AEC RESEARCH AND DEVELOPMENT REPORT IDO-16408

| 3 | | | | =

PHYSICS AND MATHEMATICS
(TID-4500, Ed. 13) =

o

D

C SONTILATION SPCTRONETRY -
 GAMMARAY SPECTRUM CATALOGUE -

- o
BY

= R.L.HEATH

| 000 |
3
e
S0 w1 %

o
o
o
|

T

HEE
o

O

G P 5

l

I

|

PHILLIPS PETROLEUM CO.
ATOMIC ENERGY DIVISION
AUMDER CONTRACT NO. AT 0 -205)
— IDAHO OPERATIONS OFFICE
'U.S. ATOMICEN COMMISSION

l




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.



The following pages are an exact
representation of what is in the original
document folder.




PRICE $4.75

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

Washington 25, D. C.

LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the
United States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, express or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this report, or that
the use of any information, apparatus, method, or process disclosed in this report may
not Inf: lnge privaie=ly owned rights; or

B. Assumes any liabjlities with respect to the use of, or for damages resulting from
the use of any information, apparatus, method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commission” includes any em-
ployee or contractor of the Commission to the extent that such employee or contractor
prepares, handles or distributes, or provides access to, any information pursuant to his
employment or contract with the Commission.

AEC Technical Inf Service
Oak Ridge, Tennessee



SCINTILLATION SPECTROMETRY

GAMMA-RAY SPECTRUM CATALOGUE

BY DR

: R. L. HEATH

July 1, 1957

PHILLIPS PETROLEUM CO.
ATOMIC ENERGY DIVISION

Idaho Falls, ldaho

LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Nelther the United
States, nor the Commiasion, nor any persan acting on behalf of the Commisaion:

. A. Maokes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the Information contained in this Teport, or that the use
of any information, apparatus, method, or process disclosed in this report may not {nfringe .
privately owned rights; or .

B. Assumes any ilabilities with respect to the use of, or for damages resulting (rom the
use of any information, apparatus, method, or process disciosed in this report.

As used In the above, **person aciing on bebalf of the Commission’” includes any em-
ployee or of the or empl of such contractor, to the extent that
such 1! or of the C or o1 BUCD COBLIOLIOr Prefrares,
disgeminates, or provides access to, any information pureuant to hls employment or contract
with the Cammiaston, ar hin emplayment with auch contractor, i




TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS

I PREFACE « « « « =« o vt vt v e e e i e e 9

II. METHODS OF MEASUREMENT . . . . . . . .« « « « . . . . . 11

The Standard Detector . . . . . . « + « ¢ « « o + u 1
B. The Detector Shield . . . . . . . . . . . . . . .. 12
C. Source-Detector Configufation e e e e e e e 13
'D. The Scintillation Spectrometer . . . . . . . . . . 15
E. Data ProcessiBg . . . « v & « + & o o o o o o 0 o 15
F. The Quantitative Method . . . . . . . . . . . . . . 16

III. INDEX OF GAMMA-RAY SPECTRA ... . . . . .. . ... .. 24

APPENDIX I - Detection Efficiency Curves

APPENDIX II - Peak-To-Total Ratios



ACKNOWLEDGEMENTS

The collection of data contained in this catalogue represents the combined

efforts of many people on the MTR technical staff. it is a pleasure for the author
to acknowledge the support of those individuals who hove 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 ail
material for publication.

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

The author wishes to express his gratitude to Dr. S. H. Yegors, who ‘assisted
in the collection of some of the data and the preparation of the text; dnd to Mr.
- G. O. English for assistance in the calibration and maintenance of the electronic
equipment. Special thanks are due Mr. D. R. DeBoisblanc, director of the Reac-
tor Physics Branch, for constant encouragement and support,

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



I - PREFACE

Gamma scintillation spectrometry as a method
‘of radioactivity measurement has gained wide ac-
‘ceptance in the past few years. It would seem,
however, that its general use has been limited
severely both in scope and precision by the lack
of adequate published information on the character-
istics of the detectors. The techniques have been

_'in general use in the research laboratories for

several years now, but the information needed to
promote their general use has remained largely in
unpublished form. :

In view of possibifities which this method
offers in applied radiation measurement studies,
for both qualitative and quantitative application,
it was felt that an effort should be made to mdke
available the necessary information in a form which
can be readily applied in the routine laboratory.

In the experience of personnel at this labora-
tory, o comprehensive 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-
logue is an effort-to present such information in

a vsable form.
- In order to make a coilection of data such a8

-this useful for quantitative as well as qualitative

opplication, 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 of detector size and geometrical shape.

2. Source-detector configuration.

3. Detector shield design.

4, Methods of data collection and analysis.

This collection of gamma spectra contains
samples of the response of Nal(Tl) scintillation
detectors to a large number of the more frequently
encountered radioactive nuclides. These data
have been assembled under very carefully con-
trolled experimental conditions to permit reproduc-
tion in any laboratory with a reasonable amount of
care. These ’‘spectral shapes’’ may be used
together with techniques of graphical analysis to
provide quick, accurate analysis of unknown
samples, both in a qualitative and quantitative
sense. .

Any future extension of the catalogue to
include samples of activities omitted or modifica-
tion of the data presentation will depend upon its
acceptance by measurement laboratories.  Any
suggestions which might make this information more

useful would be welcomed by the author.



Il - METHODS OF MEASUREMENT

A. The Standard Detector

In this laboratory the 3' diameter x 3’
cylinder of Nal(Tl) has become the standard
reference detector for precision gamma-ray scin-
tillation spectrometry. The choice of this size
detector is based upon a consideration of several
factors. Fig. 1 shows the pulse-height distribu-
tion obtained for the single 662 Kev gammo-ray
emitted in the decay of Cs}37.
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Distribution.

To permit @ comparison the response of 14"
diameter x 1'’, 2'* diameter x 2'* and 3'’ diameter x
3t cylinders of Nal are shown normalized at the
photo-electric peak. As the detector size, and
hence the path length traversed by a photon in-
creases, the probability for the occurrence of
multiple Compton processes increases markedly.
Since the resolution time of the phosphor is 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 Mev. 55% of the
events result in fotal energy loss in the 3'’ x 3"

N

detector as opposed to 33% for the 1/5’* diameter x
1"’ detector.

In the onalysis of complex spectra it would
be ideal to completely suppress the Compton
electron distribution. For a number of reasons,
however, a compromise is necessary. A 3 dia-
meter x 3’ detector, together with phototube,
costs around $1000. .To go to a larger phosphor
would require the use of a larger phototube with
ar: appreciable increase in cost.and loss of resoly-
tion. With 3'" x- 3" crystals and DuMont 6363
phototubes it .is possible to obtain better than
8% resolution for the Cs137 line with little selec-
tion necessary. ‘

The crystal mounting technique which has

" been adopted is that developed by P. R. Bell,

"

et al,1 at ORNL and is shown in Fig. 2 In this
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Fig. :2. Standard Method of Phosphor Preparation

method the phospher and phototube are mounted
as one integral unit with the crystal surrounded
by & 0.005'* aluminum can.

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

lP. R. Bell, ,[5 and Y-Ray Spectroscopy, K. Siegbahn
ed., p 161, North-Holland, Ameraterdam, 1955.



