the oxygen content down to the 1 ppm to 3 ppm (parts by weight) level. 

*A recommended equation for oxygen solubility is given by Eichelberger21 
as follows: logS= 6.239- 2447/T(OK), where S =ppm by weight of 
oxygen in sodium. This expression was based on 107 solubility 
determinations from five laboratories. Published work at that time 
(1969) represented a serious lack of agreement, however, so that better 
data may be available by now. 
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Table 7.7 

EKample of SRE Prllna.ry Pipe Wall Fission-Product 
Contamination f:ran lCt Etch at Pipe SUrface 20 

Isotope 

95zr-Nb 

137cs 

Contamination Level* 
(l!Ci/cm2 ) 

15.2 

0.78 

2.7 

2.1 

0.022 

*Corrected for radioactive decay since 7/26/59 for 
~ative purposes. 
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Other nonradioactive impurities removed by cold traps include carbon 
and hydrogen. 

Cold traps are also effective in removing some fission products 
from the sodium. Removal occurs even when the fission product 
concentration is lower than the saturated value for the material at 
the cold trap temperature. For some materials, such as cesium and 
sodium iodide, the concentration in sodium at a metal surface is 
higher than the concentration in the bulk liquid, and adsorption or 
some other transfer mechanism occurs at the surface to remove the 
material from solution. 

. A2~rief review of cold trap operation and experience is given by 
H1nze. 

In a cold trap a bleed stream from the main s9dium system (i.e. 
the primary or secondary system} is cooled, and pracipitation of the 
impurity (e.g. Na20) occurs. A large surface.,on which the impurities 
are collected is present in the trap, frequently in the form of 
stainless steel mesh. The collection proce~s includes one or more of 
the following processes and operations: crystal formation and re
tention on metal surfaces, filtration, and settling. After leaving 
the cold trap (or the st,~el mesh part), the sodium is reheated and 
returned to the main system. Initial reheating is generally done in 
an economizer (usually, but not necessarily, external to tbe cold trap) 
in which the exiting stream is heated by cooling the incoming bleed 
stream. 

Hinze22 describes early designs and experience for the cold traps 
for the Submarine Intermediate Reactor (SIR), Fermi, EBR-II, Sodium 
Reactor Experiment (SRE), Hallam (HNPF), and Dounreay, and also 
reports some USSR experience. Both the Fermi and the EBR-11 primary 
cold traps were 500-gallon traps containing stainless steel mesh. 
Only one trap was in each primary system. The traps were run until 
they 11 plugged 11 with oxide, i.e. until the pressure drop across the 
trap due to oxide deposition increased such that insufficient flow 
could be maintained. In some cases (e.g., the primary trap in Fermi 
and the secondary trap in EBR-II) the trap plugged early during the 
purification of the sodium. Then a new trap was installed which has 
not yet required replacing. The primary cold trap in EBR-II lasted 
until June, 1968, when it was replaced. 

SEFOR had two primary cold traps, only one of which was operated 
at any one time. Each trap had to be rep 1 aced after one year ("' 1500 
hours of operation each) due to plugging.23 Total Na2o collected was 
"'200 lb. Excessive oxide buildup had resulted from zero power 
operation with the vessel cover removed, when the argon in the 
refueling cell and over the sodium was contaminated from excessive 
leakage of nitrogen (and oxygen impurity) from adjacent cells. 

The first Fermi primary trap was also removed prior to power 
operation. The trap was examined by Westinghouse; however, the 
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report2! is not avariab
1

1e to the public and no final public report was 
issued. The report was available to Hinze, however, because he 
reports in Reference 22 that the trap was found to contain 50 lb. of 
oxygen, 1 lb. of carbon, and lesser amounts of hydrogen, nitrogen, 
and metallic impurities. 

Jhe above experience indicates that it is difficult to predict 
how long a cold trap will last in an LMFBR power plant. Hence, it is 
difficult at this stage to estimate how often cold traps, with their 
accompanying charge of fission and activation products, will be 
shipped away from the reactor for decontamination or storage in the 
environnent. 

Brief descriptions of cold traps appear in the 1000 MWe follow-on 
reports. For example Reference 25 (the GE design) shows four primary 
system cold traps operating in parallel and six secondary system cold 
traps. Each trap (in both systems) has a 20 cu ft volume (150 gallons) 
and a maximum oxide capacity of 560 lbs. The traps are constructed 
of 304 stainless-steel, each with a 35 inch high and lS··;,ynctt·:riffameter 
bed of stainless-steel packing. The traps are cooled by forced 
convection of the cell atmosphere nitrogen. The economizers are not 
11 built-in 11

, but are separate from the cold trap. 

7.2.2 Cold Trap Decontamination Terminology 

It is useful to review some of the theory and definitions 
concerning cold traps in order to appreciate the data on fission product 
removal reported in the literature. Different reports quote a 
variety of measured or design quantities but no s~mmary of the 
relations between these quantities was found. Hence, this background 
is provided in this section. 

A number of reports on removal of fission products by cold 
traps report values for a surface deposition constant K. This constant, 
with units of length, is defined as: 

K = grams deposited/cm2 of deposition surface area 
grams/cm3 concentration in sodium 

This constant is generally found to be inversely proportional to the 
absolute temperature of the sodium. Experimental information for cesium 
and iodine is reviewed below in Section 7.2.3. 

Another parameter that is used in cold trap technology is a 
11 decontamination factor," D. For a particular nuclear species, 
this factor is defined as: Concentration in coolant 

D ~Decontamination factor = without cold traps o~erating 
Concentration in coo ant 
with traps operating 

*Personal communication, P. Cohen, Westinghouse, December 21, 1972. 
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Another related tenn in use is a "Concentration ratio 11
, C, defined 

for a particular nuclear species as: ~ 
Grams in tra ':mj sodium in tra~ 

C = Concentration ratio = oncentration 1n remainder of t e 
system 

The factors 0 and Care related as follows: 

Let X = concentration in the system without a trap 

Y =concentration in the system outside the cold traps, with cold 
traps operating. 

Vs = system volume 
VT = cold trap volume 

If traps are operating, the concentration in a trap is CY. From 
conservatiori of total production of the particular nuclide with or 
without trap operation, 

XV = YV + CYVT s s 

The decontamination factor, D,. is related to X and Y by: 0 -· X/Y. 
Therefore 

Values of concentration ratio found at SRE are given in Section 7.2.4.4. 

Cold trap efficiency, £is frequently reported, where e is the 
efficiency for precipitation, defined as: 

e =entering concentration - exit conc~ntration 
-entering concentration - saturation concentration at the 

minimum cc,ld trap temperature 

None of the parameters listed above are related to rate of 
deposition in a cold trap. The experimental work found on cold trap 
deposition did not provide information on deposition rate. Atomics 
International does, however·, provide for a rate calculation of cold 
trap deposition in their STP-1 fission product transport code.26,27 

Shown be~gw is an equation similar 
International to describe the removal 
sodium in a cold trap: 

dN i [ . ( N i . ) * = -F £ 1 V~ - al + 
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to one proposed by Atomics 
rate of material i from the 



where Nci =atoms of nuclide i in coolant (atoms) 

a 

K 

Vc = volume of coolant in total primary (or secondary) system (cm3) 
ei =cold trap efficiency for removal of nuclide i 

F =flow rate in the trap (cm3;sec) 
i 

p 

i 

z 

=solubility of nuclide i in~the trap at the minimum cold 
trap temperature(atoms/cm -J 

= surface area per unit length of traps (cm2) 

= deposition rate parameter of the trap (atoms deposi ted/sec/cm2) 
atoms/cm3 

= length of trap (em) 

Only depletion is considered in the above equation (no source term is 
included). 

N i " 
~ .l 

The factor (V.._ - a ) is a measure of the excess of the concentra-
c 

tion above saturation, and therefore the first term of Equation (l) 
represents removal by precipitation. This ter·m is assumed to be 
positive or zero in the AI codes. 

The second term of Equation (1) re 1wesents deposition by 
adsorption. The following derivation of the second term is useful to 
provide an understanding of it: 

Let N (t)/Vc = Concentration of an impurHy entering the trap 
c (equal to the average concentration in the total 

sys tern I (a toms/ cm3) · 

Nc(z,t)/Vc = concentration at height z in the trap 

The change inN as a function of height is: 
c 

a [ Nc(z,t)J = _ Nc(z,t) KP 
az Vc Vc -F 

Integrating from z = 0 to Z, and letting Nc(Z,t) 

Nc(Z,t) = Nc(t) e- tc:PZ/F 

Next we consider the time dependence of Nc(t). 
the sodium in the cold trap is PZ/F. Hence, 
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= Nc(t) at z = 0, gives 

The transit time of 



= -
Nc(Z,t) - Nc(t) 

PZ/F 

N (t) (1-e- KPZ/F) 
c 

which is the second term of Equation (1). 

Information on the deposition rate parameter Kwas not found. 
Perhaps it is dependent on conditions in the cold trap which vary with 
time, thus making ~<:time dependent. 

It is noted further that the parameter~ein Equation (1) is a 
deposition rate (i. e. per sec} whereas the deposition constant K 
is an equilibrium-type value and not related to a rate. Although 
many of the experiments which report K are made in flowing sodium, 
it remains unclea~ how the two constants Kand K are related -- a re
lation that is necessary before using Equation (l). 

7.2.3 Experiments o~ Cold Trapping of Particular Radionuclides 

7.2.3.1 Cesium 

Cooper and Tay1or28 of Westinghouse studied cesium sorption from 
sodium by the following surfaces: polished 304 stainless-steel, as
received 304 stainless-steel, polished nickel, single-crystal 
aluminum oxide, and oxidized zirconium. Cesium concentrations from 
< 0.1 apm (atom parts per mi 11 ion) to 46 apm were studied. 

It was concluded that cesium was sorbed by Van der Waa1 forces 
as opposed to chemisorption. Numerical results showed the sorbed 
cesium surface concentration (atoms/cm2) to be inversely proportional 
to temperature and directly proportional to cesium concentration in 
the sodium (atoms/cm3). 

later the same experimenters ran experirnents on cesium trapping 
by 304 stainless steel to study the effect of Na20 on deposition 
rate.29 Cesium was cold trapped from almost oxygen-free sodium and 
from sodium containing oxygen. Initial cesium concentrations were 
0.13 and 0.059 apm. Their results are reported as fraction of the 
initial cesium removed by cold trapping, and this fraction varied from 
0.18 to 0.52. 

Among their conclusions were: 

1. Cesium is removed from flowing sodium by reversible physical 
adsorption on metal surfaces in the absence of prec·ip"itated Na20, or 
by adsorption on both metal and Na20 surfaces in the case of Na20 
precipitation. 
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2. Precipitation of Na2o increased the Cs fraction removed 
from the sodium. Values are given for atoms of cesium deposited 
per cm2 of surface and per gram of sodium for various conditions 
(particularly oxygen concentrations) and for various flow rates 
(flow rate had little effect). 

3. Adequate LMFBR Cs traps can be designed based on adsorption 
on clean metal surfaces. Precipitation of Na20 in this trap would 
increase the capacity. 

Zwetzig, Guon, and Silberberg26 of Atomics International showed 
relative trapping levels by stainless steel for cesium concentrations 
of 65 ppm and three different oxygen concentrations (5, 55, and 105 
ppm), as a function of temperature. The deposition levels increased 
with increasing Na20 concentration, and the i09 of the deposition 
1 eve 1 was inversely proportion a 1 to tempera t1 1re. Deposition occurred 
at temperatures above which Na20 had not predpitated, indicating 
that adsorption occurs directly on metal instead of on Na20. Later 
studies of deposition of cesium on 304 stainless steel in the range 
of cesium concentrations of 0.7 to 6 ppm and o~~gen concentrations 
from 10 to 25 ppm were reported by Guon of AI. Among the conclusions 
were: 

1. Cesium deposition requires the presence of a third constituent. 

2. Cesium deposition and dissolution kinetics are rapid with 
no apparent hysteresis. 

3. A deposition constant, K, (defined in Section 7.2.2) can 
be used to express the partition of cesium between the sodium solution 
and stainless-steel wall, in agreement with earlier results from 
Westinghouse28 for different cesium concentrations. 

4. Surface treatment~; of stainless steel prior to sodium 
loading can result in incr~~ased cesium deposition by a factory of 
10 and possibly 100. The surface treatment referred to concerned 
the temperature history of the surface prior to deposition; the 
report shows a relation between K and surface temperature. 

Further studies by Guon31 showed further distribution coefficients 
(called a "partition parameter" in Reference 31) for cesium, barium, 
and manganese on stainless-steel surfaces. 

Recently Colburn of Westinghouse has presented two papers 
summarizing work there on cold trapping of cesium and iodine.32,33 
In t~~ 1 first32 he reports distribution coefficients for both 137cs 
and I. Further conclusions presented in the paper were: 

1. Large Cs deposits observed were not due to physically adsorbed 
metallic Cs but, rather, are part of a nonmetallic precipitate. 
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2. The distribution coefficient for Cs and I at cold-trap 
temperature is strongly influenced by non-metallic contaminants in 
sodium. 

In the second work33 Colburn studied mechanisms for cesium and 
iodine deposition in sodium on stainless steel which had been previously 
exposed to hydrogen or oxygen. Examination showed that the deposition 
behavior was dominated by interactions with the nonmetallic 
contaminants, i.e. hydrogen or oxygen. Tests showed that hydrogen 
was more effective than oxygen. Colburn suggests that the importance 
of the surface impurities and possible differences in impurity 
concentrations between experiments could have led to earlier dis
crepancies in cesium surface distribution coefficients, K, reported 
in the literature. He reports experimental values for "phase 
distribution coefficients," D, at 2500F of 8.5 x 105 for Cs and 
2.27 x 106 for I, where 

atoms of Cs 0 - atoms of Cs 

He suggests that the int~ntional addition of hydrogen to the sodium 
may enhance the ability to cold trap cesium and iodine (while 
simultaneously enhancing tritium removal by isotopic substitution 
in the hydride precipitate). 

Clifford34 showed that some cesium could be removed by cold 
trapping, although most of the cesium remained in the sodium in 
his experiments. In two loops which operated for 2300 to 2500 
hours, equilibrium was believed to have been achieved with the following 
cesium distribution: one third of the 13/cs deposited in the cold 
trap, one half remained in the sodium, and the remainder was distributed 
around the system on stainless steel surfaces. Adding 100 ppm 
oxygen to the sodium had little effect on the amount of trapped l37cs, 
although the cause could have been that the oxygen was absorbed 
elsewhere in the system than the cold trap. The hot leg of the loops 
were operated at 5oooc, the cold leg at 300°C, and the cold trap in 
the range from 11ooc to 175oc. A total of 3 to 4 mCi of 137cs was in 
each trap but no data was provided concerning loop or trap sodium 
inventories. 

7.2.3.2 Iodine 

Cold trapping of iodine fission products appears to be effective. 
Two reports on iodine deposition by Colburn32,33 also gave results 
for cesium; hence they were discussed in the previous section on 
cesium. 

Cooper, Grundy, and Taylor35 reported experimental values of 
the distribution coefficient, K, for Nai in sodium. They found that 
log K is inverselyproportional to the sodium absolute temperature, as 
was the case with cesium. This relationship held both for low iodine 
concentrations ( ~lo-6 to lo-9 apm) and for high concentrations (0.05 apm), 
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although the distribution coefficients for the high concentration were 
about a factor of five larger than those at low concentrations. In 
all cases, more than 90% of the iodine was removed by cold trapping 
at 25QOF. They also conclude that 99% of iodine may be cold trapped 
in high oxygen/hydrogen systems or by the addition of sufficient 
natural iodine to increase the concentration beyond the Nal solu-
bi 1 i ty 1 imi t at the cold trap temperature. 

7.2.3.3 Strontium, Barium, and Zirconiuf1!. 

Clifford36 reported some experience with strontium in cold traps. 
He reported that strontium deposited on the stainless-steel and 
zirconium surfaces of a cold trap at 3000 to 5oooc, with the 
strontium collection at 300°C being an order of magnitude higher 
than at soooc. Slightly more deposition occurred on stainless steel 
than on zirconium. 

At BR-5, barium and zirconium were collected in the cold trap, 
but much less effectively than iodine and cesium.l/ 

7.2.3.4 Tritium 

Cold trapping of tritium (a fission product as well as an 
activation product) was discussed in Section 5.1.3.2. 

7.2.4 Operating Experience on Cold Trapping of Fission Products at 
Sodium-Cooled Reactors 

7.2.4.1 Summary 

Experience at each reactor for which data are available is reported 
in Section 7.2.4. 

Fission products which have been observed in cold traps are 
listed in Tables 7.1 and 7.8. 

EBR-1! 38 

BR-51'7 

Dounreay8 

SRE39 

Table 7.8 

Fission Products Observed in Primary Cold Traps 
of Sodium or NaK Cooled Reactors 

137c 134c 1 s. s' 

137 Cs, 136Cs, 131 1, 1331 , 1351, 95zr-Nb, 140Ba-La 

137Cs 

137cs, 106Ru, 144ce-Pr 
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7 .2.4.2 EBR-II 

Despite experimental work reviewed in this report and results from 
other reactors that show the success of 137cs removal by cold traps, 
EBR-II oersonnel maintai~ that the primary system cold trap does not 
reduce l37cs satisfactor1ly at EBR-11.37 This result is shown by 
observing the reported l37cs activity levels in the primary sodium, 
as shown in Table A25 of Appendix A. In 1971 the level built up 
to 20 nCi/gm Na from failed fuel, and stayed there. 

Experience with iodine (and tritium--see Section 5.1.3.2) at 
EBR-II was different. The cold trap does remove l31r so that the 
levels are generally below 0.1 nCi/gm in the primary sodium (see 
Table At~1 Appendix A). Also EBR-II personnel can observe increases 
in the I levels in the cover gas when the primary cold trap is 
cut off.37 

A primary system cold trap was removed from operation from EBR-II 
in 1965. Unfortunately the contents of this cold trap were never 
analyzed; the trap still sits in a field near EBR-II. 

Recently limi~~d data have been reported concerning the EBR-II 
primary cold trap. A gamma spectral scan of the ~rap g~ring B 
shutdown perif~5 in 1972 identifjed radiation from 2 Na, 13Mn, 6 Co4 
65zn, 124sb, Sb, 134cs, and 137 Cs. The ratio of the 7 Cs to ~~Na 
activities was ~18. The same ratio in the primary sodium was ~0.36. 
Hence, the 137cs concentration ratio in the cold trap for this 
measurement was ~so. This is far below the value reported by SRE 
(see Table 7.9 below). 

The dose rate from the cold trap during the 19:'2 shutdown was 
90% higher than the value during a shutdown one yeal' before, in 
1970-71. The measurements in the previous shutdpwn are reported in 
Reference 15. The dose rate 2 in. from the surface was 290 mR/hr 
at 132 days after the 1972 shutdown, compared to 153 mR/hr at 132 days 
after the 1970-71 shutdown. 

7.2.4.3 BR-5 

The BR-5 cold trap was reported to trap 131 r, 137cs, and 136cs. 17 
More than 90% of the I and Cs activity was trapped. The cold trap 
also collected zirconium and barium, but much less efficiently than 
I and Cs. 

The 135xe and the 133xe activities in the cover gas were reduced 
by factors of two and three, respectively, when the cold trap was 
operating, due to trapping of the precursors 135r and 133r. 

7.2.4.4 SRE 

Extensive dat~ are available from SRE cold trapping experience 
beoause the cold traps were used to clean up the sodium system after 
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Table 7.9 

Comparison of Impurity Levels in SRE Cold Trap to those in Sodium 
Coolant 22,39 

Impurity In Cold Trap In Coolant Concentration Ratio 

Carbon 144-1550 p.p.m. 18-60 p.p.m. 2-80 

137Cs 4.0xl02l.ICi/g -2 1.5xl0 pCi/g. 2.7xl04 

125Sb 4.3 pCi/g -2 0.6xl0 pCi/g. 7.2xl02 

Fe 200- >500 p.p.m. 50 p.p.m. 4- >10 

Si 200- >500 p.p.m. 50 p.p.m. 4- > 10 

Mn 50- 500 p.p.m. <5 p.p.m. 10- > 100 

Pb 5 >500 p.p.m. 10 p.p.m. 0.5- >50 

Cr 5- >500 p.p.m. 5 p.p.m. 1- >lQO 

Ni 10- 300 p.p.m. 5 p.p.m. 2- 60 
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extensive fuel cladding failure. 22 •39 There was a large amount of 
carbon in the system, however, which leads to uncertainty in applying 
the results directly to a cold trap system without carbon. Hansen39 
provides arguments that oxide impurity in the sodium was responsible 
for the greater retention of 137cs instead of the carbon impurity. 

The most interesting results are the concentration ratios, which 
are reported in Table 7.9. The large coocentration ratio for 
137cs is particularly noted. The total 137cs trapped was~lo Ci. 
In addition to those shown in Table 7.9 (only one of which is a fission 
product), the fission products l06Ru, 144ce-Pr, and 110Ag were also 
observed in the cold trap. 

7.2.4.5 SEFOR and Fermi 

Although reports on oxide removal by cold traps in SEFOR23 and 
Fermi22 are available (as discussed in Section 7.2.1), no results 
were found on fission product removal by cold traps at these facilities. 
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8. GASEOUS RADWASTE MANAGEMENT 

The proposed gaseous radwaste systems of FFTF and EBR-II together 
with some review of present systems for EBR-I!, Fermi, SEFOR, Rapsodie, 
and Dounreay are discussed in this section. Also a comparison is 
made with LWR gaseous radwaste systems. 

The quantities of gaseous activity that will be released from 
FFTF are expected to be trivial. This results from two factors: 
(a) a sophisticated gaseous radwaste system will be used on FFTF, and 
(b) there is virtually no liquid coolant leakage from an LMFBR from 
which noble gases can escape to the environment. Although sophisticated 
gaseous radwaste systems have not been used heretofore on fast reactors, 
such systems will probably be used on future LMFBR power plants. 
Nevertheless, results are presented here for 85Kr releases both with 
and without such systems since their future use is not assured. 

The current situation in LWR power plants differs from expected 
future LMFBR plants for two reasons: {a) generally, gaseous radwaste 
systems on present LWR's are not as effective as the FFTF system and 
(b) significant coo1ant leakage occurs in LWR components, providing 
a pathway for fission-product gas transport to the envir·onment not 
present in the LMFBR. In Section 8.4 current "typical" LWR gaseous 
effluents are described together with projected reductions in these 
effluents if such reductions are warranted. 

The 85Kr releases from an LWR can be redu·ced to abot,lt the same 
levels as an LMFBR, assuming that sophisticated gaseous radwaste 
systems are used on both. However, it is more ~ifficult in the LWR due 
to coolant leakage. Without an elab~§ate gaseous radwaste system 
on either the LMFBR or the LWR, the Kr release rate would be comparable 
for the two reactors, with a slightly lower rate for the LMFBR. 

The large contributors to total gas releases from an LWR are 
the short-1 i ved isotopes. These can be reduced to l·ow va 1 ues, but 
this requires reduction or containment of coolant leakage, which is 
difficult. Since there is no routine coolant leakage from an LMFBR, 
these short-lived isotopes are not released even from an 11 UnsophTsticated 11 

gaseous radwaste system that depends only on holdup time. 

