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ABSTRACT

This is a new electronic format edition of the Scintillation Spectrometry Gamma-
ray Spectrum Catalogue. This edition is a revision of the original data compilation,
which was issued as an AEC R & D Report (IDO-16880) in 1964. As in the
original catalogue, this edition contains a collection of spectra representing the re-
sponse of a scintillation spectrometer to individual radioactive nuclides. In addi-
tion to the graphs representing the response of a 3"x 3" Nal detector in a standard
geometrical arrangement, current nuclear data are presented which are based on the
1996 ENSDF data file. Each spectrum is accompanied by a decay scheme and a
listing of gamma ray energies and intensities currently associated with the decay of
that nuclide.

The original version of the 2nd edition was prepared in two loose-leaf volumes
and containing data for almost 300 isotopes. All spectra are normalized to a stan-
dard set of gain scales and a text is presented which describes the fundamentals of
gamma-ray spectrometry. This includes a discussion of spectrometer design, elec-
tronics, instrumental calibration, and data processing as it was practiced at the time
this version was published..

To facilitate the use of these data, tables of detector efficiency, photopeak effi-
ciency, and other information useful for quantitative data analysis have been in-
cluded. An extensive index has also been added with separate tables of data listed
according to gamma-ray energy, half-life, method of source production, and other
specialized categories.
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[I. INTRODUCTION

Since the publication of the original edition of the Gamma- To make the catalogue more useful as a laboratory tool, spe-
ray Spectrum Catalogue, the experimental techniques and ettgl-loose-leaf binders are available which permit the removal of
tronic apparatus have undergone a significant improvement. id@ividual spectra for use in the interpretation of data. If these
a great extent this has been the result of the use of solid-spatelers are desired, arrangements have been made to purchase
circuitry in the design of more reliable and versatile multichanrtaem from the supplier. Included with the binders are index tabs
pulse height analyzers. The improved stability and linearity &id page lifters to make the catalogue more durable.
equipment now available has made possible the application of
more sophisticated methods to the analysis of data using digitalA brief description of the important considerations in the use
computers. of the scintillation spectrometer for the quantitative and qualita-

tive measurement of gamma-ray spectra is given in the following

In view of the expanded application of nuclear spectromefsgctions. This includes a discussion of the factors which influ-
and the acceptance of the original version of the spectrum cafgce detector response, the experimental techniques used in the
logue as a useful laboratory reference, it was felt that there watdehpilation of gamma ray spectra for the catalogue, and recently
be a need for additional information of this type. The secoddveloped computer techniques for analysis of gamma-ray spec-
edition of the catalogue, which has been in preparation for the
past three years, is offered as an aid to the experimentalist for the
application of the Nal scintillation detector as a gamma-ray spec-The text is intended to be a summary of the current state-of-
trometer. The new edition has been completely revised. Witie-art in experimental techniques developed for the application
few exceptions, all spectra included in the compilation were ptgthe scintillation spectrometer to quantitative gamma-ray spec-
pared from new data, using improved equipment, experimentaimetry. Numerical tables of detector efficiency, photpeak effi-
techniques, and methods of data presentation and analysis. cBgicy, and other experimental variables are presented as appen-
cause of the increased use of neutron, deficient nuclides, thisicks. The numerical data used to prepare the graphs of all gamma-
dition has been expanded to include a large number of these igg-spectra are also included to permit the user to prepare refer-
topes. In addition, a number of isotopes produced by (n,@), (nence libraries of spectra on perforated tape, punched cards, or
and double neutron capture reactions have been included. magnetic tape for use with pulse analyzers equipped with digital

read-in devices. Spectra in this form can be very useful in the

Beginning with the publication of this edition, supplementatyiterpretation of data by visual comparison and simple subtrac-
material will be made available. To obtain this material as it kiton procedures using arithmetic circuitry provided as a feature
comes available, the user should address a request to the agihatany modern pulse-height analyzers.
at the address shown below. It should be noted that the spectra
included in the first printing of the new edition are only a small |t is the sincere desire of the author that this compilation will
fraction of the total number presently on file. Spectra are avayé a useful laboratory reference. Suggestions for improvement
able of many nuclides measured using detectors of various s¢f@he data collection are invited.
resolution, and source-detector geometry. In the interest of pro-
moting a standard detector geometry for laboratory use, these spedll inquiries concerning the catalogue or the additional ser-
tra were notincluded in the catalogue but are available on spegieés listed above should be directed to:
request. The data collection also includes spectra of gross fission

products as a function of decay time, spectra of neutron-irradi- Gamma-ray Spectrometry Center
ated chemical elements, and gamma-ray spectra of isotopes mea- Idaho National Engineering Laboratory
sured using germanium semi-conductor detectors. P. O. Box 1625

_ Idaho Falls, Idaho 83415-2211
1.R. L. Heath, AEC Report, IDO-16408 (1958).
ATTN: R.L.Heath




[ll.  DETECTOR RESPONSE

A. Interaction of Gamma Rays with Matter

A knowledge of the basic processes by which a photoninteragiisproduce a monoenergetic electron energy distribution within
with matter is essential to an understanding of the response gfeavolume of the detector. If this were the only process for en-
scintillation detector. Although many processes are involveddfyy loss, the response of a detector capable of indicating the
the chain of events which pro, duce an electrical impulse at #iergy of these individual photoelectrons, would be quite simple.
output of the electron multiplier, the major features of the differ-
ential pulseheight spectrum resulting from the detection of gamma Compton Scattering
rays may be interpreted in terms of the basic interactions which
occur within the detector. There are three main processes|rahe Compton process incident photons are scattered by the elec-
continuous functions of photon energy, by which photons magns with a partial energy loss. In this process scattering gener-
interact with matter giving up all or part of their energy in singlglly occurs with electrons that are considered essentially free and
events. These are (1) the photoelectric effect, (2) Compton Sﬂ&{-energy of the incoming photon is shared between the electron
tering by electrons in the atoms of the material, and (3) the p&ad the scattered quantum. At low energies a gamma ray may be
duction of a positron,electron pair in the electric field of an atogtattered from a bound electron with the atom remaining in its
Although a detailed treatment of these processes is beyondififal state. In this case there is negligible energy loss and only a
scope of this work, a brief discussion of the characteristics essghainge in direction. Since this process does not re, sult in an
tial to an understanding of the response of a Nal scintillation @rergy change it is an important consideration in the calculation
tector is included in this section. of the efficiency of a detector. The cross section for this process
) ) o o (Coherent Scattering) must not be included since events of this
Before proceeding with this discussion it should be stated thayge leave no energy in the detector.
review of the theory of inorganic scintillators will not be includedn the Compton process the energy of the scattered photon and
For this, the reader is referred to the early work of Hofstadtefectron are given by the following relationships:
and to the extensive publications of Van Scéi#gwho has been

responsible for much of the fundamental work on Nal. For a E
detailed presentation of the present state of the theory of E = Y (1)
scintillators, an excellent review of this subject has been pub- v 1+ E (1-cosh)
lished by Murray. °
E
1. Photoelectric Effect E=-E - Y 2)

e Y
_ o 1+E (1-cosH
In the photoelectric process all of the energy of the incident pho- °
ton is absorbed by a bound electron of an atom, appearingvhgre E is the incident gamma-ray energy, E, is the scattered
kinetic energy of this electron as it is ejected from the atom. Tdlectron energy, Eis E,/me andgis the angle between the di-
energy of the ejected electron will then be equal to the differenggtion of the primary’and scattered photons. From these rela-
between the energy of the incident photon and the binding enefgiships it may be deduced that a Compton electron energy spec-
of the shell from which the electron was ejected. Although somgm will result which extends from zero ener@=C°) up to a
energy is absorbed by recoil of the nucleus of the atom, thignigximum energyq= 180) which is somewhat less than the en-
negligible compared with the energy of the gamma ray and plegy of the incident photon. The energy of the scattered photon
toelectron. If the incident gamma-ray photon exceeds the biftsen extends from the original photon energy down to a minimum
ing energy of the K shell, interaction will be principally with elecgalue which is always less thana#2 (0.257 MeV). Fig. 2 shows
trons in that shell of the atom. As a result of this process the a@@ompton electron energy distribution obtained by integrating
is left with a vacancy in the shell from which the electron wase differential scattering cross section over all angles from a pri-
ejected, resulting in the emission of x-rays or Auger electrongary photon energy of 0.5 MeV. A monoenergetic source of
This series of events occurs within a time short relative to otlggimma radiation will produce such an energy distribution of elec-

time-dependent processes in a scintillator. The result is thattfa@s as a result of interaction by the Compton process.
x-rays from the initial photoelectric event are generally absorbed

by a second photoelectric event and the total energy of the iaci- Pair Production
dent photon is absorbed within the detector. The important char-
acteristic of the photoelectric ef.fect. in a scintillation detector fisthe incident photon has an energy in excess of the rest mass of
that monoenergetic photons which interact by the photo procgssositron-electron pair (1.02 MeV) then pair production is pos-
sible. In this process, which occurs in the presence of the Cou-
? R. Hofstadter and J. A. McIntyre, Phys. Rev,., 78, 619 (1950), ale®nb field of a nucleus, the gamma ray disappears and a positron-
74, 10C (1948). electron pair is created. The total energy of the pair of particles
will be equal to the energy of the primary photon and their kinetic
® W. J. Van Sciver and R. Hofstadt®hys. Rey, 87, 522 (1952).  energy will be equal to the total energy minus the rest energy of
* W. J. Van Sciver, HEPL Report No. 38, Stanford University (1955he two particleguc). Since the positron is unstable, as it comes
® W. J. Van Sciver and L. Bogart, IRE Trans. Nuclear Sci., NS,5, @9 rest in the field of in electron, annihilation of
(1958).
6 R. B. Murray, Nuclear Instruments and their Uses, Chap. 2, A. H.
Snell , Ed.., (Wiley, New York, 1992
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B. The Pulse-amplitude Spectrum

THEORETICAL

1. Spectrum Shape vs Gamma-ray Energy

To provide a basis for describing a pulse amplitude distribu-
tion observed at the anode of the electron multiplier tube in terms
of the basic processes described above, let us briefly review the
succession of events which produce it. Assume that a
monoenergetic source of gamma radiation of approximately 0.50
MeV is incident upon the Nal crystal-phototube combination.
Inspection of the absorption cross section of Nal shoviigri
indicates that these gamma rays will interact with the Nal detec-
tor by both Compton scattering and the photoelectric effect in the
ratio of about 6 : 1. If a sufficient number of gamma rays are
detected to give a reasonable statistical sample, an electron en-
ergy distribution similar to that portrayed by the solid line in Fig.
2 will be produced within the volume of the Nal detector. We see

counts /(sec){energy interval}

ENERGY £ a monoenergetic line of photoelectrons and a continuous distri-
bution of Compton electrons from zero energy up to a sharp cut-
off at an energy somewhat below the photoline. Shown for

FIG.2 - Theoretical electron energy distribution (single events) for comparison is the pulse-height distribution from a 3"x3" Nal de-
Compton and photoelectric interaction in a Nal detector tector obtained with a differential pulse-height analyzer. Although
gggf’nagj%r‘:vghsig.?m?Z@ggg‘r ‘Zg';gmg,?t distribution the pulse,amplitude spectrum is similar in character, we observe

that the energy distribution has been smeared by what appears to
be a gaussian function. This is due to flunctuations in the light
the two particles occurs with the emission of two photons eqoatput from the phosphor and to the statistical nature of the pro-
in energy to the rest mass of the particles (0.511 MeV). Interaesses occurring in the electron multiplier.
tion by the idair process in a detector will therefore result in an
energy loss equal to the primary photon energws 1.02 MeV. The peak resulting from total energy loss (photopeak) is the
As will be discussed below, the possibility also exists of detedistinguishing characteristic of all spectra. The amplitude of this
ing one or both of the annihilation quanta by either the photoelpeak and its intensity are used to determine the energy and inten-
tric or Compton process. These alternatives result in a compitx of gamma rays producing a given pulse height distribution.
electron energy distribution for the pair process. A series of evertig width of this peak is a measure of the energy resolution of the
can result in an energy loss to the detector of any energy groijtector - a subject which will be treated in more detail in a later

-1.02 MeV up to the full energy of the primary photon. section.
The total probability for detection of a gamma ray (expressed In addition to the amplitude smearing of the original electron
as the total absorption coefficient) will then be given by: spectrum it is apparent that a much larger fraction of the total
number of events have appeared in the “photopeak” than would
T=T 0 Toompt ™ Toar ©)) be predicted from the ratio of the photoelectric and Compton cross

sections. In a detector of this size, the probability that a Compton-

The total absorption coefficient for Nal(T1) and the contribwscattered gamma ray will escape the volume of the detector is
tion from the photoelectric, Compton, and pair processes is shasmewhat reduced and many multiple events (e.g., Compton scat-
in Fig. 1 The total absorption coefficient is plotted as a functiaaering followed by a photo event) can occur resulting in total en-
of incident gamma-ray energy using data from Gladys Whitegy loss. Since this chain of events occurs well within the life-
Grodstein.7 Examination of this figure will give an indication aime of the phosphor, the energy loss from all events will sum to
the relative importance of each type of interaction as the enepgyduce a pulse in the full-energy peak. As will be shown later,
of the incoming gamma ray is varied. In the energy region upthe relative probability for total energy loss in the detector due to
a few hundred kilovolts, the photoelectric process dominates.tid¢ occurrence of multiple events will increase as the dimensions
higher energies, Compton scattering dominates while pair podthe detector are increased.
duction becomes important at higher energies. In the discussion
of the detector response which follows, frequent reference will The complicated pulse-height spectrum produced from
be made to this figure in describing the response of a Nal scintlenoenergetic photons incident upon a detector presents a

lation detector to monoenergetic gamma radiation. basic problem in the interpretation and analysis of data ob-
tained with a scintillation spectrometer. Let us now exam-
7 Gladys White GrodsteiyBS Circular583 (1956). ine variations in the shape of the pulse-height spectrum as

the incident gamma-ray energy is vari&iy. 3 shows the
energy positions of four gamma rays of 0.060, 0.320, 0.830,
and 1.92 MeV incident energy, all of equal intensity. Above
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10 distribution as a result of interaction by the pair process. As pre-

E PULSE-HEIGHT RESPONSE OF viously indicated, all energy in excess of the 1.02 MeV threshold

3"x 3" Nal DETECTOR Tg for this process, will appear as kinetic energy of the positron-

] Preto MONOENERGETIC GAMMA RAYS electron pair. This results in the peak which appears at an amp

f Gitect litude equal to the energy of the incident gamma ray minus 1.02
Esg’fpﬂ 083 MeV. Subsequent annihilation of the positron will create two
*-Ray 0.511 MeV photons within the volume of thedetector. If both of

these annihilation quanta escape detection in the crystal only the
Bog:ﬁﬂer ol E o 192 | energy of the pc'>s.itro'n- electron pair will be Iqst to the detector. If
Sne Profon E:g rAl one of the annihilation quante} is ldetected in the crystal by t.he

hitoti o Prodict ] \ photo process, or by any combination of multiple processes which

/1 1\ Radiation With qu,,'"& - I \ result in total energy loss, then a peak will appear at an energy

l{ 1
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{ 1
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- \Bofh Photons corresponding to 0.511 MeV less than that of the incident pho-
ton. If both annihilation quanta are detected with total energy

Py
~ R
—T _— e e—— “
3

loss, the addition of the energy left in the detector by all pro-

1
]i cesses for one pair event will pr duce pulses in the full-energy
| h peak. The total result interaction by the pair process will then be
\ \ a distribution of pulses ranging from the full-energy peak to 1.02
N Me less than the photopeak, including the three prominent peaks
FULSE HEIGHT just described. Further examination of the spectrum for the 1.92
02 400 800 1200 O 2000 \1eV gamma ray indicates the presence of a peak with an ampli-
tude corresponding to 0.511 MeV. This peak is due to the detec-
tion of annihilation quanta resulting from pair production exter-
nal to the Nal crystal. The escape and subsequent detection of
annihil tion quanta from these events represents a background e
ffect for gamma rays above the pair threshold. This peak does
not result from the detection of primary photons included in the
cone of solid angle intercepted by the detector and should not be
considered a part of the detector response to gamma rays origi-
nating in the source, but an extraneous effect due to detector en-
vironment. Such effects are discussed in detail in Section IV.
Further examples of the response of a Nal scintillation detector
ENERGY (MeV) to monoenergetic radiation are giverkig. 53.

