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SUMMARY
A 10 x 10 inch plastic scintillator was ir}stallled in the whole-body
counting chamber at fhe Southwestern Radiologiclal Health Laboratory
(SWRHL) for the purpose of evél_uating its spectral response in com-
parison with a 4 x 9 inch and 4 x 11. 5 inch NalI(Tl) cfystal detector.
The investigation took place in one room (Whole:_-body counting chémbeq:)
of a pair of s;teel chambers located 20 fee_tlbe}.éw ground levél in ;a o
large basement enclosure shielded by concret‘é‘énd earth. Elach
crystal aésembly wasb coupléd.with a 400 éhanri‘e.,'lian‘a,lyzer _wi.:th
integrator -resolver, magneticv and paper tape output and input, ‘type-

out, and x-y plotter accessories.

The sensitivity of the plastic scintillator, measured in photopeak ef-
ficiency over an energy band width from 0.66 MeV to 1.12 MeV,
matched closely the gamma efficiency for tﬁe 4 }::'11. 5 inch NalI(Tl)

detector.

The resolution of the plastic scintillator for an energy band of the
same width was of a magnitude from five to sevén tirrie'svia:ré'é'r‘than
observed with either the 4 x 9 inch or 4‘Ix 11. 5 inch deteC‘;éf. Other’ _
investigations included: total room béckgrounci activity; rotation of

 the plastic scintillator on an axis to detect any- drAifi'_: of activity; and



fall-off rate of a point source moved on a directed line away from the
4x 11 ihch and plastic detector. Each of the detector systems and

the method and results of the investigation are described in detail..



EXPERIMENTAL

The SWRHL Whole-body counting facility consists of a large under-
ground room (20 ft. belowlsurface level) which encloses a pair of
steel chambers identical in physical dimensions (12'L x 8'W x 9'H)..
Each chamber is constructed of clean, pfe-World War II, 6 inch
thick plate steel and is lined with 1/8 inéh each of lead and stainless
steel. Both chambers wei’gh'160 tons aﬁd each room is entered
through a single swing-type steel door. One chambef contains an

: Ohio -nuclear scanner consisting of a single overhead Nal cr»fstal and
- four smaller cfystals below bed level. The 6ther room contains the
whole -body detector, a4 x 11.5 inch NaI(T1) crystal (Figure 1), which
is mounted on an overhead support, allowing three-dimensional move-

ment for crystal placement.

The 4 x 11. 5 inch Nal(Tl) crystal is used on a regular basis at the
SWRHL facility for the whole-body counting of individuals who have
been exposed to fission-yield products connected with operations at

-t'he Nevada Test Site.

. The crystal is optically coupled to a 2 inch unactivated Nal light pipe,
canned in stainless sfeei, .and attached to seven matéhed venetian-
blind dynode photomultipliers. A 4 x 9 inch NaI(Tl) crystal is also
canned in stainless steel and is optically coupled to four photo-
multipliers. A plastic scinti_llator (Figure 2) is optically coupled to
an unactivated (Vycor) ligtt pipe, canned in aluminum and attached

to a single 5 inch photomutiplier.

"The spectral response from a plastic scintillator when even a mono-
energetic source such as 1=37Cs is counted, presents special problems’
not confronted in Nal crystal spectrometry. Figure 3 shows a

typical spectrum obtained by counting the same source (}37Cs) in the

same geometry under the 4 x 11.5 inch Nal and 10 x 10 inch plastic



A crystals.,' The éxten_t of peak broadening'from the plastic scintillator

is greatly in excess of the Nal generated peak.

For a Nal crystal, the cross sections for Compton and photoelectric
interaction vary according to garﬁma—energy. The !37Cs peak is the
result of total energy abscrption either by single photoelectric col -
lision or multiple’Compton interaction. The contribution of Compton
scattered photons resulting in pai'tial energy loss is diminished due
to the density and size of a large defector. This leads to a peak

with minimal spectral broadening (the photopeak), since the contri-

A bution of th;: total energy loss, due most.ly to'the photoelectric effect,

is maximal.