8.1 FFTF Gaseous Radwaste Systems1 •2•3 

Jhe Fast Flux Test Facility (FFTF) is a 400 MWt sodium-cooled 
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reactor, being designed and constructed at Hanford under the management 
of the Westinghouse Hanford Company for the USAEC Division of 
Reactor Development and Technology. The purpose of FFTF is to provide 
experimental data in support of the LMFBR program in a number of 
areas, including: fast neutron effects on fuels and materials; fast 
reactor fuel performance; and system and component performances. In 
keeping with this purpose, the design wil. allow reactor operation with 
continuous noble gas release to the primary system from up to 1% 
of the fuel pins. Also, four special sodium-cooled closed loops will 
pennit testing of vented or defective fuel. FFTF is designed to 
release practically zero quantities of radionuclides to the environment. 
This "near zero release" operation will b,~ achieved primarily by 
means of high-integrity sealing of the primary sodium systems and 
through the use of two gas processing systems, namely, the Radio
active Argon Processing System (RAPS) and the Cell 'Atmosphere 
Processing Systems (CAPS). Salient details of these features are 
discussed below. 

8.1.1. Primary Sodium System Seals 

The FFTF reactor will operate with a maximum outlet temperature 
of the coolant of approximately l050°F. At this temperature, the vapor 
pressure of sodium is only 0.018 atmospheres absolute. In order to 
prevent inleakage of air into the reactor, it is necessary to 
pressurize the reactor with an inert gas. At FFTF argon has been 
chosen for this service; the reactor covf'r gas pressure is nominally 
10 inches WG or approximately 1.025 atmospheres absolute. The closed 
loops require an argon cover gas pressure of about 55 psig in order to 
prevent sodium pump cavitation. Since the argon cover gas lies on 
top of the sodium in the reactor and closed loops, certain gaseous 
fission products, primarily the Kr and Xe isotopes, which escape 
from defective or vented fuel pins can disengage from the sodium and 
collect in the argon cover gas. Consequently, it is important to 
reduce the leakage of this potentially contaminated cover gas into the 
reactor building. 

To accomplish this, gas buffered seals are used in the reactor 
head and in the closed loops. Each buffered seal consists of two seals 
in series, with positive argon buffer gas pressure (e.g., 2 psig in the 
reactor head seal) maintained in the annular space between the two 
seals. Since all seals leak to some extent, there.is some argon 
buffer gas continuously leaking into the reactor and into the reactor 
building from the inter-seal spaces. Therefore, it is necessary to vent 
argon cover gas from the primary system, at a rate which depends on the 
amount of leakage, in order to maintain the cover gas pressure in the 
proper range. The flow rate of argon from the reactor cover gas region 
is expected to be about 4 standard cubic feet per minute ( s cfm). The 
closed-loop cover gas will contribute an additional 0.02 scfm. This 
flow of contaminated argon cover gas goes to the Radioactive Argon 
Processing System (RAPS), where its activity is substantially reduced. 
The relatively "clean" argon leaving the RAPS is recycled for use as 
cove~ gas or for pressurization of the buffered seals. 
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The buffer gas which leaks into the r~actor building from the 
interseal spaces should present no significant radiation hazard, 
as it has practically the same soecific activity as the effluent from 
RAPS. Although the referencesl,£,3 report no values for the volumetric 
leak-rates into the reactor building, it is reasonable to assume a 
value equal to t'he total leak-rate from the inter-seal spaces into 
the reactor and the closed loops, i.e., about 4 scfm. The specific 
activity of the buffer gas is estimated in Reference 1 to be lo-5 Ci/ml, 
most of which is 8~Kr. Assuming this activity and the leak rate of 4 
scfm, the rate at which activity leaks into the reactor building and 
thence to the environment via the reactor building ventilation system 
is: 

4 ft3 
X 28317 ml X 10-

5 
11 Ci 

min ft3 ml 

1440 min -3 Ci 
X = 1.63 X 10 day 

day 

Thus, the annual discharge of activity to the environment stemming 
from leakage of buffer gas into the reactor building is only about 0.5 Ci. 

8.1.2 Radioactive Argon Processing System (RAPS) 

This system (RAPS) is designed to receive the contaminated argon 
cover gas from the reactor and the four closed loops and to process it 
on a continuous basis. The system is desig~ed to process an inflow 
of about 700,000 Ci of noble gases per day, yielding a pu5ified 
argon effluent having a specific noble gas activity of w- lJ Ci/ml or 
less, which corresponds to a maximum allowable specific activity of 
1 MPC* for Kr-85. 

The basic flow-sheet of RAPS is shown in Figure 8.1 Contaminated 
argon, vented by pressure controllers from the various cover gas 
regions, is piped to a surge tank, from which it is metered into a 
processing loop consisting of four cryogenic charcoal delay beds, 
four heat exchangers for removal of decay heat, a fractionation column, 
a gas circulator, a surge gas storage tan<, and various control 
elements. 

The delay beds are quite effective in holding up xenon (and 
iodine, if any exists in the cover gas), less so for kr1pton. Table 
8.1 summarizes the delay times under design conditions. For these 
delay times, virtually all radioactive xenon and most of the short-lived 
krypton is eliminated in the decay beds. 

Argon leaving the last decay bed is recooled to -280°F before 
being injected into the fractionation column. The stable xenon 
isotopes and the krypton isotopes are concentrated in a pool of liquid 
argon in the bottom of the fractionation column by the refluxing action 

* From 10CFR20, Appendix B, Table 1 (maximum permissible average concen
tra~ion in restricted areas to persons of age 18 or more). 
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Xenon Delay, Days 

Krypton Delay, Days 

Table 8.1 

Radioactive Argon Processing System Delay Times 

Delay Bed 
No. 1 

9 

0.27 

Delay Bed 
No. 2 

45 

0.78 

Delay Bed 
No. 3 

42 

0.76 

Delay Bed 
No. 4 

40 

0.73 



of the column. The fractionation column is exp~cted to remove 99.9% 
of the xenon and krypton isotopes from the gas stream. The purified 
argon gaseous effluent from the co~umn is expected to have a specific 
noble gas activity of lo-5 ~Ci/ml or less. The purified argon is 
recycled back to the buffered seals. 

When it becomes desirable to remove the accumulation of noble 
gas nuclides in the bottom of the column, the column is isolated and 
its contents are gasified and transferred to an ambient-temperature 
tank for long tenn storage. Under desig11 operating conditions (1% 
defective fuel}, the annual accumulation of Kr-85 in the fractionation 
column will be about 300 Ci. Other noble gas nuclides will be 
present in only trace quantities. 

If it i~ assumed that leakage from RAPS is negligible, there is 
virtually no release of radioactivity from this system to the 
environment. 

8.1.3 Cell Atmosphere Processing System (CAPS) 

The primary sodium equipment cells are provided with virtually 
inert atmospheres of nitrogen .with approximately one percent oxygen. 
The cells are sealed and the atmospheres are maintained by feed-and
bleed pressure controls. Effluents from these cells are processed by 
the Cell Atmosphere Processing System (CAPS) before release to the 
environment. 

The basic flow-sheet for CAPS is shown in Figure 8.2. Gas vented 
from the inert atmosphere cells is pumped into a surge tank, from which 
it is metered into the processing equipment, consisting of a disiccant 
unit, two cryogenic charcoal delay beds, two liquid nitrogen cooled 
heat exchangers for removal ·of decay,neat a gas circulator~ 'a'l1d•'vartous 
control elements. The effluent from CAPS'is mixed with air passing 
through the FFTF heating and ventilation system and exhausted to the 
environment. 

Although the final design of CAPS has not yet been made, an 
estimate of the delay times associated with the charcoal delay beds is 
53 days for xenon and 2 days for krypton at a flow rate of 25 scfm 
and a temperature of -1000F.3 CAPS should be able to process between 
0 and 50 scfm of contaminated inert gas, depending on the demand. 

The normal release of activity from CAPS is virtually zero, since 
there should be no release of activity from the primary system under 
normal conditions. 

8.2 EBR-II Gaseous Radwaste Systems 

8.2.1 Present Operation 

EBR-II is used to test fuel for the LMFBR development program. 
The driver fuel is metallic U-235. Test pins are made of potential 
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LMFBR fuels such as oxides, carbides, and nitrides, with oxide test 
pins predominating. 

At present EBR-II cannot operate with failed test pins. When 
oxide pins fail, fission product gas is rapidly released. Leakage from 
the cover gas to the reactor building is sufficiently high that 
EBR-II must be shut down when a test pin fails and remain shut down 
until the failed pin is located and removed. 

EBR-II can operate with failed driver' fuel, however. Failed 
metallic fuel releases fission product gas at such a slow rate that 
the present cover gas cleanup system can reduce the activity from 
failed driver fuel adequately. 

The present gas radwilste system is designed: (a) to operate 
during nonnal reactor opet·ation and {b) to purge the cover gas when 
a failure occurs in a test pin. 

8.2.1.1 Normal Operation 

During normal operation the escape rate of the cover gas from the 
reactor tank is "'1000 ml/min. Of this "'130 ml/min passes through 
the various monitoring systems and then is discharged to the atmosphere 
through the stack. The remainder (i.e. "'900 ml/min) leaks to the 
reactor building. The air in the reactor building is continually being 
purged, with the exhaust being discharged to the atmosphere through 
the stack. Hence all 1000 ml/min of cover gas eventually is discharged 
directly to the atmosphere via the stack. 

8.2.1.2 Fast Gas Purge System 

In the event of a test fuel pin failure the reactor is shut down, 
and the Fast Gas Purge System is put into operation. This system 
removes the cover gas and eventually sends it to the atmosphere 
through the stack. 

The flow rate to the system can be varied up to 3 standard cubic 
feet per minute (scfm). The purged argon is replaced with fresh argon 
while monitoring the cover gas at slightly above atmospheric pressure. 
The activity in the cover gas can be returned to a tolerable level 
in 3 to 4 hours • 

In the Fast Gas Purge System, the fi,~st step is to remove sodium 
vapor in a vapor trap. An aerosol trap filters out particles of size 
greater than 5~ . This is followed by a gas sampling and monitoring 
station. Finally there is a variable speed pump and a flowmeter. The 
gas is then sent out of the containment to the suspect exhaust stack 
and to the atmosphere. 

8.2.2 Proposed Gas Radwaste System 

A system has been proposed4 for use at EBR-II which would allow 
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operation with failed test fuel. The proposed system is described 
here because of its educational value. It is an example of a system 
that has been extensively analyzed and one for which the analysis is 
available. If it is implemented, it will serve as a useful demonstra
tion that operation with failed oxide fuel is feasible, or at least it 
will identify problems involved with such operation. 

8.2.2.1 Criteria 

The first step toward designing a system for operation with failed 
test fuel was to determine the required design criteria.5 Ultimately 
this meant specifying the flow rate to the proposed cover gas cleanup 
system and the activity of the gas to be processed by the system. 

The design criteria were: 

• Operation with 12 defective oxide fuel pins at a linear power 
density of 16 kW/ft. 

• Detection of a new test pin failure by a step release of 
133xe. 

• Activity in the reactor building below the maximum permissible 
concentration as defined by 10 CFR 20. 

• Gas release to the environment from the stack to be below 
the maximum permissible concentration at ground level as 
defined by 10 CFR 20. 

The number of defective fuel pins and linear power density were 
based on proposed fuel failure test requirements by the General Electric 
Co. Calculations were made of fission gas release rates from 
defective oxide pins to determine the ra~e at which activity of each 
isotope would be added to the cover gas. The Booth diffusion model 
was used for these calculations. 

Detection of failed oxide pins by xenon tagging has been successfully 
demonstrated in EBR-II, and test fuel pins are now being tagged. In 
order for the xenon tagging method to work, the level of xenon 
isotopes in the cover gas must be kept low. ThT ~act that a new 
failure has occurred is indicated by a rise in 3 Xe activity. It 
was determined that a 25% rise in lJ3xe activity due to a new fuel 
pin failure was sufficient for detection. A pin failure is expected 
to increase the cover gas activity by 0.2Tf

3
Ci/ml. Therefore, the second 

design criteria meant that the cover gas Xe activity from 12 failed 
fuel pins must be held to< 1.0 ll Ci/ml. 

In order to meet th(~ lllCi/ml 133xe actiyit.Y from 12 failed pins, 
the required cover gas purge Fate was determ1neC1 tQ be 10 sc:;.fm. 

159 



For the resulting activity levels in the cover gas, the present 
leakage rate of ~1000 ml/min from the cover gas to the reactor 
building is too great. In order to reach 10 CFR 20 MPC levels, the 
leakage rate must be reduced by a factor of 100, to 10 ml/min. It 
is anticipated that this can be done by replacement of seals known 
to be principal sources of the current high leakage. 

8.2.2.2 Cover Gas Cleanup System 

The 10 scfm of cover gas purged must be treated in order to 
remove radioactive krypton and xenon isotopes from it. The method 
selected for the proposed EBR-II system is the use of charcoal adsorption 
beds. This method was selected over other possibilities (e.g. 
cryogenic distillation, permselective membranes, and selective absorption 
in liquid fluorocarbons) on the basis of relative costs, relative 
effectiveness, complexity, possible material problems, and space 
requirements. 

Before passing through the charcoal delay;beds, the.gas passes 
through an aerosol removal system. This system will remove sodium 
liquid entrainment and fine particles. Aero?ol traps will be 
followed by high efficiency filters, but the specific design for neither 
has yet been selected. A gas flowmeter will a'lso be in the aerosol 
removal system. There will be two redundant modules, each containing 
a trap, filter, and flowmeter, and each module will have sufficient 
capacity to perform the entire aerosol removal function independently. 

Two conceptual charcoal delay-bed systems have been designed from 
which a final selection will be made. The simpler design is a ?-day
delay system. 

8.2.2.3 Seven-Day-Delay System 

The 7-day-delay system is shown in Figure 8.3. Flow capacity 
through the system is 10 scfm, although lower flow rates (and longer 
delay times} would be used if fewer than 12 fuel pins had failed. For 
seven days flow is directed through one delay bed, e.g. Tl. The 
argon cover gas is cooled in cooler HXl to -136oF. At this low 
temperature, the xenon and krypton in the cover gas are adsorbed on the 
charcoal. Decay heat from Xe and Kr in the delay bed causes the 
temperature to rise to -64°F as the argon passes through the bed. 
The argon is then filtered (F3), reheated to 800F, and returned to the 
reactor. The delay bed provides a seven-day holdup of xenon and a 
seven-hour holdup of krypton. 

After seven days of service, the cover gas flow is switched to the 
second delay bed, T2, and the first bed, Tl, is regenerated, i.e. 
the xenon and krypton isotopes are removed. Regeneration is accomplished 
by heating the bed to 400°F (at which temperature the adsorbed xenon 
and krypton are released from the charcoal) and backflushing the bed 
\<lith a small flow of cover gas diverted from the outlet of the 
operating delay bed, T2. This hot gas from Tl, which now contains the 
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xenon and krypton from Tl, is cooled in HXl and is compressed into 
bottles. The volume of gas bottled each week is 162 standard cubic 
feet. The bottles are shipped off site for further processing or 
storage. After regeneration, the gas in the bed is recirculated 
through the blower and cooled until the bed returns to operating 
temperature (-lQQOF). 

Another small bleed stream is sent to a Xe-tag cold trap, T3. The 
xenon is held up in this trap for about one hour. In the event of a 
fuel element failure, the trap will collect and retain the xenon tag 
sample for later analysis. 

This delay bed system removes nearly all of the xenon activity 
from the cover gas stream before it is returned to the reactor. Since 
the krypton is held a shorter time on the beds, some of it returns to 
the reactor. The fraction returned for each krypton isotope is 
listed in Table 8.2. Also shown in Table 8.2 are the calculated 
activities and decay heat rates in the delay bed in service for both 
xenon and krypton for operation with 12 failed fuel rods. 

8.2.2.4 24-Hour Delay System 

The 24-hour-delay-system is shown in Figure 8.4. Three delay 
beds are used on a 24 hour cycle each. 

The most fundamental change in this system compared to the 7-day 
system is the addition of the secondary delay beds T4 and T6. After 
regeneration of one of the 24-hour-delay beds, the argon is cooled 
and sent to the secondary delay beds T6 and T4. The delay bed T4 
operates at room temperature and provides a 50-day holdup of xenon 
isotopes. The outlet gas from T4 is cooled to -60°F and flows through 
the krypton retention bed, T6. The regeneration flow rate is 
approximately 9 scfh and approximately 6 hours is required, so that 
approximately 54 standard cubic feet of gas is used for regeneration. 
The outlet from T6 is either sent to the stack or recirculated back 
through the primary delay beds and to the reactor. The krypton holdup 
time in T6 is 7 days. Hence a 11 of the krypton isotopes will decay in 
T6 except 85Kr. 

Once each week the krypton retention bed, T6, is regenerated, and 
the effluent is compressed into bottles, for storage or shipment off
site. During regeneration, T6 is heated to 300°F. Regeneration of 
this bed is accomplished during regeneration of a primary delay bed; 
hence the same flow rate {9 scfh) is used. Regeneration requires only 
2.1 hr., hence only 18.9 standard cubic feet each week must be bottled. 

8.3 Gaseous Radwaste Experience in Other Operating Fast Reactors 

8.3.1 Fermi 

Tables of cover gas data for Fermi are given in Appendix A of this 
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TABlE B. 2 

Xenon and Krypton Conditions in Delay Beds 

Fraction Returned l\cthity Decay Heat 
Isotope Half Life To Reactor On Bed (Inclu:ling Daug!}ters) 

(Ci) (Btu/hr) 
8 3IUro:- 1.86 hr 0.209 19.8 0.02 
8 5rrt.Kr 4.4 hr 0.517 32.9 0.36 
85 Kr 10.76 hr 1.00 0.0032 2.8 x 10- 5 

87 Kr 76 min 0.102 83.5 4.02 
0) 

w 88 Kr 2.8 hr 0.355 55.5 3.52 
89 Kr 3.2 min <lo-6 10.2 0.49 

90 Kr 33 sec <lo-6 0.76 0.07 

8.48 total 

ulmxe 11.9 d -" 0.87 0.00 '-"'\../ 

133Jnxe 2.3 d ruO 15.1 0.07 
133 xe !J.27d ruO 384 1.53 
135mxe 15.6 min rvO 17.3 0.18 
135 xe 9.2 hr rvO 92.-4 1.07 
137 Xe 3.8 min ruO 92.0 2.75 
138 xe 14 min ruO 41.1 1.60 
139 xe 41 sec ruO 0.45 0.02 
140 Xe 13.7 sec ruO 0.05 0.00 

7.22 tct2l 

Total decay heat= 15.70 Btu/hr 
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report. Initially there was a problem of achieving tight sealing 
of the cover gas system,6 but there was no real problem in keeping 
the cover gas clean as long as the primary sodium temperature was 
kept below 600°F. The waste-gas system was

7
quite oversized for the 

associated systems. In fact, Bruzzi et al. calculated that the 
Fermi waste-gas system could adequately handle the large activities 
which would result if the original fuel were replaced by vented-to
coolant fuel, i.e. it could handle perhars 100 times more activity than 
expected in normal operation. 

8.3.2 SEFOR 

Performance of the gaseous radwaste system is only partially 
indicated in the tables of cover gas act vity in SEFOR in Appendix A 
of this report. Thr! main reasons that tl e cover gas showed so little 
activity were that the pins were not pusf ed to excessive performance 8 limits, i.e. little leakage, and that tr;mp fuel background was so low. 

8.3.3 Rapsodie 

During its first year of operation, Kapsodie had a few releases 
of fission gas,9 but the cover gas cleanttp system, combined with 
the relatively small releases, prevented any operational problems. 
These first releases did permit location and sealing of small leaks in 
the primary argon circuit. The only pro)lem with the system was an 
anticipated gradual plugging of the argo1 cover gas lines of the 
primary system, caused by deposits of a tlixture of sodium and sodium 
oxide. Also the g~te valves in the syst~m lost their air-tightness due 
to these deposits.lO 

8.3.4 Dounreay 

The use of vented fuel places stri nr]ent requi rernents on the 
gaseous radwaste containment and cleanup systems. The first problem 
encount~red was excessive leakage from tne cover gas to the main 
sphere.ll Modification of several joints corrected this problem. 
The radwaste treatment system is basically just a holdup system, and 
the turnover rate of cover gas volume is so small that extrem!f6Y 
hign activities are fo~ng in the cover gas. Activities of 10 and 
4 x 109 dpm/liter for 3 Xe and 135xe and argon activity of 2 x 10? 
dpm/liter are typical, but variations by two CJrders of magnitude are 
possible at various points around the system. Indeed, the gas control 
panel at one time was inaccessible for 48 hours after shutdown due to 
radiation fields surrounding the panel. 

8.4 Comparison of LWR and LMFBR Radgas ~ffluents 

A comparison was made between the radioactive gaseous releases 
from light-water reactors (LWR's) and an LMFBR having a radgas system 
similar to the FFTF system. 
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8.4.1 LWR Gaseous Releases 

Two recent studies provide excellent summar~2s of radioactive 
gas emission from LWR's, the first an ORNL study and the second 
a comprehensive USAEC Regulatory study.l3 The ORNL and the 
Regulatory studies both assumed 0.25% failed fuel for the calculated 
fission-gas releases. Although this assumption leads to generally 
higher estimates for activity releases to the environment than is 
warranted by actual LWR operating experience, these results are 
used here for the purpose of comparison with LMFBR results (for 
which 1% failed fuel has been assumed). 

8.4.1 .l ORNL Study 

A comprehensive survey of LWR gaseous waste systems was Pfesented 
by ORNL staff members at the 12th AEC Air Cleaning Conference. 2 
This survey involved a detailed study of roughly 100 LWR plants 
based upon information contained in docketed documents such as the 
Preliminary Safety Analysis, the Final Safety Analysis, the 
Applicant's Environment~l Report, and the Amendments thereto, as 
well as information obtained by direct questioning of the applicants, 
reactor vendors, and architect engineers. 

As a result of this study, it was determined that those 
radionuclides which are normally available for escape in gaseous 
form include the noble fission product gases (Kr and Xe), the 
fission product halogens (Brand I), certain activation products 
such as l6N, 13N, 19o, and 41Ar, and tritium, which may originate 
either from ternary fission or activation. Experience has shown 
that the noble gases and the iodines contribute virtually all 
of the radiologically significant gaseous activity released from 
LWR's of current design. 

The sources of emission can be divided into two major categories: 
(1) inadvertent leaks from tanks, piping, valves, etc. which allow 
gaseous activity to escape without being processed by the radgas 
system, and (2) operational releases in whicf1 fluid is deliberately 
withdrawn from the cooling system of the reactor. The latter 
category would include steam generator blowdown, exhaust from the 
condenser air ejectors and releases from various system degassing 
operations. 

The ORNL study presents tables of "typical" gaseous releases 
from PWR's and BWR's, identifying sources as well as isotopes. 
Table 8.3 is a summary of releases from a ty)ical 1000 r~We PWR, 
based on numbers taken from the ORNL study. It is seen that a 1000 
MWe PWR with 0.25% defective fuel will "typil:ally" release roughly 
2,500 Ci annually of noble gas radionuclides. most of which consists 
of l33xe with a 5.77-day half-life. More important, because of its 
10.7-year half-life, is 85Kr, which has an estimated annual release 
of about 800 Ci. 
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Table 8.3 

Typical Annual Gaseous Release from a 1000 MWe PWR Operating 
With 0.25~ Defective Fuel (based on Reference 12) 

Release Rate, Ci/yr 

Coolant 
Concentration Auxiliary Containment Pri rna ry Shim Bleed Steam 

ll Ci/ml Building Purge Degasification Degasification Generator Total 

Kr-83m 3.865E-02 1. 068E 00 2.643E-03 G.O 0.0 1.079E 00 2 ,lSOE 00 

85m 2. 076E-Ol 5.737E 00 3.359E-02 0.0 0.0 5.796E 00 l . 157E 01 

-85 1. 219E-Ol 3.368E 00 6.751E 00 9.252E 01 7. l94E 02 3.403E 00 8.254E 02 

-87 1. l25E-Ol 3.11 OE 00 5.240E-03 0.0 0.0 3.142E 00 6.257E 00 
-' 
0'1 -88 3.604E-Ol 9.960E 00 3. 708E-02 0.0 0.0 l. 006E Ol 2.006E 01 '-...! 

