
AEC RESEARCH AND DEVELOPMENT REPORT IDO-I6408 

(TID-4500, Ed. 13) 

SGlNTlllATlON SPECTROMETRY 

R.L*HEArW 

~ ~ L E U M C O .  
ATUMXC BNEROY DtVISION 

~ g O n V N C X A Z a C 1 I J o I )  
~ ~ # m m s b *  A - ~ ~ ~ C I ~ Z I W  

A ,.,,, ,, 

- 

& 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



4

The following pages are an exact

representation of what is in the original
document folder.



Available from the 
Office of Teahnical Services 
U. S. Department of Commerce 

Washlagton 25, D. C, 



$ 

SCINTILLATION SPECTROMETRY 

GAMMA-RAY SPECTRUM CATALOGUE 

. ... 

R. L. HEATH 

July 1, 1957 

PHILLIPS PETROLEUM CO. 
ATOMIC ENERGY DIVISION 

ldaho Falls, ldaho 

SmIe8. nor Ihe Mmrmaolon. nor any person a c u q  on behalf of Ihe Commlaalon: 
A. M&CB M Y W ~ ~ ~ M I Y  O I I E D ~ ~ ~ C ~ ~ U O ~ . C X D ~ ~ S S ~  OI t m ~ l l e d . a l a  reapest lo h e  aceu- I I . . 

racy. completencaa, or uaefuloess of Ihs informnuon conmined ~n Ihla'reporl, or tbal Ihe uae 
01 MY Informnuon. oppnmtue, m s u .  or proeesa dlsslosed In  thls reporl mny not l o f r l q s  
privately owned righte: o r  

8. Assume8 MY l lnbil luea vltb respect lo Iha uaa of. or for damngee r e a v l u q  l rom Ihe 
use of ray Informnuon, opplratus. m e u .  0; process dlaeloscd Ln thls report. 

AB used In  tbo aibovc. -prsoa oellog on behalf af (he Commlsalon" Includes m y  em- 
ployee or conunetor of the Commlsalon, or employee of avch conunstor. u, Ihs ortent tbat 
such employee o r  ~ o n t r a c u , ~  of tho Commlsslan. ar emplbyee 01 suen eonlraetar yrulnrea. I a e s e m I m w  or  provtdne accese u,. m y  tNmmtion C u m t  to em.oyrnmat or eontract 
wlth th- mmmlastnn, nr hln rnlplnyment MU) sveb contmelor. 1 .  



T A B L E  O F  C O N T E N T S  

Page 

ACKNOWLEDGEMENTS 

I . PREFACE . . . . . . . . . . . . . . . . . . . . . . . . .  9 
. $ 

I 1  . METHODSOFMEASUREMENT . . . . . . . . . . . . . . . .  1 1  

A . The Standard D e t e c t o r  . . . . . . . . . . . . . . . . .  1 1  

. . . . . . . . . . . . . . . .  B . The D e t e c t o r  S h i e l d  12 

C . Source -Detec tor  C o n f i g u r a t i o n  . . . . . . . . . . .  13 ' 

. . . . . . . . . .  . D The s c i n t i l l a t i o n  Spectrometer  15 

. . . . . . . . . . . . . . . . . .  . E Data P r o c e s s i n g  15 

. . . . . . . . . . . . . .  . F The Q u a n t i t a t i v e  Method 16 

I 1 1  . INDEX OF GAMMA- RAY SPECTRA . . . . . . . . . . . . . . .  24 

APPENDIX I . D e t e c t i o n  E f f i c i e n c y  Curves 

APPENDIX I 1  . Peak-To-Total  R a t i o s  



The collection of data contained in this catalogue represents the combined 
efforts of many people on the MTR technical staff. I t  i s  a pleasure for the author 
to acknowledge the support of those individuals who have contributed to  this 
work. 

In particular, the author wishes to'express his appreciation to Miss Wanda 
Hammer, whose efforts have made this publication possible. Miss Hammer has 
been largely responsible for the reduction of data and the preparation of a i l  
material for publication. 

Source prepbration and chemical purification of source material were carried 
out by members of the Radiochemistry group. This work included the efforts of 
N. P. Alley, R. B. Regier, T. 0. Passell, D. R. Reeder, E. H. Turk, R. P. Schu- 
mann and W. H. Burgus. The   reparation of the plates for reproduction was 
under the direction of F. E. Payne and A D. Lintelman? of the drafting section. 

- The author wishes to express his gratitude to Dr. S. H. Vegors, who'assisted 
in  the collection of some of the data and the preparation of the text; and to Mr. 
G: 0. English for assistance in the calibration and maintencnce of ,the electronic . .  
equipment. Special thanks are due Mr. D. R. DeBoisblanc, director of the Reac- 
b r  Physics Branch, forreonstant encouragement and support. 

The development of many of the techniques which were used in obtaining 
the dato contained in this catalogue has been largely due to the .work of Dr. P. 
R. Bell and,co-workers at the Oak Ridge National ~abo ra to r~ .  



I - PREFACE 

Gamma scintillation spectrometry as a method 
o f  radioactivity measurement has gained wide ac- 
,ceptance in the past few years. It would seem, 
however, that i t s  general use has been limited 
severely both i n  scope and precision by the lack 
of adequate published information on the character- 
istics of the detectors. The techniq"es have been 
in general use i n  the research laboratories for 
several years now, but the information needed to 
promote thdr general use has remained largely in 
unpublished form. 

In view of possibilities which this method 
offers in applied radiation measurement studies, 
for both qualitative and wanti totive application, 

it was felt that an effort should be made to mdce 
available the necessary information in o form which 
can be readily appliad i n  the routine laboratory. 

I n  the experience of personnel at this labora- 

tory, a comprehmsivs catalogue of the response 
of a scintillation detector to individual nuclides 

has been a useful tool in  the routine analysis of 
radioactive samples. The compilation of this cata- 
logre i s  an effort to present such information in - 
a usable form. 

- In  order to make a coilection of data d d 
-this useful for quantitative as well as qualitative 

cpplication, it has been necessary to adopt certain 
criteria for the method employed in obtaining the 
so-called "standard" 'response curves. Among 
these are the following: 

1. Choice o f  detector si ze and geometrical shape. 
2 Sourcadetector configuration. 
3. Detector shield design. 
4 Methods o f  data collection and analysis. 

This col~lection o f  gamma spectra contains 
=mples o f  the response of Nal(TI) scintillation 
detectors to a large number o f  the more frequently 
encountered radioacti ve nuclides. These data 
have been assembled under very carefully con- 
trolled experimental conditions to permit rqroduc- 
tion i n  any laboratory with a reasonable amount o f  
care. These "spectral shapes" may be used 
together with techniques o f  graphical a v l y s i s  to 
pmvide quick, accurate analysis of unknown 
samples, both i n  a qualitative and' quantitative 
sense. . 

Any future extension of the catalogue to 
include s A p ~ e s  df activities omitted or modifica- 
tion o f  the data presentation wi l l  depend upon i ts  
acceptance by measurement laboratories. Any 
suggestions which might make this information more 
useful would be welcomed by the author. 



11 - METHODS OF MEASUREMENT 

A The Standard Detector 

In this laboratory the 3" diameter x 3" 
y l indor o f  Nal(T1) has become the standard 
reference detector for preciaion gamma-ray scin- 
tillation spectrometry. The choice of this s i re  
b t s c n r  i s  based upon a considerati.on of several 
factors, Fig. 1 shows the pulse-height distribu- 
tisn oktained for the single 662 Kev gammcrray 
emitted i n  the decoy of Cs137- 
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Fig. I. Effect of Dstectur Sirs on Compton 
.Distribution. 

To pennit a comparison the response o f  1W" 
diameter x I", 2" diameter x 2" and 3" diometer x 
3" cylinders of Nal are show normalized at  the 
photo-electric peak. As the detector size, and 
hence the path length traversed by a photon in- 
creases, the probability for t h e  occurrence of 
mulfiple Gmpton processes increases madcedly. 
Since the resolution time 'of the phosphor i s  long 
compared with the time for many collisions, the 
events will add. This results in relatively more 
events which ultimately leave the total photon 
energy in the detector. At 0.662 k v .  55% of the 
events result i n  total energy loss in the 3" x 3" 

detector as opposed to 33% for the 1%" diameter x ' 

1" detector. 
In the analysis of complex spectra i t  would 

be ideal to completely suppress the Compton , 

electron distribution. For a number of reasons, 
however, a compromise i s necessary. A 3" dia- 
meter x 3" detector, together with phototube, 
costs arwnd $1000. .To go to a larger phosphor 
would require the use of a larger 'phototube with 
an appreciable increase in cost.and loss of resolu- 
tion. W i t h  3" x .  3" crystals and DuMont 6363 
phoiotubes i t  . i s  possible to obtain better than 
8% resolution for the Cs137 line wi.th l i t t le  selec- 
tion necessary. 

The crystal mounting technique which has 
' been adopted is  that developed by P. ,R. Bel I, 

et  al,1 ot ORNL and is shown in Fig. 2 In this 
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Fig. 2. Standard Abthod of Phosphor Preparation 
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method the phosphor ond phototube are mounted 
as one integral unit wirtr the crystal surrounded 
by a 0.005" aluminum can. 

The reflecting surface is a thin coating of 
c~alumina sprayed on the inside surface, using 
sodium silicate as a binder. The primary reason 
for using a can of this type i s  to minimize the 
amount of scattering material in the near vicinity 
of the phosphor, thus reducing any distortion due' 
to spurious scattered -'radiation. 