o a0 200 1200 600 2000

PP -C - M

GAMMAS / SEC
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I
) . o . . If we now consider the change in shape of the pulse amplitude
FiG. 3 - PL:_'ﬁet'_he'%httd'Stt”bfu“ons obtained W'tt_h a 3'x3" Nal spectrum as the energy of the incident gamma ray increases, it is
scintliation detector rom monoenergetic gamma-ray . . P
sources of 0.060, 0.32, 0.83, and 1.92 MeV. Pertinent apparent that the interpretation of spectra containing more than
features of these spectra are noted. one gamma ray presents many problems. At low energies the

pulse spectrum is characterized by a single symmetrical peak
this are the pulse amplitude spactra for each of these gamma Y&yjgh is nearly Gaussian in shape and the response may be said
obtained with a 3"x 3" Nal detector. At 0.060 MeV, gamma ra}{@ Pe unique. Information representing both the energy and in-
interact with the detector almost entirely by the photo procdgssity of the photons incident upon the detector is contained in a
and the detector response is essentially a single peak - nearly Gal@fively few pulse-height channels of the analyzer. As the
sian in shape. The peak of lesser intensity on the lowenergy §id@ma-ray energy increases, this uniqu ness between energy, in-
of the full-energy peak is attributed to escape of iodine x-ra@§sity, and pulse amplitude rapidly disappears. Although the
from the surface of the detector following a photoelectric inters@ssential information about energy and intensity still exists in the
tion. This effect will be discussed in more detail in a later sedesence of the full energy peak as a distinct feature of the pulse
tion. As the gamma-ray energy increases, the pulse,height disRectrum, any channel of a given pulse-height distribution may
bution becomes more complicated. In addition to the photopédive contributions from gamma rays whose full-energy peaks are
we see the continuous distribution of pulses resulting from @ove that channel. This is a major source of difficulty in the
detection of Compton electrons. As the gamma-ray energy &malysis of complex gamma-ray spectra.
creases, the fraction of pulses in the photopeak is reduced as the
Compton cross section becomes more dominant. At 1.92 M8y, Variations in Pulse-height Distribution
the pulse,height distribution becomes more compli- cated. In With Detector Size
addition to the Compton electron distribution and the full-enerdyp Previously mentioned, the pulse-amplitude spectrum results
peak, several satellite peaks are superimposed upon the Comi@sh both primary and secondary events which haveoccurred in
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Fig.4 Comparison of pulse-height spectra of 137Cg ob- FIG. 5 - Effect of detector resolution on pulse-height

tained with different sized Nal detectors. All spectra are nor- spectrum.

malized in gain and area of photopeak.

the crystal. The result of a series of successive interactions lis #nis manner essentially only those events which result in total
single pulse whose amplitude will be proportional to the sumefiergy loss in the central counter are recorded by the pulse,height
the energy loss from each interaction. Since the probability ésvalyzer. Improvement in the relative “photopeak” response
interaction of a photon within the volume of the detector will peak-to-total ratio) may also be obtained by using a well-type
proportional to the path length traversed in passing through tetector arrangement where the source is mounted in the interior
detector, the relative number of secondary processes followirighe detector. These latter detectors, however, have serious dis-
an initial Compton scattering will increase with the dimensioaslvantages when coincidence-sum effects are considered. These
of the detector. The increase in the fraction of events which effects will also be discussed in a later section.

sult in total energy loss realized by increasing the size of the de-

tector is demonstrated Fig 4. This figure illustrates the pulse-3.  Detector Resolution

height distributions obtained froffiCs gamma rays detected withThe energy resolution of a scintillation spectrometer is a measure
cylindrical crystals of Nal measuring 3" diameter by 3" high, ard the ability to distinguish the presence of two gamma rays closely
5" diameter by 5" high. Also shown for comparison is the spegpaced in energy. Since the essential information is contained in
trum obtained with a 3"x 3" detector surrounded by an anti-cothe “photopeak,” the practical measure of resolution is the width
cidence mantle such as that described by Raboy and Tmail. of the “photopeak” or “instrumental line width.” The convention
detector arrangement of this type, if a gamma-ray experienceslapted is to define the resolution as the relative full width of the
Compton scattering event in the central crystal and the scattéwbtopeak” measured at half the maximum height of the peak.
photon is detected in the surrounding mantle detector, Hnus, the resolution will be the full width at half maximum di-
anticoincidence circuit rejects the pulse from the central detectided by the mean “photopeak” position on the pulse-height scale.
As a matter of convenience, the resolution of a Nal scintillation
detector is usually reported for the 0.662-MeV gamma ray emit-

8S. Raboy, C. C. Trail, and J. E. Monohan, Proceedings of the
Total Absorption Gamma-ray Spectrometry Symposium, U. S.
Atomic Energy Commission Report TID-7594, (1960).
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ted by**Cs. For 3"x3" cylindrical detectors a resolution ranging (5)
from 7.5 to 8.5% for the Cs line can be readily achieved with

commercially available detectors. Fig. 5 shows the effect gf 4t hese steps in the scintillation process will ultimately affect

change in resolution on the shape of the pulse-amplitude distrifty; tasistical variance in the pulse amplitude appearing at the

. - . :
tion. Spectra of*’Cs taken with three detectors having energy, e of the electron multiplier. An excellent treatment of this

resolutions of 7'|1‘; 8h'1’ and E% are presented - all normalized,ifjjet and the contribution each of these factors has been given
Intensity to equal “photopeak area. by Breitenbergér More recent discussions have been presented

. e . . by Managan, Prescott, and Ired&le.
The photoline width is primarily a result of statistical fluctuations

in each step following the initial event which produces ionization |, 4qgition to the statistical considerations basic to tt scintil-

in the detector. Among these are the following: lation process, there exist several instrumental vai ables which

. L ) can also contribute to the observed width
(1) Conversion of the kinetic energy of primary electrons

Electron multiplication in the dynode structure.

to I.Ig.ht' . . ° E. Breitenberger, Prog. in Nuclear Physics, 4, 56 (1955).

(2)  Efficiency of light collection and transfer of photons, ), \y Managan, IRE Trans. on Nuclear Science, Vol. NS-9, N 3
to photocathode. (1962)

(3)  Efficiency of photocathode in the conversion of phQs ; g prescott and P. S. Takar, IRE Trans. on Nuclear Scienc Vol. NS-
tons to photoelectrons. 9, No. 3 (1962)

(4) 'Eff|C|ency of electron Opt.ICS in phototube fo'r t} focus-,, Iredale, Nucl. Instr. and Methods, 11, 340 (1961).
ing of electrons on the first secondary-emitting dyn-

ode.
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Fig. 6 - Plot of detector resolution (FWHM) as a function of gamma-ray energy for detectors used
to measure catalogue spectra.
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a “photopeak.” The finite width of a pulse-height channel in tieectronic pulse amplifier or ramp slope in the analogue-to-digi-
pulse analyzer can contribute to the width of a “photopeak.” Otahconverter of the analyzer during the measurement of a pulse-
linear energy scale this effect is most noticeable in the first féwight spectrum will also result in peak broadening. Since these
channels of the-spectrum where a “photopeak” may only beféects are difficult to separate and interpret, it is important that
few channels wide. An example is illustrated-ig. 52. Peak they be reduced to negligible proportions.

width can also be effected by noise modulation when the ampli-
tude of the noise spectrum at the input to the pulse-height a@lot of detector resolution for detectors used in the compilation
lyzer is equal to or exceeds the width of one amplitude chanmdlspectra for the catalogue is shownHig. 6. Resolution
Variation in the zero voltage reference in the analyzer, gain in {(R&VHM) is plotted as a function of gamma, ray energy.
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Fig. 7 - lllustration representing a Nal scintillation detector showing sequence of events producing
output from electron multiplier and various processes which contribute to the response of a
detector to a gamma-ray source.
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IV. EFFECTS DUE TO DETECTOR ENVIRONMENT

If the radioactive source and the scintillation detector coulded to prepare the source, beta absorbers, and the packaging
be isolated from all surrounding material, the shape and magnaterial surrounding the Nal crystal. The effect of scattering from
tude of the observed pulse-amplitude spectrum would be depéis material on the shape of the spectrum will now be examined.
dent only upon the energy of the gamma ray, the physical progég- 10 shows an experimental spectrum resulting from the detec-
ties of the source and detector, and the geometrical relationgiup of the 0.478-MeV gamma ray emitted in the decajBef
between the two. Unfortunately this cannot be achieved in Tf@s spectrum was taken under the same laboratory conditions
laboratory. In practice, the shape of the observed pulse-ampsied for the measurement of all spectra in the catalogue. The
tude distribution will be influenced by many factors related to thesults of measurements made with and without the presence of a
experimental environment. Since the response of a detector polystyrene beta absorber are shown to illustrate the effect of scat-
practical laboratory environment must be understood prior to aaying from the absorber. The distribution of pulses above the
attempt to analyze a pulse-height distribution, let us examinghmtopeak which is labeled “random sum spectrum” will be dis-
some detail the many variables which can influence the shape 05f 2regt

spectra obtained under practical laboratory conditions. o - - ! I 1

PIEEY ) Co 61 ]

Fig. 7is a pictorial representation of a Nal detector in a lead 3"x3"-2 Nal )
shield. In this figure the different types of interactions which can S L 4 -26-62
. . L ABSORPER D.598 g/cm? Be

contribute to an observed pulse-height spectrum are portrayed. SOURCE DIST. 10 om tc] i
Each type of interaction and its contribution to a pulse height ENERGY SCALE O 5 Kev/PHUICS)
spectrum will be discussed in the following paragraphs. 2
A. X-Ray Escape

Escope

Gamma rays in the energy region below 200 keV are detect&df=—g
almost entirely by the photoelectric process. As previously de- J
scribed, the ejection of a photoelectron from the K shell of ah
atom is followed by the emission of characteristic x-rays. If ttg?
interaction occurs near the surface of the detector, iodine K- :
rays may escape without further interaction. When this occugs, i
the energy of the x-ray (28 keV) will be lost and an addition3l
peak will appear in the spectrum at 28 keV less than the photop&;ak.
The spectrum of a 0.068-MeV gamma ray emitted in the decay of ‘1 .
Cdtis shown inFig. 8as an illustration of this effect. The mag- 3|3 [
nitude of this escape peak will vary as the photoelectric cross
section and with source-detector geometry. The escape peak will
not be present for energies less than the K-edge of lodine (3352
keV) and will decrease rapidly in relative intensity with increas-
ing gamma-ray energy.

The probability for x-ray escape may be calculated as a func-
tion of energy and geometry or may be determined experimerf- LLEN
tally. Axel, and McGowathhave calculated escape peak inten- Fev,
sities for various configurations. The results of an experiment c
determination of the probability for escape from a 3"x 3" Nal © 200 400 600 800 1000 1200
detector in the standard geometry (point source at 10 cm) is shown

in Fig. 9.Experimental values, indicated by the open circles, atgs. g - pulse-height spectrum of 0.068-Mev gamma ray emit-

PULSE HEIGHT
I e

compared with results of calculations made by McGowanl4 for a ted in the decay of 3.3-hr  'Coillustrating iodine K x-
1 1/2" diameter x 1" cylinder of Nal in a similar geometry. ray escape.
B. Scattering from Surrounding Material cussed in a later section. If we examine the region of the pulse-

To reduce the level of background radiation it is usually necégight spectrum which results from Compton electrons we see a
sary to operate a large Nal scintillator inside a shielded endefinite peak superimposed upon the otherwise flat energy distri-

sure. This shield represents the major source of scattered raaliion of electrons. This peak is termed the “backscatter peak”

tion. Scattering also occurs from the source holder, the mateaiad arises from Compton scattering of gamma rays in the walls of

the shield surrounding the detector.- The shape and magnitude of
3P, Axel, AEC Report, BNL-271 (1953). this component of the spectrum is shown below.

4 F. McGowan Phys Rev., 93163 (1954).
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10

PPCe - ¢ - 3836

detector. Data are plotted as the fraction of the total photoelectric response to a point source
at 10 cm as a function of gamma-ray energy. Shown for comparison is the calculated escape

fraction for a 1 1/2"x I Nal detector in a similar geometry.
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o
o Fn} for scattering angles greater than 4 2@ energy of the scattered
B > photon is relatively independent of angle and the energy of the
5 [—- primary photon. As a result, the spectrum of scattered gamma
rays emerging from the walls of the shield used in the experiment
- — < shown inFig. 10, is nearly monoenergetic.
2 To illustrate the effect of shield configuration on the shape
and magnitude of the scattered component, let us examine the
PULSE MEIGHT results of a series of measurements made with the different shield
"o 200 400 600 830 000 1200 geometries shown iRig. 12
Fic,. 10 - The pulse-height spectrum representing the re- . . " N
sponse of a 3"x3" Nal detector to the 0.478-MeV gamma _ Three sh.lelds Welrle c?nstrg’cted"wnhf P? walls h?vmg"m-
ray emitted in the decay of 7Be. The contribution to the side dimensions of 6"x 6"x 18", 12"x 12"x 24", and 32"x 32"X
spectrum from photons scattered from the ghield and 32". Shield A (6"x 6") was duplicated with Fe to demonstrate the
bﬁta absorber and the random sum spectrum are relative effect of the Z of the scattering material on the shape and
shown.

magnitude of the scattered spectruffig. 13 indicates the re-
sponse of a 3"x3 “ cylindrical Nal detector to the 0.835-MeV
fmma ray emitted by a source of ¥in three different shield
&R'figurations. In the energy region of the scattered spectrum
the top curve was obtained using the 6"x 6" Fe shield. The middle
and lower curves show the response obtained using the 6"x 6" Pb

1. Backscatter Spectrum shield and the 32"x 32" Pb shield. Comparing the two results for

To understand the shape of this spectrum let us consider the tidsmall shield, identical except for the material of construction,

tionship between the energy of the scattered photon and the %g{éee a large diff erence in the magnitude of the scattered spec-

Fering angle_as given by equation (1). A pl.Ot of this relationsﬂﬁgm_ This is due to the larger photo-electric cross section in Pb.
Is shown inFig. 11for primary photon energies of 0.25, 0.51, 1. larger fraction of primary photons entering the lead walls are

and 2.0 MeV. Examining this figure we see that absorbed by the photo-electric process, either initially, or follow-

component of the spectrum is shown below the experimental s
trum. The character of the backscatter spectrum and the s
tered component from the absorber will be explained below.
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Fig. 12 - Detector shield configurations used to demonstrate
effect of Compton scattering on response of detec-
tor to monoenergetic gamma radiation.
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=
a single Compton scattering event. Comparison of the resul{g
obtained in the two Pb shields shows a large reduction in the ma§-
nitude of the scattered spectrum as the dimensions of the shield
are increased. V

It is of interest to compare the features of the scattered spectrum

in all three cases. Scattering from the walls of the small shield

gives rise to a rather broad peak with evidence of two major com- ! 20 40 &0 80 100 120 140

ponents. The high-energy component is attributed tbsi8gle CHANNEL

scattering of photons and the second peak to processes involving

two successive Compton events before the scattered photon strikes

the detector. As the size of the shield is increased, the baclkig. 13 - Effect of detector shield configuration on scat-

scattered spectrum assumes the shape of a fairly sharp line, indi- tered component of pulse-height spectrum ob-

cating that the reduced solid angle subtended b the detector for tained from monoenergetic source.

scattering from a point on the surface of the shield wall has re-

duced the energy spread. The restriction of the scattered rafighniques. To achieve this the shield is lined with one or more

tion to a very narrow energy region is in agreement with predivaterials in decreasing order of Z.

tions based upon the energy/angle relationship givéginll

A consideration of these results would lead one to conclude tHatng the same shield configurations described above, a series of

the detector shield should be as large as cost and space congitesurements were made to illustrate the use of “graded” shields.

ations will permit. Fig. 14shows the results of these measurements. The spectrum
obtained in the 6"x 6" Pb shield shows definite evidence of the

It should be noted that the relative magnitude of the scatteRitlK x-ray at 0.072 MeV. The second curve (shown by the solid

spectrum will depend upon the source-detector geometry. Inliak in the x-ray energy region) indicates the response following

measurements described above, the source was mounted #hel@ddition of a 0 030" Cd liner to the shield. The thin Cd sheet

cm from the detector face. For most shield configurations fisevery effective in reducing the intensity of the Pb x-ray. Finally,

magnitude of the scattered spectrum will be relatively indepéhe lowest line indicates the response in a large shield lined with

dent of source,detector distance, while the efficiency for the §030" Cd sheet and 0.015" Cu sheet in that order. The combina-

tection of gamma rays from the source will vary approximately @an of reduced solid angle and the successive “grading” of the

I/ ke shield lining have reduced the fluorescent radiation to a negli-
gible level.