-89 s. 546E-m ? . 3fi2E-nl 1. 665E-05 0.0 0.0 2.386E-Ol 4.748E-Ol 

Xe-13lm l. 5]8f.:.Dl 4.196E 00 l.573E 00 7.729E 00 2.239E 01 4.239E 00 4.013E 01 

-133m 3. 724E.:o1 1.029E 01 7.428E-Ol 2.625E-04 1.623E-04 1.04GE 01 2.l43EOl 

-133 2. 775E 01 7.669E 02 1. 292E 02 5.277E 01 7.481 E 01 7.747E 02 1 .798E 03 

-135m 2.393E-02 6.614E-Ol 2.302E-04 0.0 0.0 6. 682E-Ol l .330E 00 

-135 6.003E-01 1. 659E Ol 2. 033E-Ol 0.0 0.0 1 .676E 01 3.355E 01 

-137 1. 756E-02 4.852E-01 4.109E-05 0.0 0.0 4.902E-Ol 9.754E-Ol 

-138 8.317E-02 2.298E 00 8.657E-04 0.0 0.0 2.322E 00 4.621E 00 

I -131 6.166E-01 8.519E-02 4.375E-Ol 0.0 0.0 9.907E-01 1.513E 00 

-133 6. 845E-Ol 9.458[-02 5.283E-02 0.0 0.0 7.078E-Ol 8.552E-01 



It should be stressed that most of the activity releases in 
the above "typical" Pl·JR stem from leaks of reactor coolant in the 
Reactor Building, Auxiliary Building, and steam generators. Gaseous 
activity from these s0urces are, for the most part, vented directly 
to the environment. Over 90% of the l33xe, and virtually all of the 
other short half-life isotopes, escape to the environment in this 
fashion. Consequently, the effect of adding a cryogenic "cleanup" 
system to the tail-end of the rad~as system would be to reduce the 
85Kr emission rate substantially {by about B0-90%), but to diminish 
the emission of the short half-life isotope; only marginally (since 
these isotopes come principally from points outside the radgas system). 
The net effect of such a cryogenic system would be to reduce off-site 
radiation exposure rates by marginal amounts. In view of these 
considerations, it does not seem practical for PWR's to incorporate 
cryogenic units into existing radgas systems until sources stemming 
from coolant leaks can be reduced to insignificant levels. 

8.4.1.2 USAEC Regulatory Study 

Another recent and very comprehensive study of the radioactive 
liquid and gaseous releases from LWR's was performed by the USAEC 
Directorate of Regulatory Standards.l3 In this report, a number of 
alternative gaseous radwaste systems W<'re considered and evaluated 
for both PWR's and BWR's. Results for six PWR radgas systems are 
presented in Table 8.4 based on 0.25% c~fective fuel). Annual 
releases were estimated for each systen. The total annual releases 
for the six systems are summarized in ldble 8.5. (A more detailed 
presentation of the releases from each system, indicating sources for 
for each radionuclide, is found in Reference 13.) 

For all radgas systems represented in these two tables, the 
annual emission of noble gas radionuclides ranged from 1300 Ci to 
170,000 Ci, with l33xe (5.77 day) accounting for the larger part 
of the released activity. The more important (radiologically) 
85Kr annual releases ranged from 5 Ci to 800 Ci. The upper limit 
represents releases from PWR radgas systems of current design. (Note 
the excellent agreement between this value and the corresponding 
value reported in the ORNL study). 

Results for gaseous releases from a BWR were similar to those for 
a PWR {except for the total noble gas ·elease with little radwaste 
equipment), and therefore are not pres';nf~d here in detail. For 
example, based on the Regulatory Report, the annual emission of 
noble gases from a 1000 MWe BWR for 0.25% g;fective fuel would 
range from 2300 Ci to 2 x 106 Ci, and the Kr annual releases would 
range from 1 Ci to 600 Ci. 

8.4.2 Comparison of L~R and LMFBR Radioactive Gas Releases 

In Section 8.1.1 it was estimated that the FFTF would discharge 
about 0.5 Ci/yr of 85Kr to the environment. Normalizing this value 
to a 1000 MWe (2500 MWt) unit, the annual release of 85Kr from a 
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TABLE 6.4 

Sununa-ry of rar1ahles for PWR Gaseous Radwaste Treatment Systems 

Xe 

I 

Kr 

PWR Gas Cast> No 
1 

negree of Removal 
low hign 
low 

low 

mediun 

low 

2 

high 

medium 

low 

3 

l:.qu1pment Units, Fun.:tions, and Flow Paths* 

Primary system gases 

Secondary system 
qases 

Reactor containment 
p.Jrge 

Auxiliary building 
ventilation 

Turbine building 
ventilation 

lbne 

None 

• .une 

None 

None 

60-day decay storage 
'3.'1ks, HEPA filter 

None 

Char=al kidney 
adsorber for 
iodine 

Na1e 

None 

"'ul gases to 59-meter roof vent unless stack is ilrlicated. 

60-day decay on 
charcoal bed' 
HEPA filter 

Charcoal adsorber 
for iodine, HEPA 
filter, clean steam 
for gland seal, 
bla.o.dcMn tank 
vented to con
denser 

Charcoal kidney 
adsorber for 
iodine 

NQne 

N:me 

hl'o)h 

high 

low 

4 

60-day decay on 
charcoo 1 '::c::, 
HEPA filter 

Charcoal adsorber 
for iodine, HEPA 
filter, clean steam 
for gland seal, 
blawdo.m tank 
vented to con
denser 

Charcoal kidney 
adsorber for 
iodine, charcoal 
"lnsoroc.:c for 
iodine, HEPA filter 

Charcoal adsorber 
for iodine, HEPA 
filter 

Charcoal adsorber 
for iodine, HEPA 
filter 

high 

high 

high 

5 

Recarbiner' 60-day 
decay storage tanks, 
selective a-L-; 'Jt"j-ticm 

Charcoal adsorber 
for iodine, HEPA 
filter, clear. stea!l'. 
for gland seal, 
blowdo.m tank 
vented to con
denser 

Charcoal kidney 
adsorber for 
iodine, charcoal 
adsorber f:::
iodine, HEPA filter 

Charcoal adsorber 
for iodine, HEPA 
filter 

Charcoal adsorber 
for iodine, HEPA 
filter 

high 

high 

high 

6 

Cover gas recycle 

Charcoal adsorber 
for iodine, HEPA 
~iltcr, rlean ~team 
for gland seal, 
blawdown tank 
vented to con
denser 

Charcoal kidney 
adsorber for 
iodine, charcoal 
.:!'.aarber for 
iodine, HEPA filter 

Charcoal adsorber 
for iodine, HEPA 
filter 

Ch(lrcoal adsorber 
for iodine, HEPA 
filter 



Table 8.5 

Estimated Annual Releases (Ci/yr of Radioactive Gaseous Effluents from 1000 MWe PWR 
with 0.25% Defective Fuel (Based on Reference 11) 

-

System System System System System System 
Nuclide 1 2 3 4 5 6 

Kr-83m 210 3 3 3 3 3 

85m 1 '1 00 19 19 19 1"9 17 

85 800 800 800 800 26 5 

87 62n ln 10 10 10 10 

88 2,000 33 33 33 33 33 
_. 89 31 1 1 1 1 '-1 
0 

Xe-13lm 920 35 35 35 18 5 

133m 2 '1 00 36 36 36 36 20 

133 160,000 2,900 2,900 2,900 2,900 1,200 

135m 120 2 2 2 2 2 

135 3,400 55 55 55 55 48 

137 70 2 2 2 2 2 

138 420 7 7 7 7 7 

Total Noble 
Gas 170,000 3,900 3,900 3,900 3,000 1,300 

I -131 1.8 1.2 0.3 0.04 0.04 0.04 

133 0.7 0.6 0.2 0.03 0.03 0.03 



LMFBR operating with 1% defective fuel and an FFTF-:-type 
radwaste system would be only about 3 Ci. Unlike the LWR, there 
should be almost no release of short-lived fission gas to the 
environment from an LMFBR. Confirmation of these low release 
rates, of course, must await actual operating experience since 
these are only estimates at this time. 

The 39A production rate for a 1000 MWe LMFBR with 30 ppm potassium 
impurity in the coolant was estimated in Section 5.3.3.1 to be ~30 
Ci/year. All of this would eventually leak to the environment 
regardless of whether argon or he1ium is used as the cover gas 
(unless argon is deliberately separated from helium in a purification 
system for a helium cover gas). This radioactive source is not 
present in a LWR. 

These values compare favorably with gaseous activity releases 
from light water reactors. As indicated in Section 8.4.1 for an 
assumed 0.25% gefective fuel, even the most sophisticated PWR 
radgas systeml would release 1300 Ci of noble gases annually, 
including about 5 Ci of 85Kr, whereas "typical" PWR annual 
radioactive gaseous releases amount to roughly 2500 Ci of noble gases, 
including about 800 Ci of 85Kr. The most sophi~ticated BWR radwaste 
system would release only 1 Ci of 85Kr annually. 3 
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9. LIQUID AND SOLID RADWASTE MANAGEMENT AT EBR-II 

The only information collected on ·1 iquid and solid radwaste from 
an operating fast reactor was for EBR-II.l ,2 This is a test reactor 
with elaborate hot cell facilities that would not normally be present 
at an LMFBR power plant. For example, irradiated fuel test pins 
are routinely dismantled in the hot cells, and irradiated cladding 
and other materials must be stored. 

In Section 9.2, it is shown that the high level solid waste 
stored at the EBR-II ~5 of the order of 106 Ci/yr, while the 
intermediate solid waste is ~ 3000 Ci/yr. For comparison, for a 1000 
MWe light water reactor the solid waste activity is 5000 to 10,000 
Ci/yr.2 

9.1 Liquid Radwaste System 

Suspect liquid waste from EBR-II is liquid waste that contains 
radioactive material, generally in water solutions. Approximately 
100,000 gallons per year of suspect waste is processed. No estimate 
of the activity in this waste is available. After processing, this 
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waste is added to non-radioactive inductrial waste which is sent 
to a leach pit, where it either evapor< tes or settles into the lava 
below. Typical sources of this suspect waste incl~de decontamination 
of equipment, solutions from chemical laboratories, and emergency 
showers. 

In the early days of EBR-11 the su .pect waste was pumped directly 
to the leach pit. Later this method w<~s cham)ed to an evaporation 
process, carried out several times each week. This process is shown 
schematically in Figure 9.1(A). The present system provides a 
decontamination factor of 102 to 103. 

A decontamination factor of 104 is now desired at EBR-11. 
Therefore, the liquid waste system will be modified to add a settling 
tank for solids before the liquid enters the evaporators and to add 
additional equipment after evaporation. These additio~s are shown 
schematically in Figure 9.1(8). 

The solid sludge from the evaporators is stored in 55 gallon 
drums, which are encased in concrete for shielding. This sludge is 
eventually processed as solid radwaste. 

9.2 Solid Radwaste Management 

Solid waste from EBR-II is classified as low, intermediate, or 
high level waste. The concern here is with solid waste other 
than the irradiated fuel itself, which is shipped offsite for 
reprocessing. About 90% of the solid waste volume is low level; 
nearly all of the activity is high level. In Table 9.1 are listed the 
activity concentration ranges for the different levels, together 
with typical annual volumes and the 1971 activity totals for each 
level. The activity levels are values after 15 days of storage. 

The intermediate wastes are placed into 1 cu ft shielded 
containers and sent, together with the low level waste. to the 
National Reactor Testing Station (NRTS) Burial Ground. Typical 
sources of low level wastes are dry decontamination and filters. 
Intermediate wastes come mostly from analytical cells and chemical 
facilities. 

High level wastes are stored in a 7 acre storage facility at 
EBR-II. About half of this capacity had been used through 1972. The 
wastes are placed in 1 ft. or 2 ft. high containers, these are then 
placed in a 6 ft. high can, and the can is inserted in a 12ft. 
deep, 16 inch diameter hole in the ground, or on grids at 6 ft. 
intervals. Finally the 6 ft. above the can is filled with gravel 
shielding. 

Any solid waste that contains plutonium or other transuranium 
elements is wrapped several times in plastic bags, placed in 55 
gallon drums ~nd stored outdoors on an asphalt pad at an interim sto
rage facility at NRTS. On the order of 3 mg of plutonium was stored 
in 1971. 
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Level 

Table 9.1 

EBR-II Solid Waste Managem:mt 

Armual Production rv 5 x 10 7 Ci 

Shipped from site with fuel rv 90% of production 

Processed at site rv 5 x 10 6 Ci 

1971 
Volume Activity 
(ft 3

) (Ci) Disposal Site 

1 x 10-5 to .1 13,ooo 3 x 102 Nl'RS Burial Ground 

Intenrediate .1 to 5 1,000 3 x 10 3 NTRS Burial Ground 

High 

Pu & Other 
Transuranium 
Materials 

> 5 
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150 1.5 x 106 EBR-II Site High Level 
Storage Facility 

Stored in 55 gallon 
drums, wrapped in 
plastic, on asphalt 
pad above ground at 
NTRS (interim storage) 
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APPENDIX A: 

Environmental Operating Data for Fermi, SEFOR, and EBR-II 

Environmental radiation data for Fermi 1vas reported monthly to 
the AEC, and data for SEFOR was reported qu.1rterly. These reports 
are available in the AEC's public documents room in Washington, D. C. 

Similar data for EBR-II are reported in the ANL monthly Reactor 
Development Program Progress Reports. Data for the EBR-II are 
tabulated only through 1971 because the AEC did not make the 1972 
and 1973 progress reports (the ANL-RDP series) available to the 
general public while this review was in progress. Since completion 
of this review, these progress reports have been made available to the 
public. 

The data are summarized in the following tables. Much of the 
data is quoted as total y, S, ora. activity. These data are of 
limited usefulness since specific isotopes are not identified. 
It is useful, however, to observe the type of environmental data 
that must be reported to the AEC by the reactor operations. It is 
also of limited use to observe that apparently no significant 
differences in radiation in the environment surrounding Fermi 
and SEFOR were observed over the background present before plant 
operation. The integrated power for SEFOR is very low since it was 
an experimental reactor which operated at low load factor and at a 
power level of 20MW(th). Total exposure dat2 (MWd) were not reported 
for SEFOR. 
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Table Al 

Integra tOO Power aOO. List of Reix>rts (FERMI) 

Int.e:¥ated Power 
Rep)rt # & Date Operation Period MW:i 

EF-101, January 1972 January 1972 0 
July 16, 1970-January 31, 1972 5941 

EF-100, December 1971 December 1971 0 
July 16, 1970-Decembec 31, 1971 5941 

EF-99, N:>vanber 1971 Novanber 1971 1491 
July 161 1970-N)Vember 1971 5856 

EF-98, October 1971 October 1971 0 
July 16, 1970-<:ctober 1971 4365 

EF-97, Septanber 1971 Septenber 1971 0 
July 16 1 1970-~;epteuber 1971 4365 

EF-961 August 1971 August 1971 0 
July 16, 1970-August 1971 4365 

EF-95, July 1971 July 1971 0 
July 16, 1970'"'\.luly 1971 4365 

EF-94 1 June 1971 June 1971 1029 
July 16, 1970-June 1971 4365 

EF-93, May 1971 May 1971 19 
July 16, 1970-May 31, 1971 3336 

EF-92, April 1971 April 1971 155 
July 161 1970-Apri1 1971 3317 

EF-91, March 1971 March 1971 0 
July 16, 1970~h 1971 3162 

EF-90 1 February 1971 February 1971 142 
July 16, 1970-February 1971 3162 

EF-89, January 1971 January 1971 427 
July 16, 1970-January 1971 3020 

EF-88, Decanber 1970 December 1970 145 
July 16, 1970-December 1970 2593 

EF-87 I !«:M3rber 1970 lbvember 1970 1381 
July 161 1970-November 1970 2448 
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Table A2 

Liqu Ld Waste Discharqe (FERMI) 

Total anount o ·= discharge Total activity 
(gallons) rrCi 

EF-101, January 1972 0 0 

EF-100, December 1971 6467 4.02 (a) 

EF-99, Novanber 1971 0 0 

EF-98, October 1971 6937 0.72(a) 

EF-97, Septerober 1971 0 0 

EF-96, August 1971 7068 l.l(a) 

EF-95, Ju1v 1Q7l 0 0 

EF-94, June 1971 0 0 

EF-93, May, 1971 6967 1. 376 (a) (b) 

EF-92, April 1971 0 0 

EF-91, March 1971 0 0 

EF-90, 

EF-89, 

EF-88, 

EF-87, 

February 1971 6967 4.62 {a) 

January 1971 0 o. 

December 1970 6967 9.14 (a) 

Noverrober 1970 1810 4.23(a) 

(a) All effluents relea.serl to the enviro:nrrent after dilution with the 
circulating pump discharge wen, belcw MPC. 

(b) This value was ·eported in EF-93 as 1376 rrCi. By letter of Oct. 18, 
1972, fran W. C. Morison, Fernu_ Assistant Plant SUperintendent, to 
A. B. Reym1ds, it was learned that the c:Orrect number was 1.376, 
oot 1376 as reported. 
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Table A3 

Gaseous waste Discharge (FERMI) 

The following paragraph appeared in every rronthly :r;-eport: 

"Approxiroa.tely lx109 cubic feet of :Jaseous effluent were released 

through the plant stack. The concentration of particulates and halogens 

with half-lives greater than 8 days was less than 0.143 MPC at the waste 

gas stack outlet. The concentration of all other isotopes was less than 

100 MPC at the gas stack outlet. These levels meet the requiraoonts of 

th:: Technical Specif icati.ons. " 
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\ 

Report # 
.and Date 

EF-101 

Jan., 1972 

EF-100 

Dec., 1971 

EF-99 

Nov., 1971 

EF-98 

Oct;.' 1971 

EF-97 

Sllpt. ' 1971 

EF-96 

Aug.' 1971 

EF-95 

July, 1971 

EF-94 

J\l'le, 1971 

EF-93 

May' 1971 

EF-92 

April, 1971 

EF-91 

March, 1971 

EF-90 

Feb.' 1971 

EF-89 

Jan., 1971 

EF-88 

Dec., I 970/ 

EF-8y 

r-i:•/-1970 

I 
( 

i 

F.r "lirorrenta l Surw>ys llirrnrn Du~t (FERMI) 

I>eactor Area* 

No. of Gross a Gross e 
Period 5altl>les ~Ci/ccx: o->s ~citcx:xlo-' • 

A (Auq. 5 - Sept. 2, I l1l) 39 2.18 33.7 

B~. 
\ 

2 - Sept. 30, 1971) 40 1. 70 14.2 
\ 

1967\ 2.67 7.5 
\ 

received during this peribd. No reP?>;ts on envirom•"ntal surveys were 

A (June 10 -";July 8, 1971) 40 1.97 62.7 

B (July 8- ~- 5, 1971) 40 1.87 58.8 

1967 2.67 7.5 

l\ (April 15 - Ma~.l3, 1971) 40 2. 53.1 
\ 

B (May 13 -June 10, 1971) 40 1<77 60.3 

1967 2.67 7.5 

March 18 - April 15, ;·~71 40 l. 77 29.5 

1967 2.67 7.5 

No reports oo environrtEnta1 surveys· were received during this period. 

A (Jan. 21 - Feb. 18, 1971) 40 1.87 10.5 

B (Feb. 18 - March 18, 1971) 40 1.48 14.1 

1967 2.67 7.5 

No rep:>rts on enviro~tal surveys ~re received during this period. 

" i 
/ 

No r<W>rtS on envpfonnental surveys \~ere r.~ecei ve during th ·; period. 
/ 

!'<a rerorts envirol'll!el1tal surveys were received during th s period. 

l\ (Sep•. 3 - CCt. 1, 1970) 40 1.50 12.8 

B (Oc1. I - f'ct. .HJ, 1970) 40 l. 19 ·.12. 9 
'. 

l9h7 ! . h) 'r,•, 

1\ (,Jtlf\t' II - ,July 'I, I'J/Ili 411 I ,711 I, L4\ 

B (,Jul\· q - 1\uq. '·· 1'1'/()) 40 !"' . '' 1}. 4 

c (Aug. 6 - Sept. ), 1970) 41! l.07 40. H 

1967 2. 67 7. s 

Backgroo.nj Group 

1.84 

1. 75 

3.31 

1.85 

1.55 

3.31 

2.25 

1.93 

3.31 

1.77 

3. 31 

1.76 

1.63 

3.31 

1.59 

1. 70 

3. 31 

I .H'. 

1.% 

1.97 

3.11 

33.6 

13.5 

7. 7 

60.3 

57.9 

7,7 

56.8 

65.5 

7,7 

30.5 

7.7 

10.6 

15.5 

7.7 

12.4 

13.0 

7. 7 

l,j. 4 

44. 'J 

40.2 

7,7 

*'nlere are five Slirpli.ng station!'; around t_hc rn.H.:tor ,'lrea and f l'..'C' <.>t.alior, away from t.he reactor area where 
sanples <>re continuously collect.ed and renvved week:,-. Collectcxl samples during the periods were analyzed 
and aver~, and C<lll'fl'l%'ed to the 1967 yearly average results (background group). 
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Rep:>rt # 
and Date 

EF-101 

Jan., 1972 

EF-100 

Dec., 1971 

EF-99 

Nov., 1971 

EF-98 

Od:., 1971 

EF-97 

Sept• 1 1971 

EF-96 

Aug., 1971 

EF-95 

July, 1971 

EF-94 

.. Tune, 1971 

EF-93 

May, 1971 

EF-92 

April, 1971 

EF-91 

March, 1971 

EF-90 

Feb., 1971 

EF-89 

Jan., 1971 

EF-88 

Dec., 1970 

EF-87 

Nov., 1970 

Reactor. Aren * 
No. of Gr"OSS (i Gross fl 

Perioo Samples iJCi/ccxl0- 15 l'Ci/ccx10- 1
' 

A (Aug. s - sept. 2, 1971) 39 2.18 33,7 

B (Sept. 2 - Sc·pt. 30, 1971) 40 1,70 14.2 

1967 2.67 7.5 

No reports on cnvironrrental surveys ~.'2re received during this period. 

A (June 10 - July 8, 1971) 40 1.97 62,7 

B (July 8 - Aug. 5, 1971) 40 1.87 58.8 

1967 2.67 7.5 

A (April 15 - May 13, 1971) 40 2.32 53.1 

B ~~~y 13 - June 10, 1971) 40 1. 77 60.3 

1967 2.67 7.5 

March 18 - P~ri1 15, 1971 40 1. 77 29.5 

1967 2.67 7,5 

No reports on envircnrrental surveys \o.~re received during this period. 

A (Jan. 21 - Feb. 18, 1971) 40 1.87 10.5 

B (Feb • 18 - }larch 18, 1971) 40 1.48 14.1 

1967 2.67 7.5 

No rep:>rts on environrrenta1 surveys "=e received during this period. 

No reports on environrrenta1 surveys were received during this period. 

No reports on environmental surveys were received during this perioo. 