The pulse-amplitudé spectrum from a plastic scintillator. differs in
that the 'total, cross-.se'ction for absorption is dominated. by the Compton
interaction. Primarily aue to the density of the plastic detector,

the probatﬁlity is high that an initial incoming photon or Compton-
scattered gamrria photon will escape the y'olume of the detector.
Therefore, the pﬁlse from this type of spectrum can best be described,
as a "Compton-peak'' which results from Compton-scatter followed

.by photon absorption or escape. *:

Another contribution to spectral broadening is the multiple inter-
action in the scintillator from back-scattered phot:ons which increases
the total energy deposited beyond the energy corresponding to the

Compton edge. This event broadens the spectrum on the high-energy

1

side. ‘Cons'eque'ntly, the celineation of a photopeak by Compton sub-
traction techniques suitabl: for Nal spectrometry magnifies to a
prdblem of identifying a peak corresponding to some given pulse
height from a Compton smear. -ThisAbc_ecomes a nearly impossible

task for multipeak spectrums.

* In this paper the terms photopeak and Compton-peak are used inter-
changeably.



A worthy illustration of the problem of applying Nal spectrometry
techniques to a plastic scintillator is the variation of Compton-peak

efficiency obtained with the latter: 0.249%; 0.090%; an_& 0. 017%.

Three different approaches to the difficulty of resolving a peak to
obtéin a ''figure of merit" by which the plastic scintillator could be

compared to the Nal detector, included as a basis:

"~ a. The use of phétopeak efficiency by selecting an energy band

of sufficient width to -co_rrespond to either;

1. One-half peak hei'ght, applicable to only those isotopes’
used which gave a peak/Compton trough.ratio of two or

more;

2. Or two-thirds peak height. ' This grew out of the need to
furnish as a basis of comparison the relative efficiency
of the photopeék, ‘ which woﬁld eliminate many of the
errors associated with the Compton continuum, and which
-woAuld permit the appli.cation of a simple, accurate, and

reliable technique.

b. The treatment of an energy band of varying width (channel

width) as a window to obtain total efficiency.

*% These values 'were obta.ned by integration and Compton subtraction
of the !37Cs photopeak channels: 40-95; 44-78; 40-78 respectively,
and indicates initial attempts to resolve the photopeak by separation
of channels which cbntribu’_ée to either a definite rise or fall of activity
to either side of the peak channel(s).



RESULTS

From the calibra.ted standards available, only those were chosen
which were suitable asAmonéenerge"c'i'c:soul_'ces and pr'ovid‘ed'_suf'-l
ficient activity to reduce statistical error to a rﬁinimum. * Each’
standard was counted in a geometry identical for each crystai:

. 6 meter frofn the crystal center. The choice of .6 meter was heces-
sitated by our use of this geometry in whole -body .counting measure -
ments of people at the station. Figures ‘1 and 2 sho§v the final place-
ment of the plastié'and 4 x 11.5 inch Nal crystals respectively
(although not shown the 4 x 9 inch NaI crystal placement is similar

to Figure 2).

. The spectral response. of the plastic scintiilator is essentially con-

| stant with any change in direction of the detéctor over a point source.
Bsr rotating the detector Ao_n‘ an axis from zero to ninety degrees,A the
maximum efficiency detectable was in a position where the:.photo-
cathode end in contact with the crystal window, faced the source.
However, this exceeded any other position by no more than 5 ée-rcent.
The slight difference in response can be traced to a change in light
collection efficie'ncy at the;photoc'athode which is a function of the

position of the scintillation event.?

A comparative analysis of representative spectra fr01;n 137Cs, 5*Mn,
and ®5Zn, obtained in each case from the Nal 4 x 11,5 inch cryétal
and plastic_scintiilaﬁo_r (Figures 3, 4 and 5), reveals that with the
latter, (a) 'fhe_photopeé.k response on a per channel basis is much
lower, (b) secondary peaks such as backscatter, annihilation, and
x-fay, are not resolved, (c) linear response is poor, especially

above 1.0 MeV, (d) Compton continuum response is very nearly

S 137Cs, 54Mn, ®°Zn in 400 ml cottage cheese containers.



equal in magnitude to the Nal crysfal between 0.2 MeV and the lower
energy side of the photopeak. Below 0.2 MeV the Compton electron

(and combined x-ray) response rises sharply above the Nal detector.