2. X-Ray Production in Shield

Analogous to the escape of iodine x-rays from the surface of e Effect of Beta Absorber

detector following a photoelectric event, a photo event occurri@gnerally speaking, nature does not provide us with sources which
at the surface of the walls of the detector shield can result in ¢t only photons. The decay of most radioactive source includes
production of characteristic Pb x-rays. The probability of detetite emission of charged particles (either positrons or electrons).
ing these x-rays can be reduced by the use of critical absorptince Nal is an efficient detector of charged particles, it is nec
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Fig. 14 - lllustration showing the effect of Pb x-rays pro-
duced by photoelectric interaction in the shield
and the use of critical absorption techniques in
“grading” shield to reduce this effect.

Since absorbing material must be used to eliminate beta par-
ticles from the detector, one must be concerned with possible deg-
radation of the spectrum from Compton scattering which occurs
within the beta absorbeiFig. 18 shows the effect on th€Cs
pulse-height spectrum as increasing thicknesses of absorbing ma-
terial are interposed between source and detector. In addition

essary to prevent their entering the detector. The presence of
these charged particles introduces several complicati6its.
15 shows a series of pulse spectra resulting from the measure- +I/8 LUGTE SOURCE. HOLDER
ment of radia, tions emitted from the decay of 3.62r This
isotope, which decays by beta emission, emits very energetic beta
particles (3.6 MeV) and a number of gamma rays. The upper ¥* M f0—=
curve results from a measurement made with no absorbing mate- ' o }-POLYSTYRENE BETA ABSORGER
rial between the source and detector. We see that the gamma-ray .

. . z 1" CYLINDER
spectrum is almost completely obscured by the high energy beta-~ w1 (m
ray continuum. The second curve represents a measurement taken
with a 1.18 g/crhberyllium absorber interposed between the
source and detector in the standard source-detector configuration
illu trated inFig. 16 The third curve was obtained by surrounding
the sides of the cylindrical detector with a cap made of polysty-
rene (0.7 g/ci) as shown irFig. 17. The difference observed

DU MONT TYPE = s 1

with the polystyrene cap is the result of the absorption of bega rioTomuLTiPLIER
particles scattered from the air and surrounding materials into the =4 y
sides of the detector. In cases where high-energy beta radiation is ' ki
present, care must be exercised to exclude all electrons from the
detector if the pulse-amplitude spectrum is to represent only the e
response of the detector to gamma rays emitted by the source.
This is particularly important for nuclides which have a high-
intensity ground state beta transition. Fig. 16 - Standard laboratory source mounting geometry.

1~ MJ-METAL SHELD
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detector. monoenergetic response of detector.

to the attenuation of the entire spectrum, the shape of the sf&ds results from pair interaction in the walls of the detector shield
trum is seen to change materially in the region just below #ued other material in the vicinity of the detector. Following the
photopeak, with little change in the low-energy region of thitial event, the annihilation of an electron-positron pair creates
Compton distribution. The observed degradation of spectrtvwo (2) 0.511-MeV gamma rays which may interact with the de-
shape is the result of detecting photons which have experienteetior. This type of event is illustrated Fig. 7. It should be
Compton scattering in the forward direction. It should be notesstated that annihilation radiation does not appear as a separate
that similar scattering effects can occur in the source if it Hasture of the pulse-height distribution when high-energy pho-
sufficient mass. tons experience a pair interaction within the volume of the detec-

tor. If one of the annihilation quanta is detected following the

Itis accepted practice to use beryllium as the absorbing maétial event, the energy loss is added to the kinetic energy of the

rial to minimize the production of bremsstrahlung. This subjeslectron-positron pair.
will be discussed in Section VI.

Since the cross section for pair production is highly dependent on
D. Annihilation Radiation the atomic number of the absorber, this source of spurious radia-
In the measurement of sources emitting gamma rays whosetiam-can be reduced by removing all highZ material from the im-
ergy exceeds the threshold for the pair production process, am@diate vicinity of the detector. Scatter shields and collimators,
hilation radiation will be observed in the pulse-height spectrunvhich are usually made of lead, are likely offenders.
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V - SUMMATION EFFECTS

A. Coincidence Sum Spectrum

1. Coincident Gamma Rays for the angular correlation of the two coincident gamma ¥a4s.

In the decay of most radioactive nuclides, beta emission is figgical coincidence sum spectrum is illustratedrig. 19. This
quently followed by.the emission of two or more gamma rayss$pectrum is characteristic of the radiation emitted“dbip. In
cascade. In this case there is a finite probability that these ganagigition to the response of the detector to the two gamma rays
rays will be detected simultaneously. The light pulse producedmdlividually, we also see the distribution of pulses resulting from
this instance will correspond to the sum of the energies depositeticidence summing. The most prominent feature of this spec-
in the detector by the gamma rays. This results in a distributteuim is the so-called sum peak which results from total energy
of pulses extending in energy up to the sum of the energies ofl@se of both coincident gamma rays in the detector. The shape of
coincident gamma rays - the “coincidence sum spectrum.” Tthe coincidence sum spectrum shown in the figure was calculated
intensity of the coincidence sum spectrum for two coinciddpy convoluting the response of the detector to the two gamma

gamma rays is given by the simplified expression: rays. The method used to calculate coincidence sum specta will
be discussed in Section IX.
N =N W) 4) To demonstrate the effect of geometry on the magnitude of the

coincidence sum spectrum, measurements with the source at 0.75
where N is the number of coincident pairs of gamma rays emitnd 10.0 cm from the face of the detector are shown. The relative
ted by the source,ande, are the efficiencies for the detection ofntensity of the sum spectrum is seen to be highly dependent upon
gamma rays 1 and 2, and WY@ a factor included to account source-detector geometry. Asindicated in Eq. (4), the magnitude

is proportional to the product of the detection efficiency for the

e Lo
S oL . - J—| 15 M. E. RosePhys. Rey91, 610 (1953).
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two gamma rays. From this it is evident that the analysis of codore to the sum of pulses from the photopeak of the 0.511-MeV
plex spectra will be more complicated if the spectrum is mesanihilation quantum and the backscattered radiation from the
sured under conditions of large solid angle. On the other haoither member of the pair.

coincidence summing can be used to confirm coincidence rela-

tionships and offers a means of identifying nuclides whose spe discussion of the treatment of the coincidence sum effect in
tra are characterized by prominent cascades. The coincidengantitative analysis of spectra appears in Settibn

sum effect was a major consideration in the adoption of a 10 cm

source distance as the standard geometry for all spectra in tl®2 Random Sum Spectrum

catalogue. At this reduced solid angle the sum spectrum can usu-

ally be neglected. If we re-examine the pulse-height spectrum of a mono-ener-
getic source shown iRig. 10(Section IV-B) in the region above
2. Annihilation Radiation the amplitude of the “photopeak,” we see a continuous distribu-

Sources which decay by positron emission represent a gjmn of pulses extending to approximately twice the amplitude of
cial case for coincidence summing. It is desirable to annihilate full-energy peak. This feature of the spectrum is due to acci-
the positrons at the source in order to insure that the annihilati@mtal time-coincidence between events occurring in the detec-
radiation will be detected in the same geometry as the other pbe-Since the processes of radioactive decay are completely ran-
tons emitted by the source. This is achieved by surrounding dloen in time, and the resolving time of the electronic system fi-
source with an absorber of sufficient thickness to annihilate thige, pulses from two events can overlap in time and the two events
positrons. If one of the two annihilation quanta enters the deteilt sum in amplitude. The probability for accidental summing is
tor, the other, which is emitted in the opposite direction, can ¢jigen by:
scattered from material surrounding the souFag. 20illustrates
the resulting sum of these two events. In this spectrum we see a [ =N 2t (5)
low intensity peak appearing at approximately 700 keV which is

where N is the input pulse ratejs the resolving time of the
electronic system, and | is the total number of pulses appearing in
A SUM U1 WO Puises the summgtlon spectrum. _Pulses_ m_thls sum spectrum represent
iy the detection of photons directly incident upon the detector and
are considered as part of the energy response of the detector.
Comparing the shapes of the random summation spectrum and
the coincidence sum spectrum we see that the characteristic “sum
peak” is not so pronounced. The degradation of the shape of the
random sum spectrum is a result of variations in the time interval
At between the leading edges of the two overlapping puisgs.
21lillustrates the superposition of two pulses which occur within
the sampling time of the pulse-height analyzer. Two pulses, with
» amplitudes \and V,, are shown partially superimposed in time.
Time t The sum of these two pulses is shown by the dashed line. Clearly,
the shape of the resultant pulse will vary with the time interval
between the two pulses and their respective amplitudes. The com-
plex pulse which results can differ markedly from the normal pulse
shape presented to the pulse height analyzer. Depending upon
the method used in the analogue,to-digital converter to determine
pulse amplitude, the recorded amplitude for such pulses can vary

Iy
Iy
!
]
i
!

Pulse Amplitude

/ from V, to the highest amplitude reached in the region of overlap.
!J' The result is the observed “smeared” pulse-height distribution.
\J‘ PPCe.-A - 5857 As indicated in equation (5), the intensity of the random sum

spectrum will vary as the square of the input counting rate. The
variation in the intensity of the random sum spectrum with source

FiG. 21 - llustration of the effect of superposition of two pulses intensity is indicated by the results of experimental measurements

within the sampling time of the analogue-to-digital shown inFig. 22
converter. Variations in overlap will result in smear-

ing of the random coincidence summation spec-

trum.
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AP LIl H
et VI. BREMSSTRAHLUNG
& 14
s
—t 513 ¢/5ec | As electrons are stopped in an absorbing material, a certain
\ fraction of their energy is radiated as bremsstrah, lung. This pro-
0 - ! cess, which is the inverse of pair production, results from inelas-
e pa—igy tic collision of electrons with nuclei. A continuous energy distri-
L i 3"1 bution of photons results which decreases rapidly in intensity with
a increasing energy up to the maximum electron energy. The prob-
ability for energy loss by radiative collision is proportional to
electron energy and varies as the square of the atomic number, Z,
' of the absorbing material.
Aset of typical bremsstrahlung spectra observed with a Nal
15 = T =5 8 o0 120 spectrc_;meter is shown iig. 23. A number of nuclides emitting
CHANNEL NUMBER  ppco-o-sees essentially only one beta ray group were measured under the same
experimental conditions. The disintegration rates of all sources
were determined byrdbeta counting techniques to permit inten-
sity normalization. The resulting bremsstrahlung spectra are nor-
malized to 10disintegrations of the source to provide an indica-
Fig. - 22 - Intensity of random sum spectrum vs count rate. tion of the shape and intensity of bremsstrahluiig distributions as
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the energy of the beta-ray transition is increased. These data weta emitters, the intensity is usually almost negligible. Excep-
obtained in the standard geometry using beryllium beta absdrbrs are nuclides which have a very intense high-energy ground-
ers. As mentioned above, the choice of absorber is based wgtate beta transition such a%.YThe spectrum of this isotope is
the Z dependence for radiative collisions. shown inFig. 24 A number of pure bremsstrailnlg spectra are

included in the catalogue as an aid in the analysis of other spec-
Although bremsstrahlung will be present in the spectra of atla.

R

n® I - T

VII. OUANTITATIVE ANALYSIS OF
SCINTILLATION GAMMA-RAY SPECTRA
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A. Detector Efficiency

The detection efficiency T(E), the fraction of gamma rays emit- :

ted from the source which interact with the detector, can be cal- 's_ _

culated for known values of the absorption cross section T(E) fdr ] !
Y .
X

Nal under a well defined source-detector geometry. Equations
are derived for two cases: (A) a point source of radiation Iocateg5 I
on the extended axis of a right circular cylindrical detector and F———%
(B) a disk source whose center is on the extended axis of a right [ T

circular cylindrical detector with the plane of the disk parallel t&, | - _
the top surface of the detector. These are shown inZSgsid 3 ?“_B'“’"ﬁ'mh'”“q 154 Mev 7 -
26. In these expressionsis the thickness of the detectoy,is & | II‘. .
the radius of the detector, h. is the perpendicular distance He- \
tween the source and the top surface of the detector, and R is.&la - % T
radius of the disk source. Extensive calculations have been made AY : FETMeY )\.
by Vegors, Marsden, and He$tfor point, disk, and line sources Y f ! .
located on the central axis of the detector. These calculations afef———1 — =% —! 4

for 32 different detector sizes, for values of h from 0 to 100 cm, [ 1" .._"._Til_l"_a.%: : ' -]'-'--l — JE
and for photon energies from 10 keV to 10 MeV. Curves and % —

tables of calculated efficiencies for point, line, and disk source$ |~ N bl ags YN

for 3" diam. x 3" thick, 4" diam. x 4" thick, and 5" diam. x 5" ] "L_A.!!
thick cylindrical Nal detectors are given Appendix Il. The ' '; %
qguantity T(E), the absolute detection efficiency, obtained from2 L. . | j
these relationships, is the probability that a photon emitted from
the source will interact in the detector with the loss of a finite PULSE HEIGHT - l
amount of energy. 1 |

I030 200 4;)0 €00 800 1000 1200

In a solid material such as Nal, which has a density of 2.67, thejg. 24 - pulse-height spectrum of radiations emitted by

sensitive volume is very clearly defined. Since the amount of source of 58-day °Y showing contribution to
material which a secondary electron produced in the solid phos- spectrum from bremsstrahlung continuum.

phor must traverse to leave a measurable amount of energy is

negligible, edge effects are insignificant. Any error to be eXince the detector is almost opaque to gamma radiation of energy
pected will be due to uncertainty in the valuetaised in the less than 300 keV.

calculation. A plot of the percent error in detection efficiency

versus percent error in absorption cross section for the detection! he effect of varying the radius of a disk source on the detec-
of 0.32, 0.66, and 1.17 MeV gamma rays in a 1/4" thick x §on efficiency for 0.661 MeV gamma rays is showiig. 29.

diam. Nal phosphor is shownhig. 27. As one mighéx pect,

for small values of t, the detector thickness, the error will vay ~Photopeak Efficiency

linearly witht. Fig. 28shows a similar plot for the 3" x 3" detecConsider a point source of radiation and a detector of specified
tor. In a large phosphor such as this, the error in detection ¥fze that is isolated from all material which might scatter into the
ciency due to an uncertaintytiis reduced appreciably. Even afletector gamma rays not originally emitted into the cone of solid
1.11 MeV a 10% error in, which is considerably more than théingle subtended by the detector. The number of events in the
expected uncertainty in the calculated values, will result in @@served pulse-height spectrum will then be related to the emis-
error of only 5%. For lower energies the error will be considefion rate from the source by the expression given in

ably reduced.