A (Sept. 3 - Oct. 1, 1970) 40 i.so 12.8 

B (Oct. 1 - Oct. 29, 1970) 40 1.39 12.9 

1967 2.67 7.5 

A (June 11 - July 9, 1970) 40 1. 70 63.4 

B (July 9 - Aug. 6, 1970) 40 1.55 42.4 

c (Aug. 6 - Sept. 3, 1970) 40 2.07 40.8 

1967 2.67 7.5 

Background Grot.:p 

Gross a 
vCi/ccx1o-' 5 

1.84 

1. 75 

3.31 

1.85 

1.55 

3.31 

2.25 

1.93 

3.31 

1.77 

3.31 

1.76 

1.63 

3.31 

1.59 

1.70 

3.31 

1.85 

1.86 

1.97 

3.31 

Gross S 
~Cijc<:.:xlo- 1 • 

33.6 

13.5 

7.7 

60.3 

57.9 

7.7 

56.8 

65.5 

7.7 

30.5 

7.7 

10.6 

15.5 

7.7 

12.4 

13.0 

7.7 

61.4 

44.9 

40.2 

7.7 

*~re are five sarrpling stations around the reactor area and five stations away from the reactor area where 
sanp1es are contimnusly collected and rerroved ""*'kly. Collec:t.od sarrples during the periods ""'re analyzed 
an:1 averaged, arrl canpared to the 1967 yearly average results (background group). 
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Report • 
and Date 

EF-101 

Jan., 1972 

EF-100 

eec., 1971 

EF-99 

N:>v., 1971 

EF-98 

ex:t., 1971 

EF-97 

Sept. 1971 

EF-96 

Aug., 1971 

EF-95 

July, 1971 

EF-94 

June, 1971 

EF-93 

May, 1971 

EF-92 

April, 1971 

EF-91 

March, 1971 

EF-90 

Feb., 1971 

EF-89 

Jan., 1971 

EF-88 

Dec., 1970 

EF-87 

N:>v., 1970 

Table AS 

Environrrent.al surveys - Precipitation (FERMI) 

Reactor Area* 

N:>. of Gross a Gross !l 
Period Sanples rrCi/sq. mile rrCi/&J. mile 

A (Aug. 5 - Sept. 2, 1971) 9 0.151 12.2 

B (Sept. 2 - Sept. 30, 1971) 10 0.113 5,03 

1967 0.205 5.1 

1-b reports on environrrental surveys "-"'re rereived during this period. 

A (June 10 - July 8, 1971) 10 0.151 20.7 

B (July 8 -Aug. 5, 1971) 10 0.083 10.7 

1967 0.205 5.1 

A (April 15 - May 13, 1971) 10 0.117 17.96 

B (Hay 13 - J\IDe 10, 1971) 10 0,202 33.3 

1967 0,205 5.1 

March 18 - April 15, 1971 10 0.090 15.5 

1967 0,205 5.1 

No rep:>rts on envirornrental surveys ""'re received during this period. 

A (Jan. 21 -Feb. 18, 1971) 10 0.164 7.82 

B (Feb, 18 - March 18, 1971) 10 0.106 11.2 

1967 0.205 5.1 

No reports on envirornrental surveys were received during this period. 

No reports on environna1tal surveys \-.'ere received during this period. 

No reports on envi.rorutaltal surveys "-"'re received during this period. 

A (Sept. 3 - Oct. 1, 1970) 10 0.090 7.80 

B (Oct. 1- Oct. 29, 1970) 9 0,057 6.99 

1967 0.20S 5.1 

A (June 11 - July 9, 1970) 

B (July 9 -Aug. 6, 1970) 

c (Aug. 6 - Sept. 3, 1970) 

Background 

Gross a Gross B 
nCi/sq. mile nCi/sq. mile 

0.173 10.4 

0.156 4.85 

0.337 6.04 

0.219 25.1 

0.138 11.8 

0.337 6.04 

0.130 18,08 

0.177 28.3 

0.337 6.04 

0.140 12.7 

0.337 6.04 

0.174 6.86 

0.197 10.3 

0.337 6.04 

0.108 7.57 

0.067 8.76 

0.337 6.04 

*'!Wo qroups of samples t=·o oollected fran fivo:> locations around the reactor site and ~ive locations away fron 
the reactor area to indicate background .. The samples were analyzed for gross a, S and y-activity, and <X:<npared 
to the 1967 yearly average results. · 
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----------------

':r. ·1 r .nrl)(·r. · ~1: SUrveys - P1 

Re~~..or Area* Backgroorxl 

Rep:>rt • No. of C'll'QSS 0. C".rc s ~ Gross a Gross e 
ar'f'l Dati\, Period 5anl>lcs rri"i/sq. mil·· rrCi/s mile nCi/sq. mi,le nCi/sq. mile 

EF-101 
\~ 

A (Aug. 5 - Sept. 2' 1971) 9 0.151 12 0.173 10.4 

Jan., 1972 B (Sept. 2 - Sept. 30' 1971) 10 0.113 0.~56 4.85 

1967 0,205 0.337 6,04 

' 
No rer:orts on EF-100 envirorurenta1 surveys ~rP I t•~._;eived during this r--eriod. 

:j' 

·' 
eec.' 1971 

EF-99 

!'b\.P, I 1971 

EF-98 A (June 10 - July 8, 1971) 10 0.1 Sl 2( . 7 0.219 25.1 

Oct.' 1971 B (July 8 -Aug. 'i, 1971) 10 0,083 10.7 0.138 ll.8 

19!.7 0.205 - .1 0.337 6.04 

EF-97 A IJ\pnl l s - ~y 13, 1971) 10 0.117 1 '.96 0.130 18.08 

Sept. 1971 B (May 13 - Jurlfi·-.,1 0, 1971) 10 0.202 3 !. 1 0.177 28.3 

1967 0.205 5,1 0.337 6.04 

EF-96 March 18 - April 15 1971 10 0.090 15.5 0.140 12.7 

~ .. B71 1967 0.205 5.1 0.337 6.04 

EF-95 No reports on envirclllt8lta~ surveys -.,ere received during this period. 

July, 1971 

EF-94 A (Jan. 21 - Feb. 18, 1971) 10. 0.164 7. 82 0.174 6.86 

June, 1971 B (Feb. 18 - l'lrrch 18, 1971) in 0,106 11.2 0.197 10.3 

1967 0.205 'i.1 o. 337 6.04 

EF-93 No reports on E'nvii'CI'I!rel'lta1 surveys ~re reoe i ved during this period. 

'lay' 19-~ 

EF-92 No reports on environrrenta l surveys ~re received during this period. 

April, 1971 

·' ~-
EF-91 No reports on env i r_drutenta 1 surveys ""re received dur :ng this period. \ 
March, 1971 \ ' 

\ : 

EF-90 ..) 

Feb., 1971 

EF-89 

Jar1., 1971 

EF-88 " I Sept_. - Cct, 1, 1970) 10 0.090 7. ,( 0.108 7.57 

Cec., 1970 B (():::t. .• r,-:-t, )9, i970i 'J n. n<i7 ,{,,'l'j O.OG7 8,76 

: gl;7 n.;ry. c,,[ r.337 6.04 

EF-87 .A (June 11- ,Jul'/ '1, l'!7D; 

n-,.;,, l97r• / '' Uul'/ 9 - Jl.uq. f., 1970) 

(Aug, ( Sept. ·, 1970i 

i 
•·;•.,r,/·:rr,H', ,' •;tirtr]t·~: ··,.r,, '<;]J•r;f;':•' !r•ll'. 'I''• ]<!<'.t 1 ir tl··•l!+tl lh·· ll'.ll'!tll ·:it. 111d l1v(~ J,x~.-ltjon:> <l\vay fran 
t'r~ rr·:tr-t,,r .tJr·,J f•, 111r tr:dfJ· l;,,}:rrrqiJrtd. 'l'ht ··.u;l,,)r·~; 
to tilL' l'H17 '/''.tr)'j -IVI•J .JfJI~ P~'-)tl !_:-.;. 
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T-tbl(· 1\f' 

f:n'lironnental Surv"VS ·· Surfc. n \'7C<tr·r {FERt1I) 

Lake Erie Peactor Rellctor 
Report • N::l. of Swan Creek (Intake) Channel (OUtlet) 
an:l. Date Period Sarrp1es* x1o-• ~Ci/ml x1o-• JJCilml xl0-9 JJCi/ml xlO-' . 11Ci/lnl 

EF-101 A {Aug. 5 - Sept. 2, 1971) 16 6.73 5.68 5.17 4.91 

Jan., 1972 B {Sept. 2 - Sept. 30, 1971) 16 ~.92 6.29 5.58 5.45 

1967 8.68 5.n0 5.79 N::lt Collected 

EF-100 N::l report.s en enviromenta1 surveys were reoetved dur'ng this period. 

Dec., 1971 

EF-99 

Nov., 1971 

EF-98 A {June 10 - July 8, 1971) 1?. 8.22 6.97 6. 77 

Oct., 1971 B (July 8 - Aug. 5, 1971) 12 7.13 5.78 6.13 

1967 8.68 5.60 5.79 

EF-97 A (April 15 - May 13, 1971) 12 10.2 6.47 6.53 

Sept., 1971 B (May 13 - June 10, 1971) 12 9.74 8.50 10.8 

1967 8.68 5.60 5.79 

f;F-96 March 18 -April 15, 1971 12 6.35 8.87 7.00 

Al.Jq., 1971 1967 ' 8.68 5.60 5.79 

EF-95 ~ reports en enviroorrenta1 s· .rveys were received dur .ng this period. 

July, 1971 

EF-94 A (Jan. 21 - Feb. 18, 1971) 12 14.5 15.2 6.70 

June, 1971 B (Feb. 18 -March 18, 1971) 12 8.49 7.12 7.08 

1967 8.68 5.60 5.79 

EF-93 ~ reports on envi.rcnreltal surveys .ere reoe i ved dur mg this period. 

May, 1971 

EF-92 ~ reports on envirot'llrental RUrVeys were received dur .ng this period. 

April, 1971 

EF-91 No reports oo envirorm:nta1 surveys were received durmg this period. 

March, 1971 

EF-90 

Feb., 1971 

EF-89 

Jan., 1971 

EF-88 A (Sept. 3- Oct. 1, 1970) 12 9.14 4.58 6.80 

Dec., 1970 B (Oct. 1 - cct. 29, 1'J70J 12 8.59 5.21 5.42 

EF-87 

Nov., 1970 

·~ qr<>t~'s e>f s.urp1es .....:>re .:ol1ected fr<:rn j,)ur or three locations lone sarrple a M!ek from each) and analyzf'<l fm 
qroa" act tv;ty. 'l'hP rPsuits .....,re canparPd tn 1967 year1'-' averag<<l results. 
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Table A7 
-

Envirorrnental surveys - Drinking Water (FERMI) 

No of Mlnroe Flat Rock 0\mdee Toledo Detroit Allen Park Ann Arl:or Colchester 
Report*. Period Samples* x1o-• ~c:i;hl xlo-• pCi/ml xl0-9 ~Ci/ml x1o-• vCi/ml xlo-• ~ci/ml xlo-• ~Ci/ml x1o-• ~ci/ml x1o-• ~ci/ml · 

EF-101 A 32 4.18 6.83 6.17 4.20 3.86 3.76 3.99 6.47 

B 32 4.64 6.41 7.14 3.65 3.87 4.27 3.76 3.54 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collecta:l. 

EF-100 No reports on environrrental surveys were received during this period. 

EF-99 No reports on env:ironlrental surveys were received during this period. 

EF-98 A 32 5,59 7.49 7.37 5.60 4.24 5.25 5.47 8.24 

B 32 4.60 
. 

7.68 6.99 4.88 4.16 4.07 4.76 5.24 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collecte:i 

EF-97 A 32 5.14 6.04 6.69 4.34 4.98 4.30 6.38 5.57 

B 32 5.06 7.27 5.37 3.89 4.64 4.96 4.89 4.94 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collected 

EF-96 3/18/71 32 4.16 6.26 5.83 6.05 3.16 4.32 5.18 4.66 ~ 4/15/71 co .., , 
1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collected 

EF-95 No reports ct1. environ.'l'ental surveys \\1Sre received during this period. 
\ 

EF-94 A 32 11.8 12.6 13.9 9.36 8.25 9.89 9.67 19.8 

B 32 7.15 10.6 11.4 7.69 4.22 6.15 38.7 7.93 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Co llect"..e:i 

EF-93 No reports on environmental surveys were received during this period. 

EF-92 No reporta on environrrental surveys were received during this period. 

EF-91 No reports on envirOI111enta1 surveys were received during this period. 

EF-90 No reports on environrnenta1 surveys were received during this period. 

EF-89 No reports on environrnental surveys were received during this period. 
- -----·-

EF-88 A 32 4.32 6.54 7.20 4.14 4.01 3.82 4.49 3.29 

B 32 4.02 5.83 6.24 3.53 3.66 J 3.77 4.22 9.18 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collecta:l. 

EF-87 No reports ct1. e.'1Vironrnental surveys were received during this period. 

*'1\.o groups each containing thirty-b;O sanp1es (daily ccrrposita sarrples oollected weekly) from neighboring cities were analyzed for gross 8 
activity, and OO!!pared to the 1967 results. 
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Table 1\.7 

EnvimmlC'nb:ll Surveys - Drinl<:inc• Water (IT.RMT) 

l'b of fobnroe F'lat Rock Dundee Toledo Detroit Allen Park Ann Arbor C'.olchester 
llepOrt t Period 5arrples* xlo-' pCi/ml x1o-• ~Ci/ml xlo-• ~Ci/rnl xlo-' ~Ci/ml xlo-• ~ci/rnl xlo-• ~Ci/ml xlo-• ~Ci/ml xlo-• ~Ci/ml 

EF-101 A 32 4.18 6.83 6.17 4.20 3.86 3.76 3.99 b.47 

B 32 4.64 6.41 7.14 3.65 3.87 4.27 3.76 3,54 

1967 3.26 3.73 3.17 2.51 2.64 l'bt Collected 2.23 Not Collectal. 

EF-100 No rep::1rts on environrrental sw:veya were received during this period. 

EF-99 No rep::1rts on envircnrental surveys Wl'!re received during this period. 

EF-98 A 32 5,58 7.49 7,37 5,60 4.24 5.2~ 5.47 8.24 

B 32 4.60 7.68 6.99 4,88 4.16 4,07 4_71) '>.24 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 ~t Collected 

EF-97 A 32 5.14 6,04 6.69 4. 34 4.98 4. 3C t. • .Jt ~.'>~ 

B 32 5.06 7.27 5,37 3,89 4.64 4.96 4.89 4. 94 

1967 3.26 3.73 3,17 2.51 2.64 Not Collected 2.23 Not Collected 

EF-96 3/18/71 32 4.16 6.26 5.83 6.05 3.16 4.32 5.18 4.66 
4/15/71 

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collected 

EF-95 No rep::1rts on environmental surveys -.ere received during this period. 

EF-94 A 32 11.8 ..~..~.o ..... .,;;._ ::1.3~ 
' ~~ 

j.8~ 'i.e 19.8 

B 32 7.15 10.6 11.4 7.69 4.22 6.15 38.7 7.93 

1967 3.26 3.73 3.17 2.51 2,64 l'bt Collected 2.23 Not Collected 

EF-93 No reports on environmental. s\irveys were received during this period. 

EF-92 No reports on environrrenta1 surveys were received ·during this period. 

EF-91 l'b reports on environmental surveys ;.ere received duri.'19' this period. 

EF-90 No reports en environmental surveys were received duribq this period. 

EF-89 No :reports on environmental surveys were received during this period. 

EF-88 A 32 4.32 6.54 7.20 4.14 4.01 3.82 4.49 3.29 

B 32 4.02 5.83 6.24 3,53 3,66 3.77 4.22 9.18 

1967 3.26 3.73 1.17 2.51 2.64 l'bt Collected 2.23 !-ht Cc l J ectErl 

EF-87 l'b reports on environmental surveys were received during this period. 

*Two groups ooch ccntaining thirty-b«l &arli>les (daily OCIIP'Site saq>les a>llected weekly) fran neighboring cities -.re analyzed for gross e 
activity, and ~ to the 1967 results. 



Report • 

EF-I01 

EF-100 

EF-97 

EF-96 

BP-95 

EP-93 

EF-92 

Ef-91 

BP-90 

EF-89 

EF-87 

Tohlc l\8 

rnviromenta1 supeys - ~1ilk (F :R-11 l 

IeactorArea Background Group 

No. of S(xlO~/ml) ~rt \psilanti 
Period Sctt>les* s Cxlo-' iJCi/11' t) B (xJ o-' uCi/ml) 

A 4 12.6 13.1 13.1 

B 4 11.0 11.9 13.4 

No reports on environnl!lntal surveys were received during this period. 

A 4 13,3 10.8 11.4 

B 4 11.4 11.9 12.9 

A 4 14.5 14.7 14.1 

B 4 14.1 13.3 14.5 

3/18/71 4 12.8 13.7 11.1 
4/15/71 

lb ~on envUalnental swveys were received during thi$ period. 

A 4 12.6 10.2 14.0 

B 4 13.0 13.6 14.3 

No J;epOrte on envi.ra'm:mtal surveys were naeivad during this period. 

No x:eports on enviramental suneys wexe reoei ved durilv;J this period.. 

No reports on envi..rorantal surveys were reoei vec1 during this period.. 

A 4 

B 4 

11.3 

12.7 

13.2 

11.6 

12.8 

12.2 

Ann Arbor 
S(xlO-' uCi/ml) 

14.0 

11.2 

15.1 

10.5 

13.0 

15.1 

13.0 

15.6 

13.1 

11.9" 

11.0 

*'1:\.D grcql6 each oonta.ining four milk sanples . ...ere oollected t \-10 fran the reactor area and t\\0 eMay fran the 
reactor area for bae:Kgrourxl. These SfiiJ)1es were analyzed for gross beta and ganma activity. 
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Table A9 

Enviromental Surveys -- Fisn (FERMI) 

EF-101: TINelve sample:; of Lake Erie fish (six fran -t:.re reactor area 

and six fran the Buffalo area) were taken and analyzed for 

gross ~ and y activity during period A. No significant change 

in the result:; was mted when a:mpared to previous! y analyzed 

samples. 

EF-94: TINelve samples of Lake Erie fish (six from the reactor area and 

six fran the Buffalo area) were taken and a.IlQ.l yzed for gross 

13 and y activity during :t:eriod B. No significant change in the 

results were noted when canpared to previously analyzed samples. 
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Table AlO 

Environmental Surveys --- Gallllla Radi<'tion (Fermi) 

Two groups (A.,B) each containir'lg ten. gamma r-adiation exposure 
ana1yse~ ~ere conducted (ten locations of on·, four week exposure) 
by the usage .of envi ronmenta 1 film packets. No garm1a exposures 
above normal were reported. 

The same analyses were done for .each period and the same 
results were reported. 
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Report # Date 
and date Taken 
reported 

EF-101 Jan. 19 
Jan. 1972 

Jan. 19 

EF- JDO Dec. 7 
Dec. 1971 Dec. 10 

Dec. 14 

Dec. 14 

Dec. 14 

Dec. 14 

Dee. 20 

Dec. 20 

EF-99 Nov. 18 
Nov. 1971 

Nov. 18 

EF-98 Oct. 15 
Oct. 1971 

Oct. 15 

Oct. 18 

-- -----~~--------~ ---------------------

Table.All 

Activity of Liquid and Gaseous Sanples (FERMI) 

Liquid 

Lccation Gross 8 NJ. of 
activity Sarrples 
(highest 
ooncentra-
tion) 

)JCi/cm3 

Danineralized water 1.22x10-s 4 
4 

Potable Water 1.22x1o-8 3 
-· 1 

MK-15 Liquid Waste Tank 3.lxlo-s 4 

MK-15 Liquid Waste Tank L 7x1o-4 5 

Cut-up Pool before Ion Exchange 6.8x1a-s 4 

Cut-up Pool after Ion Exchange l.8x1o-s 1 

Decay Pool before Ion Exchange 2.ox1o-7 1 

Decay Pool after Ion Exchange 3.9x1o-s 

Demineralized Water 1.2xlo-a 

Potable water 4.5xlo-s 

DEmineralized Water 4.76x1o-8 5 
4 

Potable Water 1.22x1o-a 5 
-·. 1 

1 

Demineralized water l.95xlo-8 4 

Potable Water 5.86xlo-a 4 

Waste Liquid Tank MK-15 2.73xlo-s 

l 
4 
1 

--

Gaseous 

IDeation Gross 8 
activity 
(highest 
ooncentra-
tion} 
Jlcijcm3 

Primary Shield Tank 3.sx1a-s 
Auxiliary Fuel Storage L6x1o- 6 

Facility 

Reactor Cover Gas 3.5x1a-s 
Waste Gas Storage 'rank 3.lxla-s 

No: 2 

Primary Shield Tank 3.5xlo-B 

Auxiliary Fuel Storage l.4x10-6 

Facility 

Reactor COver Gas 4.2xlo-3 

Waste Gas Storage Tank 2.2xl0-4 

No: 2 

Waste Gas Storage Tank 4.lxlo-4 

No: 1 

Primary Shield Ta."lk 2.75x1o-3 
Auxiliary Fuel Storage 4.55x1o-6 

Facility 

Reactor Cover Gas l.82x10- 1 

Waste Gas Storage Tank L32x1o-4 

Waste Gas Discharge Line 3.19xlo-s 
No: 1 

Auxiliary Fuel Storage L24x1o-6 

Facility 

Primary Shield Tank 3.16x1o-s 

Reactor Cover Gas 5.39xlo-s : 
FARB Transfer Tank 5.94xlO~~j 
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~/ 

"') 

...... 
00 
1.0 

" 

~-
and date ·---..___ 

1 

reporte:i 

I 

I EF-101 

I Jan. 1972 

! 

I 
I 
l 
I EF- llO 

I Dec. 1971 

i 
I 
I 
I 

I 
I 

I 
I 

I 
I 

Ei:'-99 
Nov. 1971 

.. 
/ 

EF-98 
Oct. 1971 

' 

Table All 

Activity of Liquid and Gaseous Samples (FERMI) 
------------------------~ 

~ 

'• 
' 

.. 

Date 
Taken 

~-- -----~ 

Jan. 19 

.Tan. 19 

Dec. 7 

Dec. 10 

Dec. 14 

Dec. 14 

Dec. 14 

Dec. 14 

Dec. 20 

Dec. 20 

ibv. 18 

··--~ ..... 

.. 
/ 

"""~ 
/ 

' / 

_/ . ..--tf>v. 18 
._/· 

Oct. 15 

Oct. 15 

Oct. 18 

Liquid 

lDcation 

----
' ---·- --... ~ 

Daniriera1!~e:l ...ater 
,_ 

., 

Potable water 

MK-15 Liquid Waste Tank 

MK-15 Liquid Naste Tank 

Cut-up Pool before Ion Exchange 

CUt-up Pool after Ion Ex(!hange 

Decay Pool before .lon Exchange 

Decay Pool after Ion Exchange 

Denineral~zoo .-..,ar..er 

Potable water 

-... 
Demineralize:~ 1-JateL 

/ 

Potable Water 

Danineralize:l water 

Potable \'later 

Waste Liquid Tank MK-15 

'· ._ 

Gross 6 
activity 
(highest 
CXlllCentra-
tion) 
uCi/an3 

1.22xl0-8 

l.22xl0-" 

3.Wo~--
"·-. 

l.7xl0-4 

6.8xl0_, 

l.8xl0-' 

2.0xl0 -

3.9xlo-' 

L .2xl0-;; 

4.5xlo-a 

4. 76xlo- 8 

1.22xl0-!' 