From Table I and the resulfs shown plotted in Figure 6, it can be
seen that the photopeak efficiency measured at :either one-half

(for ®°Zn only) or two-thirds peak.heigh’c are nearly identical for the
plastic and Nal 4 x 11,5 inch crystals, either of which are higher
than the 4 x 9 inch Nal crystal. As explained earlier, the peak/
ComptAon trough count-rate ratio from the plastic detector never ap-
proached a value of two 'for. 137Cs and °*Mn, so that no information

is available at one-half peak height.

An interesting comparison can be madelof the foregoing results with
tho'se. of Table II, and from it, Figures 7, 8, and 9. The selected
window éfficiencies were normalized to unit aétivity for each sepa-
rate isotope in the band width 0-1.99 MeV. For all window settings,
the relative efficiency for>the piastic crystal assumes values which
~range from a minimum of 2.5% (*37 (.J.s, 0-199) to a maximum of |
25% (°*Mn, 20-199) below corresponding efficiencies for the

‘4 x 11.5 inch Nal crystal.' |

It is apparent that the spréad in window efficiency between the two
crystals' increases both with a reduction in size of the window and
wifh the lowering of the gemma photon energy chai‘acteristic of each
isotope. These results are due in' pért to and are complicated by
the superimposition of secondary peaks upon the Nal generated spec-
trum such as the ®°Zn .51 MeV annihilation and '*7Cs backscatter

peaks. .

i
Referring once again to Table I, andAFigures 10 and 11, the resolution
of all three detectors was determined at one-half and two-thirds peak

height. At the highest energy (1.12 MeV), the best resolution achieved

[



Table I. Gamma éfficiencies ‘and resolution at one-half and two-thirds
peak height. ' '

X -Ray Energy Gamma Efficiency Resolution at 1/2
) at 1/2 peak-height eak-height
MeV :
(MeV) (%) W172/4 x 100 (7) (2)
Nal Nal Nal Nal
Plastic o 4x11.5" 4x9" Plastic | 4x11.5" | 4x9"
0. 66 -(b) - - >89.0()| 9.90 | 10.4
0. 84 - - - .?49.5 9.32 9.04
1.12 0.13 0.14 - 39.6 8.20 -
Gamma Efficie'ncy Resolution at 2/3
"at 2/3 peak-height peak-height
v w (a)
(%) 2/3/A x 100 (%)
0.66 0.089 0.088 0.038 54 7.55 8.30
0. 84 0.092 - 0. 089 0.032 39 7.45 7.35
1.12 0.074 0.074 - 26 6.54 -

(a) W1/2 is width of peak at half-height.

A is peak position.

W2/3 is width of peak at two -thirds Height.

(b) (-) indicates no information available.

(c) > indicates greater than or equal to.



Table II. Window efficiencies* from plastic and Nal(Tl) detector units,

Energy Band Width 0.66 MeV (}¥Cs) 0.84 MeV (**Mn) o 1.12 MeV (% Zn)

in Channels (a) (b) Percent (a) (b) Percent (a) (b) Percent’
(10 KeV/Channel) Nal 4x11.5 in. Plastic Below (a) Nal 4x11.5 in. Plastic Below (a) Nal 4x11.5 in. Plastic Below (a)
0-199 1.000 0.975 2.50 , 1.000 .810 19.0 } 1.000 0.950 5.00
10-199 0.958 0.833 13.1 - 0.883 _ L1222 18.2 0.933 0.884 5.40
20-__199 0.841 0.675 1§.9 0.810 .606 25.3' 0.859 0.760 116
40-199 0.633 0.475 25.0 0.547 .467 14.7 ‘ 0.677 O.E?ZO 8. 60

*Efficiencies have been normalized to unit activity in the energy band.0-1.99 MeV.



from the plastic detector was 39.6% compared to 8.20% from the Nal
.4 x 11.5 inch 'det;actor. As the gamma energydeéreases below about
1.0 MeV, the resolution at either one-half or two-thirds plﬂse-height
becomes astronomical. Part of the explanation for the very poor
resolution obtainable with the plas'fi.c detector lies in the use of a
single photomultiplier tube. Bettér resolution can be achieved with
the addition‘ of phototulAa,‘es of the same or larger size (which among

other benefits, would increase the light collection efficiency). *

With the information from Tables I and II in’ mind, an interesting
comparison can be made with the background observation shown in