B. The Detector Shield

One of the most important considerations in
obtaining good data in scintillation spectrometry is
the design of the detector radiation shield. For
convenience it is desirable to reduce the back-
ground radiation level fo a point where corrections
to the data will be small for the moderate strength
sources usually prepared in 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 the source and spurious
scattered radiation arising from interaction with
the surrounding material; i.e., source holder, beta
absorber and radiation shield. '

This scattered radiation results from two
types of interaction: (1) the photoelectric process
and (2) Compton scattering.

1. Photoel ectric Effect

The photo-effect is of particular importance
in shield design since the cross section for this
process is high for low energy photons, particular-
ly in 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 on 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 is to line 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
its reduction by this procedure. This figure is a

plot of the response of a 3" x 3" detector to the
0.32 Mev gammo-ray of Cr51, 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’’ is observed at 0.072 Mev
resulting from the production of Pb x-rays in the
shield. The second curve (shown by the solid
line in the x-ray. region) indicates the response
following the addition of o 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
is lined 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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duced the fluorescent radiatio‘n below the limits
of detection.

2. Compton Scattering
The major source of spurious radiation from
the shield is due to Compton scattering, where
the energy of the scattered electron, Ee (and
hence the scattered photon) is related to the energy
of the primary photon, E),, by the relationship:

Ey
mc?

(1-cos 6) E,

where O is the angle between the primary photon
direction and the secondary scattered gamma-ray.
This indicates that the spectrum of scattered radi-
ation will vary from the energy of the primay
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 will then depend upon the
particular geometrical arrangement of source, shield
and detector. To illustrate the effect of shield

Ee =—
1+



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

The three

tries.

(B) r-l'

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 Mev gamma-ray of Mn54, mounted at 10 cm.

from the detector, for three cases. The top curve,
indicated by the open circles, was obtained in
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 shield
C respectively. Comparison of the two curvestaken
in the 6°' x 6'' shield show a large difference in the
magnitude of the scattered component. This is due
to the difference in the relative magnitude of the
absorption cross sections for the various processes
which can occur in the shield material.

It is interesting to make a comparison of
the general features of the spectrum of scattered

radiation for all three cases. Scattering from the
small shield gives rise to a broad spectrum with
svidence for two major components at approximate-
ly 150 and 200 Kev. This structure is attributed
to multiple and single scattering. The peak at 72
Kev in the 6’ x 6’ (Pb) case is due to Pb x-ray
production. Comparing shield A with the large
shield (C), .there are two distinct differences in
the scattered spectrum. The magnitude is con-
siderably reduced and the spectrum assumes the
the shape of a fairly sharp line at approximately
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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’’ is referred to 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 will permit. The
detector shield geometry used for each spectrum
contained in this catalogue is indicated in the
index. '

One further point to recall is that the relative
magnitude of the scattering effect will depend upon
the source-detector configuration. For most shield
arrangements the magnitude of the scattered com-

ponent will be relatively independent of source

distance, h, while the efficiency for the detection
of direct radiation will be proportional to 1/h2,
C. Source-Detector Configuration

1. Geometry
" The necessity for selectinga standard source-
detector geometry is dictated largely by the fact
that the response of the detector is 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
in passing through the detector. For this reason
the "“shape’’ of the pulse-height distribution ob-
tained for a single gamma-ray photon will depend
upon geometry. Since source- strength is a prime
consideration in many cases, a wide ronge 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 ond 10 em. (See Section II-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 is
shown in Fig. 6. The convention adopted for
positioning beta absorbing material is to place it
directly on top of the detector can. This mini-

= & —1/16* Luct
s LUCITE SOURCE HOLDER
&= -

- POLYSTYRENE BETA ABSORBER

OUMONT TYPE
6363 PHOTOMULTIPLIER

a-m-ary

Fig. 6. Source-Detector Arrangement.

mizes the geometry for the production of external
bremsstrohlung 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 will result in degradation of
the spectrum. (See Section II-F.) In measuring
the spectrum from positron emitters, sources were
evaporated from solution onto a thin film and sand-
wiched between copper discs approximately 0.2
e¢m. in diameter. In each case the discs were of

14

sufficient thickness to insure annihilation of the
positrons. In this manner a “‘point-source’’ geome-
try is maintained for the annihilation radiation.
2. Coincidence Effects

Although the response of the detector is
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. In
the more complicated decay schemes beta emission
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 will be detected. The
light pulse produced following such an event will
then be representative of the sum of the energies
left hy the twn phatans. The result will ha o dis.
tribution of pulses extending in energy up to the
sum of the energies of the two coincident gamma-
rays. This is temed the ‘‘coincidence sum spec-
trum'’, The probability for detecting coincident
radiation in this manner is just the product of the
probability for detecting each of the gamma-rays
individually. In effect, then, the probability for
‘‘summing’’ is proportional to the square of the
solid-angle, whereas the probability for detecting
a single event is directly proportional to the solid-
angle. Increasing the source distance will then
reduce the ‘‘sum spectrum’’ appreciably. Fig. 7
shows the spectrum of 20,000 yr Nb%4 which decays
with the emission of two cascade gamma-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 simultoneous detection of two coincident pho-
tons with fotal 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. and at 10 cm. Both spectra are shown
normalized to the 878 Kev gomma-ray peak. it is
evident that the analysis of complex spectra
would be hampered considerably by 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 it may be
established that two photons are coincident, with-
out the use of electronic coincidence circuitry. It
should be evident that the geometry afforded by the
2Bell, Kelley and Goss, ORNL Report 1278, 1951 (un-
published), p. 27,

971



2 :
0 708 ] ! ] ]
78 " ]
) 20,000 yr Nb 4.
s [ 332 Na 1 ]
£ -
EFFECT OF GEOMETRY ON
r COINCIDENCE SUM PEAK .
. |
¢ !
"COINCIDENGE
SO PEAKE
159
10!
1
o5
W
3 /‘s’ogﬁcs DiST
[
w
°
2
W
) ‘i
10° € f
£
s l 10 cm‘
: W i
. puu_se%lasm
) 1 11
0 200 400 600 800 1000 1200
"'Fig. 7. Effect of Geometry on Coincidence Sum

Spectrum.
well-type detectors will result in an appreciable

coincidence effect. The adoption of a source dis-
tance, h, of 10 cm. is considered to be a reasonable
compromise for the reduction of this effect.

D. The Scintillation Spectrometer

The scintillation spectrometer used to cbtain
the data contained in this cataiogue consisted of
an A-1D linear pulse amplifier operated in conjunc-
tion with a 20-channel discriminator-type puise
sorter designed by Bell, Kelley and Goss.2 The
pulse sorter is provided with a data storage unit
with 100 channels of storage capacity. Each chan-
nel consists of a GC-10B decade glow-transfer tube
and a Sodeco electro-mechanical register. These

~ are arranged in five banks of twenty channels with
twenty binary scale-of-four ‘‘pre-scalers’’ common
to all five benks. Automatic control is provided to
permit sequence programming to obtain 100 chan-
nels of pulse-height information. A block diagram
of this system is shown in Fig. 8. The equipment
is operated in a temperature-controlled environment
and exhibifs excellent long-time stability. Long-
time drifts in gain and window-amplifier zero do not

~ grids.
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exceed 1% per day. The window-width stability of
the sorter is better than 2% per day under normal
operating conditions. Total input c'ounting rates of
up to 20,000 per second may be handled with neg-
ligible spectrum distertion.
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Fig. 5. Block Diagram of Scintillation Spectrometer.

