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INTRODUCTION 

~fuen one Nishes to determine the constituents of a sample, he has 

the task of choosing an applicable method from a great many possibilities. 

There are mar:.y choices including spectrographic techniques, I!lc>.ss 

spec.troscopy, a host of chemical methods (gravimetric tests, colorimetric 

tests, and many other chemica1 determinations), and, as will be 

discussed in this work, neutron activation analysis. One ~ould like 

the analysis to be accurate, precise, nondestructive, fast~ and 

universally applicable. While no single procedure can satisfy all the 

above requirer.1ents, many of the above methods are flexible, useful, and 

are widely emp1-oyed. 

Over the past 30 years, from its beginning(S) not long after the 

discovery of the neutron, activation analysis has progressed to the 

point of being close to satisfying most of the above criteria. The 

techni.que is well .suited for a wide variety of elements, because of its 

sensitivity which is often much higher than any other method) by an 

order of magnitud~ or r:1.ore. For elements for whi.ch the sensitivity to 

neutron activation analysis is low, quantities in the 1-10 µg region 

may be determined. For ultra-sensitive elements the range can be as 

-6 -7 low as 10 to 10 µg. The detection level for a median sensiU.vi t:{ 

element would be about 0.001 µg. Some 75 eleIT'.encs may be detecte-:d iP.. 

h . f f 1 · . . . (l) t e inter en:once- r~e . rnnts giver:. aoove . li'hile £:ach experimental 

facility would have its 01,rr.. limitation., due to the locally c:LVailable 

neutron source and ce>unting equi-pm2nt, thr, results qt,oted abo·,1e 

provide a"'.1 indication of ~he extrenie usefulness of the r1eut:co11 

l 
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activation analysis technique. 

In this technique, the constituents of a sample are inferred from 

the characteristics of the induced radiation emitted by the product 

nuclei formed upon bombarding the sample with neutrons. The data to be 

analyzed usually consist of spectra, accumulated in a storage unit such 

as a multichannel analyzer, which represent the number of detected events 

as a function of energy deposited in a detector. This detector is 

usually either a Nal(Tl) scintillation crystal mounted on a photo-

multiplier tube or a solid-state device such as a lithium drifted 

germanium diode. In a typical system, the data are stored in 200 or 

more channels in the storage unit. In most cases, the analysis is based 

on the recognition of photoelectric events within the detector resulting 

from gamma rays from the sample since these correspond to definite peaks 

in the data. Other types of interactions result in broader and less 

identifiable features in the accumulated data. Analysis of the data 

can be done by hand but, if a·large number of spectra, which sometimes 

are necessary for analysis of a single sample, are involved, it is 

obvious that this method quickly becomes unreasonable. Large numbers of 

computer programs have been written which would permit ready analysis 

of large numbers of spectra. Most of these programs have an inherent fault 

in that virtually all of them presuppose a knowledge of the constituents 

and compare the data for an "unknown" sample with the proper spectra for 

the expected constituents. Obviously, if the proper constituents for 

comparison are not chosen, then all of the elements present within a 

specimen will not be identified, ~nd in the case of many of these 

programs, a component of the sample specimen will be erroneously identified. 
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Thus, ideally, it would be desirable to have every conceivable 

standard spectrtnn stored in onets computer and available for comparison. 

In certain simple cases where repeated measurements on similar samples 

are involved with only a few possible contributors to the data, such as 

in many industrial applications(3 , 4) such an approach is quite feasible 

and is widely employed. In general, however, such an approach will 

lead to an enormous, unwieldy library. 

In an effort to reduce the size of the needed library, a completely 

different approach was tried by Robins et al. (22 ) They assumed that 

any complex gannna ray spectrtnn resulting from several gammas from the 

sample was made up of the superposition of the effects caused by the 

individual gammas present. Thus, instead of a large library of all 

possible isotopic spectra, it should in theory be possible to store a 

library of the response of the detector system to monoenergetic gammas 

and build up a composite from these spectra for any more complex spectrum. 