Figure 12. The background obtained first from the Nal 4 x 11.5 in

crystal reveals the presence of 226Ra decay peaks (which 'originate
by radon emanation from the concrete walls below ground level) and .
the usual *°K photopeak., The background from the plastic scintillator
indicates (a) the absence of any photopeaks, (b) that the Compton con-
tinuum in an energy baha from about 0.2 MeV to 2.0 MeV is nearly
identical to Nal crystal, (c) that the rise in activity below 0.2 MeV
accounts for by far the greatest response in total activity. These
facts are borné out more clearly in Table III which presents data that

has been single-channel é;1a1ysed from Figure 12.

Of immediate concern is the four-fold increase of total activity
(channel 0-199) from the plastic over the Nal crystal. As seen
earlier, the plastic scintillator, using the same energy band width,

gave a window efficiency slightly lower than the Nal crystal.

*The best results for improving one-half resolution (for a plastic
detector 6 1/2 x 10 x 20 in.) have come from the use of a smaller
number of large diameter photomultipliers (two - 7 in tubes) rather
than the use of a large number of smaller size photomultipliers
(four - 5 in tubes).?3
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Table III. Response of a plastic and NaI(Tl) 4 x 11.5 inch
detector units to background (CPM/CHANNEL).

Detector Channel Limits (10KeV/Channel)

Unit 0-199 0-10 11-20 21-40 41-80 81-130 131-199
Plastic 8041 4944 1759 477 435 224 164
Scintillator
NaI(T1l)4x11l.5 1978 654 248 494 506 - 237 157.
Inch " ' ’

‘Only a minimum of information was compiled from the whole-body A
counting of individuals in the arc chair under the plastic crystal.

The primary problem involved is one Qf determining where the -
limits of a photopeak are located energy-wise since the subject (with
norrmal body burdens of 137 Cs and %K) and room background spectra
are alrﬁost identical in shape. If an arbitrary band width of channels
41-80 is chosen, corresponding to the approximate area under a

137 Cs photopeak, the counting statistics standard error for a 10 minute
count under a .6 meter arc is -1-7 2 percent. A similar count using
a NalI 4 x 11.5 inch crystal gives a standard error of -1-10. 5%. The
error may, of course, be reduced if either crystal is moved closer
to the body. Thus, ‘at a counting distance of 10 cﬁ. from the plastic’

crystal center to the body navel, the error reduces to +3.7 percent.

A final study was made of the effects of moving a point‘ source
(Mn®%) a line distance awzy from the plastic and Nal 4 x 11. 5 inch
detectors. The results are shown in Figure 13, with all measure-
ments made froml the centzrs of both crystals and with channels
11-199 integrated to give total activity. As expected, the relative
efficiency of the Nal detector is highest at all source distances and
both detectors follow the inverse équare law except for a distance

greater than about 160 inches for which no measurement was rmade.

11



CONCLUSION

From the information presented, it is obvious that several errors
operate in conjunction to give a poor reliability index in any series
of whole-body counting measurements., Before using thé plastic
detector in this regard, it would be mandatory to assess and pos-
sibly reduce the contribution of all errors associated with either the

gamma spectral analysis or with the detector system itself.

12
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Figure 1. 4 x 11.5 inch NaI(T1l) crystal detector supported by a
Picker X-Ray mount in the whole -body chamber.



Figure 2. 10 x 10 inch plastic scintillator detector supported by
' a Picker X-Ray mount in the whole-body chamber.
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Fig.10 One-half Resolution of Plastic Scintillator and

) : . -
4 .. .
. : i : :
: P : P ) :
H 4 . ' . '
| . : ' ' ¢ ’ . . X
. N ; : ‘ e v - Vo g , f 1 i 1 '

- T e et e e T e e e wmme on s om e he e e B aaan e B U . e o e cv et a e e e
; ; - ‘ - ) : ; i ' . .
v L0 ! - e : . A

i H i
L ™

i
i
b :
S T . N ; A ! t

i :
L S IO :w. e -
A G . - O . R SR R :
i

e e e ; . BSOS SOV . A U P 7..
. ! by © ; O B e A it SEE R - : R AT N . P t m —
N ’ -t i e B e booo- - . S N P T i ' ;