TINCUP'FOLD SEALED 
WITW R-313 

a ALUMINA REFLECTOR 

0.005-in ALUMINUM IXN 

'P. R .  B e l l .  f l  and ')'-Roy Spectroscopy,  K .  Siegbahn  
ad.. p 161. North-Holland. Amerststdam. 1955. 
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B. The Detector Shield 

One of the most important considerations in 

obtaining good data in scintillation spectrometry i s  
the design of the detector radiation shield. For 

convenience it i s  desirable to reduce the back- 

ground radiation level to a point where corrections 
to the data wi l l  be small for the moderate strength 
sources usually prepared i n  the laboratory. 

,In any type of analysis of data obtained on 
the scintillation spectrometer a differentiation 
must be made between the response of the detector 
to direct radiation from h e  source and spurious 
scattered radiation arising from interaction with 
the surrounding material; i.e., source holder, beta 

I 
absorber and. radiation shield. ' ' 

This scattered radiation rea.llio from two 
types of interaction: (1) the photoelectric process 
and (2) Compton sc0tterin.g. 

1. Photoelectric Effect 
The photo-effect i s  of particul ar importance 

in shield design since the cross section for this 
process is high for low energy photons, particular- 
ly  i n  materials such as Pb. This process results 

in the production of x-rays characteristic of the 
absorbing material. Spurious radiation from this 

source is generally 'reduced by the use of graded 
shields. In an arrangement of this type the Pb 
radiation shield is lined with one or more materials 

in  descending order of Z. These materials are 
chosen to have a high cross section for the absorp- 
tion of fluorescent radiation from the preceding - 
one. The usual arrangement i s  to l ine the Pb 

shield with 0.030" to 0.060" of Cd and 0.005" of 
Cu, in that order. Fig. 3 shows the effect of 
fluorescent radiation produced in a Pb shield and 
i ts reduction by this procedure. This figure is a 

plot of the response of a 3" x 3" detector to the 
0.32 Mev gamma-ray of (351, For this series of 

measurements the detector was mounted in a 6" x 
6" shield with the source at 10 cm. In  this,con- 
figuration a strong "line" i s  observed at 0.072 Mev 
resulting from the production of Pb x-rays in the 
shield. The second curve (shown by the solid 

l ine in  the x-ray region) indicates the response 
following the addition of a 0.030" Cd lining to 
the shield, indicating a considerable reduction of 
the x-ray peak. Finally, the lowest line shows the 
response of the detector in a larger shield which 
i s  l ined with 0.060" Cd and 0.005" Cu sheet in  
that order. The combination of reduced solid-angle 

for scattering and the "graded" lining have re- 
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Fig. '3. Effect of X-ray Production i n  P b Shield 
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duced the fluorescent rodlation below the l imits 
of detection. 

2. Compton Scattering 
The maior source of spurious radiation from 

the shield i s  due to Compton scattering, where 

the energy of the scattered electron, Ee (and 
hence the scattered photon) i s  related to the energy 
of the primary photon, Ey , by the relationship: 

where 8 i s  the angle between the primary photon 

direction and the secundary scattered gamma-ray. 
This indicates that the spectrum of scattered radi- 
ation wi l l  vary from the energy of the primmy 

photon down to a minimum value corresponding to 
180' scattering. The energy distribution observed 
by a detector from Compton scattering off the walls 

of the radiation shield w i l l  then depend upon the 

particular geometric,al wrongement of source, shiel d 
and detector. To illustrate the effect of shield 

I I I 
1 
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configuration upon the scattered component, data 
was obtained using three different shielding geome- 
tries. These are shown in Fig. 4. Thei three 

Fig. 4 Shield Configurations. 

shields were constructed with 4" Pb walls with 
inside dimensions of 6" x 6" x 18"(A), 12" x 12" 
x 24"(B), and 32" x 32" x 32"(C). Shield A was 
duplicated using Fe to demonstrate the relative 
effect of Z upon the scattering properties. Fig. 5 
indicates the response of a 3" x 3" detector to the 
0.835 Msv gamma-ray of Mn54, mounted at 10 cm. 
from the detector, for three cases. The top cuke, 

indicated by the open circles, war obtained irr 
shield A (Fe). The middle and lower curves, in- 
dicated by the solid lines in the low energy region 
represent the response in shield A (Pb) and shiel,d 
C respectively. Comparison of the tnro curvestaken 
in h e  6" x 6" shield show a large difference in the 
magnitude of the scattered component. This i s  due 
to the differatce i n  the relative magnitude of the 
absorption cross sections for the various processes 
which can occur i n  the shield material. 

It i s  interesting to make a comparison of 
the general features of the spectrum of scattered 
radiation for a l l  three cases. Scattering from the 
small shield gives rise to a broad spectrum with 
evidmce for two major components at approximate 
ly 150 and 200 Kev. This structure i s  attributed 
to multiple and single scattering. The peak at 72 
Kev in the 6" x 6" (Pb) case i s  due to Pb x-ray 
production. Comparing shidd A with the large 

300 DAY ~n~ GAMMAS 
3*x 3* BEVELED No1 

SHOWING EFFECTS OF 

SHIELDING MATERIAL 

Fig. 5. Effect of Shield Configuration. 

190 Kev. Both of these effects are due to a de- 
crease in the solid-angle subtended by the detector 
for scattering from a point on the surface of the 
shield wall. In most shield geometries this char- 
acteristic "line" i s  refened t o  as the "backscatter 
peak". A consideration of these factors would 
lead one to conclude that the detector shield should 
be as large as cost and space wi l l  permit., The 
detector shield geometry used for each spectrum 
contained in this catalogue i s  indicated in the , 
index. 

One further point to recall is  that the relative 
magnitude of the scattering effect w i l l  depend upon 
the sourc+detector configuration. For most shield 
arrangements the magnitude of the scattered com- 
ponent wi l l  be relatively independart o f  source 
distance, h, while the efficiency for the detection 
of d.irect iadiation wi l l  be proportional to l/h2. 

C. source-beteetor Configuration 

shi old (C), there are two distinct differences i n  1. Geometry 

the scattered spectrum. The magnitude i s  con- The necessity for selectinga stmdard source- 

riderably reduced and the spectrum as.sumes the detector geometry is dictated largely by the fact 

the shape of a fairly sharp l ine a t  approximately that the response of the detector i s  intimately 



related to the solid-angle. The probability for the 
occurrence of multiple events depends primarily 
upon the average path length traversed by .a photon 
i n  passing through the detector. For this reason 
the "shape" of the pulse-height distribution ob- 
tained for a single g&ma-ray photon w i l l  depend 
upon geometry. Since sourqe- strength i s  a prime 
consideration i n  many cases, a wide range of 
detector efficiency has been provided' by studying 
the response of the standard detector to mono- 
energetic radiation for point, sources mounted at 
0.2, 3, 5 cnd 10 cm. (See Section 11-F.) In gener- 
al, sources are mounted on thin films held in card- 
board or thin aluminum frames to minimize scatter- 
ing. The arrangement used in this laboratory i s  
shown in Fig. 6. The convention adopted for 
positioning beta absorbing material i s  to place i t  
directly on top of the detector can. This mini- 
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Fig. 6. Source-Detector Arrangement. 

mizes the geometry for the production of external 

bremsstrahlung in  the absorbing material. In cases 
where the beta energies are known, only sufficient 

absorber to stop the most energetic beta is  used 
since any absorber wi l l  result in  degradation of 
the spectrum. (See Section 11-F.) In  measuring 
.the spectrum from positron emitters, sources were 
evaporated from solution onto a thin film and sand- 
wiched between copper di scs approximately 0.2 
cm. in diameter. In each case the discs were of 

sufficient thickness to insure annihilation of the 
positrons. In this manner a "point-source" geome- 
try i s  maintain& for the annihilation radiation. 

2. Coincidence Effects 
Although the response of the detector i s  

known for several source positions, the standard 
source-detector geometry used for most data in the 
catalogue is that of a point source mounted 10 cm. 
from the top of the detector, on the central axis. I n  
the more complicated decay schemes beta mi ssion 

may be followed by two or more cascade gamma- 
rays emitted simultaneously. There is, then, a 
finite probability that more than one gamma-ray 

.from the same disintegration wi l l  be detected. The 
light pulse produced following such an event wi l l  

then be re~resentetive of the sum of the energies 
left hy thrr twn phntnns. The r l ~ s ~ l l t  wil l  h~ 51 dig-  

tribution of pulses extending in  energy up to the 
sum of the energies of the two coincident gamrna- 
rays. This i s  t e n e d  the "coincidence sum spec- 
trum". The probability for detecting coincident 
radiation in this manner i s  just the product of the 
probability for detecting each of the gamma-rays 
individually. In effect, then, the probability for 
I I summingDD is  proportional to the square o f  the 
solid-angle, whereas the probability far detecting 
a single event i s  directly prrjportional to the solid- 
angle. Increasing the source distance w i l l  then 

reduce the "sum spectrum" appreciably. Fig. 7 
shows the spectrum of 20,000 yr ~b~~ which decays 
with the emission of two cascade gmma-rays of 
705 and 878 Kev. The "coincidence sum spectrum" 
is characterized by a smear of pulses and a sharp 
peak ar 1.59 Mev. This "sum peak" represents 
the simultaneous detection of two coincident pho- 
tons with total loss of energy in both cases. To 
demonstrate the effect of geometry on the magni- 
tude of this effect, the source was measured at 
0.4 em. arid at 10 cm. Both spectra are shown 
normalized to the 878 Ksv ~pmmcn-ray peak. It io 
evident that the analysis of complex spectra 
woLld be hampc?re$ considerably hy this effect if 
the spectrum is  obtained under conditions of large 
solid-angle. On the other hand, in certain cases, 
use is  made of this effect to permit identification 

of particular nuclides. In this manner i t  may be 
established that two photons are coincident, with- 
out the use of electronic coincidence cirm~itry, It 
should be evident that the geometry afforded by the 

 ell. Kelley and Goas.  ORNL Report 1278. 1951 (un- 

published). p. 27. 