Fortunately, the response of the detector to gammas of different energy 

is not a strong function of energy so that it is not necessary to have 

a library monoenergetic gamma of precisely the same energy as another 

for the comparison to be possible. Robins et al. showed that, over the 

gamma energy range of about 0.2 - 3.1 meV, approximately 30 

monoenergetic gamma spectra were sufficient to satisfactorily fit any 

gamma ray in this energy region. With few exceptions, the presence of a 

given element for which neutron a.ctivation analysis is suitable, can be 

ascertained by the presence of a gamma in this energy range. 

Although the concept of a relatively small library of monoenergetic 

gammas was adequ2tely demonstrated, there were two major deficiencies in 
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the original program. The form of the program required nearly perfect 

data to function and no quantitative results were provided. It is the 

purpose of this work to remedy both deficiencies. 

Numerous specific uses for neutron activation analysis have appeared 

in the literature; for example, references 12, 13, and 14 are 

representative of the current literature. Selected lists of references 

are avai.lable(9 ,lO) as well as textbooks and handbooks(6 , 7,S,l6). 

There is even an excellent introduction at the popular level(Z). 
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Systematics and Criteria 

The target may be irradiated using either thermal or fast neutrons 

and the induced radiation may differ markedly because the specific 

reaction involved could depend on the incident neutron energy. However, 

for the moment, let us restrict our concern to the analysis of the 

induced radiation after the activation without regard to the original 

mechanism by which it was produced. It will be necessary to consider 

this factor when identification of a specific precurser is required, 

but most of the program does not depend in any way on the manner in 

which the activity arose in the sample. 

A simple detector system is shown in Figure 1 and consists of a 

detector which transforms the energy of the incident gamma into an 

analagous voltage or current pulse, an amplifier (which may include a 

preamplifier) to increase the amplitude of the signal and a storage 

unit. The latter is usually a small fixed-program computer with an 

analogue to digital converter in the input which digitizes the analogue 

pulse and stores it in a memory location appropriate to the size of the 

pulse. The spectra referred to earlier represent the cumulative storage 

of thousands of such pulses representing the decay and detection of the 

emitted radiations of thousands of individual nuclei in the sample. 

Each of the components of the counting system affect the stored 

data in different ways. Although lithium drifted detectors are rapidly 

coming into favor, (l7) their low sensitivity relative to NaI(Tl) detectors 

usually reduces the sensitivity of the method by an order of magnitude 

or more. Thus, we will restrict ourselves in the remainder of this 
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section to consideration of a NaI(Tl) detector system. 

The interaction of a gamma ray with the detector crystal results 

in light be~ng emitted which then results in a response by the 

photomultiplier tube to which the crystal is attached. Because of the 

nature of the interaction, the detector introduces a considerable 

spread in the resulting pulses for a specific process occurring in the 

crystal. For example, in a typical system interactions of 0.662 meV 

gammas from 137cs which leads to a photoelectric event results not in a 

single line in a spectrum but rather a Gaussian shaped distribution with 

a half width of 6-7% of the photon energy. Not all the interactions 

are photoelectric events, however, and the resulting spectrum is even 

more complex than this single broadened line(ll). 

Each of the other components affect the resulting stored data, 

although none as drastically as the detector itself. For example, very 

high counting rates result in the gain of the photomultiplier shifting 

relative to that at low counting rates. The multichannel analyzer 

requires a finite time to store a single event and will not record all the 

data when it arrives too rapidly. The resolving time of the system is 

finite and when pulses arrive at such a rate that more than one pulse 

falls within the resolving time of the detector, the photomultiplier or 

the amplifier, they are treated as a single pulse with a consequent 

distortion of the stored data. Thus, a compromise is necessary between 

the desire for a high counting rate so that data may be acquired rapidly 

and the errors introduced by too rapid a counting rate. It has been 

determined that little error is introduced by the remaining components 

in the system if the analyzer in use in the V.P.I. system does not 
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exhibit a dead or busy time greater than about 10%. 