T R SR e e N : foi S _

P ! i e e ol P s - |

S i s s St sl T * i e Y S i

' HAES 4+ -}~ A= B i i

i
Pl
” PO “ -

|
;
'dl.s‘-Crystaﬁ

“plastic Scintil

B
I
! ! .
- 8! q 4
T : : . ; o
R | S i T M Lt | R
[P S e e L e : — .
. HI l 1 | T V T 1
: Pl . N RS I il . ! ' : !
R to i i 3 |
Lo oy - J - R e B e T S [ [
H . ° N D R Ju R _ —— e—- - ol . i -
| I A | [ hl.,.,;zx A ST SN SNSRI 4 |l ! T
Lo ! - 1. b - : : ) R i ' :
! 1 s : i
L] E—. - B - - f - - - . - - B R B T kI b SIS - m g - = s ——— - I3 * | .
v i . ¥ LT T |
P - ! | SN SO (U SRR VTSNS A SO SN L o) SO I i -
v : : : S ST : ! i i i
o - : A I S R ie Rl b sy et LS | SN :
. 4- - ] . B [ i b e e WL o - -
bt - S SRS SRS Sns SR o ST A i
lﬁm. _..,._I“!, A \. AR A Bant A B It st T iy llw.lh-ﬂllNl b’ i m I .- -
b AT S A B ) {--F L T e e T ! : -
- - - - B - - R T Bt e - - - S - -
W..W ! I “.r . \w! 5 . PURNS FRUEIN SDSN BN S N LT.z.Iw.t”\t PSR WIMJI_! v.H.l R \ A4 M - ! -
+ S e - et 4 -
L BRI 77 _+ B S R S g 00 A SRS N L R 18 - | -
r& u%n,, ) b Y e — il i i g i
_ SRR . - i SRS AR F R IR, S
= : i o i T i
i L N S R e B S R e i STy LT
Wt bl : - |
. 1 H ! R . R N b ! b ~.
I A —— = R . - = i A et e e B S T - .-
o I o R I I B R et i e e Les e hras ki mn e (A R . e
. ! : 1- 1 B i e B e B .Ix.uqu.l\..,s“vl.\_.‘. ‘4 a.f»...lwl|i.le St Rk R 'R T — - ;'Mf e e b e
XM. P .r. - - - S T F L RS T :H!_lxw,wnww._r T.(LJ,LAJ.....l.. [ R B w o by RS -
T e s St S — — IR e s R
- M i : [ I : TS R B e e el e e B Ji\.,. - - R (I oo * - -
o B Lo . . s e e i e i} P : . - .- s
h.w _”. ' T S Lo “-sw _ D L. .\«- : S ] ﬁ oo — ;
' i H ! I A4 i : ' ' H i
H - . 13 ., . - 4 R - - . R e -- H [S - - - - - 1 - - - -
B R T A S L | | i ﬂ . L | i
) — e e e i ! . [RRU AR R Y s KPS PN S S | —— y -
o T . T " g ~ A AR I I L : T T R
Z oo b g Lo G- - i Lo ] . o L - S ot
: v ! R . . i - - .- Sty P . . T :
’ ; N ! ; ] ! ! ' .« ) i Py o i : w ! i T oo
ol i i H ! ' + | - - — = ‘_u -- - - : RN 3 . N ! H + 1 : . -
' e e e e e e N . . ll; N e _ ' N t
B ey Bt i T -t ; 7 _ L T S S $_r T D L. - 3T e e ey
B : : i ' - . e b - . i N . . ) : ) Ll ; . -
L Chob e e P e ; ! .
, P i . . oy ' ! T R 8 o ' ' T
P : ! } - - - - . ; | ! ! . : - o .
Eo i : X X X : . H . ; . i
e e bt e et e ey — . UL S UL SO S U N -
i f _ , . : ; ittty [V
(N } 1 { ) - Ty Tt T T ' ! ! | ' A. - -
. ! . . “ ~ . 3 w . | . “ .
< Lo ' i “ o o s b i i ! 0 : -
H . O : H _ oo i A4~ - : v i H | f ' i ! -
p—tm -t ‘ — ” o e —— 4 4 m ——e b ..l._.».ll;lv. U SVHR Y N o e o R
oo _ _ . - -1 ; . . : ” ' :
o, . i B . Cpee - 3 - -~ -t e e + : ! ) i f [ : . \ :
AP i ! |- “K.m - - e - - v : _ T M m : e
o . , ) o o o i - . i Yo ! s } | . ! .
. . ; e - RIS SO St vl . BUSRE S . L. S I
‘ . i S : R B T RN n I R i ‘ : N ! vt
. ] ¥ o ; “ f " ﬂ - ~ - i B “A'n llllllllll L'r’lo
| i 4 ! t . ! B [} ! \ ] !
o o o a ‘.... . 3_ o i 2 = ~ w [’ = E) [N o~