The scinti l lation spectrometer used to obtain 

the data contained in this catalogue consisted o i  
an A - ID  linear pulse amplifier operated in  coniunc- 
t ion with a 20-channel discriminator-type pui se 

sorter designed by Bell, Kelley and Goss.2 The 
pulse sorter i s  provided with a data storage unit 

with 100 channels of  storage capacity. Each chan- 
nel consists of a GC-106 decade glow-transfer tube 
and a Sodao electro-mechanical register. These 
are arranged in f ive banks of twenty channels with 
twenty binary scale-of-four "pre-scalers" common 

t o  al l  f ive banks. Automatic control i s  provided to 
permit s6quace programming to obtain 100 chan- 
nels of pul saheight information. A block diagram 
of this system is  shown in Fig. 8. The equipment 
i s operated in a temperature-control led environment 
and exhibi'fs excellent long-time stability. Long- 
time drifts in  gain and window-amplifier zero do not 

exceed 1% per day. The window-width stabil i ty o f  

the sorter i s  better than 2% per day under normal 

operating conditions. Total input lounting rates of 

up to 20,000 per second inay be handled with neg- 
l ig ib le  spectrum distortion. 

SOURCE 

FIRST DANK 
SCALES-OF-TEN 8 REGIST€ 

k THIRD BANK d 

FIFTH M N K  

29 CVANIILL PULSE SORTER 100 CHANNEL READOUT UNIT 

Fig. &. Block Diagrcm o i  Scintillation Spectrometer. 

E. Gata Processinq 

A l l  pulse-height distributions or gamma-ray 
" spectraJ' contained in the catalogue have been 
represented as plots on a standard Keuffel and 

' Esser semi-logarithmic grid (No. 359-73). The use 
o f  the log scale on the ordinate greatly facilitates 
graphical analyses since the shape of the spectrum 

i s independent of amplitude. Considerable care has 

been taken in the printing process to insure that the 
plate's are exactly the same size as the original 
grids. This permits the use of  the plates as tem- 
plates for comparison with new data. 

The convention adopted has been to plot .the 

channel couoting rate (ordinate) against an arbi- 
trary scale in  pulse-height units (abscissa), In 

the 20-chmnel pulse sorter this scale i s  obtained 
frcm the ten-turn heiipot which establishes the win- 



aow-amplifier threshold for the bottom edge of the 
first channel. The window in  this case i s  always 
10 PHU wide. The relationship between this pulse 
height scale and gamma-ray energy i s  determined 
by the energy range to be covered, the resolution of 
the detector relative to  window-width and other 
requirements for a particular experiment. To pro- 
vide a wide range of selection of energy range the 
following standard "gain scales" have been a- 
dapted: 0.25, 0.50, 1, 2 and 4KevPHU. These 
scales provide energy mnges of zero to 0.25, 0.50, 
1.0, 2 0  and 4.0 Mev, respecrively. Some spectra 
have bean repeated in the catalogue on more than 
one gain scale. This was for the purpose of show- 
ing details in the low energy region or to provide 
examples of the response of the detector to mono- 
energetic radiation on each gain scale for quanti- 
tative analysis. The use of a standard plotting 
technique for published spectra should greatly in- 
crease the value ot  such information. 
F. The-Quantitative Method 

1. Detector Response to Monoergic Radiation 
In  order to fully uti l ize phosphor detectors 

i n  gamma-my spectrometry i t  i s  necessary to have 
a good understanding of the nature of the rdation- 

. ship between the energy of m electron produced in 
the detector and the energy of the incident photon. 
Gamma-rays may intemct with matter by one of 
several processes: the photoelectric process, the 
Compton process, pair production and coherent 
scattering by bound electron; in the detector. 
Since a complete discussion of these processes as 
related to phosphor detectors could not be included 
i n  this brief introduction, the reader i s  referred to 
an excellent description by P. R. Bell i n  Chapter V 
of reference 1. In the interest of orientation, how- 
ever, three typical gamma-ray spectra of monoergic 
radiation are presented here to illustrate the re- 
sponse of the standard detector as d function of 
energy. Fig. 9 shows the response of the detector 
to the single 0.155 Mev gamma emitted i n  the decay 
of 3 4  day Sc4'. In this energy region the pulse 
distribution indicates mostly response by the photo- 
electric process. On the low m u g y  side of the 
"photo-peak" at 127 Kev i s  the "escape-peak" 
which results from escape of the iodine K x-ray 
following photoelectric interaction. These pul ses 
are included by definition in the photoelectric re- 
sponse for quantitative analysis. It wi l l  be noted 
that the Compton electron distribution in this region 
i s  charactyized by a rather sharp peak correspond- 
ing to 180 scattering. Fig. 10 i s  the response to 

3.4 day sc4' 
5 3'X3* No I 

I 1 I I I I 1 
0 200 400 600 800 loo0 1200 

Fig. 9. Gamma-ray Spectrum of 3.4 day Sc4'. 

the 0.835 Mev gamma-ray o f  ~ n ~ ~ .  In this region 
we see that the Compton electron distribution i s  
much more prominent, but with a rather constant 
intensity from zero up to the maximum electron 
energy. Fig. 11 shows the response to the 3.13 
Mev gamma-ray emitted by 5 min. S3'. At this 
energy the pair process i s  becoming quite evident. 
Superimposed upon the Compton electron di stri bu- 
tion are the three (3) peaks which are characteris- 
t ic  of interaction by the pair process. 

In this process all energy in excess of the 
1.02 Mev threshold is carried amry as kinetic en- 
ergy of the electron-posltron pair. Subsequent 
annihilation of the positron will yield two (2) 0.51 1 
Mev photons. If both o f  thasa annihilzltion qvuntu 
escape detection in the crystal, the resultmt ener- 
gy loss in the detector wi l l  be 1.02 Mev less than 
the energy of the incidmt photon. In this case a 
single peak wi l l  appear ut that energy representing 
the collection of only the kinetic energy of the 

pair. This peak i s  cal led the "double escape 
peak". In the event that one of the annihilation 
quanta is  detected by the photo process following 
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Fig. 10. Gamma-ray Spectrum o f  300 day ~ n ~ ~ .  Fig. 11. Gamma-ray Spectrum o f  5 min. s3'. 
pair production in  the detector, or by any combina- vents represents an additional background effect 
t ion of multiple processes which resul t  i n  to ta l  i n  the high energy region. This peak does not 
energy 'loss, then a peak w i l l  appear a t  0.51 1 Mev represent the detection o f  primary photons incident 

less than that of the incident photon. Th is  peak i s  upon the detector from the source (neglecting interc 
termed the "single escape peak". If both annihila- naI pair formation). 
tion quanta are detected with total energy loss, the 2. Calculation of AbsolutePhoton Emission Rates 
addition of the energy le f t  i n  the detector by' a l l  . (a) Absolute Efficiency of the Detector 
processes for one pair event w i l l  produce pulses The scinti l lation phosphor detector may be 
in  the "full-energy peak". The 'total result o f  in- . considered as a primary detector. By this i t  i s  

teraction by the pair process w i l l  then be a d i  stribu- meant that the detection efficiency of a sol i d  phos- 

t ion of pulses from (Ey-1.02 Mev) to the energy of ~ h o r  detector may be calculated witt i  a high degree 
the incident photon, including the three p~ominent of precision. If one knows the absorption cross 

peaks iust described. The true shape of this pulse section of Nal, for gamma-rays o f  a given energy 

distribution due to the pair process i s  always and the source-detector geometry, then i t  i s  possi- 

obscured by the Compton electron distribution, ble to derive an exact expression for the absolute 
which i s  characterized in  this energy region by a detection efficiency of the detector, Calculations 

rather sharp peak corresponding to 180' scattering. have been made at this laboratory by Vegors, Mars- 
In  the S37 spectrum a low intensity peak is den and Heath3 for the case of a point source and.a 

seen at  0.511 Mev. This i s  due to interaction of disk source located on the central axis o f  a cylin- 

the high energy photons by the pair process i n  drical detector. The detection efficiency for the 
the detector shield and other material in the vic ini-  point source configuration i s  given by the follow- 

t y  of the detector. The escape and subsequent ing relationship: 
detection o f  annihilation from these e- 3 ~ .  H. V e g o r s .  Jr . ,  L .  L. Marsden and R e  L .  Heath,  A E C  

R e p o r t  IDO-16'370 (unpublished) .  
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DETECTION EFFICIENCY - POINT SOURCE 

for a source a distance h, on the. extended axis of 

a right circular cylinder of Nal of radius'r, and 
height to. These calculations included 32 different 
detector sizes for values of h from 0 to 100 cm. and 
photon eneigies from 10 Kev to 10 Mev. Values of 
rused were those of Gladys White Grodsteinr of the 
National Bureau of Standards with the coherent 
scattering cross section removed. Curves of de- 
tection efficiency for a point source (3" x 3" de- 
tectors ) are given in Appendix I. 

' ~ l a d y s  White Grodstein. N a t i o n a l  Bureau  of Standards 
c i rcu lar  N BS-583. 