If we refer to Figure 2, we see the stored spectrum for a radio-
28 active sample of Al made by the capture of a neutron in natural 

aluminum. This is a monoenergetic gamma emitter and was used in 

compilation of the library spectra. It exhibits all of the features 

to be expected in a single gamma spectrrnn. The peak at the upper 

end (channel 172) corresponds to a photoelectric interaction of the 

1.78 meV 28Al gamma. The full width at half-maximum of the distribution 

is about 5%. Earlier, it was mentioned that for a similar peak at 

0.662 meV, a typical system would have a width of about 7%. The 

resolution of a system does improve with increasing energy and, 

conversely, becomes much worse at very low energy. Over the range just 

mentioned it can be seen that the resolution does not change rapidly with 

energy. Hence, shifting a photopeak a few channels (in order to make 

one spectrum match another) would not appreciably distort the shape of 

the peak. It is also found that if one fits a Gaussian distribution to 

the photopeak, that it is a good approximation to the peak and could be 

employed to represent it. 

Below the photopeak area, a broad general plateau (ignoring small 

bumps) exists due to Compton scattering of the incident gammas. The 

cross section for this process peaks at forward scattering of the target 

electron so that this distribution reaches a maximum at its highest 

energy. The nllllber of scattered gammas due to the forward scattered 

electrons are also maximized and the scattered gammas retain the 

minimum amount of energy possible. Thus, these gammas scattered at 
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180° with respect to the incident gamma give rise to a 'ri,ack-scatter11 

peak in the distribution, 

For a gamma above 1.02 meV, pair production is possible. Thus, we 

have events associated with this process. The two escape peaks in 

the figure correspond to escape of either one or both of the annihilation 

gammas created when the positron combines with an electron in the detector 

crystal. The annihilation peak is the 0.511 gamma caused by the detection 

of one of the two annihilation gammas resulting from an interaction in 

the surrounding structure. 

A similar distribution would be found for any monoenergetic gamma 

and the library consists of a compilation of approximately 30 of these 

distributions concentrated in the first 100 channels. Above this 

point, the number of gammas occuring in samples becomes fewer and the 

library distributions are selected to reflect this fact. However, 

the relative size and shape of the various components vary with energy. 

As already indicated, the pair-production process only occurs above 

1.02 meV and is actually not important until well above this minimum 

energy. 

The cross section for a photoelectric event increases rapidly with 

decreasing energy as shown later in the section on quantitative 

measurements while the cross section for a Compton event increases much 

more slowly. The result of the combined variation of these two factors 

is that the ratio of the area under the photopeak to the total number 

of events in the spectrum varies from 12% at the high energy end of 

the spectrum to nearly 75% at the low end. Since there are 200 data 

. (19) channels in the present system, this corresponds to approximately a 
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variation of approximately only 0.3% per channel. As will be discussed 

in the section dealing with the actual program, a shift of a library 

spectrum is limited to a maximum of 2 channels and in the huge majority 

of cases, the shift will be much less. Actual tests, performed by 

Robins et al. who checked the senstivity of the system to the variables 

affecting the shape of the distributions, using shifts of the magnitude 

just cited, show that the major variation in the photofraction data is 

due to the lowest channels. Since the program is expected to perform 

poorly in these channels and is usually restricted to gammas above about 

200 keV, the variation in the shapes of nearby peaks is actually expected 

to be even less than would be indicated by the photofraction data cited 

above. 

Another way of appreciating the degree of variation to be expected 

between a shifted peak and an actual peak at the same location is to 

compare the resolution of the system and the energy differential 

corresponding to the shift. The calibration of the system is such 

that one channel represents an energy spread of about 15 keV so that the 

maximum shift permitted is about 30 keV. The system resolution is generally 

larger than this. At the two energies cited earlier, 0.662 for 137cs and 

1.78 meV for 28Al the actual energy resolution of the system is 47 keV 

and 90 keV respectively. Thus, the maximum shift is within the range 

where the system could readily distinguish between the two garmnas. 

Not all the monoenergetic gammas employed were obtained directly 

by activation of a specific target nuclide, but were obtained by inter-

polation between two close measured gammas. An examination of the 

interpolation routine was carried out by interpolating a gamma for which 
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an actual one was available for comparison. Even when the two gammas 

employed for interpolation were 15 to 20 channels apart, errors of total 

areas and peak areas were on the order of 1%, with again the largest error 

at the bottom of the Compton distribution. This again, indirectly, serves 

to substantiate the contention that small shifts of a library spectrum to 

match an actual photopeak leads to negligibly small errors. 