E. Data Processing

All pulse-height distributions or gamma-ray
“spectra’’ contained in the catalogue have been
represented as plots on a standard Keuffel and
The use
of the log scale on the ordinate greatly facilitates
graphical analyses since the shape of the spectrum
is independent of amplitude. Considerable care has
been taken in the printing process to insure that the
plates are exactly the same size as the original
This permits the use of the plates as tem-
plates for comparison with new data.

The convention adopted has been to plot the
channel counting rate (ordinate) against an arbi-
trary scale in pulse-height units (abscissa). In
the 20-channel pulse sorter this scale is obtained
frem the ten-tum helipot which establishes the win-



aow-amplifier threshold for the bottom edge of the
first channel. The window in this case is always
10 PHU wide. The relationship between this pulse-
height scale and gamma-ray energy is 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-
dopted: 0.25, 0.50, 1, 2 ond 4Kev/PHU. These
scales provide energy ranges of zero to 0.25, 0.50,
1.0, 2.0 and 4.0 Mev, respecrively. Some spectra
have been 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 vutilize phosphor detectors
in gamma-ray spectrometry it is necessary fo have
a good understanding of the nature of the relation-
ship between the energy of an electron produced in
the detector and the energy of the incident photon,
Gamma-rays may interact with matter by one of
several processes: the photoelectric process, the
Compton process, pair production and coherent
scattering by bound electrons in the detector.
Since a complete discussion of these processes as
related to phosphor detectors could not be included
in this brief introduction, the reader is referred to
an excellent description by P. R. Bell in 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 & function of
energy. Fig. 9 shows the response of the detector
to the single 0.155 Mev gamma emitted in the decay
of 34 day Sc*?. In this energy region the pulse
distribution indicates mostly response by the photo-
electric process. On the low energy side of the
“‘photo-peak’’ at 127 Kev is the ‘‘escape-peak’’
which results from escape of the iodine K x-ray
following photoelectric interaction. These pulses
are included by definition in the photoelectric re-
sponse for quantitative analysis. It will be noted
that the Compton electron distribution in this region
is characterized by a rather sharp pedk correspond-
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ing to 180 scattering. Fig. 10 is the response to
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Fig. 9% Gamma-ray Spectrum of 3.4 day Sc47.

the 0.835 Mev gamma-ray of Mn34. In this region
we see that the Compton electron distributionis
much more prominent, but with a rather constant
intensity from zero up fo the maximum electron
energy. Fig. 11 shows the response to the 3,13
Mev gamma-ray emitted by 5 min. $S37. At this
energy the pair process is becoming quite evident.
Superimposed upon the Compton electron distribu-
tion are the three (3) peaks which are characteris-
tic of interaction by the pair process.

In this process all energy in excess of the
1.02 Mev threshold is carried away as kinetic en-
ergy of the electron-positron pair. Subsequent
annihilation of the positron will yield two (2) 0.511
Mev photons. If both of these annihilation quuntu
escape detection in the crystal, the resultant ener-
gy loss in the detector will be 1.02 Mev less than
the energy of the incident photon. In this case a
single peak will appear ut that energy representing
the collection of only the kinetic energy of the
pair. This peak is called the ‘‘double escape
peak’’. in the event that one of the annihilation
quanta is detected by the photo process following

16
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Fig. 11. Gamma-ray Spectrum of 5 min, S37,

pair production in the detector, or by any combina-
tion of multiple processes which result in total
energy loss, then a peak will appear at 0.511 Mev
less than that of the incident photon. This peak is
termed the '‘single escape peak’’. If both annihila-
" tion quanta are detected with total energy loss, the
addition of the energy left in the detector by all
processes for one pair event will produce pulses
in the ‘'full-energy peak’’. The total result of in-
teraction by the pair process will then be a distribu-
tion of pulses from (E}-1.02 Mev) to the energy of
the incident photon, including the three prominent
peaks just described. The true shape of this pulse
distribution due to the pair process is always
obscured by the Compton electron distribution,
which is characterized in this energy region by a
rather shap pedk corresponding to 180° scattering.
In the S37 spectrum a low intensity pedk is
seen at 0.511 Mev. This is due to interaction of
the high energy photons by the pair process in
the detector shield and other material in the vicini-
ty of the detector. The escape and subsequent
detection of annihilation radiation from these e-

971 <2
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vents represents an additional background effect
in the high energy region. This peak does not
represent the detection of primary photons incident
upon the detector from the source (neglecting inter
nal pair formation).
2. Calculation of Absolute Photon Emission Rates
(a) Absolute Efficiency of the Detector
The scintillation phosphor detector may be
considered as a primary detector. By this it is
meant that the detection efficiency of a solid phos-
phor detector may be calculated with a high degree
of precision. If one knows the absomtion cross
section of Nal, 7, for gamma-rays of a given energy
and the source-detector geometry, then it is possi-
ble to derive an exact expression for the absolute
detection efficiency of the detector. Calculations
have been made at this laboratory by Vegors, Mars-
den and Heath3 for the case of a point source and a
disk source located on the central axis of a cylin-
drical detector. The detection efficiency for the
point source configuration is given by the follow-
ing relationship:

35, H. Vegors, Jr.. L. L. Marsden and R. L. Heath, AEC
Report IDO-16370 (unpublished).
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for a source a distance h, on the extended axis of
a right circular cylinder of Nal of radius r, and
_ height ¢,. These calculations included 32 different
detector sizes for values of A from 0 to 100 cm. and
photon energies from 10 Kev to 10 Mev. Values of
Tused were those of Gladys White Grodstein4 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.

4Gladys White Grodstein, National Bureau of Standards
circular NBS-583.

The detection efficiency for an extended disk
source whose center is on the central axis of the
detector and whose plane is parallel to the top of
the detector is given by the following relationship
for a source of radius R. In this case machine
computing time was prohibitive so only values
for the 3'' diameter x 3", 1-3/4" x 2'’, and 1-1/2"
x 1!' detectors were computed. These sizes were
selected as those most frequently used in most lab-
oratories. The quantity T(E), the absolute detec-
tion efficiency, obtained from these relationships
is the total probability that a photon emitted from
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the source will 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 2.67, the
sensitive wvolume is very clearly defined. Since
the amount of material which a secondary electron
produced in the solid phosphor must traverse to
leave a measurable amount of energy is negligible,
edge effects are insignificant. Any error to be
expected will be due to uncertainty in the value of
T used in the calculation. Fig. 12 is a plot of the
percent error in detection efficiency versus percent
error in absorption cross section for the detection
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+l0
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Fig. 12. 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 valves of ¢, the absorber thick-
ness, the error will vary linearly with = 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 phosgphor the error
in detection efficiency due to uncertainty in 7 has
been reduced appreciably. Even at 1.11 Mev a
10% error in 7, which is considerably more than
currently expected for calculated values, will result
in an error of only 5% in detection efficiency. For
lower energies the error will be considerably re-
“duced since the detector is almost black to gamma

e
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Fig. 13. Error in Detection Efficiency vs. Error in
T (3" x 3" detector).

radiation of less than 0.5 Mev.
(b) Calculation of Emission Rates (single )<ray)
Knowing the probability for the detection of
a photon by a particular detector and source-detec-
tor geometry, it is then possible to reduce the data
obtained on the scintillation spectrometer to obtain
the absolute emission rate from the source. The
pul se-height distribution obtained from the detector
for a monoergic gamma-ray will be unique. If all
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 pulse-height
distribution will vield the total number of photons
detected by the phosphor in a given time. Ifa
multi-channel differential pulse-height analyzer is
used, this integration can be accomplished by the
simple addition of the channel counting rates, since
all 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 thi's laboratory.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

SR.L. Heath and F. Schroeder, AEC Report1D0-16149.