The detection efficiency for an extended disk 
source whose center i s  on the central axis of the 
detector and whose plane i s  parallel to the top of 
the detector i s  given by the following relationship 
for a source of radius R. In this case machine 
computing time was ' prohibitive so only vslues 

for the 3" diameter x 3", 1-3/4" x 2", and 1-1/2" 
x I!' detectors were computed. These sizes were 
selected as those most frequently used in most l a b  
oratories. , The quantity T(E), the absolute detec- 
tion efficiency, obtained from these relationships 

i s  the total probability that a photon mi tted from 

-I(-xsinp +dx2sin2@-. (x2-ro2 j 
tan 

h, 
.x,inp + & 3 s i ~ a 4  - ( x x - % ~  )' A h 

+ sin6 cOS6)Is in6d6 I 
DETECTION EFFICI ENCY - DISK SOURCE 



the source wi l l  interact in  the detector with the 

loss of a finite amount of energy. In a solid ma- 
terial such as Nal, which has a density of 267, the 

sensitive volume i s  very clearly. defined. Since 

.the omount of material which a secondary electron 

p~oduced in the solid phosphor must traverse to 
leave a measurable amount of energy is negligible, 
edge effects are insignificant. Any error to be 

expected wi l l  be due to uncertainty in  the value of 
T used in the calculation. Fig. 12 i s  a plot of the 

percent error i n  detection efficiency versus percent 
error in absorption cross section for the detection 

EFFECT OF ERROR P1 r 
. ON DETECTION EFFICIENCY 

6 - 9 DA. X 1/4" No I 
h a  10 cm. 

A 0.32------ 
+ ass-- - 
0 1.11- 

-10 8 6 4 2 0 2 6 8 1 0 +  
*.*.OI.I 

l L O W Q I N  r 

Fig. 1 2  Error in Detection Efficiency vs. Error in 

7 (1/4" x 3" detector). 

of 0.32, 0.66 and 1.11 Mev gamma rays in  a 1/4" 
thick x 3" diameter Nal phosphor. As one might 
expect, for small values of t, the absorber thick- 
ness, the error wil l vary linearly with z As the 
absorber thickness increases a photon traverses 
several relaxation lengths in  passing through' 
the detector. Fig. 13 shows a similar plot for the 
3" x 3" detector. For the large +os+or the error 
in detection efficiency due-to uncertainty in T has 
been reduced appreciably. Even at 1.1 1 Mev a 

10% error in which i s  considerably more than 
currently expected for calculated values, wil l result 

in an error of only 5% in  detection efficiency. For 

lower energies the error will be considerably re- 
duced since the detector i s  almost black to gamma 

+ 8  - EFFECT OF ERROR IN T 
ON DETECTION EFFICIENCY 

---+---OM k - 1.11 k 

I I I 
-10 m l  -8 

X C W O E  IN T -I.-- 

Fig. 13. E r ra  in Detection Efficiency vs. Error in 

r (3" x 3" detector). 

radiation of less than 0.5 Mev. 
(b) Calculation of Emission Rates (single yray)  

Knowing the probability for the detection of 

a photon by a particular detector and source-detec- 
tor geometry, i t  i s  then possible to reduce the data 
obtained on the scintillation spectrometer to obtain 

' 

the absolute emission rate from the source. The 

pul se-hei ght distribution obtoined from the detector 
for a monoergic gamma-ray wi l l  be unique. I f  a l l  

pulses due to the detection of radiation scattered 
off the radiation shield, beta absorber or other 
material in the vicinity of the detector are ac- 
counted for and subtracted from the total spectrum, 
then integration under the resultant pul se-height 

distribution will y ield the total number of photons 
detected by the ~hosphor in a given time. I f  a 
multi-channel differential ~ u l  se-height analyzer i s 
used, this integration can be accomplished by the 

simple addition of the channel counting rates, since 
a l l  pulses are accounted for in  one channel or 
another. The use of a sliding-window single chan- 

nel pulse analyzer requires more complicated treat- 
ment of the data. This case has been discussed in 

an earlier report issued from this loboratory.5 
The "true" response of the 3" x 3" detector 

to monoergic photons has been obtained by the 
measurement of a series of "line" sources. To 
reduce spurious effects due to scattering, electron- 
capture sources or low energy beta emitters were 
used in most cases and measurements were made 

R . ' L .  Heath and F .  S ~ h r o e d e r .  AEC Report IDO-16149: 



either with the source and detector mounted in  an 

open room or in the large shield previously des- 
cribed. Fig. 14 illustrates the effect of even a 
moderate amount of beta-absorbing material upon 
the "shape" of the detector response. The pulse- 

height spectrum dbtained from Be7 i s  shown with 

and without a 1.34 g/cm2 polystyrene beta ab- 
sorber, an amount sufficient to stop a 1.5 Mev beta 
particle. Note that the attenuation of the photo- 

peak i s  small, but that .there i s  considerable dis- 
tortion in  the Compton region due to samll-angle 
Compton scattering in  the beta absorber. This disr 
tortion must be considered i n  absorption corrections 
and in the analysis af complex spectra. 

10' 
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Fig. 14. Effect of beta abs'orber on detector response. 

Since i t  i s  normally diff icult to nhtnin 
measurements under ideal condit~ons, use i s  made 
of a very convenient quantity: the photo-efficiency 

or peak-to-total ratio. This quantity, P, i s  the frac- 

tion of the total number of events which fall in  the 
photo-electric peak as shown in Fig. 15. For this 
purpose h e  peak area i s  defined as that of a sym- 

metrical 8egaussian" shape, f i t  to the high energy 
side of the experimental $oto-peak. Use of ex- 

perimentally determined values for the peak-to-total 

ratio, obtained under conditions of negligible 
scattering, permits analysis of data obtained under 

less than ideal conditions. Determination of the 

peak-to-total ratio as a function of gamma-ray 

energy and source distance has been made for the 
3" x 3" detector at this laboratory and by P. R. 
Bell, et at., at the Oak Ridge National Laborotory.6 
Atabulation of values obtained at the MTR will be 
found in Appendix II. 
10 
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Fig. 15. Illustration of Peak-To-Total Ratio. 

Using this convention, the emission rate of a 

single gamma-ray wi l l  then be given by the follow- 
ing rolationahip: 

where No is the number of gamma-rays emitted/sec 

by the source, Np is the area under the photo-peak 

in c/sec, et i s  the total absolute detection efficien- 

cy for th,e source-detector geometry used, P is the 

6 ~ .  R .  B e l l ,  R .  C .  D a v i s ,  N. H .  Lazar ,  O R N L  R e p o r t  
1975  (unpubl i shed)  p .72 .  



appropriate value for the peak-to-total ratio, and A 
i s  the correction factor for absorption i n  source and 
any beta absorber used in  the measurement. 

C. Calculation of Emission Rate (complex spectrum) 
In the decay of most radioactive nuclides the 

gamma-ray spectrum observed i s  ccnsiderably more 
complex than that for one single gamma-ray. In 
every case to a first approximation the observed do- 
tector response represents the summation of the 
response to the individual gamma rays. To il lus- 
trate the methods of data reduction with no further 
complication due to the complex nature o f  the decay 
scheme, the res pnse  to a source emitting several 

Fig. 16. Spectrum of Composite Sample. 

gamma rays is  shown in Fig. I& A composite 
sample was made up of three activities each a 
mining one single gammeray- ~ c ~ ~ ,  Be7 and MnS4. 
The two low energy sources were intentionally less 
than 10% of the aetivity to provide a moderate- 
ly troublesome case. The sources were prepared 
so that each-could be measured separately and as 

one source. The composite response i s  shown by 
the open circles, the individual source measure- 
ments by the solid lines and the closed circles 

, represent the actual subtracted points obtained by 
successive subtraction. of standard "spectral " 
shapes taken from the catalogue, for measuremmts 
o f  the three nuclides under these conditions. 

The general procedure which i s  used i s  
straightforward. Inspection of the obseryed gross 
spectrum indicates that the highest energy gamma- 
ray observed was at 0.835 Mav. The spectrum 
"shaped' representing the response of the detector 

to a gamma-ray of this energy i s  fitted (channel-by- 
channel) to the photo-peak cmd subtracted from the 
gross spectrum. The residuals are observed, and 
i f  found to be statistical, the process i s  repeated 
for. the next gamma-ray. In this manner, by suc- 

cessive subtraction of the response of the detector 
to each gamma-ray, the gross spectrum i s  divided 
into i t s  components. Should the gross spectrum be 
made up of several nuclides, each characterized by 
a more complex spectrum, then the same procedure 
would be followed using the detector response to 
each nuclide. In the simple case given, the abso- 
lu te emission rate for each g o m e r c y  would be 

detamined by application of formula (1) to the re- 
spective components. As an indication of the pro- 
cision which one might expect in  such a quanti- 
tative analysis, Table 1 summarizes the  results 
obtained from the composite sample and the three 
components measured individually. Even i n  th is  
moderately diff icult case the maximum deviation is 
3.2%. In general, the error to be expected wi l l  be 
determined by the energies and relative intensities 
o f  the gamma rays being measured. 