L95xla-8 

5.86xlo-8 

2.73xl0- 5 

-- ·-
····~- ., 

' -

N:J. of 
Sanq:>les 

4 
4 

.-" "3 
1 

4 

5 

' ·,-4 · . 
l 

1 

5 
4 

5 
1 
1 

4 

4 

4 
1 

Gasenu~ 

IDeation 

Primary Shield Tank 
Auxiliary Fuel Storage 

Facility 

Reactor Cover Gas 
waste Gas St:Draqe Tank 

~-...; ~ ~ 

Primary Shield Tank 

Auxiliary Fuel Storage 
Facility 

Reactor Cover Gas 

waste Gas Storage Tank 
N:J: 2 

. waste Gas Storage Tank 
ib: 1 

.. _ 

Primary Shield Tank 
Auxiliary Fuel Storage 

Facility 

Reactor Cover Gas 
waste Gas Storage Tank 
W:lste Gas Discharge Line 

N:J: 1 

Auxiliary Fuel Storage 
Facility 

Primary Shield Tank 

Reactor Cover Gas 
FARB Transfer Tank 

/ ______ j 
/Gross ~ 

activity 
(highest I 
oon::entra- 1 

tion} J 
!Ci/an3 

3.Sxlo-• I 
l.6xlo-; 

3.5x1o-' 
3.lxlo-: I 

I 

I 3.5xl0-" 

1.4xl0-f I 
I 

4.2xl0-' 
I 

2. 2xl0-4 

4.1xlo-" 

i 
i 

2. 75xl0- 3 

4.55x10-" 

1.82xl0-: ! 
l.32xlO-• 
3.19xl0- 5 

L24xlo-6 

3.16xlO-" 

5.39xlo-o 
5.94xl0-. 



_, 
10 
0 

... 

,Reportt 
'-..~date 

repqrte:i 
"·---..,,""'._ 

L\1tc 
Taken 

EF-97 
Sept. 1971 Sept. 'n, -·---.... 

Sept. 13 

~crt. 11 

Sept. lJ 

sept. 20 
.. ..... ~t- 71 

EF-96 Al):J. 18 
Al):J. 1971 

Al):J. 24 

Al):J. 24 

EF-95 July 19 
July 1971 

July 19 

•• ~~y 

Ef -94 June 7 -""-~· ·'" 
June 1971 /,... 

_.-11'~ 7 
./ .. / June 7 

/ 

...... ,..~ June 7 

June 18 

June 18 

Table Ml 

l\ctivitv Df J,iqu.id an:l Gaseous ~les (FERMI) 
· (continued) 

,-,--.-.,----,-------Kpage 2 
Liquid n- - -- I GasOOU.<; ./ 

Lncation 

Cut-up Pool before Ion Exchange 

·".'cl.t.:-up after Ion Exchange 

Dec~y'··~~ tr-~~re Ion Ex:ch.u>-,Je 

Decay Pool~'iifter Ion Exchange 
~ ... ,,o, 

DErniner alize:l W3. tfu;.'-. 
•.:,._ 

waste Liquid Tank MK-15 

Demineralize:! \<bter 

Potable water 

Denineralize:l Wl.ter 

Potable \jafer ...... 

Decay PCXJl before Ion Exchange 

Decay Pool after Ion Exchange 

Cut-up Pool. before Ion Exchan;Je 

Cut-up Pool after Ion Exchange 

Denineralize:l Wl.ter 

Potable Wl.ter 

Gross '' 
activity 
(highest 
<X>ilcentra
tion) 
1•Ci/an3 

9.62xl0-" 

3. 54~10-q 

L66xJ_o-

1.22xlO-' 

l.22xl0-" 

2:lxl.o-' 
1.22x10~8 

Below detectable 
limits 

below ueteetable . 
limits i 

1-b. of 
Samples 

') 

5 

? 

4 

4 

3 

5 

. .. ," 

Location 

.AUXiliary Fuei .:;toraye 
j Facility 

Primary Shield Tank 

Reactor Caver Gas 

Auxiliary Fuel Storage 
Facility 

Pr:j,roary Shield Tan< 

Reactor Cover Gas 

Auxiliary F'Je~ Storage 
Facility 

Primary Shield 'i'ank 

I ... 5 Reactor Cover Gas .,_ 

2.24xl0-

1.68xl0-

5.5xl0-7 

l.22xlo-s 

L34xlo-s 
'.' ' _., 

5.alxl.o-8 

4 

5 

6 

3 

3 

Auxil~ Fuel S':orage 
FacilitY'· ,, 

Primary Shield'~ 
"•,, 

Reactor Cover Gas 

Wl.ste Gas Tank l:b: 1 

Waste Gas Tank l:b: 2 

~6i;_;ss ;· 
/·activity 

(highest 
concentra
tion) 
!lCi/t:lll3 

"-.,,, 

L37xlo-, 

7.49xlo-

9.Sxlo- · 

1. 55xlo-· 

2.83xlo-· 

5.84xlo-

---
L6xlo-· 

4.9xlo-· 

1.2xl0-. 

1.32xlo-e 

2.l5xl0-4 

l.Bxlo-: 

l.2Sxlo-· 

··9·:-s~_xlo-' 

EF-93 
Moly 1971 

May 6 Liquid waste Tank MK-15 5.18xl0-5 5 Reactor Cover Gas 9.94xl0-

' May 19 Denineralize:l Wl.ter 2.6xl0-8 4 Primary Shield Tank l.97xl0--

l May 19 Potable \'later 7. 32xlo-8 · 4 Auxiliary Fuel storage l.l6xlo-5 

L_ Facility 

I 

I 

I I 
I 

I I 
·, 



·• 

..... 
<0 
0 

Rep?rt # 
and date 
rer:orted 

EF-97 
Sept. 1971 

EF-96 
Aug. 1971 

EF-95 
July 1971 

EF-94 
June 1971 

EF-93 
May 1971 

Date 
Taken 

Sept. 13 

Sept. 13 

Sept. 13 

Sept. 13 

Sept. 20 

Sept. 21 

I '· 
Aug. 18 

Aug. 24 

Aug. 24 

July 19 

July 19 

June 7 

June 7 

June 7 

June 7 

June 18 

June 18 

May6 

May 19 

May 19 

.\'· 

Table All 

Activity of Liquid and Gaseous Samples (FERMI) 
(continued) 

page 2 . ~ 

Liquid 

Location Gross ll No. of 
activity Samples 
(highest 
concentra-
tion) 
J1Ci/cm3 

CUt-up Pool before Ion Exchange 9.62xl0-8 5 

CUt-up after Ion Exchange 3.54xl0-8 5 

Decay Pool before Ion EXchange L66xlo-7 5 

Decay Pool after Ion Exchange 1.22xl0-8 

DEmineralized water 1.22x1o-8 

Potable W'ater L34xlo-8 

Waste Liquid Tank MK-15 4.osxlo-5 4 

Demineralized Water 2.lxlo-8 4 

Potable Water 1.22x1o-e 3 

Demineralized ~vater Below detectable 5 
limits 

Potable Water Below detectable 5 
limits 

5 

Decay Pool before Ion Exchange 2.24xlo-7 4 

Decay Pool after Ion Exchange l.68x10-7 . 5 

CUt-up Pool before Ion Exchange s.5xlo-7 6 

CUt-up Pool after Ion Exchange 1.22x1o-e 3 

Demineralized Water L34xlo-s 3 

Potable Water 5.8lxl0-8 

Liquid Waste Tank MK-15 5.18xlo-s 5 

DEmineralized Water 2.6xlo-e 4 

Potable Water 7 .32xlo-8 4 

Gaseous I 
Location Gross B I activity 

{highest 
concentra-
tion) 
yC:i/cm3 

Auxiliary Fuel Storage 1.37xl0-6 

Facility 

Primary Shield Tank 7.49xlo-7 

Reactor Cover Gas 9.8xlo-4 

Auxiliary Fuel Storage l.SSxlo-s 
Facility 

Primary Shield Tank 2.83xlo-8 

Reactor Cover Gas s.84xlo-5 

Auxiliary Fuel Storage L6xlo-6 

Facility 

Primary Shield Tank 4.9xl0-7 

Reactor Cover Gas L2xlo-3 

Auxiliary Fuel Storage l.32xl0-6 

Facility 

Prirrary Shield Tank 2.15xlo-4 

·. 
L8xlo-l Reactor Cover Gas 

Waste Gas Tank No: 1 1.28xlo,-4 

Waste Gas Tank No: 2 9.94xlo-s 

Reactor Cover Gas 9.94xlo-s 

Primary Shield Tank l.97xlo-7 

Auxiliary Fuel Storage Ll6xlo-6 
Facility 

I 
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Rep:>rt # •Date 
and date Taken 
rep:>rterl 

EF-92 April 16 
April April 16 

EF-91 ·March 1 
March 1971 March 1 

March 2 
I 

., 
!>larch 2 

_, 
\0 

March 2 
_, 

March 2 

March 22 

March 22 

EF-90 
Feb. 1971 

... 

EF-89 Jan. 13 
Jan. 1971 

Jan. 13 

Jan. 20 

----- --

Table l\,11 

Activity of Liquid and Gaseous Samples (FERMI) 
(continued) 

page 3 

Liquid 

Location .Gross 13 
activity 
(highest 
concentra-
tion) 
.!JCi/cm3 

DenineralizErl Water L2xlo-e 

Potable Water 1.2x1o-a 

Demi.neralizErl Water 1.2xlo-a 

Potable Water 3.Sxlo-8 

Cut-up Pool before Ion Exchange 9.9xlo-a 

Cut-up Pool after Ion Exchange 3.3xlo-8 

Decay Pool before Ion Exchange 1. 7xlo-7 

Decay Pool after Ion Exchange a.Gxlo-a 

Potable >'later 1.2x.1o-a 

DemineralizErl ~'later 1.2x1o-a 

. 

- . 

Potable Water 2.44xlo-s 

Demineralized Water 1.22x.1o-a 

Condenser out-Fall 1.68x10-7 

Gaseous 

-N:>. of IDeation Gross B 
Samples activity 

(highest 
concentra-
tion) 
JJCi/cm3 

5 Reactor Cover Gas 9.l.xlo-4 

5 Primary Shield Tank 2.3xlo-7 

5 Auxiliary Pule Storage Lsxlo-6 

Facility 

4 Reactor Cover Gas 5.6xl0- 5 

3 Prirrary Shield Tan.'!( 3.7xlo-8 

2 Auxiliary Fuel Storage . 1.3xlo-6 
Facility 

1 Conta:Uroent Building a. 7xlo-7 

4 Primary Shield Tank L2x.lo-3 

4 Reactor Cover Gas 1.2xlo-l 

3 Auxiliary Fuel Storage 1.6xlo-6 

Facility 

1 Waste Gas Storage Tank 2.0x.lo-s· 
N:>: 1 

1 Transfer Tank Llx.lo-6 

. 
2. Containment Building 1.26xlo-5 

3 Reactor Cover Gas 1.57xl0-l 

4 Primary Shield Tank 9.19xlo-5 

4 Auxiliary Fuel Storage S.OSxl0-6 

Facility 

1 Machinery Dane 1.37xlo-s 
1 Waste Gas Tank N:> : 1 8.69xlo-s 

-·-
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...... 
<.0 _, 

', 
'" ..... 

Rep:Jrt t 
aOO date 
reported 

El'-92 
,\pril 

EF-91 
·ar..:h 1971 

' 

r-- --·· 
EF-90 
Feb. 1971 

EF-89 
Jan. 1971 

Date 
Taken 

April 16 

April 16 

~rch l 

March 

March 2 

~larch 2 

March 2 

March 2 

March 22 

March 22 

Jan. 13 

Ji\n. 13 

Jan. 20 

Table All 

Activity of Liquid arrl Gaseous Samples ~IT) 
(continued) 

Liquid 

Location 

Denineralized Water 

futdble -Water 

Denineralized \'later 

Potable water 

·--·---

Cut-up Pcol before Ion E:Kchan;re 

Cut-up Pcol after I•.m Exchange 

Decay Pcol before Ion Exchange 

Decay Pcol after Ion E>cchan;rc 

futable lola ter 

Demineralized l-ater 

page 3 

GrOss I'· 
activity 
(highest 
ooncentra-
tion) 
11Ci/an3 

l.~.xlO-" 

l. 2xl()'"' 

L2xlo-·· 

.3.:)x: 

9.9xto-

3.3xlo-" 

l. 7xl0-

s.6xlo--

L2xlo--

l.2xl0-' 

N:>. of 
Samples 

5 

5 
5 

2 

Gaseous 

tocation 

Reactbr Cover ~,as 

Primary Shield :'a!'\.l< 
Auxiliary rule Storaae 

Facility 

Reactor Ct::Ner ·::.as 

Prirnary ShielC: :'a:-.1< 

Auxiliary F"' .Jel Stor~e 
Facility 

Gr:oss , 
activity 
(highest 
~tra

~-tion) 

~Ci/an3 

I 
1 
I 
I 

i 
i 
j ---- l 

9.lxlo-· 
2. 3xl0-
l. 5xlc-· 

5.oxlC-

·3. 7xlo

l. 3xlo-· 

------------------------;-------------- --- .. --------- ------

Potable lvater 2.44xlo-s 

Demineralized water J,.22xl0-R 

Condenser out-Fall 1.68xl0- 7 

1 Contairment Bu.J.l~ 8. 7xl0- .. 

4 

l 

2 
3 

4 
4 

1 
l 

:·::.-.:.: . ..J.rj' .... \- ---1... , "'k.·, "-; 

Reactor COlli& :;as 

Auxiliary Fuel .Stcrac;e 
Facility 

1-b.ste Gas Storace :'ank 
N:>: 1 -

Transfer Tar_\: 

Contaiment ati.lding 
Reactor Cover Gas 

Prinary Shield Tank 
Auxiliary Fuel Storage 

Facility 

Machinery IJcr7"e 
waste Gas Tart< ~ : 

1.2xlo-: 

l.6xlo-· 

2.0xlo-· 

Lwo-t 

l.26xlo-' 
l.57xlo-: 

9'.19xl0-
5.05xl0"' 

l. 37xlo-· 
S.69xlo-· 



EF-88 
De::. 1970 

I __, 

f~ I EF-87 
Nov. 1970 

' 

"--·. 

Table All 

Activity of Liquid aro Gasoous Samples {FERMI) 
(continued) 

piqe4 _,.,,..,.--~ 

Liquin Gaseous -"------~""·- ~ 
~te Location Gross B- No •. of Location _.,- ~ · -- Gross ; 
7?:/.e:. activity Saltples activity 

:e::. 

A:". 

:::-e::. 

:::.=.::. 
:Jec. ? 

Jet::. ::.s 
Jec. :s 

~"~~ .. ~ ..... 
Decay POo-l, before Ion Exchiln::Je 

Decay Pool :;fter._Ion Excnange 

Cut-up Pool befor~-~ron._J::xchange 

Cut-up Pool after Ion Ex.:ild~e 
\'<aste Liquid Tank MK-15 

Demineralize:l Water 

Potable Water 

(highest. (highest 
~entra- ooncentra-
tion) tiool 
uCi/an3 IJCi/an3 

l. 7xl0-" 

.i.e~x.L.o··" 

7:4xlO-; 

7.4xlO-

.4xlo-'· 

2.-65cl.,Q-

2 .sx1o> ·--------

5 

5 

4 

4 

1 

·s. 
4 

4 

1 

1 

1 

1 

1 

Pr.iJnary Shield Tank 

Auxiliary ruel .'Ot:Drage 
Tank 

Reactor Cover :;as 

Waste Gas Tank No: 

Contaiment &lildifX3 

Primary Shield Tank 

~ ... ,"··-~~.:~~!" cc·.·e.::- :;as 

AuXl'l-i.¥'.1 Fuel Stcraqe 
Facill:ty._ 

Waste Gas sys~~- FARE 

1. 6xlo-· 

1.6xlo--

2.9xlo-' 

3 .ax.: o-'• 

l.?xlo-E 

2.6xlo-" 

s.wo·· 
2.Bx.lo-E 

3. Mo-

Waste Gas Tank No: 6.4xlo- 5 

Waste Gas Tank ~b' 1 4.6xlo-· 

~ste Gas Tank No: 2 2. Sx.lo-

Waste Gas Tank No: 1 2. 7x.lo-· 



.. 
1.0 
N 

ReJ:X)rt # 
and date 
rep:>rted 

EF-88 
Dec. 1970 

EF-87 
Nov. 1970 

Date 
Taken 

Dec. 7 

Dec. 7 

Dec. 7 

Dec. 7 

Dec. 9 

Dec. 15 

Dec. 15 

Table All 

Activity of Liquid and Gaseous Samples (FERMI) 
(continued) 

-- 4 
Liquid 

tocation Gross S No. of 
activity Samples 
(highest 
ooncentra-
tion) 
llCi/cm3 

Decay Pool before Ion Exchange 1. 7xlo-6 5 

Decay Pool after Ion Exchange 1.4xlo-7 5 

Cut-up Pool before Ion Exchange 7 .4xl0-7 4 

Cut-up Pool after Ion Exchange 7.4xlo-7 4 

waste Liquid Tank MK-15 3.4xlo--4 1 

DEmineralized Water 2.6x1o-8 

Potable Water 2.ax1o-8 

5 

4 

4 

4 

1 

1 
' 1 

' 1 

1 
--

Gaseous I 
Location Gross S ! 

activity 
(highest 
ooncentra-
tionl 
11Ci/cm3 

Primary Shield Tank 1.6xlo-6 

Auxiliary Fuel Storage 
Tank 1.6xlo-6 

Reactor Cover Gis 2.9xlo-3 

Waste Gas Tank No: 1 3.8xlo-s 

Containment BuildiiY;:i 1. 7xlo-6 

Primary Shield Tank 2.6xlo-4 

Reactor Cover Gis 8.lxlo-2 

Auxiliary Fuel Storage 2.ax1o-6 

Facility 

Waste Gas System FARB 3.2xlo-7 

~vaste Gas Tank No: 2 6.4xl0- 5 

Waste Gas Tank No: 1 4.6xlo- 5 

Waste Gas Tank No: 2 2.5x1o- 3 

Waste Gas Tank No: 1 2. 7xl0-4 
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_, 
1.0 
w 

Repxt # 

....t-93 

EF-92 

EF-88 

SaP1p.l.e # Date 
taken 

c 
(ppn) 

Table IU2 

Prinary Sodiun CanpJsition (FERMI) 

Chemical Analysis 

Cl 
(ppn) 

Cr 
(pfD) 

F 
(ppn) 

Fe 
(ppn) 

H 
Non-hydroxide 

(ppn) 

:-li 
(ppn) 

0 
(WJl) 

Purity variation of Primary S<xliur., test was concerned with the effect that tenperature and radiation 1o0uld have on the shield 
plug graphite for releasin::j irrpurities into the primary scxii1..111. O:rnparison of analyses of a sodi1..111 sample taken prior to the 
~ dem>nstration program anl one taken inm:rliately follc:Mi.rg the 200 K-J(t) operation sh::1wed negligible changes in impurity 
levels. Oxygen level rerrained l:el(7.ol 10 ppn; carbon level was less than 35 ppn; arrl the in::licata:l hydrogen level was less than 
3 ppn. There was !XJ apparent correlation between p:JWer operation and irrpurity level. Operation of the cold trap during p::;wer 
operat.wn apparently rnainta..lnt;ri the low level in"purities in the scxii1..111. 

Coil #58 April 5, 1971 0.7 0.3 0.8 

Coil ;159 Apnl .i2, 1971 Res~~s ~~n ~ot published - - - - - - -

Coil #54 OCt. 22, 1970 33 0.078 0. 268 0.66 0.138 8.0 

Hydroxide H = 2 . 30 ppn 



Table Al3 
Pri11ary Sodium Activity (FERMI) 

Fission Products 
N 24 t .. t activity a ac 1v1 y Date 

Reeort # ( ll Ci/cc of Na} {mCi/cc of Na) Reeorted 
,, 

EF-101 2.5x10-" *** January 1972 

EF-100 13 December 1971 

EF-99 13 November 1971 

EF-98 2.3xlo-5 October 1971 

EF-97 2.3xlo-5 September 1971 

EF-96 2.5xlo-5 August 1971 

EF-95 2.5xlo-2 July 1971 

EF-94 12. 23 June 1971 

EF-93 0.865 May 1971 

EF-92 2.68 Apri 1 1971 

EF-91 1 .8xl 0 -2 March 1971 

EF-90 0.5 February 1971 

EF-89 l.O January 1971 

EF-88 1.6 December 1970 

EF-87 13 November 1970 

Secondary System: No radiation levels greater than instrument 
background were detected ~t the surface of the 
steam generators which indicates that the 24 radioactivity was well below 2.5xlo-4l1Ci of Na 
per cc of sodium as required by the Technical 
Specifications. 

***PurP.ose of the sample taken is an investigation to determine the cause 
of Na2~ found in the containment building atmosphere in December, 1971. 
The sam~le is being analyzed to establish base data on Na22 and other 
constituents. 

194 



Table Al4 

Uranium in the Sodium in the Transfer Tank System (Fermi) 

A sodium sample taken from the electromagnetic pump line of 
the FARB cold trap room transfer tank system on May 27, 1970 was 
analyzed in two parts for December, 1970 (EF-88) as follows: 

Sample A Sample B 

11 .8~0. 7 ppb 2.9~0.4 ppb 

1.9~0.5 ppb < 0. 5 ppb 

195 



.r·• ~ ~ 

__, 
\0 
m 

."'.or·:,. 

\ 
~ '· ' . ~ - -~- ~~~--~ -~~-

\ Tot-al Activity Re!p:)rt t 

lOth Quarterly 

9tll Quarterly 

Btll Quarterly 

\ Released 
\ (tbble ~es 
'~ activat1on 
iltooucts) 
\~Ci) 

., 
s . 99xl cr.:,, 

6. 38xl0-

1. 37 

Table Al.S 

Off-Site R&dioactivity Release in Gaseous Waste-
N:Ible Gas ard Activation Prodl.rt$ (SEFOR) 

~----~~~~-~-.~~ ~~{"aT~ . ~~~-. ~--

Total Tlllle MPC Lwensed Percent Max=un 
Volt.me of Average used Liln.it of Annual ijourly Average 
Gas Release (llCi.AIIl) for Annual Limit Release Rate 
Released Rate Average (IJCi/sec) 
(ft 3) ( 11Ci/se.C> (uCi/sec) 

_,,-"" 

261,000 l.l4x10-. 2xl0_, 800 1.4x1e-·· 544 

127,000 .swo-' 2x10-' 800 lxl0- 4 

"J;i'_,..,-: 

/<lxlO-; 

155, 700 .174 2xl0-" 800 2~0:·~ ,.... 
-~.,.rt 

18 

7tll ~teriy 7.lxlo-·· 1 ?~ "'"" 9.0xl!J 2xlo-" l.lxlO- ~ 

,..~ 

______________________ ..;;.. ____ ~=~---~:~_:_----~~:o~:;""/'/"'" .19 

6tl1 Quarterly 390,000 

Stll Quarter 1 y 125,280 

4th Quarter 1 y 153,380 

3rd Quarterly 108,650 

/. 