JU8d434 Ul UOiINjOSaYy

T

- v - - - ; S
- =it necoerg R S Aha IS LT

Mev

In

Enerav



lator and

o
¥
H

[
}

-thirds Resolution of Piastic Scint

WO

1g- 11

'~
[y

Nel 4 x .11.5. Crystal

».» .
o
5,
[{y]
o -y - e
R ——
. 0wl
X . i 39
. P c
SN VY SOV A BUNUIIE. Lo 8
! [ aty
! ; ; '
PR B - =

_

! i

RIS

R B

o !
[ S A B
Do
t : g
BN

—t - = e PO
de e - m
T

1 o " i

!

'

i
iR
s

!

S
!

\ < :
o 1 . i . ! !
.., i ; H . I :
Lo - . .. - o
[72 P ' . .
> ' I ! . R ! !
) ' : : i .
= . i ; ! ;
[ B ' : . : ; ,
. . ' i h
——— -llhl .= el e e —— lx.,i..cl‘xm lllll\Tl!!| llwal -
w0 , : : o "
e . | ; .
4 ' t ._

X

i

,

R I s
i PR - |
L

— P — P

am -  ———— e ] e e o

I o {
s It e AR .4'-‘..,._..»
: ,
'
!
1
;

|
N - : i i SUS S S SR, bl et
LRI ST _ | i ! - [ - . ‘ : i f *.
; { . . :
o .\~ ! ; |- .- m - - : : o __ i i
v { p o ; '
C m . N [ ” ; _ - - -— “ s v B | ; ! i Ty ; - W A i .
“ . i S N A " w o - m - - l¢ - — ——— w 4 F . _ “ i .- “
SRR B . R R i i I i m T . +
.,__Am ! T | ! ! A O S o . * i
| : ' ! i IO - e e [ S ! i !
! . X ' ' i f . i i . . ' . : ;
o . ; . , . i ' . , - i
e SR SR AU m . i - 4 : P e b e e e A
' . ¢ ' N n<
: ! L _ B . “
' ; :
i t i i i N ! !
B . 1 ' '
- - - - b PP U A, - S . . . e - [,
¢ 1 '
. | ;
__ . . ~ : ' . |
g | |
i - e S A e - o - - TR e
H § : !
1
. . - “
B . L l.nwfl- T ) o )
. - '
. 1 | P
. . . —i.
: . . '
. - N o T T . , .
N M R m - - - - - \n h »\- M'l b-),'l - ' - «.
, " i ” _ o ¢ « [V