In the exomple above the analysis was some- 
what simplified by a knowledge of the exact detect- 

TABLE I 

QUANTITATIVE ANALYSIS OF COMPOSITE SOURCE 

Gammas Emitted/ Percent of ,Total Percent 
Se c Gammas Emitted Error 



or response to each of the components of the gross 
spectrum. Since ihe detector response to mono- 
ergic radiation cannot be described by an analytic 
function, empirical methods must be employed. 
The general shape of the pul se-height distribution 
i s  known from the measurement of monoergic sources 
over a wide energy range. Other, known parameters 
include the resolution of the detector (photo-peak 
width) as a function of gamma-ray energy and the 
Compton electron distribution end-point energy. 
It i s  then possible to fit a given photo-peak wi th 

' a "gaussian" of the proper width corresponding 
to the measured energy. A Compton electron dis- 
tr i  bution characteristic o f  the geometry used i s  then 
obtained from the pulse spectrum o f  a monoergic 
source with energy as near as possible to the 
measured energy of the gamma-ray i n  question. 
The intensity and Compton end-point energy are ad- 
justed i n  relation to the assumed "photo-peak" 
i n  such a manner that their relative areas cor- 
respond to the experimentally determined peak-to- 
total ratio for a grmmo-ray of that energy measured 
in  similar geometry. This "synthesized" response 
curve i s  then subtracted from the gross spectrum and 
the process repeated 'for the next gamma-ray as 
indicated above. For examples of this type of 
analysis see 1135 (Plate 53-135-1) and y93 (Plate 

39-93-1). A compilation o f c onvenient sources 
which are used for energy calibration of the spectro- 
meter and to obtain "response'functions" for sin- 
g le gamma rays i s  given in Table II. 

TABLE I 1  

CALI BRATION SOURCES FOR 
DETECTOR RESPONSE AND ENERGY CALIE?ZtATION 

NUCLIDE 

~ 0 6 0 "  
Ce141 

sc 47 
G. 51 
I327 
~ r 8 5  
gi207 

T 1/2 

10 min. 
32 day 
3.4 day 
27 day 
53 day 

65 day 
0 yea1 

1.063 
~9~~~ ' 30 year 0.662 
bS4 300 day 0.835 
yS8 105 day 0.900 

1.830 
Zn 65 250 day 1.114 
~a~~ 14.9hr. 1.368 

2.753 
s~~ 5 min.  3.13 

Up to this point in the discussion no considera- 
tion has been given to several factors which some- 
what complicate the quanti tative analysis of complex 
gamma-ray spectra emitted in the decay o f  radio- , 

active nuclides. Perhaps the most important i s  
I, coincidence summing" of gamma rays emitted in 
cascade. (See Section 11-C.1 Although the effect 
of summing i s  somewhat d i f f icu l t  to  analyze in 
every detail the total area associated with the sum 
spectrum and the "sum peak" may be calculated' 
from the known efficiencies and solid angle. Con- 
sidering a simple scheme characterized by the e- 
mission of two cascade ganmo-rays (e.g. co60), and 

adopting a nomenclature similar to Lazar and Klema, 7 
the emission rate of 71 wi l l  be given by equation (2). 

where Np is  the area under the photopeak of ~1 
(with any contribution due to 72 or the sum spectrum 

subtracted), €1 and €2 ore the total absolute ef- 
ficiencies for yl and y2, PI i s  the peak-to-total 
ratio for yl (experimental), q2,, i s  the fraction 

of y in  coincidence with yl, and W (oO) is a factor 
to ta i e into account the angular distribution func- 
tion of the two gamma rays integrated over the face 
o f  the crystal, evaluated by the methods described 
by ~ose.*  The third term in the denominator ac- 
counts for those pulses 'which would normally appear 
i n  the photo-peak but, due to simultaneous detection 
o f  the other cascade gamma-ray, appear in  the coin- 
c idence sum spectrum. Another convenient ex- 
pression i s  that for the area under the coincidence 

sum peak, or the probability that two coincident 
gamma rays wi l l  be detected simultaneously, with 
total energy loss in  the detector. This quantity is 
given by equation (3). 

An additional complicating factor in the meas- 
uvcmcnt of gamma-ray spectru i s  the produetlan of 
b rem~st rah lun~ in the absorption of beta radiation 
accompanying the decay. This, results in a con- 
t i  muous energy distribution of photons extending 
from zero energy to the beta end-point. The mag- 

7 ~ .  H .  L a z a r  and E . D .  K l e m a ,  P h y s .  R e v .  91. 610 (1953). 

*M. E. R o s e .  P h y s .  Rev. 91. 610 (1953). 



nitude of this effect depends upon beta energy, the 
Z of the material used to absorb the beta particles, 
and the geometrical configuration. In general the 

, intensity of the bremistrahlung spectrum is negli- 
gible, excepting those cases where a maior fraction 
o f  the decay is accompanied by the emission of a 
high energy beta group to the ground state of the 
daughter nucleus, with only very weak gamma transi- 
tions. As an example of this effect, Fig. 17 shows 
the gamma-ray spectrum obtained from 58 day y91. 

7-10-57 
ABSORBER 1.34 gbn2 

SOURCE OIST 10 em (cl' 
ENERGY SCALE = 2 Kr/WU 

2 

Fig.' 17. Spectrum of 58 day Y91. 

This nuclide decays with the emission of a 1.5 Mev 
beta group to the ground state of the daughter (99.8%) 
with a very weak 1.2 Mev gamma-ray (0.2%). An 
additional example of the presence of considerable 
b r e m s s t r a h l ~ ~  may be seen i n  the spectrum o f  
gamma radiation emitted in  the decay of 1 1  hr. yg3. 
(See Plate 39-93 1.) 

One additional point which should be included 
in  a discussion of quantitative methods i s  the! con- 
version from absolute gamma-ray emission rates 
to disintegration rate. This demands a detailed 
knowledge o f  the complete "decay scheme" which 
describes the pattern of decay for a particular nu- 
clide. For this purpose one must know the branch- 
ing  ratio for at least one of the maior gamma rays 
emitted. This usually requires consideration of the 
process of internal conversion as a result of the 
interaction of gamma-ray photons with external bound 
electrons. In the event that the details of the decay 
scheme are not known for a particular nuclide, one 
may determine the branching ratio for a maior gamma- 
ray by canparison of the gamma emission rate for a 
given source with a carefully determined total beta 
disintegration rate. 

In conclusion, the discussion above is to be. 
considered as a general outline of the problems o f  
measureinant using the techniques o f g amma-ray 
scintillation spectrometry. In practice each problem 
must be carefully analyzed to determine the appli- 
cabil ity of these techniques. It is  hoped that the 
material contained in this catalogue w i l l  serve to 
i l lustrate both the ut i l i ty and limitations of, the 
method. 



111 - INDEX OF GAMMA-RAY SPECTRA 

1. General Arrangement 
' For convenience, the spectra have been in- 

dexed by chemical element, l isted in alphabetical 

order. Under each element the individual nuclides, 
are listed in  ascending order of A. Valuer given 
for half-l ife are those listed i n  current literature. 
Each pulse spectrum has been assigned a 

number" which i s  given in' column (7). The plate 
numbers signify the proton number, Z, the mass 
number A and a serial number in  that order (e.g. 
~ ~ 1 3 8  would be represented by the series 55-138- 
xj. The plates are arranged in  ascending order of 
Z and A. 

2. Detectors 
Most o f  the spectra contain'ed in  the cato- 

logue were obtained' with four Nal(TI) detectors 
mounted i n  the manner described i n  section 11-A. 
Two of these detectors were 3" diameter x 3" 
cylinders of Nal and a n  identified i n  column (4) 
as 3" x.3" and 3" x 3"-2. The third d,etector was 
a 3" x 3" cylinder bevelled at 45' for 1/2" from 
the top surface. This detector i s  indicated as 
3" x 3"-bev. The,fourth detector was a 1 3/4" 
diameter x 2" cylinder, used i n  a few cases to 
illustrate the response o f  this size detector to 

monoergic radiation. The resolution of these de- 
tectors for the 0.662 Mev gamma-ray of i s  

shown below: 

Detector Resolution 
3" x 3" , 8.8% 

3" x.3"-2 7.9% 

3" x 3" -bev 7.9% 
13/4" x 2" 8.5 % 

3. Experimental Details 
To facilitate the reproduction of the experi- 

mental conditions for each spectrum, the source 
distcmco, h, i s  given in culurnri (5),  iwge~her wit11 
the detector shield configuration. 

Measurement with no shield is denoted by the 
suffix (A), the shield with inside dimensions of 
12" x 12" x 24" by (B), and the large 32" x 32" - 
x 32" shield by (C). (See section 11.) Column (6) 
l is ts  the gain scale relating gamma-ray energy in 
Kev to the arbitrary pulse-height unit scale. The 
accuracy of this conversion factor i s  better than 
5% over the entire energy range. The quantity of 
polystyrene or other absorbing material used to  
absorb beta-rays or low energy photons i s  given 
on each plate. 



ELEMENT 

~ l u a i n u m  
28  

(Wi th  21.3 Hr Mg ) 

Antimony 

Argon 
~ r a e n i c  

Bar ium 

14 0  
( w i t h  4 0 . 2 ' H r  ~a  ) 

B e r y l l i u m  

B i s m u t h  

Bromine 

Cadmium 

1 1 5  
( i t  4.5 H .  I n  ) 

115  
( w i t h  4 .5  Hr . in  ) 

C a l c i o m  

Cer ium 

144  
( w i t h  17 Min p r  ) 

Cesium 

. . 
C h l o r i n e  

Chromium 

l SOTOPE HALF-LIFE 

2.3 Min. 

2 . 3  Min. 

2 .8  Day 

60  D . Y  

2 . 7  y r .  

1 .82  Hr. 

26 .7  At. 

8 5  Min. 

8 5  Min. 

12 .8  Day 

12 .8  D . Y  

1 2 . 8  Day 

54  Day 

5 4  Day 

5 4  Day 

1 5  Day 

8.0 Yr. 

36  Hr. 

4 3  Day 

5 4  Hr. 