. /' 
'·~.,~ .MaxiJm.in Radioacti vi ~sured 

. ·~.. ,.,~ 

:w~Y:t.,-li ved )l:{ng-li ved 
Gross·'"~ /~- Gross B 
(IJCi/mJ...l>/' (uCi/ml) 

__ ,.,.-

~ixlo-L ···Gci.g-1 : 
""~-~ 

N::>ble Gas 
Concentration 
(uCi/ml) 

~·lxlo- · 

"'--.. =---~ 
<lxlo-L wo- . 1x1o- · 

""·~, 

~ 
'• 

<lxlo-12 <lxlo-11 <lidg~~. 
'•,_ 

<lxlo-12 <lxl0-1 J <lxlo-'l ''\-,,~,c 
,, 

2rrl Quart;erly 26s,2oo <lxlo-P 
/'/ 

.,lxlo-1 I <lxlo- 9 

<lxlo- 11 <lxlo-g 7~rly :"·''' '._lxl_o_-_~_3 ________________ _ 

(al Based on B7Kr observed in the cover gas. 

,~,.r¢' 

Licensed 
Liln.it 
for fburly 
1Weraqe· 
( uei/sec) 

A'"~ 
,.,!'"·-· 

3400 

~.! :c 

3400 

340!J 

Percent 
of Hourl:· 
Limit 

16 

1. <>xJ.o-

.53 

s.Gxlo-' 

-~·- - - --- - --~~-~--



. i 

_. 
10 
en 

Report # 

lOth Quarterly 

9th Quarterly 

sth Quarterly 

7th Quarterly 

6th Quarterly 

5th Quarterly 

4th Quarterly 

3rd Quarterly 

2nd Quarterly 

lst Quarterly 

Total Activity 
Released 
(Noble Gases 
and activation 
products) 

(Ci) 

B.99xlo-3 

6.3Bxlo-3 

1.37 

7.lxlo-2 

'Total 
Volurre of 
Gas 
Released 

(ft 3) 

261,000 

127,000 

155,700 

]24,500 

390,000 

125,280 

153,380 

108,650 

265,200 

234,350 

(a) Based on 87Kr observed in the cover gas. 

f, 

Table ·AlS 

Off-Site Radioactivity Release in Gaseous Waste-~ 
tbble Gas and Activation Products (SEFOR) 

Time 
Average 
Release 
Rate 
(lJCi/sec) 

1.14xl.0-3 

.8wo-3 

.174 

9.0xlo-3 

MPC (a] 

used 
(JJC.i./ml) 

2xl.o-s 

2xl.0-8 

2x1o-e 

2xl.o-8 

Licensed 
Limit 
for Annual 
Average 
(JJCi/sec) 

800 

800 

800 

800 

Percent 
of Annual 
Limit 

1.4xlo-4 

wo-" 

2.2x1o-z 

Lwo-3 

Maxirrn.Jm Radioactivity Measured 

Long-lived Long-lived Noble Gas 
Gross a Gross 13 Concentration 
()JCi/ml) ()JCi/ml) (JJCi/rnl) 

<lxl.0-12 lxl.o-1 0 <lxl.o-9 

<lxl.0-12 lxlo-1 o <lxlo-9 

<lxlo-1z <lxl.Q-11 <lxlo-9 

<lxl.0-12 <lxl.0-11 <lxlo-9 

<lxl.Q-12 <lxl.o-11 <lxlo-9 

<lxl.o-13 <lxl.o-11 <lxlo-9 

Maxirrn.Jm 
Hourly Average 
Release Rate 
(JJCi/sec) 

544 

5.lxlo-z 

18 

.19 

Licensed 
Limit 
for Hourly 
Averaqe 
(JJCi/sec) 

3400 

3400 

3400 

3400 

Percent 
of Hourly 
Limit 

16 

L5xl.o- 3 

.53 

5.6xlo-3 



mallaire
BlankStamp



lO ....... 

t~ 

Table Al6 

Off-Site Radioactivity Release in Gaseous Waste--

Refort il Total Total Titre 
Activity Volume, Average 
Released of Gas Release 
(Halogens Released Rate 
and Parti- (ft 3 ) (JJCi/sec) 
culates) (a) 

(Ci) 

lOth Quarterly <7.39xlo- 5 261,000 <9.4xlo-6 

9th Quarterly <3.6xlo- 8 127,000 <4.6xlo-9 

8th Quarterly <4.4xlo-7 155,700 <5.6xlo-8 

7th O-Jarterly 3.Sxlo-7 124,500 4.4xlo-8 

6th - 1st Quarterlies: None Observed 

(a) Halogens and particulates with half-lives > 8 days. 

(b) Based on the possible presence of 1 3 1 I. 

Halogens and Particulates (SEFOR) 

MPC Licensed Percent 
usoo(b) Li.rnit of Annual 
(j!Ci(rnl) for Annual Limit 

Average 
(JJCijsec) 

lxlo-1o 5.6xlo-3 .17 

lxlQ-10 5.6xlo-3 <lxlo-4 

lxlo-1o 5.6xl0-3 <l.Oxlo-3 

lxlo-10 5.6xlo-3 .79xlo-3 

Maximum Licensed Percent of 
Hourly Average Limit Hourly 
Release Rate for F.ourly Limit 

(JlCi/sec) Average 
(JJCi(sec) 

<.34 5.6xlo-2 6 

<9.4xlo-7 5.6xlo-2 <1. 7xlo-3 

<9.4xlo-7 5.6xlo-2 <1. 7xlo-3 

9.4xlo-7 5.6xl0-2 1. 7xlo- 3 
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.-
;:'• 

\0 
"'-1 

Tahl<' Al6 

Off-Site !l.c>dioactivity Release in Gaseous Waste-
Halogens ,ux:l Particulates (SEroR) 

r-----.. 
"-,"--. 

ReFort II 'Ibtal Total Tine 
,\cUvity Volume Average 
Release:f'..__ - ~--2! G3.s Release 
(Halogens ReTease:l_,_ Rate 
and Parti- (ft 1 ) -·-·-{IJ(:i/sec) 
culates) (a) --·- .. ·---

{Ci) 

lOth Quarterly <7.39xlo- 5 261,000 9.4x1o--

9th Quarter 1 y <3.6xlo-s 127,000 -·4. 6xlo-1 

8th Quarter 1 y -4.-i:~J- ~:,s, 100. 5.6xlo--

7th Quarter 1 y 3.5xlo-7 124,500 4.4x1o-·' 

6th - lst Quarterl~(J-5:- None Observed 

(a) ~lo5ens and particulates_with half-lives> 8 days. 

(b)' Based on the p:>ssible presence of 1 31 I. 

MPC 
used (b) 

(~Ci/1!11) 

lxlo-' 

lxlo-'' 

lxlo-· · 

1x1o--: 

Licensed 
Limit 
for Annual 
A '~~(!X' age 
(JJCi/sec) 

5. 6XlO"'-< 

5.6xlo-' 

:..~.u...J.o-' 

5.6xlo-! 

~--

Percent 
of Annual 
L.imit 

.17 

-lx1o-''· 

l.OxlO-. 

. 79xl0-

~~""~·~•""-" ·,,. ...... ~- _:.,;bc:, • .-_~"t..w=·~~'-r"""'"'•-~ .,4_... .... d •• -~·-----'-..c.._.;;...._ 

~um.rn 
1-i:;)urly Average 
Rela:tsc Rate 
<~.c_;_~·.:ic.x:) 

<,34 

9.4xlo-

··9.4x10- 7 
· 

9.4xlo-

Licensed 
Limit 
for Hourly 
?'!._·:~r~:~ 

(!'Ci/sec) 

s.6x1o--

s.6xlo--

:J.OX.LV 

5.6xl0-· 

'7 

Percen:: :c: 
!burly 
Limit 

6 

-·1. ~xlo-

J.. ~xln-

1.7xlo-: 
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<.0 
00 
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~* ,, ~tal activity of 
Fission Products and 
Activation Products 
Released (Ci) 

"'-..,_~~~ 

""'·,....,'>.)\-~ 
"""·-. ..... 

lOth ~terly 

9th QuaJ:tt"..r.l.y 

8th ~rterly 

7th Quarterly 

6th Quarterly 

5th Qual;~ef;; 
.,.,;? 

4UvcNarterly 
_,-r;:.,.'' 

rP 
~· 3rd Quarterly 

2nd Quarterly 

lst Quarterly 

.... -... 
·"'-,, 

L28xlo-s 
*'• .. ,.,...,., 

-·-3. 3xlo-• ·-

4.6xlo- 7 

•7. 2x1o- · 

_, 

Table A17 

Off-Site Radioactivity Release in Liquid 

veste--Fission Products an:l 1\ctivation Products (SEFOR)a 

~tal volune 
of liquid 

~ volune 
of dillution 
water 
(gallons) 

Volune average 
concentration at 
discharge p:>int 
(~Ci/rnl) 

MPC 

waste discharged 
(gallons) 

5.29xl0 1 

l.l5xl0'' 

12xl0 

4-~Bx,lO · 

s.Oxlo'· 6.8xl0-" 

S.OxlO' · l. 9xl0-" 

62xl0 l,9xlo-::" 

SOxlO .J:~xlo-· 

1-laxirmm> radioactivity· l~Nel rreasured 
(Fission products an:l activation products) 

-' (uCi/ml) :-- (t!Ci/~.-J., 

used 
(~Ci/ml) 

J:"cixlo- '. <bl 

3.dxlo- (bl 

l.Oxlo-" 

l.Oxlo- 7 

·lxlo-' l.6xlo-: (Identified as h·itiun 

Percent , 
of limj:t 
A~) 

.. r"' 

o.-22 

·0.06 

<l. 9 

<3.8 

and C-14. tb , Eriitters 
observed above lxlo-" !lCi/mlJ 

-:lxlo-

1x1o-

lxlo-· 

•lxlo-" 

·lxlo-o 

8xl0~-

3xlo-' 

-:lxlO-· 

·-lxlo-~ 

· lxlo-" 

· Maximun =ncentra-
tirm released, aVt.•r.1aro 
over rot rrore than 
24 hours (~i/m.l) 

9 .OxlO-' 

; . Ox1o-

<Sxlo-· 

JX;..v 

'iolune discharged 
(gallons) 

1773 

7774 

7399 

4154 

6718 

3750 

(a) All liquids are released to a tile field. "leasured concentrations refer to values at llie p:Jint of discharge intc ::..'o0 tile field. 

(b) N<l27 identified ,,s a&'T.'r. Bl'itter. 



..... 
<0 
(X) 

Re!X)~ II 

lOth Quarterly 

9th Quarterly 

Bth Quarterly 

7th Quarterly 

6th Quarterly 

5th Quarterly 

4th Quarterly 

3rd Quarterly 

2nd Quarterly 

1st Quarterly 

Total activity of 
Fission Products and 
Activation Prodocts 
Released · (Ci) 

l.2Bxlo-s 

<3.3xl0-6 

4.6xlo-7 

<7.2xlo- 7 

~ .. 

Table· A17 

Off-Site Radioactivity Release in Liquid 

waste-Fission Products and Activation Products (SEFOR) a 

Total volume 
of liquid 
waste discharged 
(gallons) 

5.29xl0 3 

l.l5xl04 

12xl0 3 

4.8xl0 3 . 

Total volume 
of dillution 
water 
(gallons) 

5.0xl04 

5.0xl04 

62xl0 3 

50xl0 3 

Volume average 
concentration at 
discharge point 
(JlCi/ml) 

6.Bxlo-s 

<l.9xlo-8 

<l.9xlo-9 

<3.axlo-9 

Maximum radioactivity level measured 
(Pission products and activation products) 

a (IJC.i,/ml) S (lJCi/ml) 

MPC 
used 
(JlCi/ml) 

3. Oxlo-s (b) 

3.0xlo-s(b) 

Loxlo-7 

1.ox1o-7 

<lxlo-a 1.6xlo-5 (Identified as tritium 

Percent 
of limit 

(%) 

0.22 

<0.06 

<1.9 

<3.8 

and C-14. No y emitters 
observed arove lxl0- 8 JJCi/ml) 

<lxlo-s 

<lxlo-8 

<lxlo-a 

. <lxlo-a 

<lxlo-a 

Bxlo-B 

3xlo-a 

<lxlo-s 

<lxlo-a 

· <lxlo-s 

Maximum COI'\Centra-
tion released, averaged 
over not rrore than 
24 murs (IJCi/ml) 

9.oxlo-6 

3.oxlo-7 

<Sxlo-8 

<3xlo-8 

Volume discharged 
(gallons) 

1773 

7774 

7399 

4154 

6718 

3750 

(a) All liquids are released to a, tile field. Measured concentrations refer to values at the point of discharge into the tile field, 

(b) Na22 identified as ganma emitter. 

\: 
' 
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:Report it 

lOth Quarterly 

9th Quarterly 

8th Quarterly 

7th Quarterly 

. Total CUrie 
Acti. vi ty Released 

(Ci) 

1.35xl0-2 -

4.4xlo-2 

9.4xlo-2 

B.OxlQ- 3 

Table AlB 

Off-Site Radioactivity Release in Liquid 1'7astes
Tritium and Carl:xm-14 (SEFOR) 

Tritium 

VolUIOO Average 
Concentration at 

Discharge Point (a) 
(lJCi/ml) 

7,lxlo-5 

2.3xlo-~ 

4.oxlo-~ 

· 4.2xlo-5 

(b) 
Percent of Limit % 

2.4 

7.7 

13.4 

1.4 

Total CUrie 
Activity Released 

(Ci) 

1.3xlo-6 

4xlo-3 ~stirnated 

3.5xlO-~-estimated 

3.0xlo-~-estimated 

6th Quarterly Total activity of tritium and carbon-14 is 1.6 x l0-5 f.lCi/ml. 

5th Quarterly Not rer:orted. Not reported. 

4th Quarterly Not rer:orted. Not reported. 

3rd Quarterly lbt rer:orted. Not reported. 

2nd Quarterly Not rer:orted lbt reported. 

1st Quarterly Not rer:orted. Not reported. 

(a) All liquids are released to a tile field. M3asured concentrations refer to values 
at the point of discharge into the tile field. 

Volume average concentration Total activity released 

at discharge Total wlure oCdilutlon water 

(b) MPC used 3 x 10-3 lJCi/ml for one ~ breathing (_soluble in water) 

(c) MPC used 8 x 10-~ \lCi/ml for one 'Y.eek breathing (soluble in water) 

"- .... · 

Carbon-14 

VolUIOO Average 
Concentration at 

Discharge Point (a) 
(lJCi/ml) 

6.9xlo-9 

(c) 
Percent of Limit% 

8,6xlO-" 
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Table A18 

Off-Site Radioactivity ~1 """'" in Liquicl Nast .. ,_
Tritim1 and Glrl:nn-14 (Sr"l":lR) 

Report t 

'Ibtal CUrie 
Activity Released 

(Ci) 

1.35x!0-2 

4.4x!o-' 

9.4xl0- 2 

B.Oxlo- 3 

Triti~m~ 

,, Volune Average 
Concentratioo at 
Di~ ,POint (a) 

(~Ci/nil) .. 

7.lxlo- 5 

2.3x!o-• 

4.ox!o-• 

4.2x!o-5 

(b) 
Peroent of Limit % 

-,, 
2.4 

7.7 

13.4 

1.4 

Total CUrie 
llctivity Peleased 

(Ci) 

l.lx!o-' 

4x!O-:o"~ted 

·3.5x!o-•-estimated 

3. ox1o-• -tlllt.iftlted 

lOth Quarterly 

9th~rly 

8th Quarterly 

7th Quarterly 

6th Quarterly 

5th Quarter! y 

4th Quarterly 

3rd Quarter 1 y 

2nd Quarter 1 y 

lst ()larterly 

'Ibtal activity of tritium ani carboo-14 is ;t,.-6, x 10- 5 wci/rr;).':··,_ 

Not reported. Not ~. 
'•. 

Not reported. 

'Not reported. 

~t reported 

N::>t reported.,/ 

~'"" 

../'_,..-~· 

-... ~," 

Not reported. ' 

Not reported • 

~t reported. 

N::>t reported. 

ia) All liquids are relea,.sa:l to a tile field. Measured aoncentrations refer tD values 
at the point of di;id1arge into the tile field • 

• ~~_,v••"".J 

Volune ~~age ocnoentration = 'lbtal activi:ffl-eleased 
at C!i~ 'Ibtal '\IOlune of uttori 'Water 

-.>"/ 

(b) ~'~ 3 x 10- 3 JJCi/ml for one week breathing (soluble in water) 

(c) MPC used 8 x lo-• JJCi/ml for one week breathing (soluble in water) 

c:arbon-14. 

Vol~,T;~age 
Oor:>oentration at 

DisCharqe POint (a) 

(~i/n'll) 

6.9xlo-' 

/ 
/ 

/ 

// 
/ 

(c) 
Peroent of Li.mi t % 

a.6xlo-• 



N 
0 
0 

.... 

~tJnth Re~ 
~~ ., 
~ 

'-.Re(;heck level 
pr~~ational 
Jverage·"··"·· ... All Quarterlies 

lOth Quarterly August, 1971 

''c>pta'll'"'r. 1971 

October' l9 7L 

9th Quarterly ~ ~..,'. , ~, -· 

June, 1971 

July' 1971 

8th Quarterly Febn.lary, 1971 

March, 1971 

April, 1971 

7th .Quarterly ~anber. 1970 

December' 197 0 

January, 1'971 •. /· 
-.···· 

--£_ 
v' 

6th Quarterly Ali<JU.!1.t -;/ 19 7 0 

~temrer' 1970 
/'. 

October, 1970 

5th Quarterly . May, 1970 

June, 1970 

July, 1970 

Table Al9 

El'~Virol1!lel'ltal . sampling 
of Radioactivity in Vegetation, !'.oil, aro water (SEFOR) 

/ 

·<' 
-,,~ 

__ ,_. 

Vegetation (a) 

activity ·' activity 
J(:ijgm-ash 

50 
13 

16 

. 15 

·15 

15 

32.6 

30 

20.7 

16 

23 

19 

c15 

16.6 

·15 

15 

17 

18 

182() 
9fl'? 

-r,49 

Hfi1 

862 

1108 

1151 

917 

/!497 

1657 

1640 

1332 

1509 

1463 

964 

14-:l 

1395 

762 

949 

1317 

~· ' So '1. (b) .. ~~ ... {5) 
~ iC'.""'" 

activity c activity 
~i/gm 

32 
25 

15 

22 

1'l 

24.3 

22 

23 

26 .. 

15 

20 

26 

lS 

18 

15 

15 . .4 

20 

16 

15 

22 

45 
14 

27 

19 

44 

2'i 

27 

22 

29 

55 

23.3 

23 

15 

48 

41 

22 

35 

29 

26 

acti:n ty ,; activity 
:.Cl/ml 

3x1:-· 
2xl~-: 

;x.-:-· 

~X:. 

~X-:' 

Lx.;.:-. 