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 pul se-
height spectrum obtained from Be’ is 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 is small, but that there is considerable dis-
tortion in the Compton region due to samil-angle
Compton scattering in the beta absorber. This dis-
tortion must be considered in absomption corrections
and in the analysis of complex spectra.

2
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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 al., at the Oak Ridge National Laboratory.6
A tabulation of values obtained at the MTR will be
found in Appendix II.

o T I T
300 day Mn3% SPECTRUM ]
5 3x3-2 No I e
' 10 cm (c) T

ILLUSTRAT ING
PEAK -TO -TOTAL RATIO

Z - 4

il

o NO ABSORBER 10
- 1.3 g/cm® POLYSTRYRENE 7 .
. %
2 . | 9
PHOTOFRACTION 0%
NO “si « 0876 u ‘Bocksconer
1.3g/%m® » 0.629 ~
[$]
o | R /-
Y]
s 4
g2 [ =
w ) N
05 L\ z P= —L
u 1 N total D
o p M4 10 ¥
w H ] 1
° | i Q
o 2 % 1‘( 5%,
Z 3 5 3
‘ ]
0 %
v
L
5 2
5
. PULSE HE!IGHT.
, 5 | L - 1
o 200 400 600 800 1000 1200
2 -
Fig. 15. lllustration of Peak-To-Total Ratio.
BULSE HEIGHT
| - L A
) 200 400 600 800 1000 1200

Fig. 14. Effectof beta absorberon detectorresponse.

Since it is nommally difficult to abtain
measurements under ideal conditions, use is made
of a very convenient quantity: the photo-efficiency
or peak-to-total ratio. This quantity, P, is the frac-
tion of the total number of events which fall in the
photo-electric peak as shown in Fig. 15. For this
purpose the pedk area is defined as that of a sym-
metrical ‘‘gaussian’’ shape, fit to the high energy
side of the experimental photo-peak. Use of ex-
perimentally determined values for the pedk-to-total

Using this convention, the emission rate of a
single gamma-ray will then be given by the follow-
ing relationship:

N
N, =——— - m
€4 P A ’
where N is the number of gamma-rays emitted/sec
by the source, Ny is the area under the photo-peak
in c/sec, € is the total absolute detection efficien-
cy for the source-detector geometry used, P is the

Sp. R. Bell, R. C. Davis, N. H. Lazar, ORNL Report
1975 (unpublished) p.72. ’ '



appropriate value for the pedk-to-total ratio, and A
is the correction factor for absomption in 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 is considerably more
complex than that for one single gamma-ray. In
every case fo a first approximation the observed de-
tector response represents the summation of the
response to the individual gomma rays. To illus-
trate the methods of data reduction with no further
complication due to the complex nature of the decay
scheme, the respnse to a source emitting several
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Fig. 16. Spectrum of Composite Sample.

one source. The composite response is shown by
the open circles, the individual source measure-

ments by the solid lines and the closed circles

. represent the actual subtracted points obtaoined by

successive subtraction of standard ‘‘spectral”’
shapes taken from the catalogue, for measurements
of the three nuclides under these conditions.

The general procedure which is used is
straightforward. Inspection of the observed gross
spectrum indicates that the highest energy gamma-
ray observed was at 0.835 Mev. The spectrum
‘‘shape’’ representing the response of the detector

to a gamma-ray of this energy is fitted (channel-by-
channel) to the photo-peck and subtracted from the
gross spectrum. The residuals are observed, and
if found to be statistical, the process is 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 is divided
into its 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-
lute emission rate for each gammoa-ray would be

determined by application of formula (1) to the re-
spective components. As an indication of the pre-
cision which one might expect in such o quanti-
tative analysis, Table 1 summarizes the results
obtained from the composite sample and the three
components measured individually. Even in this
moderately difficult case the moximum deviation is
3.2%. In general, the error to be expected will be
determined by the energies and relative intensities
of the gamma rays being measured.

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

TABLE I

QUANTITATIVE ANALYSIS OF COMPOSITE SOURCE

gomma rays is shown in Fig. 16 A composite
sample was made up of three activities each e-
mitting one single gammo-ray— Sc47, Be? and Mn54.
The two low energy sources were intentionally less
than 10% of the Mn54 activity to provide a moderate-
ly troublesome case. The sources were prepared
so that each could be measured separately and as

21

g, .8

Gamma s Emittei/' Percent of Total

. Percent
Sec Gammas Emitted

Error

SiNeLE CompPosI TE SINGLE ComposSiTE
SPECTRA SPECTRUM SPECTRA SPECTRUM
mv34 | 54,731 87.4% 87.3% 0.1
Be’ 4,256  4.393 6.8% 7.0% 3.2
sc47 3.633 3,567 5.8% 5.7% 1.8



or response to each of the components of the gross
spectrum. Since the detector response to mono-
ergic radiation ¢annot be described by an analytic
function, empirical methods must be employed.
The general shape of the pulse-height distribution
is 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 gomma-ray energy and the
Compton electron distribution end-point energy.
It is then possible to fit a given photo-peak with
"a ‘‘gaussian’’ of the proper width corresponding
to the measured energy. A Compton electron dis-
tribution characteristic of the geometry used is then
obtained from the pulse spectrum of a monoergic
source with energy as near as possible to the
measured energy of the gamma-ray in question.
The intensity and Compton end-point energy are ad-
justed in relation to the assumed ‘‘photo-peak’’
in such a manner that their relative areas cor-
respond to the experimentally determined peak-to-
total ratio for @ gamma-ray of that energy measured
in similar geometry. This ‘‘synthesized’’ response
curve is 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 §3-135-1) and Y93 (Plate
39-93-1). A compilation o f convenient sources
which are used for energy calibration of the spectro-
meter and to obtain ‘‘response functions’’ for sin-
gle gamma rays is given in Table Il.

TABLE II

CALIBRATION SOURCES FOR
DETECTOR RESPONSE AND ENERGY CALIBRATION

NUCLIDE T 1/2 E (Mev)
60m : Y
Co 10 min. 0.059
cel41 32 day 0.142
se4? 3.4 day 0.155
cedl - 27 day 0.322
B’ 59 day 0.418
Sr85 65 day 0.510
B; 207 0 yeas 0.569
1.063
cs137 30 year 0.662
Mno4 300 day 0.835
y88 105 day 0.900
1.830
7n65 250 day 1.114
Na24 14.9 hr.  1.368
2.753
s37 "3.13

S min.