54  Hr. 

5 4  Hr. 

4.7 Day 

3 2  D . Y  
32 Day 

3 2  Day 

32  Day 

32 Day 

3 3  Hr: 

3 3  Hr.  

290 Day 

2.3 Y r .  

2 . 3  Yr. 

30  Yr. 

3 0  Yr. .  

30 .  Yr. 

J U  r r .  

3 0  Yr. 

3 3  Min. 

3 3  Min. 

37 Min. 

3 7  Min. 

2 7  Day 
27 Day 

27 Day 

2 7  Day 

27 . Day 

D E T E C T O R  

3 " s  3' - 2  

3  '* x  3" - 2  

3 " s  3 "  

3  '' x  3  " 

3 * ' x  3'r 

3"  x  3" - 2  

3 "  x  3" 

3" x  3" - 2  

3" x  3" - 2  

3"  x  3" 

3 -  x  3" 

3  " x  3  " 

3 ' =  x  3 "  - 2  
3 "  x  3" - 2  

3" x  3'' bev .  

3 "  x  3 ' * -  2  

3 ' x  3 " -  2  

3' x  3" - 2  
31. x, 3*1 ; 2  

3" x  3" - 2  

3-  x  3" - 2  

3"  x  3 -  - 2  

3 " s  3 " -  2  
3" x 3 "  - 2  

3" x  3" - 2  

3.-x j l ' b e v .  

3' x  3" b e v .  

1%" x 2" 
3.. x  3"  

3" x  3 "  

3 "  x  3"  

3" x  3" bev .  

3"  x  3" - 2  

3 " x  3" 

3" x 3 "  bev .  

3 "  x  3 "  - 2  

1%" 1 . 2 '  

1%" x  2' 

3 "  x  3" 

3"  x  3 "  

3" x  3"  - 2  

3 "  x  3 -  - 2  

3"  x  3" - 2  
3 -  x  3 " -  2  

3"  x  3'' b e v .  

3'' x  3'' bev .  

1%" x  2' 

GEOMETRY ENERGY SCALE PLATE NUMBER 



ELEMENT l SOTOPE 

I 

HALF-LIFE DETECTOR GEOMTRY ENERGY SCALE PLATE W B E R  

Cobal t 58 

5 8 

6 0 

6 0 

60 

60 

60. 

Copper 6 4 
6 6 

Gal  1 ium 7 2 

M 
Go1 d 198 

Hafnium 18 1 

Indium (With 43  day  cd1 l5 )  115 

11s 

116 

116 

I o d i n e  ' 128 

13 1 

I r i d i u m  

I r o n  

Krypton 

142 

Lu te t i um 176 

177 

Pa8a i s ium 2 7 

27 
28 

(With 2 ;3  min A1 ) 2 8 

Manganese 54 

54 

5 4 

54 

54 

5 6 

56 

197 

197 

Molybdenum 
99. 

(With 6 h r  TC ) 

71 Day 

71 Day 

5.3 Yr. 

5.3 Yr. 

5 .3  Yr. 

5.3 Yr. 

10 Min. 

12 .8  Hr. 

5 Min. 

14: 1 H r .  
1 4 . 1  H r .  

2.7 Day 

46 Day 
4.5 H r .  

4 .5 Hr, 

5 4  . Mia 

54 Mia. 

25  Min. 

8 .0  Day 

2 .3  Hr. 

2 .3  Br. 

6.7 Hr. 

7 4  Day 

45 Day 

4.4 Hr. 

10 .4  Yr. 

40.2 Hr. 

40.2 Hr. 

.40,P Ik. 
77 Min. 

3 .6  Hr. 

6 .8  Day 
9.6 Min. 

9 .6  Min. 

21 .3  Hr. 

300 Day 

300 Day 

306 Day 

300 Day 

300 Day 

2.6 Hr.' 

2 .6  Hr. 

65  H-r. 

6 5  

23 Hr. .M2 

48 Day 

6 8  Hr. 
6 8  Hr. 

3" x 3" 
3 '9 .1  3" ba r  

3" x 3" - 2  

3" x 3" - 2  

3" . 3" -2 
3'' x 3" b a r  

3" x 3" - 2 

3" x 3" 

3" x 3" 

3" x 3" 

3" 1 31' 

3" x 3" - 2 

3" x 3" - 2 

3" x 3" - 2 

3" 3 -  - a 
3"  1 3".- 2 

3 "  x 3*' - 2 

3'* x 3" - 2 
3" x 3" - 2 

3" 1 3" - 2 

3" x 3 0 '  b6v 

3 "  I 3" 

3'' x 3" 
30* 3'. . 2 

3" x 3"  - 2 
3"'. 3" - 2 

3" x 3" - 2 

3*' x 3" - 2 

3" x 9 "  

3" x 3" - 2 

3" x 3" 

3" 1 3" 

3" x 3" - 2 

3" r 3"  be r  

3 - 1 3 "  - 2 

3" x 3" - 2  

3" x 3" - 2 

3"  x 3"  be r  

3" x 3" hmr 

1%'' x 2" 

3'' x 3" - 2 

3" x 3" - 2 

3" x 3 "  



ELEMENT l SOTOPE 

1 Neptania. 

Nickel 

Niobium 

95 
9 5 

(With 65 day 2r ) 9 5 

Palladium 109 

Potaaaiom 

Praseodymium 
144 

(With 290 day Ce ) 

Protactinium 

106) 
~ b o d i k  (With 1 yr Ro 

Scandium 

Silver 

Sodic . 

Strontium 

Tantalo. 
99 

Technetium (With 68 br Yo ) 

Tal  lnriom 

fon6m ten 

Uranium 

160 

160 

181 

(Ore) 

231 

HALF- L I FE 

2.33 Day 

2.56 Hr. 

20,000 Yr. 

35 Day 

3 5  .Day 

35 Day 

13.6 Hr. 

12.8 Hr. 

19.1 Hr. 

11 Yin. 

21.4 Day 

1.620 Yr. 

1,620 Yr. 

40 Sec. 

40 Sec. 

18 Min. 

15 Min. 

2.3 Day 

40 Day 

4.5 Ur. 

1.0. Yr. 

1.0 Yr. 

85 Day 

3.4 D.7 

270 Day 

2.6 Yr. 

2.6 Yr. 

15 Ur. 

15 Ur. 

15 Ur. 

9.1 Hr. 

2.1 Ur. 

7.0 Yin. 

5 Yin. 

5 Yin. 

5 Yio. 

111 Dly 

6.0 Ur. 

6.0 Ur. 
71 Ur. 

71 Hr. 

11 Ur. 

12 Day 

12 Day 
24 Hr. 

6.1 Day 

DETECTOR 

3 " .  3"- 2 

3"  f 3 "  - 2 
3" x 3 "  - 2 
3" . 3 "  - 2 
3" . 3" - .2 
3 " .  3'* - 2 

3 "  . 3'* - 2 
3-1 3'*- 2 

3 ' *  . 3 "  

3 "  . 3" 
3** . 3 @ e  

3" . 3" 
3" . 3"  

3 "  . 3"  - 2  

3" I 3** 

3"  1 3" 
3 "  . 3- 
3" x  3" - 2 

3 "  x 3" - 2 

3" . 3" - 2 
3 " .  3"  - 2 
3 "  . 3* '  

3 "  . 3"  - 2 
3" . 3" - 2 
3 @ * .  3' 

3*' x 3  ** be. 
3 * ' X  3*' * 2 

3" x 3" - 2 
3 * *  x 3'* bar 

1%" . 2" 

3" . 3 ** 
3*# . 3" 
3" x 3 "  

3" . 3' - 2 
3" x  3 "  her 

1%" . 2" 
3 "  x  3" 2 

3" x 3*' - 2 
3". 3" - 2 

3'* . 3" 
3" .  3 * *  

3" x 3" bar 

3 " .  3" - 2 

3" x 3 "  - 2 
3'* . 3"  

3" . 3' 
3". 3" - 2 

GEOMETRY 

10 C. (C) 

10 C. (C) 

10 C. (C) 

10 C. (C) 
10 cm (C) 
10 C. (C) 

10 C. (C) 

10 C. (C) 

10 cm (B) 
10 C. (B) 

2 Cm (B) 

10 Cm (8) 

10 C. (0) 

ao c. 4C' 
16 Cm (8) 

3  cm (8)  
10 C. (B) 

10 C. (C) 

10 C. (C) 

10 C. (C) 

10 C. (C) 

16 Cm (B) 

10 C. (C) 

10 C. (C) 

10 cm (B) 
10 C. (8) 

10 C. (C) 

10 cm (C)  

10 C. (8) 

10 C. (4) 
3 C. (B) 

3 cm (B) 
lo cm (0, 
10 0 (C) 

10 C. (B) 

10 C. ( A )  

10 C i  (C) 

10 C. (C) 

10 C. (C) 

9 C. (8) 

9 cm (B) 
10 C. (8) 

10'cm (C) 

10 C. (C) 

10 C. (8) 

10 C. (8) 

10, C. (C) 

ENERGY S W E  PLATE NUhgER 



Vanadium 

Xa non 

Y t t r i u m  

Z i n c  

Z i rconium 

95 
( W i t h  35  day Nb ) 

l SOTOPE HALF-LIFE 

3.77 Yin.  

5 . 3  Day 

9.2 Hr.  
105 Day 

105  Day 

58  Day 

10 H r .  

10 Rr.  

a50  Day 

250  Day 

250  -Day 

14 Rr .  

6 5  Day 
6 5  Day 

9s Day 

17 R r .  

D ETECTOR 

3" I 3 "  - 2 

3 * *  . a * *  
3" I 3 "  