~x· 

~~~-

oc ~-
l.·~~--

:.X~:-

~:-· 

s..:.:-

·;x:.:-

:.x_:-
:.X~:~ 

:X:.:-. 
·:.x::-' 
:.xi'\:'-. 

1. Sxlo-
. 6.lxlo-· 

• 3x10-' 

3xlo-e 

3x.lC 

3x1o-' 

4.6x1o-· 

3. 2xlo-c 

·3x1o-" 

3. 2x1o-' 

i.Oxlo-" 
-::.3x10-o 

, ..... -Q 

2.3x10-0 

'•Lfx.l0-

3xl0'-6 

<3x1o-s 

3. 3x10- :' 

7. 3x1o-" 



!_: .. 

Table Al9 

Enviromental Sampling 
of Radioactivity in Vegetation, Soil, and Water (SEFOR) 

Vegetation (a) Soil (b) water(b) 

Report# M:>nth 
a activity S activity a activity S activity a activity S activity 

p:::i(gm-ash p::ijgm JJCi/ml 

Recheck level 50 1820 32 45 3xlo-a l.Sxlo-7 
pre-operational 13 987 25 34 <2xlo-9 6.lxlo-8 

All Quarterlies average 

lOth Quarterly August, 1971 16 549 <15 27 <lxlo-8 <3xlo- 8 

Septenber, 1971 18 861 22 19 <lxlo-8 <3xlo-8 

October, 1971 <15 862 19 44 <lxlo-8 <3xlo-8 
-· 

9th Quarterly May, 1971 <15 1108 24.3 25 <lxlo-8 3xlo-a 

June, 1971 <15 1151 22 27 <lxl0-8 3xlo-8 

July, 1971 <15 917 23 22 <lxlo-8 4.6xlo-s 

N 8th Quarterly February, 1971 32.6 1497 <lxlo-a 3.2xlo-a 0 26 29 
0 

March, 1971 30 1657 <15 55 1.9xlo-s <3xlo-s 

April, 1971 20.7 1640 20 23.3 <lxlo-8 3.2xld-8 

7th Quarterly .lbvenber, 1970 16 1332 26 21 <lxl0-8 7. Oxlo-8 

December, 1970 23 1509 15 23 <lxlo-8 7.3xlo-8 

January, 1971 19 1463 18 15 <lxlc-s 3.lxlo-a 

6th Quarterly August, 1970 <15 964 <15 48 <lxlo-8 2.3xl0-8 

Septe:nber, 1970 16.6 1471 15.4 43 <lxlo-8 l.2xlo-7 

October, 1970 <15 1395 20 22 <lxlo-8 3x1o-8 

5th Qlarter1y May, 1970 15 762 16 35 <lxlo-8 «3xlo-a 

June, 1970 17 949 15 29 ' <lxl0-8 3.3x1o-s 

July, 1970 18 1317 22 26 <lxlo-a 7.3x1o-e 
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Table .Al9 

Environmental Sampling 
of Radioactivity in Vegetation, Soil, and water (SEFOR) 

(continua'! - page 2) 

Vegetation (a) Soil (b) 

Report i M:>nth a activity S activity a activity 13 activity 

4th Quarterly 

'· \.. 3rd Quarterly 

200 Quarterly 

1st Quarterly 

February I 1970 

March, 1970 · 

April, 1970 

N:JVernber I 1969 

December, 1969 

January, 1970 

August,. 1969 

Septanber ,· 1969 

October, 1969 

May, 1969 

June, 1969 

July, 1969 

r:Ci/gm-ash 

18 1007 

15 2154* 

15 762 

<15 951 

<15 966 

18 705 

<15 941 

20 1003 

<15 1055 

18 1026 

<15 966 

<15 941 

*Only long-lived fission products (fallout) were roted in gamna scan. 

(a) No evidence of eoG 0 , r 131 , or Na24 was observed. 

(b) No evidence of eo6 O or Cs 1 3 i was observed al:x:>ve detection lirni. ts. 

[.Ci/gm 

16 22 

15 27 

16 35 

22 24 

21 32 

31 38 

22 28 

<15 25 

31 32 

22 29 

22 17 

21 28 

... 

Water (b) 

tt activity B activity 
11Ci/ml 

.,lxl.o-a .;3xlo-s 

<J.xlo-s <3xlo-s 

<lxl0-8 .;3xlo-s 

<3xlo-8 <Sxlo-B 

<3xlo-s <5x1o-8 

<lxlo-s <3xlo-8 

<Sxlo-9 <7xlo-s 

<Sxlo-9 <7xlo-8 

<3x1o-8 <Sxlo-s 

<5xlo-9 <7xlo-8 

<Sxlo-9 <7xlo-8 

<2xlo-9 4.3xlo-a 
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Table Al9 

Environnental ~ling 
of Radioactivity in Vegetation, Soil, and Water (SEroR) 

(continued - page 2) ;:..,,,, 

Vegetation (a) 

Rep:>rt * lob nth a activity 8 activity 
p::ijgm-ash 

4th~1y February, 1970 18 1007 

Mrrch, 1970 15 2154* 

Apn.l, 1970 15 762 

3rd ~terly Novanber, 1969 <15 951 

Decanber' 1969 ·15 966 

January, 1970 18 705 

2rrl Quarter 1 y August, 1969 cl5 941 

Septanber' 196 9 20 1003 

October, 1969 <15 1055 

-----·--------. - ~------

1st Quarterly May, 1969 18 1026 

,rune, 1969 <15 966 

July, 1969 •15 941 

*Only long-lived fission products (fallout) were ooted in ganrna scan. 

(a) No evidence of eo50 , I 1 31 '· or Na:"' v.as observed. 

(b) No evidence of eo6 0 or Cs 117 was observed aJ:;ove detection limits. 

..:;•'"'-' 

Soil (b) 

a activity B activity 
p::i/grn 

16 22 

15 27 

16 35 

22 24 

21 32 

31 38 

22 

<15 25 

31 32 

22 29 

22 17 

21 28 

/ 
/ 

Water(b) 

"' activity S activity 
~Ci/ml 

<lxlO-~' <3xlo-2 

c lxlo-' <3xl0-~ 

· ixlO-. < 3xlo-c 

· Jxlo-' - , ~-P 
JXJ.V '" 

·.3x10-' '5x1o-f 

<ixlo-c .,Jxlo-5 

·· 5xlO- ~ < 7xlo-" 
""-,._ 

5xlo- 7xlo-
c.•. 

:_;3xl0-9 -5xlo-" 

<Sxlo-· <7xlo-e 

.· 5xl0-9 < 7xlo-e 

<2xlO- ~ 4.3xl0-



Table l120 

Environmental Film Monitoring (SEFOR) 

Nl.l'llbe+ of Stations: 17 

Total Films Analyzed during Each Quarter: 51 

Report # and 
Feport Period 

lOth Quarterly 
Aug. 1, 1971 thru 
Oct. 31, 1971 

9th Quarterly 
May 1, 1971 thru 
July 31, 1971 

8th Quarterly 
Feb. ~, 1971 thru 
April 301 1971 

7th Quarterly 
N:>v. ·1, 1970 thru 
Jan. 31, 1971 

6th Quarter! y 
Aug. 1, 1970 thru 
Oct. 31, 1970 

5th quarter! y 
May 1, 1970 thru 
July 30, 1970 

4th Quarterly 
Feb. 1, 1970 thru 
April 30, 1970 

3rd Quarterly 
Nov. 1, 1969 thru 
Jan. 31, 1970 

2nd Quarterly 
A~. 1, 1969 thru 
Oct. 31, 1969 

lst Quarterly 
May 1, 1969 thru 
July 31, 1969 

Maximlm Radiat.ion 
level Reported 

17 millirad/quarter 

16 millirad/quarter 

12 millirad/quarter 

0 mi1lirad/m:mth 

0 millirad/rronth 

0 rnillirad/month 

0 mi11irad/month 

0 millirad/m:mth 

4 millirad/month 

4 millirad/m:mth 

202 

Maximum Radiation 
level Reported during 

Pre-operational Survey 
(millirad/m:mth) 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 



Table A21 

Pri:Tary Sodium Conp:>sition (SEFOR) 

Concentration (ppm) 

Date 
Report # Ta"'<en Al Ag B Ba Be Bi c Ca Co Cr Cu Fe Li M3' 

lOth Quarterly 8/16/71 20 <.2 <20 <6 <.6 <.2 25 6 <.6 <.6 .2 8 .6 
(8/1/71-10/31/71) 

9th Quarterly 6/16/71 100 2 <10 <5 <.1 <.1 22 6 6 4 <3 4 <10 6 
(5/1/71-7 /31/71) 

8t..'1 Quarterly 3/17/71 <2 2 <12 <12 13 5 6 6 <20 6 
(2/1/71-4/30/71) 

7 t:h Quarterly 12/18/70 < 6 <.6 <.6 <6 <.6 24 6 <6 < 6 <.6 4 <6 
(11/1/70-1/31/71) 

"' Prinary Sodium Composition (SEFOR) 
0 
w Concentration (ppm) 

(part 2 - continued) 

Rej;ort # Date 
Taken Nn fu Nb Ni p Pb Sb Si Sn Ti u23s u23s v Zn Zr 

10t..'1 Quarterly 8/16/71 <.2 <.2 <60 <6 <60 5 <.6 <.2 .2(a) 7(a) <.2 <6 
(8/1/71-10/31/71) 

9th Quar-...erly 6/16/71 .6 <.3 <30 <1 <100 <1 <30 2 < 3 < 1 .2(a) 5 (al <.3 <1. 
(5/1/71-7/31/71) 

8th Quarterly 3/17/71 <12 20 < 2 (4±2) (a) (200±50) (a) <12 
(2/1/71-4/30/71) 

7th Quarterly 12/18/70 <.6 <.6 <6 <.6 12 <.6 <.6 <.6 <6 
(11/1/70-1/31/71) 

< Represents lower limit of detection for instrument used. 

(a) ppb 

l 
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Table A21 
) 

~/ ~ Pr:iJIBry SodiiJII Calp)aition (S!Rit) 

Cbnoantration (wn) 
-
Date 

Report * Taken Al l¥J B Ba Be Bi c Ca Co Cr Cu Fe /~ M:J 
~/ ---

-~ / 

lOth Quarterly 8/16/71 20 <.2 <20 <6 <.6 <.2 25 6 <.6 <,6 .2 8 .6 
(8/1(71-10/31/71) 

9U, '.Jud-I Le:r:ly 6/16(71 100 2 <10 <5 <.1 <.1 22 6 6 4 <3 4 <10 6 
(5/1/71-7/31/71) 

8th ~rter1y 3/17/71 <2 2 <12 <12 13 5 6 6 <20 6 
-~/ (2/l/71-4/30/71) 

7th~1y 12/18, 70 < 6 <.6 <,6 <6 <.6 24 6 <6 < 6 <,6 4 <6 
(11/1/70-1/31/71) 

- --·---
Pr.iJnaJ:y Sodi1,:11l,~tion (smlR) 

,,_r 

N SPI'lCatz;~,tian (wn) 
0 
w (part 2 - ~tinued) 

Report * Date 
'!'aken Mn lob Nb .. Ni p Pb Sb Si Sl" Ti u2', ULJO v Zn Zr 

--
lOth Quarterly 8/16/71 <.2 < .• "2 <60 <6 <60 5 <.6 <.2 .2(a) 7 (a) <.2 <6 
'?. '~ 'T'. -1 n/31/71) 

91-...h Quarterly 6/16/71. .6 <.3 <30 <1 <100 <l <30 2 < 3 < 1 .2(a) 5(a) <,3 <1 
(5/1/71-7/31/71) 

Bt.b. Q...l.a.l:k.rli ... ·· . 3/17/71 .·1? 20 < 2 (4±2) (a) (200±50) {a) <12 
{2/1!71-4/30,17l) 

' 

7th Quarter! y 12/18/70 <.6 < .6 <6 <.6 12 <,6 < .6 <,6 <6 
(1l/1/7D-l/31/71) 

< R£presents lower limit of detection for i.nsti.unent used. 

(a) pP:> 



TaJ::>le A22 

Primary Sodiun Radioactivity (SEFOR) 

dptV'l6g sarrple 
~.,-.-.......,._~~~~ ........ 

Re)?:)rt # Date AgllO co60 1 131' 1 133 Na22 Na/4 Rb86 Sbl24 

Taken 

lOth Quarterly 8/16;11 3.l.xl04 (;l) l.2x106 t-bne 
(8/1/71-10/31/71) 

9th Quarterly 6/16/71 4.4xl04 l.lxl06 <4xl0·' 
N (5/1/71-7/31/71) 
0 
~ 

8th Quarterly 3/17/71 4.9xl04 (b) l.9xl06 l.lxlO~ 

(2/1/71-4/30/71) 

7th Quarter 1 y 12/18/70 2.0xl04 4.4xl02 (b) 4.lxlo 5 "vlxlQll 1.6xl0 5 4.8x10 3 

(11/1/70-1/31/71) 

(a) t-«::> evidence of 1 131 or 1 133 al:x>ve detection limits was observed. 

(b) . rl 31 activity was beJ.ow the limits of detection. 

~ 



.. 

~rtf 

lQth~ly 

9th Quarterly 

8th~ly 

7th~ly 

6th Quarterly 

5th ()Jarterly 

4th Quarter! y 

Table A23 , 

'!be rover gas rronitor was in servioe during the quarter artl indicated no ananalous 
gas activity. ~ gas saq>les ~ obtained at nonthl.y intervals before and 
after the Sul:prc:lltJI: Test Series and each SuperprCI!pt Tr&IUJient Test. No signifi
cant increase in the coooentrati.an of the f1 ssi~ products in the oover gas was 
obeer\led. Exaninati~ of this data rontinues to indicate gcxx1 oorrelation with 
oover gas sanples obtained sinoe Deoelnbe.r, 1970 . 

'lbe cover gas rronitor was in servioe during the quarter and indicated no ananalous 
fissim gas activity. Ten cover gas sanpleE- were obtained beaeen May 6, 1971 
and May B, 19711 six in June, and one in July to quantitatively measure the 
isotppic coostituents. These sarples ronsistent of routine J!Olthly cover gas 
analysis, special ellperiments to further refine sanpling and identification techni
ques, and pre- and post-FRED transient sanples. No significant increase in the 
cx:mcentratioo of the fission products in the cover gas was obsel:ved. :Preliltlinary 
examination of these data irxli.cate good rorrelation with other oover gas sanples 
~since December, 1970. 

·. The cover gas nonitor was in servioe during the quarter, and indicated no ananalous 
fission gas activity. COVer gas sanples were o~ to quantitatively measure 
the isot:q>ic constituents. These sanples CQ'lsist.ed of routine J!Olthly cover gas 
analyses, special ~iments to further refine sanpling am identification techni
ques, and pre- and post-FRED transient sanples. 'lbese results indicate no fissioo 
gas levels other than those nonnall y anticipated O;an tranp uraniun and/or pin 
hole cladding penetrations. 

The cover gas rronitor was in servioe oontinuously 9.\lri.ng the quarter. Cover gas 
sanples v.ere obtained to quantitatively measure the isotopic constituents. 'l";.o 
sanples were obtained in N:M!mber, 1970, five during January, 1971. A special 
series of rneasurE!IIW!nts 'lltllern also CXJnd\ iCted in Decelltler to further refine the 
techniques for sanpling the low level fission gas (Xe an;l Kr) oonp::rrents. These 
results irrlicat.ed no fission gas levels other than tlx>se oonnally anticipated 
fran tr<S!p uraniun 9Ild/or pin hole cladding penetration • 

. The cover gas rrcnitor operated during the quarter and qata were obtained as a 
function of reactor power level. These results were SUR:~lenented with a cover 
gas sanpling technique which used a 50 ml charcoal filter and a millipore filter 
in addition to the 400 ml cylimer gas sample wqich was \lSEld m previous gas 
sanplings. With the editioo of these filters the sensitivity of the SCllTpling 
technique was inCJ:'eased sufficiently to observe a background level of aaoon radio
activity. ~ ~i tWe of xenon correspqnded to t11at anticipated fran the low 
level "tramp" uranit111. On-line spectranetric stooies were conducted also which 
revealed the presence of neon-23, a stat lived (T112 "' 38 sec) isotope resulting 

fran fast neutron activation of Na2 3
• This isotope has been observed at EBR-II and 

RHAPSOOm. 

Reactor cover gas activity was rronitored and sanples \Ere taken for spectrographic 
analysis. The A-41 activity was near the level.JI anticipated. ISb other isotopic 
activity was observed. 

Peactor rover gas activity was rronitored ~ samples \Ere taken for spectrographic 
analysis. The A-41 activity was near the anticipated level for short tenn operation 
at low power levels. 
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N 
0 
0"1 

Report No. and Date 

~7776, January 1971 

ANL-7783, February 1971 

ANL-7798, March 1971 

ANL-7825, April-May 1971 

ANL-78331 June 1971 

ANLr7845, July 1971 

ANL-7854, August 1971 

ANL-7861, September 1971 

ANL-7872, October 1971 

ANL-7887 1 November 1971 

ANL-7900, December 1971 

Table A24 

Integrated Power*and List of Reports (1971) (EBR-II) 

Operated Pel:-iod of Time 

March 2, 197l<March 15, 1971 
November 1963<March 15, 1971 

March 15, 1971~y 15, 1971 
November 1963~y 15, 1971 

May 151 1971-July 151 1971 
November 1963-July 151 1971 

July,-!!?., 1971-Septernber 15, 1971 
Novenber 1963'-Septa:nber 15, 1971 

September 15, 1971-Nbvember 15, 1971 
November 1963-November 15, 1971 

* See footnote on page 1'! concerning EBR-II power level. 

'<1': 
l. 

Integrated ~ 
MWi 

Not Reported 

NotReJ:X)rted 

505 
42321 

1467 
43788 

. Not Reported 

1752 
45540 

NotRetx>rted 

1969 
47509 

Not Reported 

2354 
49863 

NotRe:r;x:>rted 
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Table A25 

Radionuclide Activity in Primary SOdium (EBR-II) 

Report No. and Sampling 22Na 137Cs 
Date Data (rCi/g) (rCjjg) 

ANL-7776 9/30/70 48 11 
January 1971 10/6/70 49 11 

10/13/70 51 11 

N 10/28/70 51 12 
0 
........ 11/2/70 50 12 

11/9/70 53 13 

11/13/70 53 ll 

11/18/70 51 10 

11/23/70 52 7 

11/30/70 54 8 

12/4/70 51 6 

12/9/70 51 6 

12/14/70 50 3 . 
12/30/70 51 4 

1/4/71 51 4 



Report N:>. and Sampling 
Date Date 

ANL-7798 2/11/71 
March 1971 

2/16/71 
N 
0 2/18/71 OJ 

2/19/71 

2/22/71 

2/24/71 

3/2/71 

cq:; 

T<lPl:~ 1:\25 

page 2 . (epntinUE!d) 

13Ir 

(~i/g) 

tbne det~ted 

:tbne detected 

lbne detecta:l 

None detected 

None detected 

28 

12 

137cs 210Po 

(rt::i/g) (r:Ci/g) 

5 

15.7 

12 

12 

10 

13 

12 

.. 

.. 
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Table A25 

Page 3 (continued) 

Rep:>rt No. and Sa.mp1irb9" 13lr 137cs 54Mn llOIDAg 113sn-113mrn 117msn 125Sb 

Date Date (p::i/g) (rCi/g) (Efi/g} (rCi/g) (nCi/g) (rCi/g) (rCi/g) 

ANL-7825 3/5/71 25 11 
April-May, 1971 3/10/71 67 12 

N 
0 3/12/71 150 13 ~ 

3/15/71 140 13 

3/26/71 86 13 

-1/5/71 47 . 14 

4/12/71 79 14 

4/16/71 140 18 

4/21/71 150 18 

4/27/71 143 19 

4/27/71 130 18 

4/16/71 ~ne 0.614 5.10 0.08 .148 
detected 

._,_- ,.,.,, 

4/23/71 50.6 0.651 5.46 4.81 .506 



Table A25 

Page 4 (continued) 

Report No. and Sanpling 1311 137cs 
Date Date {I:f!i/9) crei/s> 

ANL-7833 4/12/71 79 14 
Jtm.e 1971 4/16/71 140 18 

4/21/71 150 18 

4/27/71 136 18 
N 5/5/71 __, 110 17 
0 

5/14/71 58 17 

5/19/71 25 16 

5/24/71 66 17 

5/28/71 72 17 

6/1/71 147 

6/4/71 97 

6/7/71 310 17 

6/8/71 .463 -21 

1lt' 
" 
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Table A25 

Page 5 (oontinued) 

Rep:>rt lb. Sampling 3H 1311 137c5 54Mn llO~g ll3sn-113mrn l.l 7sn 125Sb 

and Date Date {reiLgJ ~p::ijq~ (rCi/g} (P:i/g) (rCi/g~ ~rCUsl~ (rt::i/g)_ ~y_g) 

ANL-7845 5/5/71 110 17 
July 1971 

5/14/71 58 17 

5/19/71 25 16 

5/24/71 66 17 

5/28/71 72 17 
N 6/1/71 147 18 ..... __, 

6/4/71 97 17 

6/7/71 31 20 

6/8/71 463 22 

6/11/71. 294 23 

6/14/71 196 21 

6/18/71 113 22 

6/23/71 82 21 

6/28/71 68 23 

4/29/71 42 

5/24/71 63 

5/13/71 28.9 .651 5.96 4.34 .542 '· 

6/18/71 72.3 .578 5.78 3.61 .108 

7/2/71 61.4 .687 6.47 5.06 .867 



Re{X)rt No. Sanpling 3H 22Na 1311 
and Date Date (rCi/g) (rCi/g) (rCi/g) 

AN!t-7861 1/6/70 
Septanber 2/5/70 1971 

3/19/70 

6/16/70 

7/31/70 

8/21/70 

9/21/70 
N ll/24/70 ...... 
N 

l/8/71 

2/16/71 

4/23/71 

5/13/71 

6/18/71 

7/2/71 

7/9/71 51 42 

7/14/71 52 50 

7/16/71 34 

7/16/71 30 

7/19/71 51 49 

1l 

Table A25 

Page 6 (rontinUEii) 

137cs S'+Mn 11~ 

(1'1:i/g) (p:!i/g) (rCi[g:> 

28 .so 
59 .4i 
24 .47 

53 .53 

84 .59 

19 .59 

49 .47 

None Detected .69 
None Detected .59 

None Detected .53 

44 .56 

25 .57 

63 .50 

53 .59 

19 

21 

20 

113sn-ll3mln 117sn l25sb 

<n:i!s> (rCi/g) (rt::i/g) 

4.4 4.1 .59 

s.o 4.-1 .66 

5.6 5.6 .23 

3.8 5.3 .10 

7.2 4.4 .so 
6.6 4.4 .17 

4.7 2.2 .17 

7.2 3.8 .20 

5.7 0. 38 None Detected : 

4.4 0.07 .13 

4.7 4.2 .44 

5.2 3.8 .48 

s.o 3.0 .094 

5.6 4.4 .75 

a::>ntinued on next page •••• 

.. ... 
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Report No. Sarrp1ing 3H 22Na 131! 

and Date Date (rCitg:L (rCi/g) <~itg> 

ANL-7861 7/23/71 53 63 
N Septerroer 7/28/71 53 76 __, . 

1971 w 
8/3/71 53 59 

8/6/71 51 49 

8/19/71 

8/20/71 20 

8/27/71 53 41 

Table A25 

Page 7 (oontinued) 

137cs 54Mn 11 omAg 

(rCi/g) <~its> (rCi/g) 

20 

20 

20 

21 

18 .59 

20 

• ~ 

113sn-113min 111Sn 12ssb 
(rCi/g) {rCi/g) (n:::it.gL 

6.0 4.7 .20 



Report No. Sampling 3H 22Na 131! 

and Date Date (Il:i/g) cn:iLs) . (~:i/g) 

ANL-7887 9/1/71 51 43 
November 9/8/71 52 53 
1971 

9/13/71 45 

N 9/24/71 51 __. 
..j::>o 9/29/71 46 

10/4/71 51 65 

10/6/71 5~ 69 

10/18/71 

10/20/71 53 35 

10/21/71 53 47 

10/27/71 53 66 

10/29/71 54 65 

.. 

Table A25 

Page 8 (oontinued) 

13-1cs S'tMn 110~ 

(rCi/g) <t:eU3> (rCi/g) 

21 

21 

28 .59 

21 

20 

20 

.59 
22 

22 

21 

21 

113 sn-11 lmin 117sn 125Sb 