Up to this point in the discussion no considera-
tion has been given to several factors which some-
what complicate the quantitative analysis of complex
gamma-ray spectra emitted in the decay of radio-
active nuclides. Perhaps the most important is
‘‘coincidence summing’’ of gamma rays emitted in
cascade. (See Section II-C.) Although the effect
of summing is somewhat difficult 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 gamma-rays (e.g. Co69), and
‘adopting a nomenclature similar to Lazor and Klemg, 7
the emission rate of ) will be given by equation (2).

Ny (7))

— (2)
elpl [1"€2w (00) “2,1]

Ny =

where N is the area under the photopeak of 7;
(with any contribution due to ¥, or the sum spectrum

subtracted), € and €5 are the total absolute ef-
ficiencies for ¥y and 7, Py is the peak-to-total
ratio for | (experimental), a1 is the fraction
of ¥y in coincidence with 7}, and W (09) is a factor
to taie into account the angular  distribution func-
tion of the two gamma rays integrated over the face
of the crystal, evaluated by the methods described
by Rose.8 The third term in the denominator ac-
counts for those pulses which would normally appear
in the photo-peak but, due to simultaneous detection
of the other cascade gamma-ray, appear in the coin-
cidence sum spectrum. Another convenient ex-
pression is that for the area under the coincidence
sum peak, or the probability that two coincident
gamma rays will be detected simultaneously, with
total energy loss in the detector. This quantity is
given by equation (3).

N &Py a1 W (00)

= 3
(1- 62W(00) qz'l] )

Ne.s.

An additional complicating factor in the meas-
urement of gammo-ray spectru is the production of
bremsstrchlung in the absorption of beta radiation
accompanying the decay. This results in a con-
tinuous energy distribution of photons extending
from zero energy to the beta end-point. The mag-

"N. H. Lazar and E.D. Klema, Phys. Rev. 91, 610 (1953).
8M. E. Rose, Phys. Rev. 91, 610 (1953).
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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 bremsstrahlung spectrum is negli-
gible, excepting those cases where a major fraction
of the decay is accompanied by the emission of a
high energy beta group to the ground state of the
daoughter nucleus, with only very weak gamma transi-
tions. As an example of this effect, Fig. 17 shows
the gomma-ray spectrum obtained from 58 day Y21

39-01-t
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Fig. 17. Spectrum of 58 day YO!.
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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
bremsstrahltng may be seen in the spectrum of
gamma radiation emitted in the decay of 11 hr. Y93,
(See Plate 39-93-1.)

One additional point which should be included
in a discussion of quantitative methods is the con-
version from absolute gamma-ray emission rates
to disintegration rate. This demands a detailed
knowledge of 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 major gamma rays
emitted. This usually requires consideration of the
process of intemal 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 major gamma-
ray by comparison 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 of
measurement using the techniques of gamma-ray
scintillation spectrometry. In practice each problem
must be carefully analyzed to determine the appli-
cability of these techniques. It is hoped that the
material contained in this catalogue will serve to
illustrate both the utility and limitations of the
method. :




I - INDEX OF GAMMA-RAY SPECTRA

A. Notes on |ndg5

1. General Arrangement

~ " For convenience, the spectra have been in-
dexed by chemical element, listed in alphabetical
order. Under each element the individual nuclides
are listed in ascending order of A, Values given

for half-life are those listed in current literature. .

Each pulse spectrum has been assigned a ‘‘plate
number’’ which is 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.
Cs138 would be represented by the series 55-138-
x). The plates are arranged in ascending order of
Z and A, -
2. Detectors

Most of the spectra contained in the cato-
logue were obtained with four Nal(Tl) detectors
mounted in the manner described in section II-A.
Two of these detectors were 3'' diameter x 3"
cylinders of Nal and are identified in column (4)
as 3" x 3" and 3" x 3"-2. The third detector was
a 3" x 3" cylinder bevelled at 45° for 1/2'’ from
the top surface. This detector is indicated as
3" x 3'""-bev. The, fourth detector was a 1 3/4"

diameter x 2'' cylinder, used in a few cases to ,

illustrate the response of this size detector to

monoergic radiation. The resolution of these de-
tectors for the 0.662 Mev gamma-ray of Csi37 is
shown below:

Defecfor 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
distance, A, is given in column (5), together with
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 sectionIl.) Column (6)
lists the gain scale relating gamma-ray energy in
Kev to the arbitrary pulse-height unit scale. The
accuracy of this conversion factor is 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 is given
on each plate.
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85 Min,
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2 Kev/PHU

2 Kev/PHU
2 Kev/PHU
2 Kev/PHU
1 Kev/PHU
2 Kev/PHU
2 Kev/PHU
1 Kev/PHU
2 Kev/PHU -
2 Kev/PHU
2 Kev/PHU
1 Kev/PHU
1 Kev/PHU
2 Kev/PHU
1 Kev/PHU
2 Kev/PHU
2 Kev/PHU

"2 Kev/PHU

2 Kev/PHU
1 Kev/PHU
2 Kev/PHU
1 Kev/PHU
2 Kev/PHU
0.5 Kev/PHU
1 Kev/PHU
1 Kev/PHU
0.5 Kev/PHU

0.5 Kev/PHU

1 Kev/PHU
0.5 Kev/PHU
2 Kev/PHU
2 Kev/PHU
2 Kev/PHU
1 Kev /PHU
1 Kev/PHU
1 Kev/PHU
1 Kev/PHU
1 Kev/PHU
4 Kev/PHU
2 Kev/PHU
4 Kev/PHU
2 Kev/PHU
0.5 Kev/PHU
1 Kev/PHU
1 Kev/PHU
0.5 Kev/PHU
0.5 Kev/PHU

PLATE NUMBER

13-28-1
12-28(13-28)1
51-122-1
51-124-1
51-125-1
18-41-1
33-76-1
56-139-1
56-139-2
56-140(57-140)1
56-140-2
56-140-3
4-7-1
4-7-2
4-1-3
83-205-1
83-207-1
35-82-1
48-115-1
48-115-2
48-115(49-115)1
48-115(49-115)2
20-47-1
58-141-1
58-141-2
§8-141-3
58-141-4
58-141-5
58-143-1
58-143-2
58-144-1
55-134-1
55-134-2
55-137-1
55-137-2
55-137-3
5521374
55-137-§
55-138-1
55-138-2
17-38-1
17-38-2
24-51-1
24-51-2
24-51-3
24-51-4
24-51-5

}



ELEMENT

Cobalt

Copper
Gallium
Gold

Hefnium
Indium (With 43 day cdll5)

Iodine

(With 77 br Tal32)

Iridium
Iron
Krypton
Lanthanua
140
(With 12,8 day Re )
Lutetium

Haghésium

28
(With 2.3 min Al )

*

Morcury

Molybdenum
(With 6 he T

|SOTOPE

L]
S8
60
60
60
60
60m
64
66
72
r2
198
181
115
113
116
116
128
131
132
132
135
192
59
85a
8s
140
140
140
142
176
177
27
27
28
54
54
54
54
54
56
56
197
197

203

49
9%

HALF-LIFE
71 Day
71 Day
5.3 ¥r.
$.3 Yr.
$.3 Yr,
5.3 Yr,
10 Min
12.8 Hr.
5 Min
14.1 Hr.
14,1 Hr.
- 2.7 Day
46 Day
4.5 Hr.
4.5 Br,
S4  Min
54 Min.
25 Min,
8.0 Day
2.3 Hr.
2.3 Hr.
6.7 Hr.
14 Day
45 Day
4.4 Hr.
10.4 Yr.
40.2 Hr.
40.2 Hr.
40.¢ He.
77 Min,
3.6 Hr.
6.8 Day
9.6 Min.
9.6 Min.
21.3 Hr.
300 Day
300 Day
300 Day
300 Day
300 Day
2.6 Hr.
2. Hr.
63 Hr.
65 Hr Ml
23 1. M2
48 Day
68 Hr.
68 Hr.