3 " .  3 " -  2 

3 "  x 3 "  b e t  
3 * ' .  3 "  - 2  

3 "  I 3  * *  

3" I 3 "  

3" x 3" 2 

. 3 "  x 3 "  b e t  

1%'. 2- 

3 "  . 3e '  

S'." 3 "  - 2 

3 "  I 3" - 2 

3 " x  3 " -  2 

3 @ *  1 3" - 2 

GEOMTRY ENERGY SCALE PLATE NLkBER 



I 1 I 
i 

- 
- 

2.3 yr. Cs 134 - 

3'x 3"- 2 NaI - 
6-4 -57  - 

ABSORBER 375 mg /cm * 
- 

.605 SOURCE DIST. 10 cm ( c )  
ENERGY SCALE 'U 2 KevIPHU 





55- 137-2 
I I 1 

- 

30yr.  Cs 137 - 

3"~3"Beveled Na I  
- 
- 

.662 
1- 23- 57 - 

.032 Ba K 
X-ray 

ABSORBER 750 mg/cm2 
SOURCE DIST. - 10 cm - 

ENERGY SCALE is I K ev/ PHU 
I 

I 

4 3  
A - 

V 

I I 
PULSE HEIGHT 

I 1 





lo' 







3 x 3  N o 1  
7-31-56 

ABSORBER 2.29 g/cm2 
SOURCE DIST. - 10 c m 

ENERGY SCALE 2 Kev / PHU 

2 

fir-; 
w 

I 
0 200 400 600 800 1000 1200 

* %SO 
9- 

I PULSE HEIGHT 

Y 

n 



- 
I I 

7 

.165, 

I - 

85 min Ba 13s 
- 
- 

3"x3''2 No I - 

7-9-57 - 

ABSORBER 1.34 g/cm2 
SOURCE DIST. 10 cm (c) - 

ENERGY SCALE = I Kev/PHU 

(:I 

BFEMSSTRAHLUNG 

L'J 

4 y 
A 3  - 

PULSE HEIGHT 
_I 

I I 



0.163 

I 
I I - 

85 min Ba 139 
- 
- 

3"~3"- 2 NO I - 
8-13-57 - 

ABSORBER 1.34 g/cm* 
SOURCE DIST 10 cm(c) - 

ENERGY SCALEe2 Kev/PHU 









P 

I 1 
I - 

- 
40.2 hr. La I4O Gammas - 

3"x 3"- 2 N a I - 

6 -18-57 - 
ABSORBER 750 mg/cm2 

SOURCE DIST. 10 cm (c.) - 

ENERGY SCALE* 2 Kev/PHU 

3 ' 3 0  
-L L~ PULSE HEIGHT 





I 1 
I - 

- 
32 day Ce 141 - 

3"x 3"-2 Na I - 
6- 4- 57 

ABSORBER 3 7 5 m g / c m 2  
SOURCE DIST. 10 cm (c )  

- 

ENERGY SCALE N 0.5 KevIPHU 

C 

, ,036 
Pr K x-ray . 

4 

Y 
O 
a 
Q 

a 
Q 
0 

1 

0 
fn 

t )  W .  

Q 
I 

- 

I 

0 

Y 

0 

' r 

d 

0 

L rt PULSE HEIGHT 
I I h 





PULSE HEIGHT 

58-  141- 3 
I I i 

I - 

32 day ceI4' 
- 

3 ' ' ~  3" Beveled No I 
- 
- 

1-24-57 - 
ABSORBER - NONE 

- SOURCE DIST. - IOcm 

. 
,142 

8 

,036 
Pr K 
X-ray 
I 

(4  

ENERGY SCALE I K ev/ PHU 

I I 

Y 

--- 

t-, 

P 

I I I 



58- 141- 4 

1 4 2  

I 

I 
I I - 

32 day Ce 141 - 
- 

3 " ~  3" Beveled No1 - 
1 -24-57 - .  

,036 ABSORBER -750mg/cm2 
Pr K X-ray SOURCE DIST. - I 0  cm - 

ENERGY SCALE - 0.5 Kev/PHU 

I 

PULSE HEIGHT 
I I 

0 
3 ,'. '7 200 400 600 800 1000 1200 
A J= -' 



| 3                                                                             58-141-5

32 day Ce
141

5                                                                                                      |    X 2"     Na  I
2-28-57

ABSORBER- NONE
SOURCE  DISI -10cm

ENERGY SCALE LY.5 Kev/PHU
2

0.142

|02

.0 36  Pr
K* ray

/3

5

(3
0
LLI

-0

-2
W
.....

Z

EscaDe

10|                         Pedk 

0

5 p

2

PULSE HEIGHT

0 200 400 600 800 1000 1200
4...  r.
i- 1 4





I 0
3 58-143-1

.295

  33 hr.  Ce143        _
5                                                                                                              3" X 3" Na  I                           -

10 - 22- 56                      -
ABS. 1.349/cm2polystyrene+300mgkm2 Cd

SOURCE    DISI -  10 cmBackscatter
.350 ENERGY SCALE w I Kev/PHU

2

r

2
I0

.679      -72

.495    4 *
0 5

 
w                                                          .565
-0                                    -1

-2
111
V

Z

I0

.89
'1

5

1.10

2

-6 .R--
4 '.. 4

U Q -'- PULSE HEIGHT
1                                                            1                  1
0 200 400 600 800 1000 1200







SOURCE 
ENERGY SCA 

5 - 

2 

1 ais PULSE HEIGHT 

0.1 
0 200 400 600 800 I( 



ABSORBER 736 mg/cm2 
SOURCE DIST. 10 cm (c) 

ENERGY SCALE = 2 Kev/PHU 

c 

0 

4 /' T\ 
I i i -  PULSE HEIGHT 

I I - 





10- 
71- 17 

' .  . .  

I76 ' : , 3.6 hr. Lu . . 
I '  . 

3" x 3" No I 
5 7-17-56 

ABSORBER - 750 rng/bmi, 
SOURCE DIST. - I ~ c m : ' ,  , : 

ESCAPE 
ENERGY SCALE 2 5 Kev ' PHU 

. . - 
PEAK Hf K X-RAY 

/ 0.057 

I 

'0' 

Y 

Z 

. . 

10 ' 

. - .  
v 1 

5 

. ,  . . 
4 b . , 

2 

PULSE HEIGHT 4 
$;$- A - 

I A . - 

0 200 400 600 800 1000 1200 



I 0'- 
71- 177-1 

5 

2 

0.115 Mev 7 

ld 0.208 Mev y 

5 

2 

10 

5 

2 

. . 151 & 

I 
0 200 400 600 800 1000 1200 

0.057 Hf K x-ray 

4 

- 
6.8 day Lu 177 - 
3"~3" No1 - 

7-19-56 
- 

- ABSORBER - 750 mg/cm2 - 
SOURCE DIST, -- IOcm 

ENERGY SCALE "-- .5 Kev/PHU 



72- 18 1 - 1  
10 

5 

ABSORBER 2 0 ~ r n ~ / c r n ~  
SOURCE DIST. 10 cm (c) 

ENERGY SCALE I Kev/ PHU 

2 

10' 

0 5 
W 
v, 
\ 
0 

W 
w - 2 
W 
Y 

z 

lo0 

5 

2 

g 
PULSE HEIGHT 

. I  
0 200  400 6 0 0  800 1000 1200 





187 I 24.0hr W GAMMAS.  
5 ,  

SOURCE DIST - lOcm , . 
- 

ENERGY SCALEz I K e v /  PHU 

0.065 Mevy 

3"~3" N a I  - 

8 - 7 - 5 6  - 
ABSORBER - 750rng/cmz 

















PRODUCTS-4 d 
FOLLOWING SEPARATION 

3 " x  3" ' ~ a  I 
IO- 16-56 

ABSORBER-2g /cm 
SOURCE DIST. lOcm 

200 400 600 800 1000 1200 





r 

. I 0  U X-Roy 

I -  
,310 

I I 
I - 

27.4 day GAMMAS 
-, 

- 

3 " ~  3" - Na I - 

7-25-56 - 
ABSORBER - 750 mg / cm2 

SOURCE DIST. - 2 cm - 

(I a I ENERGY SCALE -" I Kev/PHU 

0 ( )  

/ 

0 I 
0 I 

0 0 

6 1 



92 -( ore)  - 1  
0 - 







* I I 
. 

I - 

2.33 day Np 23s 
- 
- 

II . II 3 x 3 0 2  N a I  - 
V 

6-21-57 
ABSORBER 360 mg/cm2 

- 

------ SOURCE DIST. 10 cm (c) - 
ENERGY SCALE = I Kev/PHU 

PULSE HEIGHT 



APPENDIX I 

DEECIDR EFFICIENCY CURVES 







4-  7 - 3  

3 " ~  3"~eveled N a I 
3-12-57 

ABSORBER - NONE 
SOURCE DIST. 10 cm 

PULSE HEIGHT . 







. I 
I I - 

15 hr ~a~~ 
- 
- 

3I1x3"-2 No I - 

6 - 27-57 - 

ABSORBER 736 mg/cm2 
SOURCE DIST. 10 cm (c) - 

ENERGY SCALE = 4 Kev/PHU 
I I 

ANNIHILATION 

3 

C, 

0 

PULSE HEIGHT LJZ! 27 
+ I I 





ABSORBER 950 mg/cm2 

cp*; : 
d * -  

, I I 
C3' 
tr. 