163, H. Vegors, L. L. Marsden, and R. L. He&thlculated Efficiencies
of Cylindrical Radiation DetectorsAEC Report IDO-16370 (1958). I
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+o 1. Peak-to-Total Ratio

It would be difficult to calculatep directly because of the
large number of multiple processes which occur in a scintillation
detector. For this reason it is convenient to use the following

expression:

EFFECT OF ERROR N T

ON DETECTION EFFICIENCY
3 0A X w4 Nol

h= 10 cm.
€, = T(E) P (6)

where T(E) is the calculated value for the absolute efficiency and
the quantity P is defined as the fraction of the total number of
events in the pulse-height spectrum which appear in the photopeak
(the peak-to-total ratio). The peak-to-total ratio has been deter-
mined experimentally by careful measurement of selected sources
under experimental conditions which reduce scattered radiation
to negligible levels. An example is shownhig. 30. An al-
ternative method is to determine the distintegration rate for sources
using the #t 3-y coincidence methéénd to calculate a value

for the peak-to-total ratio from the integrated peak area in a spec-
trum obtained using the Nal detector. A plot of experimental
values for the peak-to-total ratio, measured at this laboratory, for
a 3"x 3" Nal detector as a function of energy is shovign31

These experimental data are tabulated in Appédiidix

A 0IR—v----
+ oeg——-
O LI —

% CHANGE W DETECTION EFFICIENCY

L CHANGE W T

Fig. 27 Error in detection efficiency vs error in absorption 2. _Ab30|UFe EmiSSion_ Rate Determinaltion .
coefficient for 3"xl/4" Nal detector (h = 10 cm). In this notation, the emission rate of a single gamma ray will be

given by the following relationship:
the last section. From the preceding discussion of the contribu-

tion of scattered radiation to the detector response, it is evident Np
that this relationship will hold only if this contribution can be N, = @)
removed. Since such radiation is of lower energy than the initial T(E)P A

gamma ray energy, it is more convenient and precise to work in

terms of the photopeak efficiency. This quantitys defined as where N is the number of gamma rays emitted from the source,
the probability that a gamma ray of energy E, emitted from tNe (as shown in Fig. 30) is the area under the photopeak, T(E) is
source, will appear in the photopeak of the observed pulse-heitjiettotal absolute detection efficiency for the source-detector ge-
spectrum. The value of this quantity is that most of the spuricusetry used, P is the appropriate value for the peak-to-total ratio,
contribution to the observed spectrum from scattering has viramd A is a correction factor for absorption of the gamma radia-
ally no effect on the photopeak. Thus the photopeak represeriisraby any beta absorber used in the measurement.

more accurate measure of emission rate.

P, J. CampionNational Acadeniy of Sciences - NationalsBarcii
Council PublicationNo. 573,24, (1958).
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Fig. 28 - Error in detection efficiency vs error in absorption
coefficient for 3"x3" Nal detector (h = 10 cm)
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Fig. 29 - Detection efficiency for a 3"x3" detector (662 keV)
as a function of source radius and distance from the detector.
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The absorption correction factor, A, for the standard set of
beryllium absorbers used for all measurements is determined ex-
perimentally. It is necessary to determine the absorption correc-
tion for the particular geometry used rather than use values for
the total absorption cross section of beryllium. Values of the to-
tal absorption cross section are generally reported for a highly
collimated geometry. With the absorber placed directly on the
top surface of the detector, the total absorption cross section does
not represent the observed reduction in the intensity of the
photopeak.

The results of an experimental determination of photopeak
attenuation versus gamma-ray energy for a set of beryllium ab-
sorbers is shown ifrig. 32 These measurements were made
with point sources in the standard geometry, with the absorbers
positioned on the top surface of the detector. The absorption
curve for a 1.18 g/chrabsorber, calculated from the total absorp-
tion cross section, is shown for comparison.

In the determination of the photopeak areas and the experi-
mental measurement of the peak-to-total ratios, the region of the
spectrum to be integrated must be well defined. Up to this point
we have assumed that the photo peak could be satisfactorily de-
scribed by a gaussian function

y(X) = y0 e—(X-XO)2/b0 (8)
where y is the calculated count in channel x, x. is the pulse

height at the center of the summetrical distributigrs the num-
ber of counts per channel gj &nd the fullwidth at half-maxi-

mum of the peak is w. =2v]n—2 Ny

Fig. 33shows the result of a fit to the photopeak of'tfes
gamma ray with a gaussian function. The solid circles indicate
data points used in the fit. From this leastsquares fit to the data
points, y, X,, and b, are determined. Examination of the figure
shows considerable deviation from a gaussian shape on the wings
of the peak. The residuals are plotted to show deviation. The
low-energy tail is expected and is produced largely by multiple
processes which do not result in full-energy loss. The residuals
on the high-energy side of the peak are not expected and rep-
resent a problem in determining the peak area by leastsquares
fitting techniques. The cause of this deviation from a gaussian
shape is not completely understood and is observed to vary in
magnitude for different detectors. For this reason it is thought to
result from optical problems in the detector.

To account for this effect, an arbitrary functional form has
been chosen to represent the photopeak response of the detector
as a function of gamma-ray energy. It is given by:
y(X) = ye- (X-X,,)2/b, [1+0,(x-Xp)* +a, (x-X;) ?] )

where the powers 4 and 12 were chosen to give the best fit
and x,Y,, b, a,, anda, are the parameters determined in the
fit. These five parameters can be calculated in a non-linear least-

squares fitting program which has been written at this labora-
tory?®. Values for these parameters as a function of gamma-ray
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Fig. 32 - Results of experimental determination of photopeak attenuation for Be beta absorbers. These measurements
were made for point sources of radiation at 10 cm distance from the detector. Absorbers positioned on top
of cylindrical detector.

energy are determined by fitting photopeaks for a numbertb& nonlinear least-squares fitting procedure.
gamma-ray standards. A plotofanda, for the detector used
to accumulate most of the spectra in the Catalogue (3"x 3" -2) For use with Eq. (7) it is convenient to combine the terms in
are shown irFigs 34, 35, and 36 for the 5 keV/channel and 1the denominatorA plot of the product of these two quantities as
keV/channel energy scales. a function of gamma,ray energy is showrfig. 37. The solid

line represents the result of a least squares fit of a polynomial to
The photopeak area used is defined as the area obtained bgfiperimental values of the prodLa%A for a number of mono-
ting the experimental photopeak with the functional form denergetic gamma-ray sources. Note that the curve reaches a maxi,
scribed above. A simplified practical method for determiningum at approximately 100 keV and then decreases in value. This
the photopeak area may be ughith is based upon a symmetnyis due to iodine x-ray escape from the surface of the detector which
requirement for the low-energy sidef the peak. This method reduces the peak-to-total ratio. This is mentioned to stress that
involves the construction of a set of parallel lines connecting déta peak-to-total ratio, as we define it, does not include the inten-
points on the high-energy side of the photopeak with corregty of the escape peak.
ponding points on the low-energy side. This will result in a fam-
ily of parallel lines for points near the peak maximum. Once the To this point in the discussion we have considered only the
slope of this set of parallel lines is established, points on the loase of a source which emits a single gamma ray. If more than
energy side may be interpolated by extending the parallel liresee gamma rayisemitted and coincidence summing occurs then
down to include all points on the high-energy side of the pedke problem is complicated. Although the effect of coincidence
This procedure establishes the symmetry requirement and wilmming is somewhat difficult to analyze in every detail, the total
produce results which agree very closely with those obtained from
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area associated with the sum spectrum and the “sum spectrum'U"__ =77 =7
may be calculated from the known efficiencies and solid angle. F——=
Considering a simple scheme characterized by the emission of : - :
two cascade gamma rays (e%§C0) the emission rate gf will o : T ’ T
be given by equation: _ 10 —-ot o4 = T4 JEE
N, W (0) T = . =
N, = (10) ' '
Alslpl [l -82W (OJ)AZ]

where Np, is the area under the photopeak @fith any contri- Y — =
bution due toy, or the sum spectrum subtractegjanc, are the “i : %
total absolute efficiencies fgr andy, ). R is the peak-to-total

-

ratio fory, (experimental), Aand A, are the absorption correc- 107 =
tions for the two gamma rays, and W)(8 a factor to take into et
account the angular distribution function of the two gamma rays 4
integrated over the face of the crystal, evaluated by the methods Eﬁi
described by Ros€. The third term in the denominator accounts 16

for those pulses which would normally appear in the photopeak
but, due to simultaneous detection of the other cascade gamma
ray, appear in the coincidence sum spectrum. Another conve- N
nient expression is that for the area under the coincidence sum@
spectrum, or the probability that two coincident gamaya will
be detected simultaneously. This is given by equation (11)
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VIIl. EXPERIMENTAL MEASUREMENTS et ; -9 (e

A. Laboratory Scintillation Spectrometer - - =1 \. Ly i

In this section the equipment, calibration procedures and ex- f— : ;
perimental techniques used to obtain the data for the spectrum L ' 2
catalogue will be described. The experimental conditions adopted L '
as standard for the catalogue spectra represent a reasonable cond-— e : S T ;
promise for the majority of routine applications for a scintillation ST — ‘
spectrometer. This is with an understanding that the requirements | - — - S :
for a specific measurement may require the modification of one ' % 1

or more parameters to achieve an optimum experiment. 13?0 : 00 D00

PHOTOPEAK POSITION, XgChannelsl  peeo-B-528

o-""'-‘p
RESIS

1 .The Detector

The 3" diameter x 3" thick cylindrical Nal detector was origi-
nally chosen as the standard reference detector for the spectpym 36 - variation of the experimental parameter a , with
catalogue. This choice was a compromise based upon the con- gammaray energy for both the 5 and 10 keV/chan-
sideration of many factors. This size detector can be readily ob- nel gaiin scales.

tained as a package, integrally coupled to a photomultiplier, from

commercial sources. These commercial units can now be ehe detector size to a 5" diameter x 5" cylinder or larger. These
tained with an energy resolution for the 0.662-MeV gamma riyger detectors are not only considerably more expensive, but
of ¥'Cs of 7.5 to 8.0 %. The volume of a 3"x 3" detector is suffirsually exhibit poorer resolution. Although larger detectors are
cient to give a reasonable photopeak efficiency in the energyireuse in this laboratory and much data has been obtained with
gion associated with radioactivity. To obtain appreciable impro\&gx 5" detectors, the 3"x 3" detector is still considered to be the
ment in the photofraction, one would have to consider increashust detector for most applications.

| Tuder |
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Fig. 37 - Least-squares polynomial fit to experimental values for €,A for 3"x 3" Nal Detector

The detectors used to obtain all spectra included in the cata-The distance from the top of the crystal to the outsid( of the
logue were fabricated in this laboratory using the packaging tepaekage can be determined by radiographing th( detector pack-
nique shown irFig 38 The Nal crystal is contained in a thinage with an x,ray machine or radioisotope camera. A typical ra-
walled aluminum can (0.005" wall thickness) to reduce absortfiegraph of a commercial 3"x3" de. tector package is shown in
tion of low energy photons and to prevent excessive Compteg. 40. The typical separator between the surface of the detec-
scattering from the packaging material. The optical reflector isorand the outside surface of the can (4 - 8 mm) has recently been
0.005" thick sprayed coatingafalumina. The crystal is mountedreduced by most manufacturers to approximately 3 mm. Some
directly on the face of an RCA 8054 electron multiplier, opticalimanufacturers will now supply this information with each detec-
coupled with silicon grease (Dow QC-2-0057), and the entire &= package if requested.
sembly evacuated. A mu-metal shield surrounds the dynode struc-
ture of the phototube to reduce the effect of stray magnetic fields.The scintillation detector is mounted in a photomultiplier base
Etiergy resolution for detectors used varies from 7.0% to 8.1%hich includes the source holder as shown by a photograph in
A drawing of a typical commercial detector package is shownHiy. 41. For a detailed description and drawings of this detector
Fig. 39 The major difference between the two packaging tedtase and source holder, the reader is referred to a recent report
niques is in the quantity of packaging material used. For thikich describes testing and calibration procedures for scintilla-
reason quantitative application of a commercial detector wotiloh spectrometers.
require the determination of the following parameters:

(1) this distance from the top of the crystal to the top of*D. F. Crouch and R. L. HeatfRoutine Testing and Calibration

the can to establish accurate source-detector geométrgcedures for Multichannel Pulse Analyzers and Gamma-ray Spec-
and trometers IDO-16923 (1963)

(2) the effective absorber thickness for the can and pack
aging material separating source and detector. This is
particularly necessary if the detector is used for quanti

tative measurements of low-energy) photons. 27 < | Tipelen I#
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Fig 38 - Laboratory scintillation detector packaged in Fig. 39 - Typical commercial scintillation detector (3"x3")
0.005" Al can. showing details of packaging technique. The in-

creased mass of material used in the packaging
of these detectors will produce some distortion of
the spectrum due to scattering.

Fig. 40 - X-ray photograph of commercial 3"x3" Nal detec- Fig. 41 - Photograph of standard laboratorv detector
tor IIIUStratlllg method used to locate pOSItlon of Showing source holder used to minimize scatter-
crystal inside container. ing geometry.

‘_MI#

28




Top Pb Groded

n. = + —
:T;{I ‘T
I7n ;5 ‘: ¥
g
< b~ e Time
&
laa= RERS-1.1T:]
Cu O.015"
Cd 0G30"
Po 4" PPCo-4-aTTY
Fig. 42 - Standard laboratory detector shield used for Fig. 43 - Output waveform from double-differentiated
experimental measurement of all spectra in the linear pulse amplifier.

Spectrum Catalogue.

Digital Read-in and Readout Equipment - Tally Model
424 Paper Tape Reader and Tally Model 420 Paper Tape
Punch.

A photograph of a typical analyzer system is shown in Fig 44.
In addition to the equipment listed above, the system also includes
el count scaler for the determinatio of input counting rates
and protective circuitry for mon itoring over-voltage on the power
s”, and the output of the phototube Suply

. . d.
Unless otherwise stated, all spectra in the catalogue are measured
in this geometry (point source at 10 cm).

2. Detector Shield

The standard detector shield enclosure used for the measure
of all spectra in the catalogue is showkii 42 This shield has
inside dimensions of 32"x32"x 32". As indicated in the figur
the interior of the shield is lined with 0.030" Cd sheet and 0.01

Cu sheet in that order. For a detailed description of the testing and calibration proce-

dures and performance specifications recommended for gamma-

3. Electronics spectrometry, the reader should consult reference 18.

T . ra
The laboratory scintillation spectrometers used for all expenmenta¥

measurements utilized the commercial components listed belaw: Source Preparation

To reduce the possibility of scattering, sources are prepared to

a. Photomultiplier Power Supply - Fluke Model 412A or, ; - - ;
! approximate a weightless point source as nearly as possible. The
Power Designs Model HV-1565. bp g b yasp

two types of source mounting arrangements used are shown in

Fig. 45 The source mounting card (Type A) is fabricated of

b. Linear Amplifier - An external vacuum tube amplifier -
. . _ aperboard and the source deposited between layers of cellulose
(ORNL-type A-8) is used in the analyzer systems in pre% b P Y

o . X e (~ 10 mg/ch). The source mounting ring (Type B) is used
erence to the a”_‘p"f'ers. _supplled asan mtt_agral part@fspecial sources where bremsstrahlung production or scatter-
the analyzgr. This amplinier e'f“p'OyS delay-line dou_bl(?ﬁg must be reduced as much as possible (e. g., experimental de-
differentiation to produce a bi-polar output pulse SIMi, - ination of peak-to-total ratios).

lar to that shown ifig. 43 The advantage of a double-

_dif_ferentiated <_':1r_nplifi(_ar is in_1pr0v<_—:‘d qverload ch_aracte[g Note: The listing of the products of manufacturers does not indicate
istics and negligible bias shift at high input counting ratesg specific endorsement of a product, but only indicates that these prod-
ucts meet the rigid specifications established for this application.

c.  Multi-channel Pulse-height Analyzer - Nuclear Data

_ _ 20 K. F. Smith, “Overvoltage Protector for High \bltage Powl Sup-
Model 130-AT 512-channel analyzers were used for zillees,” MTR-ETR Technical Branches Quarterly Report, 1st Quarter

measurements. 1962, IDO-16781 (1962).