DETECTOR
3" x 3"
3" 'x 3" bev
37 x 3" -2
3vx 37 .2
3" x 37 .3
3” x 3” bev
3" x 3" - 2
3" x 3"
37" x 3"

3" x 3"

3" x 3"

3" x 3" - 2
3% x 37 .2
3" x 3" . 2
34 x 37 . 2
3" x 3"- 2
3”7 x 3" . 2
3I”x 3" -2
37 x 3" -2
3" x 3" - 2
3 x 3 bev
3" x 3"

37 x 3"
3 x 3", 2
3" x 3" - 2
3"'x 3" . 2
3" x 3" - 2
3" x 3" -2
3" x 3"
3" x 3" .2
3" x 3"
3" x 3"
3" x 3”. 2
3" x 3’ bev
e ¥ -2
3” x 3" -2
3" x 37 - 2
3" x 3" bev
3" x 3" hev
1% x 27
3" x 3. 2
3" x 3. 2
3 x 3"
3”x 3"
3"'x 3"
3 x 37 -2
3" x 3" . 2

da)

GEOMETRY

10 Cm (B)
10 Ca (B)

0.3 Ca (C)

10
10
10
10
10
12
10
10
10
10
10
10
10
10
10
10
10
10
9

10
10
10
10
10
10
10
10
10
10
10
10
7

10
10
10
10

10

Cm
Cn
Ca
Ca
Cn
Cm
Ca

Cn
Ce
Cn
Ce

(C)
(C)
(B)
(c)
(B)
(B)
(B)
(B)
(C)
(c)
(C)
()
<)
)
{9
()
(c)
(B)
(B)
(B)
(<)
(c)
(C)
(C)
(<)
(B}
(C)
(B)
(B)

-(C)

(B)
(©)
(C)
(©)
(B)
(B)
(A)
()
()
(B)

(B)

(B)
<)
(c)

ENERGY SCALE

~

~

~

~

~

~

.2 Kev/PHU
2 Kev/PHU
4 Kev/PHU
2 Kev/PHU
4 Kev/PHU
2 Kev/PHU .

~0.25 Kev/PHU

~

~

~

~

2 1

2 Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
.5 Kev/PHU
.5 Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU

O & N e e R = N NN N D O b3 N R NN RN RN =N e a NN

—_ O o

Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev /PHU
Kev/PHU

.$ Kev/PHU

.5 Kev/PHU
.5 Kev/PHU

Kev/PHY
Kev/PHU

PLATE NUMBER

27-58-1
27-58-2
27-60-1
27-60-2
27-60-3
27-60-4
27-60m-1
29-64-1
29-66-1
31-72-1
31-72-2
79-198-1
72-181-1
48-115(49-115)1
48-115(49-115)2
49-116-1
49-116-2
53-128-1
§3-131-1
§3-132-1
§2-132(53-132) 3
53-135-1
77-192-1
26-59-1
36-85m-1
36-85-1
57-140-1
57-140-2
56-140(57-140)1
57-142-1
71-176-1
71-177-1
12-27-1
12-27-2
12-28(13-28)1
25-54-1
25-54-2
25-54-3
25.54-4
25-54-5
25 §6-1
25- 5642
80-197-1

80-197-2
80-203-1
42-99(43-99)1
42-99(43-99)2



ELEMENT

Neptunium
Nickel

Niobium

95

(With 65 day Zr )
Palladiua
Potassiums

Praseodymiua 144
(With 290 day Ce )
Protactinium
Radium
: © 106
Rhodium (With 1 yr Ru )

Rubidium

Ruthenica

106
(With 40 sec Rh )
Scandium

Silver
Sodiv. .

Strontium
Sulphar

Tentalum
Technetium (With 68 hr Mo

Tellurium
132

(With 2.3 br )
Terbiue

Tungaten
Uzenium

1SOTOPE

239
65
94
9s
95
95

109
42

142

144

233

226

226

106

roé
88
89
97

103

105

106

106
46
41

110
22
22
24
24
24
91
92
93
37
37
37

182

9
’ ) 99a

99a
132
132
132
160
160
187

(Ore)
237

HALF-LIFE

2,33 Day
2.56 Hr.
20,000 Yr.
35 Day
35 ‘Day
35 Day
13.6 Hr.
12.8 Hr.
19.1 Hr.
17 Min.
27.4 Day
1,620 Yr.
1,620 Yr.
40 Sec.
40 Sec.
18 Min.
15 Min.
2.3 Day
40 Day
4.5 Hr.
1.0. Yr.
1.0 Yr.

85 Day

3.4 Day
270 Day
2.6 Yr.
2.6 Yr.

15 Hr.

2.7 BRr.
7.0 Mis.
S
S Min,
H Min.
111 Day
6.0 Hr.
6,0 Hr.
17 He.
17 He.
1 Hr.
72 Day
72 Day
24 He.

6.7 Day

DETECTOR
3"x3"- 2
3" x 3”2
3"x 3" -2
3" x 3" -2
3" x 3" -2
3”"x 3"- 2
37" x 3" - 2
3"x 3"- 2
3"x 3"
3" x 3"
3" x 3"
3”x 3"
3" x 3"
3" x 3" -2
3" x 37
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"
37 x 3" . 2
3”x 3" 2
3"x 3
3" x 3" bev
3"x3".2
3" x 37- 2
3" x 3 bev
1X" x 2"
3" x 3"
3"z 3"
3" x 3"
3"x 3 - 2
3 x 3" bev
1X"” x 2%
3" x 3" .« 2
3" x 3" - 2
3"z 3"-. 2
3" x 3"
3"x 3"
3" x 3" bev
37x 37 .- 2
3"x 3" .2
3" x 3"
3"x 3
3" x 3" -2
-y,

GEOMETRY

10
10
10
10
10
10
10
10
10
10

10
10
10
16

10
10
10
10
10
16
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10

Ca
Ca
Cm
Ca

Cm
Cm
Ca

Ca
Co
(o]
Ca
Cm

Cm
Ca
Ca
[of 3
Cs

(o ]
Cs

(o]
Cm

Cm
Cm

R

Cs
Ca
Ca
Cs
Ce
Cm

Ca

Cs

Ca
Ca

"Cm

)
(€)
)
©)
(c)
()

(c).