(rCi/g) (rCi/g) (rCifs) 

6.1 4.2 .35 

5.8 3.6 .28 

"" IIi• 
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Report No. and Date 

ANLr-7845 
July 1971 

ANL-7861 
September 1971 

ANL-7887 
November 1~71 

Table A26 

EBR-II Radionuclide Activity 
in Seooooa.ry Sod;ium (1971} 

Concentration (rCi/g} 

Sanpling 3H 
Date (nCi/g) 

4/29/71 6.7 

5/24/71 9.2 

6/23/71 2.9 

7/16/71 0.83 

7/16/71 2.4 

7/16/71 3.6 

8/2/71 0.98 

8/2/71 0.73 

9/10/71 

9/29/71 1.2 

10/27/71 

11/30/68 

4/5/68 

5/20/68 

6/12/68 

9/4/68 

12/20/68 

3/26/69 

4/23/69 

5/19/69 

6/10/69 

7/10/69 

8/19/69 

9/26/69 

10/17/69 

1/29/70 

3/10/70 

6/22/70 

215 

24Na 
(rCi/g) 

30 

41 

6.5 

31 

32 

32 

30 

25 

10 

6.5 

26 

27 

22 

22 

24 

9.3 

11 

30 

28 

continued .... 



Report NQ. and Date 

ANir-7887 
bbvember 1971 · 
(continueq) 

Table A26 

EBR-II Radionuclide Activity 
in Secondary Sodium (1971) 

(continued) 

Concentration (nCi/g) 

5anpling 
Date 

7/15/70 

9/29/70 

10/6/70 

4/21/71 

6/30/71 

7/29/71 

216 

~ 

24Na 

(nCi/g) ' 
24 

33 

34 

16 

30 

36 



, 

Table A27 

Gamma Activity in EBR-II Cover Gas 
due to Tramp Sou ~ce 

(data taken Sept. 7-8, 1971) 

Absolute Activity 
Repqrt No. and Date Nuclide ll Ci /ml 

ANL-7872 l33Xe 4.34 X 10-4 
October 1971 

135Xe 2.05 X 10-3 

85mKr 3.07 X 10-4 

88Kr 5.0 X 10-4 

87Kr 2.48 X 10-4 

l38Xe 4.22 X 10-5 

135mxe 2.1 X 10-5 

23Ne 2.5 X 10-3 

(a) 

(a) Normalized to grab-sample determination of 2.05 x 10-3 
ll Ci/ml for 

135xe during this period. Principal nuclides identified in the 
EBR-II coyer gas are: 85mKr, l33xe, 135xe, 85Kr, 87Kr, 88Kr, 
l35mxe, 13Bxe, 131mxe, l33mxe, 137xe, 23Ne, 41A, 88Rb, 138cs 
(ANL-7872, October 1971). 
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Table A28 

EBR-II Primary Sodi1.111 catposition 
(trace metals) 

Concentration, IPl1 

Report No. and Date Sanpll.n;1 Date Aq Al Bi Ca Cd Co Cr Cu Fe 

ANir-7776 10/27/1970 0.06 <0.6 1.9 <0.02 <0.02 <0.02 <0.02 0.09 
January 1971 

11/24/1970 0.05 <0.6 1.9 <0.02 <0.02 <0.02 <0.02 0.1 

ANrr-7798 1/8/1971 0.05 <0.6 0.9 <0.02 <0.02 <0.02 <0.02 0.28 
March 1971 2/16/1971 0.05 <0.6 1.3 <0.02 <0.02 <0.02 <0.02 0.08 

ANrr-7825 4/23/1971 0.05 <0.6 3 <0.02 <0.02 <0.02 0.03 0.23 
April-May 1971 

ANL--7845 5/13/1971 0.07 <0.6 3.2 <0.02 <0.02 0.02 0.04 0.97 
July 1971 

7/2/1971 0.13 <0.6 1.1 <0.01 <0.02 <0.02 0.03 0.45 
N 
~ 6/18/1971 co 

5/19/1971 0.02 

ANir-7861 7/7/1971 0.045 0.027 1.4 <0.001 <O.OOL 0.063 0.02 0.55 
Sep1:eltrer 1971 7/14/1971 '>-1.0 0.03 

7/16/1971 0.1 2.0 

8/19/1971 0.06 <0.6 1.5 <0.01 <0.002 <0.02 <0.02 0.25 

ANL-7887 1/4/1971 1.1 
No'Jel'lt)er 1971 

9/13/1971 0.06 <0.6 1.8 <0.01 <0.02 0.07 <0.02 0.18 

10/18/1971 0.05 <0.6 1.6 <0.01 <0.02 <0.02 <0.02 0.48 

10/20/1971 0.08 

continued ••.• 
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Table A28 

Continued 
EBR-II Primary Scxtii.ITI Coop:>si tioo 

{t riiCe metals) 

eorx=entration, ppn 

Report N:>. and Date Eanpling Date In K .Mg Mn M:'l Ni Pb Sn Zn 

~7776 10/27/1970 <0.06 0.009 <0.005 <0.07 <0.04 11.3 24.2 
Januaty 1971 11/24/1970 <0.06 0.01 0.009 <0.07 <0.04 10.6 23.1 

~7798 1/8/1971 <0.06 0.005 <0.005 <0.07 <0.04 2.9 24.6 
March 1971 2/16/1971 <0.06 <0.005 <0.005 <0.07 <0.04 7.11 28.8 

~7825 4/23/1971 <0.06 0.009 <0.005 <0.07 <0.04 9.8 23.5 

I'\) 
April-May 1971 

__. 
1.0 ~7845 5/13/1971 <0.06 0.013 0.009 <0.07 <0.04' 5 26.9 

July 1971 
7/2/1971 <0.06 0.018 0.005 <0.07 <0.04 l.B 25.5 

6/18/1971 165 

5/19/1971 <0.06 

ANL-7861 i/7/1971 0.008 0.007 0.015 <0.01 0.056 8.27 2R.O 
Septer!Der 1971 7-/14/1971 "'9.0 <0.06 

7/16/1971 11.0 

8/19/::.971 <0.06 0.023 <0.005 <0.07 <0.04 9.1 26.7 

ANL-7887 l/4/1971 11.0 
N::>verrtler 1971 9/13/1971 <0.06 0.007 <0.005 0.07 <0'.04 11.0 25.0 

10/18/1971 <0.06 0.015 <0.005 0.07 <0.04 12 24.0 

10/20/1971 <0.06 



Table A29 

EBR-II Primary So:iiun Carposition 
(N:>n-meta1s) 

Corx:entration, ppn 
Total Hydride Hydroxide 

Report ~. ani Date Sanpling Date B c 0 Si H H H N 

/liNI..r 77 7 6 ll/24/1970 1.1:!: 0.2 
January 1971 

11/13/1970 <0,1 

/liNI..r 77 9 8 2/16/1971 2.2 ± 1.0 
March 1971 11/24/1970 0.8 ± 0.06 

2/16/1971 1.6 ± 0.4 

12/23/1971 <0.06 

2/18/1971 0.22 

ANI:r-7825 4/7/1971 1.3 ± 0.4 
April-May 1971 4/23/19-;1 1.8±0.7 

2/11/1971 1.6 

4/29/1971 0.9 

4/29/1971 <0.05 

N ANI:r-7845 5/14/1971 1.0 :!: 0.5 1.6 ± 0.6 
N July 1971 6/11/1971 1.1 ± 0.2 1.2 ± 0.3 0 

6/28/1971 <0.1 

ANL-7861 7/16/1971 1.2 
Septarber 1971 8/20/1971 <0.05 3.1 ~~ --

5/13/1971 0.09 0.10 i 

6/11/1971 0.07 0.08 

7/19/1971 1.9 ± 0.1 0.8 t 0.2<; <0.0 0.10 0.07 

8/20/1971 0.16 

ANI:r-7887 9/29/1971 <0.05 0.4 
Noveniler 1971 10/21/1971 <0.05 0.8 

8/19/1971 0.09 ± 0.02 

9/13/1971 0.16 ± 0.05 

9/24/1971 0.07 

10/20/1971 1.0 ± 0.5 <0.1 

10/21/1971 1,iO ± 0.4 

41 
1fl 



Table A30 

EBR-II Secondary Sodium Corrposi tion 
(Trace Metals) 

Concentration, ppm 

Report No. and Date Sanpling Date Ag Al Bi Ca Co Cr cu Fe 

ANL-7798 2/16/1971 0.01 <0.6 <O;l 0.03 <0.02 0.58 <0.02 3.6 
March 1971 2/22/1971 0.048 0.05 0.019 0.026 <0.002 0.004 0.007 0.11 . ', 
ANL-7825 3/10/1971 0.011 0.02 0.013 <0.001 0.002 O.OOL 0.045 0.08 
April-May 1971 3/16/1971 0.03 <0.6 <0.1 0.013 <0.02 0.009 0.015 0.07 

4/16/1971 0.06 <0.6 <0.1 <0,()1 <0.02 0.016 0.02 0.08 

ANL-7845 5/13/1971 0.16 <0.6 <0.1 0.04 <0.02 0.06 0.05 1.27 
July 1971 6/16/1971 0.05 <0.6 <0.1 0.11 <0.02 0.05 <0.02 0.23 

7/13/1971 0.08 <0.6 <0.1 0.02 <0.02 0.03 0.02 0.21 

ANL-7861 8/10/1971 0.23 <0.06 <0.01 0.01 <0.02 0.05 0.04 0.11 
Septexroer 1971 

N 
ANL-7887 

N November 1971 9/7/1971 0.09 <0.06 
~ 

<0.1 <0.01 <0.02 0.06 <0.02 0.17 

10/12/1971 

10/21/1971 0.02 <0.06 <0.1 <0.03 <0.02 0.02 0.04 0.20 

continued •••• 
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Table AJO 
/"' 

t EBR-II secondary Sodium CCJIP)sition 
(Trace Metals) 

Concentration, ppn 

Report No. and Date Sanp1ing Date Ag Al Bi ca Co Cr Cu Fe 

ANL-7798 2/16/1971 O.Ol <0.6 <0.1 0.03 <0.02 0.58 <0.02 3.6 
March 1971 

2/22/1971 0.048 0.05 0.019 0.026 <0.002 0.004 0.007 0.11 

ANL-7825 3/10/1971 0.011 0.02 0.013 <0.001 0.002 O.OOi 0.045 0.08 
April-May 1971 

3/16/1971 0.03 <0.6 <0.1 0.013 <0.02 0.009 0.015 0.07 

N 
4/16/1971 0.06 <0.6 <0.1 <0.01 <0.02 0.016 0.02 0.08 

N 
ANL-7845 5/13/1971 0.16 <0.6 <0.1 0.04 <0.02 0.06 0.05 1.27 
July 1971 

6/16/1971 0.05 <0.6 <0.1 0.11 <0.02 0.05 <0.02 0.23 

7/13/1971 O.JS --:: r ~ . n.o2 " "" " "" n.n2 ;.21 "\,t .u -u • ..._ - . ~-

ANlr-7861 8/10/1971 0.23 <0.06 <0.01 0.01 <0.02 0.05 0.04 0.11 
Septerrber 1971 

ANL-7887 
Nc>vercber 1971 9/7/1971 0.09 <0.06 <0.1 <0.01 <0.02 0.06 <0.02 0.17 

,A:6/12/197l 

10/21/1971 0.02 <0.06 <0.1 <0.03 <0.02 0.02 0.04 0.20 

continued ••.. 



Table A30 

· EBR-II Secondary Sodium Corrpositia.l 
{continued) {Trace Metals) 

Concentration, ppn 

Report No. and Date Sanpling Date In K ~.g Mn M:J Ni p~ Sn 
:-

ANL-7798 2/16/1971 <0.06 0.005 0.031 <0.07 0.37 0.5 <0.5 
March 1971 2/22/1971 <0,01 0.013 0.001 <0,01 0.005 

ANL-7825 3/10/1971 ,0:01 0.007 0.002 <O,O:C5 0.008 0.67 0.06 
April-Mc>y 1171 3/16/1971 <0.06 0.043 <0.006 <0.07 <0.04 0.30 <0.5 

4/16/1971 <0.06 0.007 <0.006 <0.07 <0.04 0.55 <0.5 

ANL--7845 5/13/1971 <0.06 0.038 0.021 <0.007 0.06 0.20 <0.5 
July 1971 6/16/1971 <0.06 0.028 <0.006 <0.07 <0.04 0.18 <0.5 

7/13/1971 <0.06 0.032 0.014 <0.07 <0.04 0.23 <0.5 

N 
ANL--7861 

N Sept:errtler 1971 8/10/1971 <0.06 0.038 <0.06 <0.07 <0.04 0.77 <0.5 
N 

ANL-7887 
Noverrber 1971 9/7/1971 <0.06 0.04 <0.006 <0.07 0.08 0.66 <0.5 

10/12/1971 158 

10/21/1971 <0.06 0.02 <0.005 0.11 <0.04 0.11 <0.5 



4 .. 

'l'llble All 

:eat-II Seoc:l1dary SOdi1.111 ~iUon 
(Non-rret..:..'. ;) 

Coocentration, ppn Total Hydride Hydroxide 
Report ~. and Date Sanp1inq DaW B c 0 .3i H H H N 

ANI.r7776 11/18/1970 0.8 t 0.4 
January 1971 10/27/1970 <0.06 

ANI.r7798 2/17/1971 3.7 ~ 0.5 
March 1971 

2/17/1971 1.0 ~ 0.3 
3/3;19-;l 1.2 ! 0.2 
2/17/1971 0.27 

ANI.r7825 3/3/1971 l.O ~ 0.1 
April-May 1971 

4/14/1971 0.4 ! 0.1 

4/14/1971 1.4 ± 0.4 
2/16/1971 1.6 
3/15/1971 0.8 

4/21/1971 0.9 
4/26/1971 <0.05 

ANI.r7845 5/ll/1971 1.6 :': 0.2 1.3 ± 0.9 
July 1971 

6/7/1971 1.3 ± 0.4 1.0 :': 0.5 
N 

6/17/1971 <0.1 N 
w 5/19/1971 0.4 

6/24/1971 4.4 
5/20/1971 <0.05 

6/18/1971 <0.05 
ANL-7861 
Septem'ber 1971 7/12/1971 <0.05 

7/27/1971 1.3 

8/11/1971 <0.05 

8/12/1971 0.5 
3/25/1971 0.08 . 0.10 
4/19/1971 0.07 0.04 
5/18/1971 0.04 <0.04 

6/29/1971 0.09 0.12 0.03 
7/28/1971 0.2 0.06 0.11 

ANL-7887 9/20/1971 2.3 
. November 1971 

9/21/1971 <0.05 

10/25/1971 <0.05 

10/29/1971· 0.7 
9/26/1971 o.oo ± 0.05 
9/14/1971 0.12 
9/28/1971 0.7 0.04 ± 0.02 
10/19/1971 1.2 ± 0.3 



APPENDIX B: 

Fission Product Data 

Half lives, decay constants, and fast fission yields for 239Pu 
and 238u are g·iven in Table Bl. The reference is: 

M. E. Meek and B. F. Rider, "Compilation of Fission Product 
Yields~ Vallecitos Nuclear Center, 1972," NED0-12154 

. (January 1972). · 

The results in this reference are output of a computer tabulation at 
General Electric which is frequently updated and which weights in 
importance the different experimental data assembled. 

The decay ~chemes of the fission products for which the activities 
were ~alculated during the present study are shown in Figure Bl. 
These decay schemes ignore nuclides of very short half lives that 
occur before the first nuclide shown in each chain in the figure, 
i.e. nuclides of such short half life that they do not affect the 
results in Section 4. 
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Table Bl 

Half Lives and Fission Yields of Fission Products Listed in Section 4. 

Nucl'ide Accumulated Percent Yield Half-Life Decay Constant 
(Fast Fission) 

T1/2 "A, sec- 1 
239pu 23su 

85~ 0.642 0.811 4.4h 4.375 x lo-s 

85Kr 0.142 0.173 10.76y 2.042 x 1o-9 
86R!)a 1. 810 x lo-s 1~510 X 10-7 18.66d 4.298 X 10-7 
89sr l. 719 3.016 50.8d 1.579 x lo-7 
90sr 2.089 3.282 28.9y 7.604 x 1o-1o 
90y 2.089 3.282 64.0h 3.008 X 10-6 
91sr 2.464 4.506 9.67h 1. 991 x lo-s 

N 
N 

91ny 1.503 2.748 50.5m ' 2.287 X lQ-'+ 
(J1 . 9ly 2.464 4.506 58.8d 1.364 X 10-7 

95zr 4.586 5.579 65.5d 1.225 x 10-7 
9 slllNb 0.060 0.073 87h 2. 213 X. 10-6 

95Nb 4.586 5.579 35.ld 2.285 X 10-7 
99Mo 5.609 6.424 66.6h 2.890 X 10-6 
99J:nrc 4.936 5.653 6.007h 3.208 x lo-s 
103Ru 6.533 6.395 39.8d 2.015 X 10-7 
10 3ffiR11 6.468 6.331 55m 2.100 X 10-4 

106Ru 4.517 2.835 368d 2.180 x lO-a 
106Rh 4.519 2.835 30s 2.310 x lo-2 
11 O!llAga 7.300 X lQ-6 2. 050 X 10-10 . 253d 3.170 x lo-s 
110Aga 8.250 X 10-G 2.310 X 10-10 24.6s 2.817 x 10-2 

111Ag 0.367 0.103 7.48d 1.072 X 10-6 
113rrt:da 4.180 X 10-6 3.330 X lQ-'9 l3.6y 1.616 X 10-9 
11srrcd 0.006 0.003 44.ld . 1.819 X 10-7 

119ITisn 0.001 o;oQl 245d 3.274 x lo-a 
l21rnsn 0.001 7.860 X 10-G 76y 2~891 x 1o-1o 
123llisn 0.043 0.0210 129d 6.218 x lo-s 
125 

0.064 8.312 x io-7 Sn 0.068 9.65d 
12s8b 0.192 0.113 2 .• 73y 8,049 X 10-g 
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Table Bl 

Half Lives and Fission Yields of Fission Products Listed in Section 4. 

// 
-----... .... ,~ ( ___ /~ 

~uciide Accumulated Percent Yield llalf-Lifc Decay Constant 
-, (Fast Fission) 

Tth -I -....t..'..:'-
23~ 

,, sec 
23au 

851YJ<r 
0~642 O.ltll 4.4h 4.375 X lO-S 

85Kr 0.142 0.173 10.76y 2.042 x lo-s 
\ B6Rba 1.810 X 10-5 1. 510 X. 10-7 4.298 X 10-7 18.66d 

89sr l. 719 3.016 50.8d 1. 579 X 10- 7 

~- 90sr 2.089 3.282 28.9y 7.604 X 10-IC i ,r ,·~~ 

90y 2.089 3.282 64.0h 3.008 X 10-6 

9tsr 2.464 4.501; 9.67h 1. 991 X lC 0 

./· 
91rry 

1. 503 2.748 50.5m 2.287 X 10- 4 

9ly 2.464 4.506 58.8d 1. 364 X 10-7 

9Szr 4.586 5.579 65.5d 1.225 X 10--
N 95Il1Nb 0.060 {).073 87h 2.213 >LlO-" N 
(.}'1 

95Nb. 2.285 X 10 --4.586 5.579 35.ld 
99f.lo 5.609 6.424 66.6h 2. 890 X 10-0 

99l'lrc 4.936 5.653 6. 007h 3.208 X 10-~ 

I03Ru 6.533 6.395 39.8d 2.015 X 10- 7 

I Q 3Tilru! -''.,.e. 4-68 6.331 55m ~.~-~ , ... -~ 
,. •vv X"""'"' 

I06Ru 4.517 2.835 368d 2.180 x 10-s 
106Rh 4.519 2.835 30s 2.310 X 10-2 

110111pga 7.300 X 10-€ .2.050 X 10- 1 : 253d 3.170 x 10-a 
110Aga 8.250 X lQ-6 2.310 X lQ-!0 24.6s 2,817 X 10-2 

II lAg 0.367 0.103 7.48d 1.072 X lO-G 
11~da 4.180 X 10-6 3.330 X 10"'9 13.6y .. 1.616 X 10-g 
115~ 0.006 0.003 44.ld 1:819 X 10- 7 

11911Sn 0.001 0~001 245d 3.274·~ lo-a 
121Il1Sn - 0.001 7.860 x lo-s 76y 2~891 x·1o-to 
123Iilsn 0.043 0.0210 129d .. . 6. 218 x 10-a 
12 5 

0.064 9.65d 8.312 X 10-7 Sn 0.068 
12s5b 0.192 0.113 2.73y 8.049 X 10-q 



Nuclide 

125mre 

I26sb 

127Sn 

121Sb 

121mre 

l27Te 

l29sb 

129Jnre 

l29Te 

l29r 
N l 3lm:re 
N 
0"1 131Te 

I3lr 

l3lmxe 

!32Te 

I32r 

I33r 

I Hrnxe 

!Hxe 

l3"csa 

l3Ges 

137c5 

l 37111Ba 

l40aa 

l40La 

l41La 

I4Iee 

I"3ee 

Table Bl 

(continu=d-page 2) 

Half Lives and Fission Yields of Fission Products Listed in Section 4. 

A=unulated Percent Yield Half-Life 
"(Fast Fission) 

139 Pu 23Bu T1/z 

O:V40 0.024 58d 

0.301 o. 06-J 12.4d 

0.209 0.049 2.12h 

0.500 0.098 3.8q 

0.086 0.190 109d 

0.501 l.Ofi7 9.3h 

0.687 0.513 4. 34h 

0.335 0.222 34.ld 

0.801 0.573 69m 

0.922 0.653 1.6 X l07y 

0.609 0.367 30h 

3. 548 3.361 25m 

4.196 3.662 8. 065d 

C • . J2S 0.024 11. 96d 

5.265 5.298 78h 

5.366 5.300 2. 284h 

6.817 6.471 20.Bh 

0.195 0.181 2.26d 

6.824 6.471 :;.27d 

L440 X 10-4 1.020 x 10- 7 2.060 

0.151 0.011 13.0d 

6.625 '5.952 30.2y 

6.195 5.563 2.551rn 

5.142 5.947 12.8d 

5.150 5.947 40.23h 

6.094 5 •• 47 3.87h 

6.094 5.447 32.53d 

4.312 4.533 33h 

Decay Constant 

1-, sec-1 

1. 383 x 10-7 

6.468 X 10-7 

9.080 x lo-s 

2.111 X 10-6 

7. 359 X 10-~ 

2.070 x 10- 5 

4.435 x 10-' 

2. 352 X 10-

1.674 X 10- 4 

1.373 x 1o-1: 

6.417 X 10- 0 

4.620 X 10- 4 

9.945 x lo- 7 

6. 706 X 10- 7 

2. 468 X 10-E 

8. 428 X 10-S 

9.255 X 10- 6 

3. 549 X 10-6 

1. 522 X 10-G 

9.345 ~ 10-5 

6.170 x 10-7 

7.276 X 10-!0 

4.528 x 10-3 

6.266 X 10-7 

4. 785. X 10-6 

4. 974 x 10-5 

2. 466 x 10- 7 

5.833 X 10-G 

• 



N 
N 
-.....! 

~ 

Nuclide 

143Pr 

1""ee 

1 4'•or 

llt7Nd 

llt7Pm 

1 "BfiPma 

1 51J?rn 

151Srn 

lS<tEua 

155Eu 

156Srn 

l 56& 

16 D<rba 

16l'Ib 

l62Qj 

162ITTb 

-_.:; 

Table Bl 

(ex>ntinued-page 3) 

Half Lives and Fission Yields of Fission Products Listed in Section 4 

Acctmulated Percent Yield Half-Life 
(Fast Fission) 

239pu 23Bu TI/2 

4.313 4.533 13. 58d 

3.604 4. 543 284.>lh 

3.609 4.543 17.3m 

2.022 2.564 11.069. 

2.023 2.565 2.623y 

3.110 X 10-4 5.39 x 10-8 4l.Sd 

0.819 0.925 28.4h 

0.820 0.925 93y 

4.488 X 10-3 3.300 X 10-6 7.8y 

0.258 0.139 5. Oy 

0.125 0.074 9.4h 

0.154 f).ni<; 15.2d 

0.005 4.580 X 10-6 72.4d 

0.014 0.002 7.0d 

4.080 X 10-4 10.4rn 

2.210 X 10-4 2.24h 

~ i~ are produced mre by activation of other fissial products than by aa:\111llated yield fxaD fission. 

Decay Constant 

:1, sec-1 

5.906 X 10-7 

6. 769 x 10-7 

6 .F7G x 10-4 

7.252 X 10-7 

8.378 X 10-':! 

1.933 X 10- 7 

6. 778 X 10-G 

2.363 x 1o- 1o 
2.817 x 10-s 

4. 395 X 10-9 

2.048 x 10-s 

5.277 X 10-7 

1.108 X 10-7 

1.146 X 10-6 

1.111 x lo- 3 

a. 594 x 10-s 



Figure Bl. Fission Prcx:luct Decay Schenes Used for 
Calculations i n Section 4. 

85Kr: 

78.24% 
85lll.£<r .. 85Rb 

4.4h I 
21.76% -----.. 85Kr 

10.76y 

89sr: 

89sr 89y 

50.8d 

90sr + 90y: 

90sr 90y 90zr. 

28 •. 9y 64h 

9ly: 
39% 

9lsr -9ly ... 91Zr' 

9.67h 58.8d 

61% I 
9Imy 

50.5m f 

95zr, 95~lb, 95Nb: 

95zr 97.7% 95Nb -35Mb 

65.5d 35.ld 

l. 3% r 
Nb 

87h 
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103Ru + l03ffiRh: 

106Ru + 106Rh: 

12ssb: 

I27sb: 

18% 

103Ru 

39.8d 

Figure Bl. Fission Product Decay Schemes 

99% 

Used for Calculations in Section 4. 
(continued) 

1% 
---... - 1 0 3Rh 

r 
103~ 

55rn 

1 06Ru -..,---~-t.,. .. 1 0 6Rh ____ ....,.,._ 1 0 6Pd 

368d 30s 

79% 
12ssn -----t ..... l25sb l25Te 

9.65d 2 73y ' 

. ~I 

83% 

125IDre 

58d 

I27sn ----~127sb ------t ..... l27Te _____ .,..,;1271 

2.12h 

3.00~ 9T 
127Inre 

109d 

99.4% 
131Te .,.13II ... 13Ixe 

T /m8.06~~ I 
1 3Iffire 1 3 IIn_xe 

30h 11. 96d 
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Figure Bl. Fission Product Decay Schemes 
Used for Calculations in Section 4. 
(continued} 

97.2% 
1 3 31 ____ __ ___ _ 133xe __ ------~-- 1 3 3cs 

20.8h"' 5.27d 

~t 
2.8% '133ffixe . 

2.26d 

137sc + 137ffiBa: 

l'+lce: 

l'+'+ce + 14'+pr: 

14 7Nd, 147Pm: 

151Sm: 

lSSEu: 

6.5% 
137cs- __ 137Ba 

30. 2y""' I 

l'+lr.a 

3.87h 

144ce 

284.4d 

147~ 

ll.06d 

lSll'm 

28.4h 

155Eu 

Sy 

93. ~'1371nBa 
2.55lm 

----~-· 14lce ______ 141Pr 

32.53d 

-144Pr ---144Nd 

17.3m 2.1Xlo1 sy 

-1-l.t:?Pm- -] 47Sm 

2.623y l.07xl011y 

______ 151Sm -------4-.. 151 Eu 

93y 

-------- -155Gd 
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140ce 

• 
-143Nd 