2 K. F. Smith, “Line Surge ProtectorMTR-ETR Technic, Branche5
Quarterly Report, 4th Quartet961, IDO-16760 (1962).
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To illustrate the importance of scattering from the source mount
and source holder a series of measurements were conducted with
sources of'Ce. Sources were prepared on the two types of source
mounts described above .and measurements made on each source
on two 3"x3" detectors equipped with the two types of source
holders shown ifrig. 16 (source holder A) andig. 41 (source
holder B). The cardboard mounting is referred to as Type 1 and
the thin film ring as Type 2. The results of these measurements,
which appear ifig. 46, show that most of the scattering from the
source mount and holder assem blies appears as a contribution to
the low-energy side of the photopeak. As the mass of scattering
material in the immediate vicinity of the source is reduced, the
contribu, tion to the spectrum from scattering is likewise reduced.
The purpose of these measurements was to illustrate the magni-
tude of this effect.

In the case of positron emitters, annihilation of positrons is
localized to the position of the source by surrounding the source
material with a Cu sandwich of sufficient thickness to stop most
of the positrons. This is necessary to maintain the standard point
source geometry for annihilation radiation. If the positrons are
allowed to annihilate throughout the volume of the shield, the
detection efficiency will be undefined. The use of the Cu sand-
wich will result in some deterioration in the quality of the spec-
trum as a result of Compton scattering.

30
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used.
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In the preparation of sources for catalogue spectra, consider-
able effort is expended to insure isotopic purity of the source.
First, the possible methods for producing a given isotope are
studied. Factors to be considered include: interference from
other isotopes of the same element, half, life, possible elemen-
tal contamination of the mater-ial being irradiated, and produc-
tion cross sections for the various nuclear reactions which may
occur in the irradiation of a given material. In the production of
sources by neutron capture, the choice of flux level and neutron
spectrum is made after a consideration of competing processes
[e.g. double neutron capture, (n,p) reactions, etc.]. In acceler-
ator irradiations, the energy of the bombarding particle is im-
portant since several competing reactions are generally possible
which are energy dependent. Operating parameters for the ac-
celerator are chosen to enhance the relative production of the
desired nuclide. The chemical form of the target material will
depend upon the chemical procedures which are used in the pu-
rification of sample material following irradiation.

In many cases, high cross sections for some isotopes require
the use of mass separated material to reduce interference when
producing other isotopes which have relatively low cross sec-
tions.

The procedure usually followed in the production of sources
is to make preliminary irradiations and then observe the energy
spectrum of the irradiated sample as a function of time. In many
cases obvious elemental contaminants can be removed by chemi-
cal separation. From half-life determinations and comparison of
the observed energy spectrum with available nuclear data, all iso-
topes present in a given spectrum can usually be identified. If no
interference from other isotopes is indicated, sources can be pre-
pared in final form and the spectrum measured under the stan-
dard experimental conditions.

If chemical purification is necessary, solvent-extraction and
ion-exchange methods are preferred since the mass of inert mate-
rial in the source will usually be much less than with wet chemi-
cal procedures. In many cases carrier-free samples can be ob-
tained with these techniques.

5. Data Preparation

For presentation in the catalogue, spectrometer data are pre-
pared as point plot (semi-log) of the number of counts accumu-
lated in each channel (N(E)dE) vs channel number. These graphs
are prepared as templates to overlay the standard 81/2" x 11" or
11" x 17" K and E 3-cycle semi-log graph paper. The graphs
were then printed on translucent paper to permit removal of spec-
tra from the catalogue for comparison with experimental data
plotted in a similar marer.

Experimental conditions used are listed with the experimental

data for each spectrum. Included are the source-detector ge-
ometry, energy scale, and the beta absorber used in the mea-
surement. A number of spectra have been analyzed to obtain an

intensity normalization. For mma
31ray, the “photopeak” is fitted byl (P d the




total number of gamma rays emitted are obtained with the quanThe method of zero alignment is achieved in the following

titative procedures discussed in Sections VIl and IX. For nwanner: the voltage adjustment on a precision mercury-relay pulser
clides emitting more than one gamma ray, the spectrum is agaadjustcd to obtain equal numbers of pulses in channels 199
lyzed to obtain the intensity of a prominent gamma ray. Appraad 200. This corresponds to the upper edge of channel 199.
priate corrections are made for geometry, photopeak efficientlis adjustment is made with the decade potentiometer control
absorption, and coincidence summing effects. These results@arthe pulser set at 199.5. The potentiometer control is then
be used to obtain decay rates when the decay scheme is adilisted to 19.5. The zero control on the analyzer is then ad-

established. justed to obtain equal numbers of pulses in channels 19 and 20.
B. Energy Calibration This procedure is repeated until the slope and intercept of the
1. Zero Convention for Pulse-height Scale pulse-height scale are determined. If the analyzer circuitry were

Awell defined pulse-height scale is essential for reproducikid@solutely linear the zero intercept would then be -0.5 channel.
precision energy measurements with a scintillation spectrometéte uppcr edge of channel 19 was chosen because serious non-
Perhaps the most important consideration in establishing alifgearity exists in the bottom 10 channels of many analyzers.
producible pulse,height scale is the convention adopted for S&ie linearity check described above can be used to evaluate the
ting the position of the zero position of the ADC (analogue-tactual channel position to be expected for pulses of small am-
digital converter) in the analyzer. The convention adoptedlitude.
this laboratory is to set electrical zero at - 0.5 channel.

2. Non-linear Energy Response of Nal
Since a channel represents a band of pulses from Vto V + Ade nonlinear energy response of Nal to gamma radiation has

the total number of pulses in a given channel i will be been discussed in dctail by several auth$#s?+2
+ AV In any systematic treatment of data from Nal spectrometers
N. =/Vn (V) dv (12) it is essential that an absolute pulse-height vs energy scale be
v established. For a given experimental ar-rangement this scale

deoends on the light output from the detector as a function of
where V is the amplitude corresponding to the lower edge ng (dL/dE), and the linearity of the electronic system. A deter-
the channel and\V is the channel width. If the channels arenination was made of the pulse-height vs energy scale for the
non-overlapping the average amplitude for a continuous furgperimental arrangement employed to collect data for the cata-
tion n(V) will be approximately equal to the point at the centiygue.
of the channel. This means that an observed channel count rate
is considered as a measure of the count rate for pulses correAseries of radioactive sources emitting aamma rays of pre-
sponding in amplitude to the center of the channel. If the fitgéely knovvn energies were measured together with s
data channel is called channel 1, it will contain a range of putggnma ray as a reference. The absolute pulse-height scale de-
amplitudes from 0.5 to 1.5. Pulses with amplitude less than 8dibed above was used for these measurements. Least-squares
will not be recorded. On this scale, zero pulse amplitude cotfiging techniques were used to determine the photopeak posi-
sponds to -0.5 channel and channel 50 covers a range from 49.5

to 50.5 on an amplitude scale. The use of this scale makes thé® [ PULSE HEIGHT vs. ENERGY
relative amplitude of two pulses independent of thg zero refgr- \ L RESPONSE FOR Na I
ence. This scale is illustratedkig. 49. If the system is linear, 119 o [ I
there will be a one-to-one correspondence between chargel : v L \ ,
number and pulse amplitude. 200 - .
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Fig. 50 - Pulse-height vs. gamma-ray energy response of
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adopted, all data are normalized to unit light output at
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22R. W. Pringle and S. Standhil., Phys. Rev., SC, 762, (1950).
Fig. 49 - Histogram of pulse-height scale illustrating procedure #D. Engelkemeir, Ret,. Sci. Instr., 27, No. 8, 589, (1956).
for establishing zero position of pulse analyzer. %P, Iredale, IAEA Report, AERE-R3440.

25\, C. Kaiser, S. |. Baker, A. J %ﬁ de. Sher Tans
32 on Nuclear Scienc¥pl. NS-4, NO. 3, 3}’;“ lr_“'




tions to an accuracy of 0.03 channels. The zero position and
integral linearity of the electronic system were determined with
a calibrated pulser. For the system used (A-8 amplifier and ND
130A analyzer), deviations from a straight line passing through
the origin (channel zero) did not exceed 0.5 channels over a
range of channel 5 to channel 250. The results of these mea-
surements are tabulated in Table Elg. 50shows a compari-

son of the experimental values obtained for L/E wwikh those

of Engelkemef® and of Managaff. Results for the detector
used agree very closely with those of Engelkemeir. Similar mea-
surements, using several commercial detectors, have indicated
some vanation in response below 100 keV. For this reason, the
determination of the pulse-height vs energy response for a given
detector must include a measurement of the nonlinear response
for that detector.

For convenience, conversion tables between energy and

pulse-height for the standard 10 keV,/channel gain scale are pre-
sented in Appendix II.

TABLE |

Measured values of PH/E as a
function of gamma-ray energy

Gamma-Ray Energy PH/E
29AmM 0.05957 1.158
Ly 0.11297 1.0943
Ly 0.20836 1.0435
1819 0.36447 1.019
Be 0.478 1.011
207B;j 0.5695 1.006
BCs 0.66162 1.000
ssy 0.8989 0.9893
207B;j 1.0637 0.9854
87Zn 1.114 0.9828
ssy 1.837 0.9677
2Na 2.7535 0.958

% \W. W. Managan in Applied Gamma-ray Spectrometry,
PergammonPress, New York, (1963).




3. Method of Energy-Pulse-height Calibration the two lower energy peaks, the contribution from the underly-
The convention adopted for the pulse-height-energy scales uagtCompton distribution was approximated by adding a straight
for all spectra in the catalogue (2.5, 5.0, 10,and 20 keV/chghe to the non-linear fit. The energy of the two low-energy
nel) is that all pulse-height values are measured relative to itds is then determined from the peak pc)sitic)ns by normal-
of the 0.66162-MeV gamma ray 8fCs. For this energy, thereization of the Cs photopeak to channel 132.32 and applying the
will be a one-to-one correspondence between energy and pudgropriate correction to account for the non-linear pulse-height

height (with the appropriate scale factor applied). This conveg-energy response of the detector. A list of sources for energy
tion was adopted to correspond with the results of measuremeatoration is given in Table II.

of the non,linearity of Nal. Thus, the channel position for a peak

of a given energy will be related to a gain scale in which the TABLE Il
131Cs peak would appear at a multiple of channel 66.162 (10

keV scale). Energy calibration is made by measuring sourggfergy Calibration Sources
simultaneously with a source BfCs and determining the chan-

nel position for each peak by least-squares fits to the data witquelide EMeV) Half-Life
gaussian function, as discussed in Section VII. An example of !
this procedure is shown Fig. 51 This figure shows the spec-241.Am 0.05957 458 yr
trum of Lu"” measured simultaneously wiffiCs on the 5 keV/ 177 y 0.11297 6.8 d
channel scale. TH&Cs photopeak was fit with a gaussian. For 0.20836
. 81 0.36447 8.066 d
1A 0.41176 270 d
Be 0.478 53 d
Ann. Rad. 0.51094
- 207Bj 0.5695 28 yr
BCs 0.66162 30 yr
*Nb 0.7657 35 d
5 9846002 :\YKB 0.8989 105 d
T . 43214002 [ 1.0637 28 yr
20 - i 55Zn 1.114 244 d
2] 2 Cad 2Na 1.2736 2.58 yr
5 v . [% N B101E 003, 24Na 1.3679 14.9 hr
2 . |« » sy 1.837 105 d
o bl - -— 207712 (ThC”) 2.6142 191 yr
% A . a ® ZNa 2.7535 15 hr
T L hd - [
;‘; . .. e " e - * 4. Gain Shift Program
Wit |e h B ;l' L] All spectra in the catalogue are normalized on the pulse-height
» T A vs energy scale as discussed above. This is accomplished by
2 - means of a computer program which allows one to shift either
o Wﬁ i the gain or zero position of the pulse-height scale. Thus, a gen-
o e g p p g ,ag
': o eral linear transformation can be made between two pulse-height
‘&J . scales. This is accomplished by fitting the pulse-height spec-
5 . o trum as a series of polynomial least-squares fits to sets of three
. . successive channel counts. The results of these successive fits
2 :‘c,‘.'. around the original channel positions providcs a means of
0 20 a0 &0 80 0o 120 140 interpolating values for the number of counts in a hypothetical
CHJQNNEL PP Co-B-513t

Fig. 51 - Example of energy calibration procedure usingCs ¥/
gamma ray. Data were taken on a gain scale
approximating 5 keV/channel. Peak channel positions
indicated are result of least-squares fit of modified
gaussian shape to each photo-line. Figure shows cali-
bration of peaks due to 0.11297, and 0.20836-MeV
gamma rays from Lu 77
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channel which lies somewhere between two channels on thS5
original pulse-height scale. The program can either shift a spec- [— . ' » p I—
trum by a ratio of two arbitrary gain scales or shift a given peak . [ S
in a spectrum to a certain channel position. This second alter- - T
native is accomplished by incorporating a linear least-squares | » '
routine for locating the position of a photopeak by assuminga | B i Fy
simple gaussian form. :

The gain-shift program has been used in conjunction withq«
the energy calibration procedures outlined in the previous sic- e — -
tion to shift all spectra in the catalogue to the standard pulﬁe- - N
height scales referred t&Cs. The general procedure adopte% . 1 e -
is to measure the energy of all prominent gamma rays with tgis ¢ .
procedure and then make a comparison of these results witHHit- i §
erature values. If the precision of reported energies is well @s- T
tablished, literature values are used and the spectrum is shifed
to the appropriate position on the standard pulse-height sc8l@*}f——oJ—— 1 B _
If this is not the case the energy values determined from the i I %" R pr—
calibration with C&"are used. 1T

I
o
L3

Although the gain-shift routine is intended for use only with S
small gain shifts, it can be used to shift the gain of a spectrum by .
a large factor.Fig. 52 shows two*"Csspectra, one measured at N
5 keV/channel and the other at 10 keV/channel and then shifted b
by a factor pf 2 in gain to correspond to the 5 keV spale. ThED’0 0 29 5 55 o0 e a0 Te
agreement in shape between the two spectra is considered to be CHANNEL PP Lo-B-tia3
excellent, considering the large scale change. It is interestin
to note the broadening of the x-ray peak of the shifted spg

J. 52 - lllustration of results of gain shifting program. Closed
circles represent ¥’Cs spectrum on 5 keV/channel

trum, glug to the effect pf fin[te channel width. For a detailed gain scale. Open circles show spectrum taken on
description of the gain-shift program the reader should 10 keV/ channel gain scale shifted by a factor of two
consultreference 34. to match 5 keV spectrum.

IX. COMPUTER TECHNIOUES FOR DATA ANALYSIS

One of the most important areas of development in gamnt@-calculate the pulse-height distribution from a knowl.edge of
ray scintillation spectrometry during the past few years has belea basic interactions occurring in the detector This approach
the perfection and use of computer programs for the analysihiaé been developed by the use of Monte Carlo computer pro-
complex pulse-height spectra. In this section a brief descriptggams such as that described by Zé&fby
of the techniques presently in use at this laboratory is presented.

For a comprehensive survey of the present state of data procese-other approach, which has been developed at this laboratory,
ing as applied to the analysis of pulse-height spectra, the readirésnpirical in nature, and may be used to calculate response func-
referred to the proceedings of a conference c)n this subject higdds for any detector and experi mental geometry. It is basically

at Gatlinburg, Tennessee in 1962 . a systematic extension of the graphical interpolation scheme which
has been used by nuclear spectroscopists for some time. First, a
A. Computer Program for the Generation of the De- number of carefully measured spectra are obtained for single
tector Response to Monoenergetic Gamma Rays gamma rays as shownfig. 53 From these pulse-height distri-

butions one may construct a three-dimensional surface for the

The basic requirement for analysis of pulse-height spectragsponse of a Nal scintillation detector to monoenergetic gamma
a detailed knowledge of the pulse-height response rays. Fig. 54illustrates such a response function for a 3"x 3" Nall
monoenergetic radiation. In the preceding sections the varialétector where the single gammc rays are normalized to the same
factors influencing this response have been described in detaiission rate and are arranged with gamma-ray energy as the third
To obtain correspondence between the true gamma-ray spectcoordinate. A plane perpendicular to the energy axis through a
emitted by a source and the observed pulse-height distributigiven point will intersect this surface to form a curve which rep-
two methods have been employed. One approach has beeamgents the detector response to a gamma- ray of that energy.
attempt

% Proceedirgs of a Conference on the Applications of Computers2g. p. Zerby and H. S. Moran, Calculation of the Pulse-lieight Re ,sponse
Nuclear and Radiohemistry, NAS-NS Publication No. 3107 (1962). of Nal Scintillation Counters, USA .
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Fig. 53 - The response of a 3"x3" Nal detector to monoenergetic gamma rays from 0.335 to 2.75 MeV. All spectra are for
a point source mounted 10 cm from the detector and have been normalized in intensity to 10 7 photons emitted
from the source.