(c)
(B)
(B)
(B)
(B)
(8)

{cy

(B)
(8)
(B)
©
©
©
(©
(B)
©
()
(B)
(B)
©)
(©
(8)
(3
(B)
(B)
(B)
()
(B)
(A)
©
(c)
(c)
(B)
(B)
(B)
()
(c)
(B)
()
()

v

ENERGY SCALE PLATE NUMBER

Kev/PHU 93.239-1
Kev/PHU 28-65-1
Kev/PHU 41-94-1
Kev/PHU 41-95-1
Kev/PHU 41-95-2
Kev/PHU 40-95(41-95)1
.5 Kev/PHU 46-109-1
Kev/PHU 19-42-1
Kev/PHU 59-142-1
Kev/PRU 58-144-1
Kev/PHU 91-233-1
Kev/PHU - 88-226-1
Kev/PHU 88-226-2
Kev/PHU 44-106(45-106)1
Kev/PHU 44-106-2
Kev/PHU 37-88-1
Kev/PHU 37-89-1
Kev/PHU 44-97-1
Kev/PHU 44-103-1
Kev/PHU " 44-105-1
Kev/PHU 44-106(45-106)1
Kev/PHU 44-106-2
Kev/PHU 21-46-1
0.5 Kev/PHU 21-47-1
Kev/PHU 47-110-1
Kov/PHU  11-22-1
Kev/PHU 11-22-2
Kev/PHU 11-24-1
Kev/PHU 11-24-2
Kev/PHU 11-24-3
Kev/PHU 38-91-1
Kev/PHU 38-92-1
Kev/PHU 38-93-1
Kev/PHU 16-37-1
Kev/PHU 16-37-2
Kev/PHU 16-37-3
Kev/PHU 73.1R82.1
Kev/PRHU 42-99(43-99)1
Kev/PHU 42-99(43-99)2
Kev/PHU - 52-132-1
.5 Kev/PHU 52-132-2
Kev/PHU §2-132(53-132)3
Kev/PHU 65-160-1
Kev/PHU 65-160-2
Kev/PHU 74-187-1
Kev/PHU 92-.0re-1
.5 Kev/PHU 92-2317-1

H
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ELEMENT

Vanadium

Xenon

Yetrium

Zinc

Zirconius

(With 35 day Nb9s)

tSOTOPE

52
133.
13§

88

88

91

93

93

65

6S

6S

69

9%

95

93

97

HALF-LIFE
3.77 Min.
5.3 Day
9.2 HWr.
105 Day
105 Day
58 Day
10 Hr.
10 He.
250 Day
250 Day
250 - Day
14 Hr.
65 Day
65 Day
(3] Day
17 Hr.

DETECTOR  GEOMETRY
3"x 3" .2 10 Cs (C)
3" x 3" 10 Cs (B)
3" x 3" "15 Ca (B)
3" x 3.2 10 Cs (C)
3 x 3" bev 10 Cm (B)
3" x 3" -2 10 Ca (C)
3" x 3" 10 Ca (B)
3"x 3" 10 Ca (B)
3"x 3".2 10 Cs (C)
3% x 3" bev 10 Ca (B)
1% x 2 3 Ca (A)
3" x 3" 10 Ca (B)
3"z 3" -2 10 Ca (C)
3"x 3"-2 10 Ca (C)
3I"x 3"- 2 10 ¢a (C)
3" x 3" -2 10 Ce (C)

ENERGY SCALE

I B Y B

4

L I S U T LI VR VO CRR SOy ey

Kev/PHU

.S Kev/PHU

Kev/PHU
Kev/PHU
Kev/PHU-
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU
Kev/PHU

Kev/PHU

PLATE NUMBER

23-52.)
54-133-1
54-135-1
39-88.1
39.88-2
39-91-1
39-93-1
39-93-2
30.65-1
30-65-2
30-65-3
30-69-1
40-95-1
40-95.2
40-95(41-95)1
40-97-1



6]

dE C/SEC

N

N(E)

o

o

N

55-134-2

o
! ‘ |
23yr Cs ' |
3"'x3"-2 NaI .
6-4-57 4
ABSORBER 375 mg/cm 2

605 SOURCE DIST. 10 em (c) .

‘ 'ENERGY SCALE ™ 2 Kev/PHU

.56\7 .794
e W A 1 || PP

!

WP

PULSE HEIGHT
L. |

200

400

600 800 1000 1200



10
a3 | 30 yr. Cs!'S7 ]
5 -‘ig% vy 563 Vey 1 3"X3" NaI —
I0-19—56 —
ABSORBER — 750 mg/cm? L
SOURCE DIST.—10cm
ENERGY SCALE 2 | Kev/PHU
2
5| BACKSCATTER ‘# ¥
10 f&‘ '
[
) d
R
5
9 .
S {
~
O
¢ AN
g 2
2
1.0 %
5
2
G4 424 PULSE HEIGHT
ol

$5-137 -1

o 200

400

600 800 1000 1200



10

6]

dE C/SEC

N(E)
N

o)

55-137-2

30yr. cs®’ | ]
3"'X3"Beveled Nal ﬂ
_— 662 1-23-57 i |
R o0 ABSORBER 750mg/cm
SOURCE DIST. - 10 cm i
_ﬁ ENERGY SCALE 2 IKev/PHU
ackscatter
D
' \
TRER,
TL
{
L
1725
PULSE HEIGHT
] ] .
0 200 400 600 800 1000 1200

K



55-137-3

30 yr. Cs '37

3'x3-2Nal N
5-28-57

ABSORBER 250 mg/cm?

SOURCE DIST 10¢em (c) .

&)

dE C/SEC

N(E)
N

e)
(o)

032
Ba x-ray 663 ENERGY SCALE2Z | Kev/PHU
N

g

1Y - ,.

| 0.5 Kev/PHU

| Expanded | x-ray

1 Bac k§cotter ho'ggzk - x-ray

AoAonery 1]

Y

PULSE HEIGHT
| |

o) 2000 - 400 600 800 1000 1200



10

10

6]

dE C/SEC

N(E)
N

0

(el

55 -137-4

137 i
30 yr. Cs i
0.032 194'x2" NaI i
Ba X-ray |-7-57 .
683 ABSORBER - NONE |
SOURCE DIST.-3cm ]
ENERGY SCALE 2&|Kev/PHU
(
5 ”&&O&Wﬁi (
% !
5
[€
)\
)
L PULSE H%GHT
| !
0 200 400 600 800 1000 1200



N(E) dE C/SEC
N &)

o_

ENERGY SCALE 22| Kev / PHU

30y Cs°' -
19,"X 2" Nal |

3-13-57 - 2 ~
ABSORBER 950 mg/cm
SOURCE DIST.I0cm 7

0.032

‘Bo X-ray

0.663

e
]
-
I
s

PULSE HEIGHT
] L

200

400

600

800 1000 1200



55-138-1

103
33 Min. Cs'
5 3"x 3" Nal
N 0.46 Mev.y 8-1-56

ABSO

SOURCE . DIST.-1Ocm

RBER 2.29 g/cm?