Juad4ad Ul

o
|

uo131n|osay

-

Mev

in g

°

Lneroy



200

CHANNEL

— 'l i
m _ “ w © H- 1 11
™
i .m_ ! & t
.” t_« : ﬁ r~ ,;_ : } J } _
EPRRREE i il
Q| _ O, 0 O L T
I R et B ! L 1T '
RIE E v IR O TN ”
CERE L :
B . a :
bR i "
o | E 3 L .
B Clem P o 2 » L
=N i + 8
PO g 5 ] i N 1 i
% rg_ .‘. " .m rw “_ : ;4 v *
PRV _ Lt -1
.._ = _ _ « i | w %
[ x. e T i v M N .
D, | 8F bt H |
m o R il Q
.ml_ o i | : A H
Wm i i ___ i j
g 2 A j 4
8o |58 ), i 3
a & = E m & X : "
EM | 2 2® 5 _ _
] 1 0w 4d4 " @ - H ¥ t
i IR T o :
i i _ AN HE RN _ ! :
i i T ; b s P
. i I I : o i : o
" LT RN ] AU i ﬂ
| ) , ___ gt _ _ HIL (AN “
i) i L e
MA‘ ~ i M__ |
I f ! . A 8 ; ! !
i V. i ] | H ;
[ Pile= ! Tl 1 ‘ 1 1 w
T i R ! | . i !
f ly] L i H : ] _
i i, o « I P54 ] V I “
) ” . ‘ ,» ._ “"_ _ _ : I ! ' ﬁ
L HEHIE £ : i ! I _
il J & IR :
) it Al il i it H
TN i _ it g
| i AT | BTN I |
I I d i I i il '
= Ll I LD " I Bl
ML n A i L _” m W
T X i g ; S5
m il I _ ] il AATIE :
it 1 i i i H L | th 8
i xx H i - 3,::4. “ RRARE ,“ il m _
IR , i IR . !
dm i : i il i |
HJ Ins 1 i i i 1 %_ I L “rﬁ i W
i i i _ B AL !
i G, I il } s R i I :
! TTﬁ i JIRE it : R " __*_ )
HH HULL : e LT - + 2
! fiv HH1T ! i ! ;MS i i REN ,;,.“, 1 "
bl 1 AT il !
RRAMHIRHIH h _
H i i H | Ny .
il N EET T I _ £
LRI i LLPTT] i s § } !
s M e ﬁ. . ! :
14 _ ku .m“ __~ i ._ ’ R ]
; ﬂ Ll »ﬁ.. i i ,._ *
_ T E T j )
» T t - R I | i i BN
il ,r.[-xuuuwn (ARt HIL Bkl : | th iy 1 ”
1 L e
W i . 4 T Y M ., ..ﬁ,. K
© o~ g © .8 & - - e

20! X .cms‘oo_\mpcsou ur A3LA130Y




fncreasing Distance

13

Response of a Mn 54 ‘Point 3ource at an
in.

Fig.

TI==
..~.m.|mwl.ow5,.
s
et
T ma®
Do
b
TEr I
Fr T

Rl el Riect i

i

_and Plastic Detector

ﬁ.r.x.q g pe S . [T
ST SIS SO A SO P D o e
U S
.t ww 35
T =t
T g T——hg
T t.a ., B 1371
T ST I i
e arTans Sels TS
< i i S ot
e L - Tt T g
ERTE: P R S 1
any b pdls LSS Sl g
e j o5 SR AP
- - et B i e
e = m-41~ FET ET SRR R
b rio 3 FLoT T4 Ak = kTS B
o HIREEE F JEE B RIS e
o Tleped Lo T 3T (Rfrrrriordedoc o4
ot S ST AR a P ST = o
b [EEE RSN =S O (ot R e I I i o0
b= T T~ B TR TT T UE”
T S Sy b gl PRI
e o b T - - - M D e B
LT P T Bagua WHH.P, ‘uﬁ, Y iy
LT e pa: S SV S Wbt
. : I o S NG I S B S DSt
- y P10 DY L8 SROPED SB A SISIPQEITIMEN eN
Ly LITiOT I oyt I T
PP D DU AN o
. e Tt e
B Rk ol et b et &
% 1 R s s
bt it
1 f.i.lw [POEE S

L x 11.5

from a Na!

robed gt
EXEREMR Il 1Y
SEAprancisaas NI
e
e
ey o =
e PR =t
Mt =
= iy ¢ ..KW.I! o
e

3 lwum\n wu,. ‘

t PR

Ben i

b T

.v vl +

. LI T
ST
e
TITol

S It Q0 S iy o s it U ciou ibous s SRS Mpubout
. . b e d e e b - NI T T N T =

bt RPN SN e ttem PR S, J.A_ ...... 4 —— e «

| UL 000 i Saneanits OB I

oL . e | O A ST IR DU

[ U S SRR ~ § " e - e

i
0 < ] o -

— . pate . —

D?stance in Inches from Source to Crystal Center