The generation of such a. surface by means suitable for mbere y, is the maximum amplitude of the pegkisxhe mid-
chine programing requires an analytical representation of h&nt of the distribution on a pulse-height scale, gid telated
experimentally determined pulse-height spectra. to the full width of the gaussian shape at half,maximum (resolu-

If the detailed structure of the pulse-height distributions dimn). The convention adopted is to fit the experimental
tained from monoenergetic gamma rays are examined, it is plpetopeaks and to determine the parameters of the modified
parent that there are several features which vary in a unifayaussian by least-squares technicdeghe deviation from a
manner with gamma-ray energy. All features of the spectra caadified-Gaussian shape on the low-energy side is treated as
be interpreted from a knowledge of the three basic processethibyigh it belonged to the Compton distribution. From a knowl-
which a photon interacts with the detector; i.e., photo-electrézjge of h and the normalized area of the gaussian as a function
Compton, and pair interactions. The most prominent feature, tigoulseheight (energy) it is possible to calculate the shape and
photopeak, is essentially gaussian in shape with some assynmaagnitude of the photopeak for a gamma ray of any energy. It
on the low energy side due to multiple processes occurring in sheuld be noted that the pulse-height vs. energy scale must in-
detector and small-angle Compton scattering from absorbitigde the effect of nonlinearity in the energy response of Nal.
materials frequently used to prevent detection of beta radiatidme remaining portion of the pulse-height distribution is due

emitted by the source. This peak, as described in Section Vllaigely to the Compton process which produces a distribution
represented by the it modified gaussian” expression:

29R. G. Helmer, R. L. Heath, Marie Putnam, and D. H. Gipadxion-

y(X) =y, €0X02Pa[T + o1 (X - X)) +0(X - X)™] (13) linear Least-Squares Program for the Determination of Paramcters of
Photopeaks by the Use of a Modified Gaussian Functio®-17015
(1964).
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MONOENERGETIC GAMMA-RAY SOURCES
USED TO DETERMINE RESFONSE

Nuclide  Energy {Mev]  Nuclide Energy {Mev)
Te 129m 0. 109 Yy 9im 0.555
S¢ 47 0 185 oy 137 0.662
Ru %7 0.213 Nb 9% 0.764
Xe 135 0.250 Mn 54 0.835
Hg 203 0.279 Np %2 0.930
In 15mM 0.335 Zn 8% 14
1n '13M 0.393 A S 1.290
Ay 190 0.411 y 52 1.430
Be 7 0.478 K 42 1.510
Sr 85 0.513 aj 28 1.780

Fig. 54 - Three-dimensional model of the response of a 3"x3" Nal detector to monoenergetic gamma radiation.
This model illustrates the interpolation scheme used to obtain the energy response of a given detector.

37

S

MI#




of pulses from zero amplitude up to a sharp cutoff representing The next step is to determine the number of counts in a given
maximum energy transfer between the photon and a recoil elgitannel as a function of gamma-ray energy. These points, which
tron. This point on the energy spectrum is termed the Comptepresent a section through the three-dimensional surface perpen-
edge (E,) and is given by the following relationship: dicular to the pulse-height axis, are then fitted to a polynomial in
gamma-ray energy. The number of terms in this polynomial is
E, adjustable in order to give the most reasonable fit to the data
E = Ey _— (14) points. Thus a set of polynomials in energy is obtained, one for
2 Ev each channel on the pulse-height scale. This process is repeated
1 +—- for each segment of the Compton distribution. To simplify this
mc? interpolation with a limited number of measured spectra, each
Other prominent features of the spectrum are the backscatter pgakip of segments is first stretched so that each segment has the
which results mostly from photons comptonscattered &80 same length for all gamma-ray energies. This preserves fine struc-
material surrounding the detector, the two peaks resulting frame which varies with gamma-rays energy , i.e., backscatter and
the escape of one or both of the annihilation photons from paéir peaks. Since the number of segments required to describe
production, and the 0.511MeV peak from annihilation radiatiothe Compton distribution varies with,Ehe program is divided
The portion of the spectrum below the full-energy peak is @ito three sections. These sections treat the following ranges of
vided into 5 segments and each segment is fitted to a series ofjthama-ray energy: 0.020-0.300, 0.300-1.3, and 1.3-3 MeV.

form: N

. XK To obtain the pulse-height distribution for a given gamma ray,
y=a+bx +E ksin (15) channel count-rate values are computed from the set of polyno-
K= 1 L mials representing N(E)DE vs E for each channel. These values

for each segment are combined with a photopeak calculated from
In order to insure a smooth fit at the segment end points, a regi@appropriate values of and A (area of the gaussian).
of overlap is included in the fitting procedure. The number of
terms, N, in the expansion is chosen to give a certain amount of Figures55 and56 show a comparison between experimental
smoothing to the data points. pulse-height distributions for gamma rays of 0.335 and 1.114 MeV

- : — — and the calculated shapes obtained from the shape generation pro-
! - e gram. Excellent agreement is indicated, with all details of the

. , : spectra reproduced. A detailed description of this program and
o e its use his recently been prepared as an AEC ré&port.
0335 | i
& B. Coincidence Sum Spectrum Program
ow An additional complication in the analysis of gamma-ray spectra
e T hadd occurs when the decay of a radioactive element gives rise to two
o i ‘e o |. or more coincident gamma rays. In this case the pulse spectrum
- C e .
w H H
z o e ) - % R. L. Heath, R. G. Helmer, L. A. Schmittroth, and G. A. Cazier,
T : Generatiort of Detector Resportse Curves for Gamma-ray Scintillatior
o i .- i SpectrornetersiDO-17017 (1964).
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Fig. 55 - Comparison of computed detector response to
experimental spectrum (0.335 MeV). Fig.. 56 - Comparison of computed detector response to

experimental spectrung=(i=ti4=iv
[e=tc =
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observed in a detector will also include a distribution of pulségption of two low energy peaks, which were not included in the
known as the coincidencesum spectrum which results from @culation, all points on the computed spectrum agree quite well
simultaneous detection of two coincident gamma rays. This spéith the experimental data.
trum will contain pulses of all sizes from the minimum detectable
height to the sum of the maximum pulse heights obtainable frém Linear Least-Squares Program
the individual gamma rays. The most prominent feature of thigr the analysis of discrete spectra which exhibit well defined
spectrum is the so-called sum peak which results from coincideh@topeaks, the so-called least squares method of analysis repre-
detection of pulse from the photopeaks of the two coincideéints an improvement over hand stripping techniques. This
gamma rays. method can be programmed for computer use and has been proven
In principle, it is possible to calculate both the shape aHibe very satisfactory for the analysis of many classes of
magniture of this sum spectrum. Let us consider a two-gamrflata®*>% It assumes that the pulse spectrum to be analyzed con-
ray cascade. Using the program previously described one rfigs of a sum of i gamma rays of known energy, numbered 1-j-c,
compute the detector response to the individual gamma rays fé@gh represented as a pulse-height spectrum of i channels num-
given detector and experimental environment. If the compufe@fed a-i-n. It is further assumed that standard spectra, repre-
pulse-height distributions for the two coincident gamma rays &@nting the response of the detector to gamma rays of these ener-
normalized to one disintegration of the source, then the value§ig§. are available for comparison, Then the count rate in channel
N(E)DE represent the probability of detecting the correspondihfjom the jth component will be;Sand the total count rate in
gamma ray as a count in a given channel of the pu|se_he@pﬂnnel i from the composite is. @f the recorded standards are
spectrum. Pulse-height spectra for the two coincident gamflnormalized to a given disintegration rate from the source, then
rays may be designated as(®) and G (X). one must include a normalizing faqu)rv_vhlch is the ratlo_of the
The probability of detecting gamma 1 in channel a and gami@nsity of component j in the composite to the normalized stan-
2, from the same disintegration, in channel b is the prod@@ds. We may then write:
G,(@)G,(b). This product is then the probability of producing a _ S
pulse in the sum spectrum in channel (a + b). The total contribu- ~ Ci EG,- S;*+9 17)
tion to any channel, c, of the sum spectrum is then the sum of i=1

contributions from all pairs of channels for which a + b = c. Thi§hered represents the error in the count in channel i.
may be expressed in the following manner: If we assume that the only error is the random fluctuation in the

channel count, the principle of least-squaree may be applied. Then

< the sum of the squares of the residdiatan be minimized over
S(c) = E G(). G(c-n). (16) all channels, i.e.,
n=I n
AFORTRAN program has been written which performs this minimize Z (©C; — ZQISH)-’ w;
summation for two, three, or four gamma-ray cascades, using as 1=a Fe=l (18)
input data, calculated spectra from the previously described speitere Wi is the weighting factor.
trum-generation program. One then has a set of linear simultaneous equationg which may

be solved to obtain values for thes. This is most conveniently

One further correction is necessary to obtain the correct done by matrix techniques which can be readily programmed for
tensity for the sum spectrum relative to the cascade gamma rayschine solution. The advantage of this system is that the method
Each pulse that appears in the sum spectrum represents a o€ from subjective error and it provides a method for estimatii-
missing from the pulse-height spectrum of each of the summigghe quality of fit. The disadvantage is that it requires a knowl-
gamma rays. edge of the number of components present in the spectrum to be

As an example of the results of this progr&im, 19 shows analyzed and their energies. This requirement is not as restrictive
the experimental spectrum of two coincident gamma rays togetasiit might seem since the result of initial estimates may be ob-
with the computed coincidence-sum spectrum. Both the shapeved and an iterative method applied. In general, results ob-
and intensity are reproduced with considerable precision. Witined with this method are more satisfactory than those obtained
the addition of this program one now has the capability of comith graphical techniques. A recent version of this program has
puting the pulse-height distribution from gamma rays emitted bgen written which includes the gain-shift progfaiwith this
any radioactive nuclide. This requires only a knowledge of theogram it is possible to iterate with gain of the composite spec-
decay scheme and may be applied in principle to any detectotream as a variable, thus removing one of the most troublesome
experimental arrangement. problems in analyses of this type.

Fig. 57shows a comparison between the experimental pulse
height spectrum of 41-day Pffiand the computed spectrum ob-* L. Salmon, Nucl. Instr. and Meth. 14, 193 (1961).

tained using the programs described above. The computed speg-J- Ferguson, AECL-1398 (1961).

i« = R. L. Heath, “Recent Developments in Scintillation Spectrometry,”
trum was generated from data on the decay scheme of thISI.J]rgceedings of the 8th Scintillation and Solid-State Counter Sym-

clide obtained at this laboratory. This is a complicated case #33iun, IRE Trans. ori Nuclear Science, NS-9, No. 3, 294 (1962).
volving 17 gamma rays with many double and triple cascadesR. G. Helmer, R. L. Heath, D. D. Metcalf, and C. A. Cazer,

All features of both the singles and coincidence sum spectralanear Least-Squares Fitting Prograni for the Analysis of Ganrna-ray
reproduced with high precision. The two spectra above lea@Rectra Including a Gain-shift RoutinéO-17015 (1964).

been displaced on the vertical axis for comparison. With the ex-
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Fig 57 - Comparison of the experimental spectrum obtained from a source of 42-day 8Pm on a 3"x3" detector with a

spectrum calculated using the computer programs described for the generation of gamma-ray shapes, summation spectra,
and a knowledge of the decay scheme of this nuclide.
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.As an example of the application of the progrgig, 58shows place the peaks in the correct position on the standard 10 keV/
the results from the analysis of a complex spectrum containgitannel gain scale.
five components and a total of ten gamma rays. In order to dem-(3) The shape generation program was used to determine
onstrate the precision of the method the five standards were ntlea-detector response of the detector for gamma rays of the ener-
sured individually and then measured together to form the cagies determined above.
posite. The calculated values for the intensity of each component(4) With the generated shapes, the coincidence sum spec-
are tabulated on the figure and compared with intensities obtaitrech was calculated.
from the five components measured separately. Deviations arg5) With the two gamma-ray shapes and the computed sum
less than 2% in all cases, even though the composite spectruspéstrum as components for the fit, the experimédal spec-
quite complex. The residuals resulting from the least,squatresn was analyzed with the linear least-squares procrram.
analysis, in units of R/are shown plotted for each channel atthe From an examination of the residuals, shown at the bottom of
bottom of the figure. The maximum deviation for any point Big. 59, it is concluded that the experimental spectrum is well
seen to be less thaw2 represented by a linear combination of the three calculated com-
As an example of the combined use of these proglem$9 ponents. Intensities obtained for the two gamma rays agreed to
shows the results of a least-squares analysis &fthepectrum. within 1%, in agreement with the published level scheme for this
The procedure followed in this analysis was as follows: nuclide. This result is considered to be a good demonstration of

(1) The energies of the two gamma rays were determirtb@ capabilities of the analysis techniques described above.
by a separate measurement of the Nb source taken simultaneously

with a C4%7source. The positions of the Cs peak and the two Nb
peaks were then determined with the non-linear least-squares pro-

gram described in SectionViII. —1= | :
. . . . . 1 LEAST-SQUARES AMALYEIS
(2) With this information and the known pulse, height vs - : —  oF Wbt sPECTAUM
energy relationship for Nal, the energies of the Nb gamma rays|. > T
. . . sam CumpeanME B 7,
were determined. TH&b spectrum was then gain shifted to . - | e
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Fig. 58 - Example of least-squares analysis of a five-compo- Fig. 59 - Results of least-squares analysis of ~ °Nb spectrum.
nent pulse-height spectrum containing ten gamma The Analysis used calculated shapes for the two
rays. Residuals are shown for each channel. gamma rays and the coincidence sum spectrum. The

residuals are shown plotted at the bottom of the fig-
ure.
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APPENDIX - 11

INTRINSIC EFFICIENCIES FOR Nal DETECTORS




10cm,

EFFICIENCY

A A Mey

ENERGY RANGES

CALCULATED FOR
By 3" Nol (TI} CYLINDER

SOURCE DISTANCE

n
-1
o

Cha.