.02 Mev. y
ﬁl.44 Mev. y

ENERGY SCALE = 4 Kev/PHU

ﬁ

Y
o 5
?
a §2.24 Mev. y
Wl
b |
g 2 % )
2 Lo L |
b;i ‘—2.68 Mev. y
10
1.
5 i
2 o
R S PULSE HEIGHT
1.0 :
0 200 400 600 800 1000 1200

o



55-138-2

10
. 138 ]
33 min. Cs —
51 3X3 Nal
[4Mey -3 Mev 7-31-56
\.ZIMev 46 Mev ABSORBER 2.29 g/cm?2
' / SOURCE DIST. - 10 cm
\ | A ENERGY SCALE & 2 Kev/PHU
2
{ \ 55 Mev .44 Mev
1.02 Mev 1
10 gl;
3
5 22,
2 AR
o
QO S
= { “[? 2.22 Mev
—~2 !
w 23{5( }
2
10 Uz 4
Q
Y
5 qﬁ
) A
&0
T PULSE HEIGHT
| )
(o) 200 400 600 800 1200

1000



561391

103
85 min Ba'*® )
5 3%3-2 Nal i
165 7-9-57 |
ﬁ ABSORBER 1.34 g/cm?
o SOURCE DIST. 10 cm(c) -
ENERGY SCALE = | Kev/PHU
2
x-ray T
102
J
o5
7
3 >
¥
©
A2 o~
= L
2 ﬁa
10!
5
BREMSSTRAHLUNG
X
2 {

i

PULSE HEIGHT
| L

200

400

600 800 1000 1200



10

85 min Ba'® :
5 3'X3"- 2 Nal -
| 8-13-57 |
ABSORBER 1.34 g/cm?
SOURCE DIST. 10 cmic) E
ENERGY SCALE 22 Kev/PHU
2
0.163
10°
5
w
17p]
~
O
ul
©
2
w (X10)
2
Wi
Y Bmaataning
5 ;‘9
& \9
1 X’;
2 ;’
O .
3 PULSE HEIGHT
| |

600

800 1000 1200



/g

£

10

1§

N(E) dE C/SEC
N

o

56-140-(57-140)-1 -

12.8 day Ba'*® 402 hr. La'°
3"X 3" Nal _
1-11-56 ]
330 490 ABSORBER -1.34 g/cm?
330, | SOURCE DIST. 10cm —
(Bol';°) l ﬁ(gﬂ,?o) ENERGY SCALE = 2K ev/PHU
18 /,
{ 820 '/-60
—E! MY P
7 ) i 925 i
| \
MR
% 1
\ \
)
PULSE HEIGHT
200 400 600 800 1000 1200



A

10

18]

dE C/SEC

N(E)
N

o)

56 -140-2

2.8 day Ba'4° .

3"x3" Nal = .

12-17-56

ABSORBER 950mg/cm?

SOURCE DIST-I0cm
ENERGY SCALE 2 2Kev/PHU

0 200

0.165
‘7H5 0542
0306
P | J3430
ﬁ |
!
&
PULSE HEIGHT
| l
400 600 - 800 1000 1200



16}

56-140-3

dE C/SEC

N(E)
N

140 i
128 day Ba i
3'%X 3" Nal _
0.030 12-17-56 B
ABSORBER- 950 mg/cm?
SOURCE DIST. 10cm 7
ENERGY SCALE o |Kev/ PHU
0.163
0.542
0.306 g
}? ‘ X 0430

PULSE HEIGHT
] |

200

600

800 - 1000 1200



16)]

dE C/SEC

N(E)
N

Q

57-140-1

40.2 hr. La'*° Gammas

3"x 3'-2 Nal |
6 -18-57 a
ABSORBER 750 mg/cm?2
SOURCE DIST. 10 em (c) -
ENERGY SCALEX 2 Kev/PHU
49
.3l3
‘ .60
82
: e
w \% 72 I¥
Yalaulih
v
| ¢ )
% L
136 PULSE HEIGHT
| |
200 400 600 800 1000 1200



102

16}

dE C/SEC

N(E)

o
o

\V)

57-140-2

|

23 |
40.2 hr La'%° Gammas _
. 60 3"'x 3'-2 Na I |

82 | 6-18-57

ABSORBER 750 mg/cm?
SOURCE DIST. 10 cm(c) -

. ENERGY SCALE ™ 4 Kev/PHU

x )
(
|
l
«]L
253
‘/
h2o. 0 I
137 PULSE HEIGHT
1 |
0 200 400 600 800 1000 1200



10

o

dE C/SEC

N(E)
N

o

58-141-1

SOURCE DIST.

142
036 ’ 32 dO)’ Cel4l
Pr K x-ray 3"x 3"-2 Na I
v 6-4-57

ABSORBER 375 mg/cm 2

10 em (c)

ENERGY SCALE = 0.5 Kev/PHU

L1 1

I

g

|_—— Escape peak

/]
»

o=

PULSE HEIGHT
| |

o) 200

400

600 - 800 1000

1200



10

O

dE C/SEC

N(E)
N

0

56—-141-2

14

036 4] ]

[Prkx-ray 32 day Ce | |

/ 3'x 3“2 Nal _
6-6-57

ABSORBER 375 mg/cm?2

SOURCE DIST. 10 cml(c) .
ENERGY SCALE 2 | Kev/PHU

PULSE HEIGHT
| |

400

600 800 1000 1200



58-141- 3

N(E) dE C/SEC
N 4

=

142
141 i
32 day Ce ]
3'X3" Beveled NaI |
036 "24"57 B
;r_rgy ABSORBER — NONE
SOURCE DIST, -10¢cm .
ﬁ ENERGY SCALE & |K ev/PHU
%‘ ¢
o
B
b
5
(B PULSE HEIGHT
| |

0 200 400 600 800 1000 1200



58-141-4

10
32 day Ce'¥ )
5 142 3'X3" Beveled Nal |
I |-24-57 _‘
036 ﬁ ABSORBER —750mg/crm )
Pr. K X-ray SOURCE DIST. —10¢cm -
?% ENERGY SCALE — 0.5Kew/PHU -
“#
, (
|
10’
[
o5 Ef L ¥
w Bockss:qner
S i
o s
T8
© o]
2
w
2 TL
10
5
2
PULSE HEIGHT
l | |

0 200 400

600 800 1000 1200




. ' - 58~141-5
10>

141 7
32 day Ce .
' 3 u n ' 7
5 , 14 X2" Nal .
2-28-57 _
ABSORBER - NONE '
SOURCE DIST.~-10cm ]
ENERGY SCALE 2 SKev/PHU
2
0.142
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APPENDIX II
PEAK-TO-TOTAL RATIOS




EXPERIMENTAL PEAK-TO-TOTAL RATIOS FOR NaI DETECTORS

"3'"'x 3" Cylisder

3" x 3" Cylinder : (Bevelled for 1/a'' at 45°)

Nuclide E.y(Mev) 0.2 cm. 3 cm, s cm. 10 cm. © 0.2 cm. 3 enm. s cm. 10 cm.
Sc47 0.185 0.962 0.962 - 0.958 0.960 o.g6h . 0.959 0.956 0.960
Crsl 0.323 0.814 0.813 0.812 0.811 0.81§ 0}823 0,818 V 0.814
Be’ 0.478 " o.65a 0.657 0.697a 0.674 ‘" 0.650  0.668 0.662 .66
09137 ‘0.662 0.53s 0.532 0.539 0.538 ' 0.5a7 0.534 0.528 .0.536
Mn54 0.83% 0.461 0.464 0.4%70 0.474 0.4%7 0.46S 6.468 0.473
Zn65 1.214 0.386 0.386 0.389 0.302 - 0.38% 0.384 0.385 " 0.300
Y . 1.29 : 0.344

Al28 1.8 ' " 0.8

Ys8 1,83 0.276

Na?¢ 2.76 4 ’ - 0.214

AS?’ 3:13 ) - 0.18%

Note: Experimental values above are for poiant source on central axis of detector. Error eati=-
mated to be T 2% or better for all measurements.
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