0 

I I 
PULSE HEIGHT 





lo' 



I I I - 

2.3 rnin A1 28 Gammas 
- 
- 

3"x 3"-2 Na I - 
6-21-57 - 

ABSORBER 1.34 g / c m 2  
SOURCE DIST 10 cm (c) - 

ENERGY SCALE N 2 KeviPHU 
. 

1.78 ?fi 

I ! 

< )  

X 
--- I 1 I 

0 

c ?--: P - -  
L. b A d..' 

I I 
PULSE HEIGHT 

I 1 q 7.1' 



I 

! 
I 

I 
I I - 

5min. s~~ Gammas 
d 

- 

3"x .3"-2 No I - 

6 -19-57 - 
ABSORBER 1.34 glcm * 
SOURCE DIST. 10 cm (c) - 

ENERGY SCALE 4 Kevl  PHU 



16- 37-2 

,511 

I I 

( j  

I - 

5 min s~~ - 

3I1x3" Beveled No1 
- 
- 

3- 1-57 
ABSORBER - 2 g / cm2 

- 

SOURCE DIST. - lOcm - 
ENERGY SCALE " 4 K  ev/PHU 

- 

C 

L I 

\ I  

PULSE HEIGHT 
I I b qqf&!?bpi 

b 



16-37-3 
I I I 

I 

5 min s~~ 
- 
- 

I 34"~ 2" No I 
- 

- 
3-1-57 - 

ABSORBER - 950 mg /cm2 
SOURCE DIST. - 10 cm - 

ENERGY SCALE N 4Kev/PHU 

I 

L 

. 

9 

0 

0 

PULSE HEIGHT 
I 

0 2 0 0  400 600 800 1000 1200 
'? F* g y i  u ?. 





37 rnin. CI 38 Gammas 
3"x 3"-2 No I 

ABSORBER 2.4g /cm * 
SOURCE DIST 10 cm ( c )  

ENERGY SCALE 'V 2 Kev/ PHU 

PULSE HEIGHT 
1 I 

I 

I 
I 

2 

II 





lo"' 



7 

I 1 1 
- 

4.7 day ~a~~ 
- 
- 

3"x 3"- 2 No I - 

5-13-57 - 

ABSORBER 1.34 g / cm * 
SOURCE DIST. 10 cm (c) - 

ENERGY SCALE 2 2 Kev/PHU 

1.295 

.49 > - 
I Y 
I I 

6 

( j  

0 

PULSE HEIGHT 
.! I I 







l o 2  
23-52-1 

5 '  . 

I I I 
- 

3.77 min v~~ - 
- 

3% 3"- 2 N a I - 
7-8-57 - 

ABSORBER 1.34 g/cm2 
SOURCE DIST. 10 cm(c) - 

NERGY SCALE =? 2 Kev/PHU 

2 

I 0' 

0 5 
W 
m 
\ 
0 

W 
w 

CI 2 - 
W 
u 
z 

1 o0 

5 

2 

.I 
0 .,- 200 400 600 800 1000 1200 a y i  

r /  [ A 3  - - -  

-I 

PULSE HEIGHT 
I I 

V 















ABSORBER NONE 
SOURCE DIST 10 cm ( c )  

ENERGY SCALE 2 I Kev/PHU 

c 3  J - 
, w 

I 
-- I -- 

V 

h - 

PULSE HEIGHT 
I I 

I 0 

u 

I 









I $ 

I I - 

2.6 hr: ~n~~ Gammas 
- 
- 

3"x 3'' 2 No I - 

6-19-57 - 
ABSORBER 1.2 g/cm 

- SOURCE DIST 10 cm ( c )  - 
I 

1 ENERGY SCALE= 2 KevIPHU 

o t  
-- 

I 

"6 C, PULSE HEIGHT 

' 0.85 





h 

1.10 
n I I I - 

- 
0.19 

w 45 day ~e~~ 
- 

0 1.29 3" X 3" - 2 N a I  - 

0 ,, 6 - 3 - 5 7  
0.y 

- 

ABSORBER 400 mgkm2 
rn C) SOURCE DIST - 10 cm (c) 

- 

ENERGY SCALE 2 Kev/PHU 
0 

QD bsbPQ 

Ih' 

PULSE HEIGHT 







I 1 I 
I 

5.24 yr. co60 
- 
- 

3" X 3"- 2 Na I - 

9 -2  - 57 - 

ABSORBER 2 0 0  mg/cm2 - 
SOURCE DIST. - 0.3 cm - 

I 
ENERGY SCALE 4 Kev/PHU 

I 

1.17 



lo" 

27-60-2  . 1 1 
I I 

5.24 yr. cokQ 
- 
- 

3" X 3"-2 
- 

- 
8 -  3 0 - 5 7  

ABSORBER 200 mg/cm2 
- 

SOURCE DIST. - I 0 cm (c) - 

ENERGY SCALE 2 Kev/PHU 

0 

c'-' 0 
L 

I 
PULSE HEIGHT I I 1 i 



I I I - 

5.24 yr. cos0 - 
- 

3" X 3"- 2 No1 - 

8-30-57 
ABSORBER 200 mg/cm2 

- 

SOURCE DIST. I0cm (c) -- 

ENERGY SCALE 4 Kev/PHU 



3''~ 3" Beveled No1 

ABSORBER -750mg/cm2 
SOURCE DIST - I0 cm 

I I 

I .  
I 

; 

PULSE HEIGHT 
I I 





I I 
I - 

.3?1 2.56 hr. ~i~~ Gammas 
- 

\ I 
- 

3"x 3"-2 Na I - 
6-19-57 - 

1.48 ABSORBER 9 5 0  mg/cm2 

ENERGY SCALE 2 Kev/PHU 

Ib 

-P ta a 

I 

I 

I I 
PULSE HEIGHT 

I I 
b 





lo3 
29-66-1 

5 

5 Min .  ~u~~ GAMMAS - 
3* x 3" Na I 

- 
- 

7-31-56 

ABSORBER - 1.34 + .95gbm2 
- 

SOURCE DIST.- 12cm. - 
ENERGY SCALE= 2 K e v l  PHU 

BREMSSTRAHLUNG 

Y 

7 

I0 - - - - -  , -- 

5 

2 

CJ ':j'>j . A 

1 .o 
0 200 400 600 898 1000 1200 

6s ,- 

I? n 
11 

I 

.. 

PULSE HEIGHT 





lo" 





lo2. 30-69-1 
1 

,435 Mev y 
i 14hr 2n6' GAMMAS 

- 
- 

5 ' 3"x3" No1 - 
- 

8-30-56 

ABSORBER -750mg/cm2 
SOURCE DIST. - lOcm 

2 

, + 
i 

0,I 
0 200 400 600 800 1000 1200 

- 

'. ' 
I 

f - 

I I 
PULSE HEIGHT 





.83 5 

I 

I 
-- - . . . . .- . . . 

1 
I - 

14.1 hr. Ga 72 - 
- 

3 " ~ 3 "  N a I  - 

9-13-56 - 
ABSORBER 2 g / c m 2  

SOURCE DIST. 10cm - 
ENERGY SCALE " 4Kev l  PHU 

PULSE HEIGHT 





lo' 





0, I I I 
.I 50 I - 

b 4.4 hr Kr 85m - 
- 

3"x3IL2 No I 
0 

- 

7-3-57 
ABSORBER 736 mg/cm2 

- 

SOURCE DIST. 10 cm(c) 
ENERGY SCALE = l Kev/PHU 

'X PULSE HEIGHT 
2 I I - - - - - . - -. . 



10- 59- 142-1 

5 

19.1 hr prI4* GAMMAS 
- 
- 

3" x 3" N a I - 
8-28 -56 - 

ABSORBER - 1.34 g/cm2 
SOURCE DIST. 10cm - 

ENERGY SCALE " 2K w/PHU 

Z 

1.0 D I 

5 .  

2 

. . 
r - 
I 

0.1 
0 2 0 0  400 600 800 1000 1200 

- 

'-:r, 
s \a 

0 

I 
PULSE HEIGHT 

i 





38-91-1 

9.7 hr. sr9' 
- 
- 

3l' X 3l' No I 
- 
- 

4- 2 4  - 57 
- 

ABSORBER l .5 g/cm2 
SOURCE DIST. - 3 cm - 

ENERGY SCALE 2 Kev/PHU 

r ,: 
i. 

PULSE HEIGHT 
r 

- .  I - - .. - 

0 2 0 0  400 600 8 0 0  1000 1200 





0 38- 93- 1 

- 
7.0 min srg3 GAMMAS - 

5 3 x 3  N o 1  - 
4-20-56 - 

ABSORBER 2.0gm/cm2 
SOURCE DIST. - 10 cm - 

ENERGY SCALE 2 Kev / P H U 

2 

0 

5 

2 

I 

0 

Y 

PULSE HEIGHT 

0 200 400 600 800 1000 1200 

F, 3 



2 ,  

I 

1.83 
A 
V 

Annihilation o I 
Radiation 

I 

PULSE HEIGHT ' 
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Nuclide 

sc47 

crs1 

EXPERIMENTAL PEAK-TO-TOTAL RATIOS FOR NaI DETECTORS 

' 311 x ,311 Cyl inder 
3 1 1  x 3" Cylinder ( B e v e l l e d  for i / a "  a t  

~ ~ ( - 1  0.1 cm. 3 cm. 5 cm. lo cm. * o.a,cs. 3 cm. 5 cm. 
4s0 1 
10 cm. 

Note: Experimental value8 abwe are for point sowoe on oeatral sxie of deteotor. Error eati- 
mated to  be f 8% 'or better for a l l  measurements. 
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