TOTAL ABSOLUTE

3

no
W

oeiw

(Mey]

&
B
a.a

(=N
0.8

_020 [ a.l. a a
[-T- 1<) L2000 920 0 s2C0
ASNFIOI43 3LMT0SAY  TELleL

T AleThE Ll L R el PF L
Ak -ESE et o ]




APPENDIX - lI

PHOTOPEAK EFFICIENCY AND OTHER DATA

FOR ANALYSIS OF GAMMA-RAY SPECTRA
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TABLE |

Experimental Peak-to-Total Ratios for 3x 3"’ Nal Detector

Point Source

10 cm source distance

3 cm source distance

Isotope Ey (MeV) integration 4By integration
Sct7 0.155 0.960 0.962
Ce130 0.166 0.950
Cr51 0.323 0.820 0.813
Au198 0.4117 0.737
Be? 0.478 0.668 0.657
Cs187 0.6616 0.536 0.532
Nbes 0.766 0.500 0.504
Mn5+ 0.835 0.474 0.464
Znss 1.114 0.395 0.388
Coso 1.382 0.357
Al28 1.78 0.290 0.295
Yss 1.837 0.280
Na24 2.753 0.225
§37 3.13 0.207
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TABLE OF SPECTRA

Element Isotope Half-Life Detector
Beryllium 7 53day 3"x3"-2
Sodium 22 2.6yr 3"x3"-2
24 15hr 3"x3"-2
24 15hr 3"x3"-2
Magnesium 27 9.5 min 3"x3"-2
28 21.3 hr 3"x3"-2
with  A1%8 2.3 min
Aluminum 28 2.3 min 3"x3"-2
29 6.6 min 3"x3"-2
Silicon 31 2.62 hr 3"x3"-2
Phosphorus 32 14.3day 3"x3"-2
Sulfur 37 5.1 min 3"x3"-2
Chlorine 34m 324 min  3"x3"-3
with  C13% 1.6 sec
38 38 min 3"x3"-2
Argon 41 1.83hr 3"x3"-2
Potassium 38 7.7 min 3"x3"-3
38 7.7 min 3"x3"-3
40 1.27x 10%r 3"x3"-2
42 124 hr 3"x3"-2
Calcium a7 4.5 day 3"x3"-2
49 8.7 min 3"x"-2
Scandium 44m 2.4 day 3"x3"-2
with Sc# 4 hr
44m 2.4 day 3"x3"-3
with Sc* 4hr
46 85 day 3"x3"-2
47 3.4 day 3"x3"-2
a7 3.4 day 3"x3" -2
48 l4hr 3"x3"-2
Titanium 44 1.03yr 3"x3"-2
with  Sc* 3.9hr
45 3.08 hr 3"x3"-2
51 5.8 min 3"x3"-2

Energy Scale

1 keV,/PHU(Cs)
1 keV//PHU(Cs)
2 keV,//PHU(Cs)
1 keV//PHU(Cs)

1 keV/PHU(Cs)
2 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
2 keV/PHU(Cs)
2 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
2 keV/PHU(Cs)
1 ke V/IPHU(Cs)
1 keV/PHU(Cs)
1 keV,/’'PHU(Cs)
2 keV/PHUCS)
1 keV/"PHU(Cs)
2 keV/PHU(Cs)
1keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV,PHU(Cs)

1 keV PHU (Cs)

1 keV, PHU(Cs)

1keVPHU(Cs)

Plate Number

4-7-1
11-22-2
11-24-1
11-24-2

12-27-1
12-28(13-28) -1

13-28-2
13-29-1
14-31 -1
15-32-1
16-37-2
17-34m(17-34)-1
17-38-2
18-41 -1
19-38-1
19-38-2
19-40-1

19-42-2

20-47-1
20-49-1

21-44m (21 -44) -1

21-44m(21-44)-2

21-46-1
21-47-1
21-47-2
21-48-2

22-44(21 -44)-|

22-45-1
22-51-1

Method of Production

Li’(p,n)

Na 2¥(n,2n)
Na?3(n,y)
Na?(n,y)

Mg26(n.y)
Mg26(2n.y)

A1?(n,y)
Si#%(n,p)
Si*% (n,y)
P3ltn,y)
S*(n.y)
C1% (y, n)
CPR"(nyy)
A (ny)
K3(y,n)
K39(y,n)
nat.

K™ (n.y)
Ti%(n,a)
Ca*¥(n,y)
Sc*5(y,n)
Sc5(y,n)
Sc*(n,y)
Ti*’(n,p)
Ti*'(n,p)

Ti*%(n,p)

(p.2n)

Ti% (y, n)




Element

Vanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Copper

Zinc

with

with
Gallium

Germanium

Isotope

48
52

49
51
55

52
54
56

53
59

57
57
58
60m
60
61

57
65

61
62
64
66
67

63
65
69m
Zn69
69m
Zn69
67
67
68
70
72
69
75
75
77m
77

Half-Life

1.6 day
3.77 min

4.2 min
27.8 day
3.5 min

5.7 day
314 day
2.58 hr

9 min
4.5 day

267 day
267 day
70 day
10.5 min
5.27 yr
3.3 hr

36.hr
265hr

33hr
9.9 min
129hr
5.1 min
6.1 hr

3.8 min
245 day
14hr
55 min
14 hr
55 min
78 hr
78 hr
68 min
21 min
14.1 hr
40 hr
82 min
8.2 min
54 sec
1.1hr

Detector

3"x3"-2
3"%x3"-2

3"%x3"-2
3"x3"-2
3"x3"-2

3"x3"-2
3"'x3"-2
3"x3"-2

3"x3"-2
3"x3"-2

3"x3"-2
3"x3"-2

3"x 3"-2
3" X 3"-2
3" x 32
3" x 3"-2

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

3" x 3"-3
3"x3"-3
3" x3"-2
3"x3"-2
3" x3"-2

311 X 311_3
3"x3"-2
311 X 311_2

311 X 311 _2

3"x 3" -2
3"x 3" -2
3"x3"-2
3" x 3t"-2
3" x 3"-2
3"x 3"-2
3% 3- 2

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

Energy Scale

1 keV,I/ PHU(Cs)
1 keV/ PHU (Cs)

1 keV/ PHU(Cs)
1keV/i PHU (Cs)
1 keV, PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU@CS)

1 keV,/PHU(Cs)
1 keV/PHU(Cs)

0.5 keV/ PHU(Cs)
0.25 keV ‘PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU (Cs)
1 keV/PHU(Cs)

0.5 keV/PHU(Cs)

1 keV/ PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/"PHU(Cs)
1 keV/PHU(Cs)

1 keV/IPHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

2

Plate Number

23-48-1
23-52-2

24-49-1
24-51 -1
24-55 -1

25-52-1
25-54-2
25 -56-2

26-53-1
26-59-2

27-57-1

27-57-2
27-58-1
27-60m-1
27-60-1
27-61-1

28-57-1
28-65-2

29-61-1
29-62-1
29-64-1
29-66-1
29-67-1

30-63-1
30-65-2
30-69m(30-69)-1

30-69m(30-69)-2

31-67-1
31-67-2
31-68-1
31-70-1
31-72-1
32-69-1
32-75-1
32-75-2
32-77m -1

Method of Production

Ti48(p,n)
Vat(ny)

Cr50(y, n)
Cr3%(n,y)
Cr34(n,y)

Cr%2(p,n)
Cr5(p,n)
Mn®5 (n,y)

Fe>4(y,n)
Fes8(n,y)

Fe5’(p,n)

Fe5(p,n)
Nis8(n,p)
Co*(n,y)
CO%(n,y)
N i%%(n,p)

N %8(y, n)
Ni®4(n,y)

Cu®3(y,2n)
Cuf(y,n)
Cu®¥(n,y)
Cu®®(n,y)
Zn®® (y,p)

Znb4(y,n)
Z nf4(n,y)
Zn%(n,y)

Zn®%8(n,y)

Ga®%(y,2n)
Ga®(y,2n)
Ga®o(y,n)
Gal®®(n,y)
Ga'(ny)
Ge’o(y,n)
Ge™(n,.y)
Ge’(n,y)
Ge(ny)

32-77-1



Gamma-ray Spectrum Catalog
Second Ga70 Spectra


Element

Arsenic

Selenium

with

Bromine

Krypton

Rubidium

Strontium

Strontium

Yttrium

Isotope

72
74
76
77

73
75
75
81lm
Se81

77
80
82

85m
85

84m
86
88
88
89
89
90

85m
85

87m
87m
91
92

86
88
88
90m
91m
91
92
93
94

Half-Life

26 hr
18 day
26.5 hr
39 hr

7.1 hr
120 day
120 day
61 min
1.8 min

58 hr
1.8 min
36 hr

4.4hr
10.4 yr

21 min
18.7 day
18 min
18 min
15 min
15 min
2.9 min

70 min
64day

2.8 hr
2.8 hr
9.7hr
27hr

15hr
1.05 day
105 day
3.14hr
50 min
59 day
3.6 hr
10.1 hr
1.7 min

Detector

3"x3"-2
3'x3"-2
3'x3"-2
3'x3"-2

3"x3"-2
3"x3"-2
3"x3"-2
3"x3"-2

311X3n_ 2
3"x3"- 2
311X3u_ 2

3”X 3”_ 2
3%x 3"-2

3"x 3"-3
3" x3"-2
3"x3"-2
3%x3"-2

3“x 3"-2
3%x3"- 2
3"x3"- 2

3'x3"- 2
3”X3”_ 2

3" x3"-2
3"x 32
3" x3"-2
3"x3"-2

3"x3"-2
3" x3"-2
3"x 3"-2
3" x3"-2
3"x3"-2
3" x3"-2
3"x3"-2
3" x3"-2
3"x3"-2

Energy Scale

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHUICs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/"PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
2 keV/PHU(Cs)
1 keV/PHU(Cs)
2 keV/PHU(Cs)
2 keV/PHU(Cs)

0.5keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
2 keV/PHU(Cs)
1 keV//PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
4 keV/PHU

Plate Number Method of Production

33-72-1 Ge’2(p,n)
33-74-1 AS5(y,n)
33-76-2 As’5(n,y)
33-77-2 Ge™8(n,y,B)
34-73-1 Se74(y,n)
34-75-1 Se’(n,y)
34-75-2 Se™4(n,y)
34-81m(34-81) Se®o(n,y)
35-77-1 Br79(y,2n)
35-80-1 Bro(n,y)
35-82-1 Brél(n,y)
36-85m-1 Kré4(n,y)
36-85-1 Kré4(n,y)
37-84m-1 RbE5(y,n)
37-86-1 Rb85(n,Y)
37-88-1 Rb87(n,y)
37-88-2 Rb87(n,y)
37-89-1 uz35(n,f)
37-89-2 U235(n,f)
37-90-1 uz35(n,f)
38-85m-1 Sré4(n,y)
38-85-2 Rb85(p,n)
38-87m-1 Sr8é(n,y)
38-87m-2 Sr86(n,y)
38-91-2 U23s(n,f)
38-92-1 U235(n,f)
39-86-1 Sré(p,n)
39-88-1 Sr88(p,n)
39-88-2 Sr88(p,n)
39-90m-1 Zr(n,p)
39-91m -2 U235(n,f)
39-91-2 U2s(n,f)
39-92-1 U235(n,f)
39-93-1 U235(n,f)
39-94-1 U235(n,f)




Element

Zirconium

with Nb%

with  NbUra

with Nbl17
Niobium

Molybdenum

with

Technecium
with

Ruthenium

with
Rhodium

with

Palladium

Silver

Isotope

89m
89
95
95

97
60
97
74
92
94m
94
95
97m
97

91
99
99
TC99m
101
95m
TCQS
95
96
99
101

95

97
103
105
106
RthG
101m
104m
Ru104
105m

109

105
106m
106
108m
108

Half-Life

Detector
4.4 min 3"x3"-3
79 hr 3"x3"- 3
65 day 3"x3"-2
65 day 3"x3"-2
35 day
1.7 hr 3"x3"-2
sec
1.7 hr 3"x 3"-2
min
10 day 3"x 3"-2
6.6 min 3"x3"-2
2x10yr 3"x3"-2
35 day 3"x 3"-2
60 sec 3"x3"-2
74 min 3"x3"-2
16 min 3"x3"-2
66 hr 3"x3"-2
66 hr 3"x3"-2
6 hr
146 min  3"x3"-2
60 day 3"x 3"-2
20 hr
20 hr 3" x 3"-3
4.3 day 3"x3"-2
2.1 x10%r 3"x3"-2
14 min 3"x3"-2
1.7 hr 3"x3"-3
2.9 day 3x3"-2
40 day 3"x3"-2
4.45 hr 3"x3"-2
1.0yr 3"x3"-2
30 sec
4.7 day 3"x3"-2
4.4 min 3"x3"-2
42 sec
42sec 3"x3"-2
136hr 3"x3"-2
40 day 3"x3"-2
8.3 day 3"x3"-2
24 min 3"%x3"-3
>5yr 3'x3" -2
2.4 min 3"x3"-2

Energy Scale

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)

1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU
1 keV/PHU(Cs)

1 keV/IPHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/'PHU(Cs)
1 keV//PHU(Cs)

1 keV,/PHU(Cs)
1 keV//PHU(Cs)
1 keV,/PHU(Cs)
1 keV,//[PHU(Cs)
1 keV//PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU

0.5 keV/PHU

0.5 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/IPHU(Cs)
| keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

4

Plate Number

40-89m-1
40-89-1
40-95-2
40-95(41-95)-2

40-97-2

40-97(41-97)-

41 -92-1
41-94m-|
41-94-2
41 -95-2
41-97m-1
41-97-1

42-91-1
42-99-1
42-99(43-99m)-|

42-101 -1
43-95m(43-95)-|

43-95-1
43-96-1
43 -99-1
43-101-1

44-95-1

44-97-1

44-103-1
44-105-1
44-106(45-1 06)-3

45-101m-1
45-104m-1

45-105m-1
46-109-1
47-105-1
47-106m-1

47-106-1
47-108m-1

Method of Production

Zr%(y,n)
Zr%(y,n)
U235(n ’f)
U235(n, f)

Zr%(n.y)
Zro(n.y)

Nb?3(y,n)
Nb%(n,y)
Nb%(n,y)
U235(n’f)
Zro%(n,y,B)
Zrf'6(n,y,B)

Mo%2(y,n)
Mo%(n,y)
Ma%8(n,y)

Mo'%(n,y)
Ru%(y,n,K)

Ru%(y,n,K)
Mo®%(p,n)
u235(n, f)
Mo%(n,y,)

Ru%(y,n)
Ru%(n,y)
Ru102(n,y)
Rulo“(n,y)
U235(n,f)

Rh!%3(y,2n)

Rut%4(n,y,B)
Pd108(n,y)
Agt(y,2n)
Agl7(y,n)

Ago7(y,n)
Agt7(n,y)

47-108-1 PAYo dd ( 1BY)




Element

Silver

Cadmium

with

Indium

with

Tin
with

Antimony

with

Tellurium

with
lodine

Isotope

110m
110
111

109
115m
115
|n115m
111
112m
In 112
113m
114m
115m
116m
113
|n113
125m
125

120m
120
122m
122
124
125
TelZSm
125
129

125m
132
132
|132
124
126
128
130
131
132
133
134
135

Half-Life

250 day
24 sec
7.5 day

1.3yr
43 day
2.3 day
4.5 hr
2.8 day
21 min
14 min
1.7 hr
49 day
4.5 hr
54 min
118 day
1.7 hr
9.7 min
9.4 day

5.8 day
1.6 min
3.4 min
2.8 day
60 day
2.7yr
58 day
2.7yr
4.2 hr

58 day
78 hr
78 hr
2.3hr
4.5 day
13.2 day
25 min
12.5hr
8 day
2.3 hr
20.8 hr
5.3 min
6.7 hr

Detector

3"x3”-2
3"X3"-2
3"x3"-2

3" x3"-2
3"x3"-3
3" x3"-2

3" x3"-2
3"x3"-3

3" x 3"-2
3" x 32
3" X 3"-2
3" x 32
3"x 3"-2

3"x3"-2
3" x3"-2

3" x 3"-2
3"x3" -2
3" x3"-2
3" X 3"-2
3" x 3"-2
3" X 3-2

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

3" x 3"-2
3" x3"-2
311 X 311_2

3" x3"-2
3" x3"-2
3" x3"-2
3"x3"-2
3"x3"-2
3"x3"-2
3" x 3"-2
3"x3"-2
3"x3"-2

Energy Scale

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/IPHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/IPHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/’PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/'PHU(Cs)
1 keV/PHU(Cs)
1 keV,/PHU(Cs)

1 keV/PHU(Cs)
2 keV/PHU

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

2 keV/PHU

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/'PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

Plate Number

47-110m -2
47-110-1
47-111-1

48-1 09-1
48-115m-1
48-115(49-115m)-2

49-111-1
49-11 2m(49-11 2)-|

49-113m-1
49-114m- 1
49-115m-2
49-116m-1
50-113(49-113m)- |

50-125m-1
50-125-1

51-120m-1
51-120-1
51-122m-1
51-122-2
51-124-2
51-125(52-125m)- |

51-125-2
51-129-1

52-125m-1
52-132-1
52-132(53-132) -1

53-124-1
53-126-1
53-128-1
53-130-1
53-131-2
53-132-2
53-133-2
53-134-1
53-135-1

Method of Production

Agl®(n,y)
Ag'%®(n,y)
Pdo(n,y,)

Cd'%(n.y)
Cdii(ny)
cdli(ny)

IN113(y,2n)
Int3(y,n)

Sntt(n,y.p)
1n113(n,y)
Cd'*i(n,y,p)
In115(n,y)
Snli2(n,y)

Sn124(n,y)
U235(n’f)

SblZl(y, n)
SblZl(y,n)
Sb121(n,y)
Sb121(n,y)
SblZS(n,y)
u235(n, f)

U235(n,f)
U235(n,f)

Te124(n,y)
U235(n,f)
U235(n,f)

Tel24(p,n)
|127(y1n)
|127(n’y)
Tel30(p’n)
U235(n,f)
uzs(n,f)
U235(n,f)
u235(n, f)
U235(n,f)




Element

Xenon

Cesium

Cesium

Barium
Bal30(n’y)

with

Lanthanum

Cerium

with

Isotope

125
133
135

132
134m
134m
134

136
137
138
139

131

133
133
139
140
140
Lal41

136
140
142

139
139
141
141
143
143
144
prlas

Praseodymium 139

Neodymium

142
143
145

141
147

Half-Life

1.8 hr
5.3 day
9.2hr

6.5 day
2.9 hr
29hr
21yr

1.3 day
30 yr

32 min
9.5 min

11.5day

7.5yr
7.5yr

83 min
12.8 day
1 2.8 day
40 hr

9.5 min
40.2 hr
87 min

140 day
140 day
32.5 day
32.5 day
3.3hr
3.3hr
284 day
17 min

4.5 hr
19.2 hr
13.7 day
59hr

24hr
11.1 day

Detector

3"x 3"-2
3" X 3"-2
3” X 3”_2

3'x 3" -2
3" x 3"-2
3°x 32
3" x 3"-2

VXV-2
VXV-2
TIx3tf-2
Tfx3r’-2

3pfx3ft-2

31fx3o0l-2
3ftx3If -2
TfAlt-2

3" x3" -2

3I'x3"-2

3" x 3"-3
3”X 3 11_2
3"x3"-2

3" 3" -2
3'x 3" -2
3"x3.%-2
3"x3"-2
3"x3"-2
3'x3" -2
3"x 32

3"x3"-3
3"x3*-2
3"x3"-2
3"x3"-2

3" x 3"-3
311 X 311_ 2

Energy Scale

0.5 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/IPHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV /PHU(Cs)

1 keVI'PHU(Cs)
1 keV/PHU(Cs)
4 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/ PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/IPHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)

Plate Number

54-125-1
54-133-1
54-135-1

55-132-1
55-134m-1
55-134m-2
55-134-1

55-136-1
55-137-1
55-138-1
55-139-1

56-133 -1
56-133 -2
56-139 -1
56-140-1
56-140(57-140)-2

57 -136-1
57 -140-1
57-142-2

58 -139-1
58 -139 -2
58 -141 -1
58 -141 -2
58-143 -1
58 -143 -2
58 -144(59-144)-1

59-139-1
59-142-1
59-143-1
59-145-1

60-1411
60-147-1

Method of Production

Xel24(n,y)
U235(n, f)
U235(n, f)

Cs33(y.n)
C5133(n,y)
Cs'33(n,y)
C3133(n,y)

U235(n, f)
U235(n, f)
U235(n, f)
U235(n, f)

56-131-1

Ba'®*(n,y)
Bal32(ny)
B al38(n,y)
U235 (n,f)
u2s(n,f)

La '¥¥(n,3n)
La139(n,y)
U235(n,f)

La139(p’n)
La 139(p,n)
Ce 140 (n,y)
Cel40(n,y)
Ce 142 (n'y)
Ce142(n,y)
U235(n,f)

P r14(y,2 n)
Pr14l(n,y)
Cel*?(n,,y,B)
U235(n,f)

Nd14 2(y, n)
Ndl46(n,y)




Element

Neodymium

Promethium

Samarium

Europium

Gadolinium

Terbium

Dysprosium

Holmium

Erbium
Thulium

Ytterbium

Lutetium

Hafnium

Isotope

147
149
151
147
148m
148
151
153
155
152m
155
156
157
153
159
159
161

160

165m
165

164
166m
166
171
168
170
171

16Q
175

176m
177

173
173
175
175
179m
180m
181

11.1 day
1.9 hr
1.2 min
25yr
41 day
5.4 day
28.4 hr
46.7 hr
25 min
9.3hr
1.7yr
1.5 day
15 hr
200 day
18 hr
18 hr
3.7 min

73 day

75 sec
2.3 hr

37 min
1.03 yr
27 hr
7.5 hr
85 day
127 day
1.9yr

32 day
4.2 day

3.7 hr
6.8 day

24 hr
24hr
7.0 day
70 day
1.9 sec
55hr
43 day

Half-Life Detector

3"x3"- 2

3" x3"-2
3"x3" -2
3"x3"-2
3"x 3% 2
3"%x3"-2

3"x3"-2
3" x3"-2
3"x3"-2
3" x3"-2
3"x 3"-2
3" x 3"-2
3"x3"-2

3"%x3"-2

3"x 32
3" x 3"-2
3" x3"-2

3"x 3"-2

3"x3"-2
3"x 3" -2

3"x3f"-3

3"x3"-2
3" x 3"-2
3"x3"-2
3" x3"-2
3"x3"-2
3" x3"-2

3x3"-2
3"x3"-2

3" x3"-2
3"x 3"-2

3" x3"-3
3"x3"-2
3" x 3"-2
3" x3"-2
3" x3"-2
3"x 3"-2
3" x3"-2

Energy Scale

0.5 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV./PHU(Cs)
1 keV/'PHU(Cs)
1 keVI'PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU (Cs)
0.5 keV/PHU

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV /PHU

1 keV/ PHU(Cs)

1 keV/ PHU (Cs)
1 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)
0.5 keV/'PHU(Cs)

0.5 keV/'PHU(Cs)
0.5 keV/ PHU(Cs)

0.5 keV/PHU(Cs)
0.5 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
| keV PHU(Cs)
0.5 keV/PHU(Cs)
| keV/PHU(Cs)
| keV/PHU(Cs)
| keV/IPHU(Cs)

7

Plate Number

60-147-2
60-1 49-1
60-151-1
61-147-1

61-148m(61-148) -1

61-148 -1
61-151-1
62-153 -1
62-155-1
63-152m-1
63-155-1
63-156 -1
63-157-1
64-153 -1
64-159 -1
64-159-2
64-161 -1

65-160-2

66-165m-1
66-165-1

67-164-1
67-166m-1
67-166-1
68-171-1
69-168-1
69-170-1
69-171-1

70-169-1
70-175-1

71-176m-1
71-177-1

72-173-1
72-173-2
72-175-1
72 -175-2
72-179m-1
72-180m-1
72-81-1

Method of Production

Nd146(n,y)
Nd148(n,y)
NdlSO(n,y)
Nd'6(n,y,B)
Sm148(n,p)
Sm148(n,p)
Nd™°(n,,y,B)
SmlSZ(n,y)
Sm154(n,y)
Eu151(n,y)
U235(I’l,f)
Sm*>i(n,y,B,n,y)
U235(n,f)
Gads2(n,y)
Gd8(n,y)
Gd158(n,)
Gaeo(n,y)

Tbi%%(n,y)

Dy*%4(n,y)
Dy %4(n,y)

H0155(y,n)
H0160(n,y)
H0165(n ,Y)
Er170(n,y)
TmlGQ(y, n)
Tml69(n,y)
Tm*%(n,y.n.y)

Yb158(n,y)
Yb'" (n,y)

W(n,y)
Lu176(n .Y)

H f17%(n.y)
H f174(ny)
Hf174(n,y)
Hf174(n,y)
Hf178(n,y)
Hf9(n,y)

Tudler | vl




Element

Tantalum

Wolfram
(Tungsten)
Rhenium

Osmium

Iridium

Platinum

Gold

Mercury
with

Thallium

Lead

Bismuth

Isotope

180m
182m
182
183

187

188m
188

185
191
193

192
194

195m
197
199

196
198
199
199
197m
Hgle?
197
203
203

202
204
208

203
204m
207m
212

205
207
212

Half-Life

8.1 hr

1.6 min
115 day
5.2 day

24 hr

18.7 min
1.7hr

94 day
1.5 day
32 hr

74 day
1.9hr

4.1 day
20hr
3.0 min

6.1 day
64.8 hr
3.2 day
3.2 day
2.4 hr
6.5 hr
6.5 hr
4.7 day
4.7 day

1.2 day
39yr
3.1 min

52hr
67 min
0.8 sec
10.6 hr

15 day
28 yr
60 min

Detector

3"x3"5
3" x 3"-2
3" x 3"-2
3"x3"-2

311 X 311_2

317 X 317_2
3"x 3"-2

3II X 3!!_2
3” X 317-2
3"x 3"-2

3"x3"-2
3” X 3"-2

3" x 3"-2
3"x 3"-2
3" X 311-2

3" x 32
3"x 3"-2
3" x 3"-2
3"x 3"-2
3" x 3"-2

3" x3"-2
3" x3"-2
311 X 317_2

311 X 311_2
3"x3"-2
311 X 311_2

3" x3"-2
3"x3"-2
3"x3"-5
3"x3"-2

3" x3"-2
3” X 317-2
3" x3"-2

Energy Scale

0.5 keV/PHU(Cs)
0.5 keV/PHU

1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU (Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV// PHU (Cs)
1 keV,//PHU(Cs)

0.5 keV/ PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV /PHUICs)
1 keV/PHU(Cs)
0,5 keV/PHU(Cs)
0.5 keV/PHU(Cs)

0.5 keV/PHU(Cs)
1 keV/PHU(Cs)
0.5 keV/PHU(Cs)

1 keV/"PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/'PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

1 keV/PHU(Cs)
1 keV/PHU(Cs)
1 keV/PHU(Cs)

Plate Number

Method of Production

73-180m-1 Ta 18%(y, n)
73-182m-1 Ta®(n,y)
73-182-1 Ta'8l(n,y)
73-183-1 Tal®l(2n.y)
74-187-1 W88(n,y)
75-188m -1 Re'®’(n,y)
75-188-1 Re'®(n,y)
76-185-1 Os'®4(n,y)
76-191-1 0Osn,y)
76-193-1 0s'%(n,y)
77-192-1 Irt%(n,y)
77-194-1 Ir193(n,y)
78-195m-1 Pti%(n,y)
78-197-1 PtL%(n,y)
78-199-1 Pt1%8(n,y)
79-196-1 AU (y, n)
79-198-1 Au'®’(n,y)
79-199-1 Pt198(ny,fl)
79-199-2 PtL%(n,y,B)
80-197m(80-197)-1  Hg'(n,y,B)
80-97-1 Hg'%(n.y)
80-203-1 H9 202(ny)
80-203-2 H9 202(n,y)
81-202-1 T1 203 (y, n)
81-204-1 TR3(n,y)
81-208-1 Th??8decay
82-203-1 Pb2%4(y,n)
82-204m-1 Pb2%4(y,y)
82-207m-1 Pb20%(y,n)
82-212-1 Th??8decay
83-205-2 Pb2%%(p,2n)
83-207-2 Pb2Y7(p,n)
83-212-1 Th??8decay




Element Isotope

Radium 226
with daughters
Thorium 228
with daughters
228
with daughters

232
with daughters

Protactinium 231
233
233

Uranium 235
237
239

Uranium ore
Neptunium 239

Half-Life Detector
1620yrs  3"x3"-2
1.91yr 3"x3"-2
1.91yr 3"x3"-2

1.4x 10%yr 3"x 3"-2

34,000yr 3"x3"-2
27 day 3"x 3"-2
27 day 3" x3"-2

1.1 x 101yr3" x 3"-2

6.7 day 3" x3"-2
235min  3"x3"-2

3"x3"-2
235day 3"x3"-2

Energy Scale

2 keV/PHU(Cs)

1 keV/PHU(Cs)

2 keV/PHU(Cs)

1 keV/PHU(Cs)

| keV/PHU(Cs)
0.5 keV/PHU(Cs)
1 keV/PHU(Cs)

0.5 keV/PHU(Cs)
0.5 keV/PHU(Cs)
0.5 keV//PHU(Cs)

2 keV/PHU
0.5 keV/PHU(Cs)

Plate Number

88-226-1

90-228-1

90-228-2

90-232-1

91-231-1
91-233-1
91-233-2

92-235-1
92-237-1
92-239-1

92-(ore)-I
93-239-2

Method of Production

nat.
Th decay

Th decay

nat.

nat.
Th?%i(n,y,p)
Th?%%(n,y,B)

not.
Pu?*! decay
U238(n,y)

nat.
UZ3(n,y,B)
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53.29 Day 'Be Decay Scheme [C]

53.29(7) day
EC 3/2-:T=1/2__ 0
ZBe
Q=861.815
10.52%
1/2- 477.612

<477.603(2) 10.5(2)

89.48%
stable 3/2 v 0
77 *
g Li
04-07-1
GAMMA-RAY ENERGIES AND INTENSITIES
Nuclide Be Half Life  53.29(7) day
Detector 3"x3"-2 Nal Method of Production: Li’(p,n)
E, (Kev)s]| AE, | (rel) | (%)[E] Al, S
511.006 100 170 +1.0 1
1274.537] £0.008 62.2 99.94 +001] 1




2.6019Yr. 2Na [C]

?’Na Decay Scheme

11-22-1
2.6019(4) yr.
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E. C. . 29 N 9 GAMMA-RAY ENERGIES AND INTENSITIES
a
Q =2842.1 11 Nuclide #Na Half Life ~ 2.6019(4) yr.
9.962% Detector 3"X 3" -2Nal  Method of Production:Na? (n, 2n)
2+ 1274.542
E,(ev |2, e [ 1,%) a, s
<1274.537(7) 99.944(5) £11006 100 70 10 )
0+ of 0% 1274537 | 0008 | 622 9094 | +001 | 1
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CAUHANNEL

14.965 Hr. 2*Na [C]

24Na Decay Scheme

11-24-1

14.959 (1) hr.
4 0

GAMMA-RAY ENERGIES AND INTENSITIES

N(E} <E
(3]

Q=5515.79
5235.20 Nuclide 2*Na Half Life  14.96(1) hr.
<3866.19(5) 0.052(4) Detector 3" X 3" Nal-2 Method of Production:Na®(n,y)
\<996.82(5) 0.0014(2)
4238.36
4122.874
\ E, (KeV)[S] AE, I (rel) | 1(%)[E] Al S
<4F37.96(6) 0.0011(2) oe od o7 7
<2869.50(5) 0.0003(1) ann. | 511006 3
SE 857.43 £0.2 4
<2754008(11) 9994(4) 1368.626 | +0.005 100 99.99 +0.01 1
DE 1732.17 +0.13 1
1368.675 SE 2243.00 +0.18 2
2754.007 | £0.01 98.6 99.87 +0.02 1
<1368.625(5) 100(1) DE 2844.1 +0.2 4
SE 3355.1 £0.3 4
o 0 e 3867.5 | 0.3 007 | 0056 | 001 | 2
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9.46(1) min. ?’Mg Decay Scheme

9.46(1)min.
1/2+ 0

1505 29.0 Q=2610.32

71.0%

1765 3/2+ 1014.45

2+ _| [170.51(8) 0.8(1) aa7s
1014.28(8) 28.0(4)
/ l843.76(8) 71.8(4)
5/2+ 0
57 Al stable
13

GAMMA-RAY ENERGIES AND INTENSITIES

Nuclide Mg Half Life  9.46(1) min.

Detector 3"x 3"-2 Nal Method of Production: Mg?(n,y)
E,(eV)SI| AE, | Ifrel) | LOOE | A, | S
170.69 + 0.02 1.1 0.8 +0.1 3
843.76 + 0.03 100 71.8 +04 1
1014.44 | + 0.04 39 28.0 +04 1
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