The data were smoothed prior to an analysis using a Gaussian 

filtering technique which essentially examined all the data in the region 

of a data point to ascertain whether a deviation from the surrounding 

data points was real or not, and if due only to statistical fluctuations, 

reduced the deviation. This step is not altogether necessary but does 

serve to reduce to an extent the number of false low statistics peaks 

to be analyzed. In order to further eliminate the number of low 

count rate apparent peaks which the program might try to analyze, a 

minimum count rate test was included. The level of this criteria can 

be varied such that the level is small compared to the average data. 

Normally, an arbitrarily selected value of 100 counts/channel is employed 

which has proven generally satisfactory. 

One of the most serious problems associated with the spectrum 

stripping technique is the matching of the exact centroids of the 

library photopeaks and the photopeak being examined. The areas between 

the points on either side of the photopeaks corresponding to half-maximum 

are least square fitted to a Gaussian distribution as indicated earlier. 

The centroids of both the library photopeak and specimen peaks are 

matched to within a tenth of a channel. A looser criteria was found 

to result in areas on either side of the center of the specimen gamma 
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where the peak was either under or over subtracted and in extreme cases, 

the program could attempt to analyze the under subtracted points as an 

additional peak. 

It was found that properly matching the photopeak areas and then 

subtracting the entire distribution is adequate and normally leaves a 

nearly random number of positive and negative residuals. If the library 

peak is shifted downward, then, because the photofraction for the library 

gamma is lower than it should be, a few more channels will be negative 

in the Compton distribution area than should be, while if the library 

spectrum is shifted upward, the opposite is true. Otherwise, the concept 

of employing a monoenergetic library to reduce a complex gamma ray spectrum 

has been shown to lead to extremely small errors, and unless a large 

number of library spectra are successively subtracted from the same area, 

even this effect is negligible. 

Since beta radiation is prevented from entering the detector 

system by the presence of a carbon beta absorber between the source and 

the detector, it would appear from the above discussion that it should 

be possible to selectively strip all contributing gamma spectra from 

any complex spectrum using the stored library. In a very large number 

of cases, this is true but in a few cases an additional complication 

is present. In the decay of some radioisotopes such as 31si, where 

a single rnonoenergetic gamma 1.27 meV gamma is emitted, the emitted 

radiation is masked by strong bremstrahlung emission from the radioactive 

isotope. In the case cited, the bremstrahlung spectrum extends to 

above 1.48 meV and completely distorts the nonnal gamma ray spectrum. 
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In such cases, which fortunately are not numerous, it would be very 

difficult to use a scheme as is employed in the present program and 

one would be forced to use the specific spectrum for the specific 

isotope in a computer program. 



COM'?UTtR PROGRPM 

At the beginning of the present investigation a computer program 

had been developed at VPI for performing qualitative neutron activation 

analysis. Various stages of the development are described in references 

20, 21 and 22. The technique involved some novel features including 

the use of m0ncenE.rgetic gamma-ray spectra instead of the usual isotopic 

specti:-a, The proczdure required a minimum of input data (e.g., neither 

tl-1e position.:3 of the photopeaks nor initial esti1nates of the constit-

uents was required). The program did, however, impose stringe.nt 

conditions on the cons is tancy of the data as the a,1alysis was being 

carried out. 

The goals of the present work were two. First, a modification of 

the progra.111 the,1 in use was sought so that as rauch information as 

possible coulc. be ext"t"acted from a set of data even in ths case in which 

difficulties were encountered during the co[Tlputer analysis. The second 

goal was to extend the computer analytical program to i11clude 

quantitative results. In carryiQg out the first of these aims, that o~ 

making the qualitative analysis more flexible, an effectively new 

program was developed, 

Several of the basic features of the old progra;n were retaineC:. 

The qu&litativ:.; analysis is still effected using the spectrura stripping 

technique. Also, the library of monoenergetic garoma-ray spectra was 
-

retained. Hmrever, the w2.y in which the data are analyzed within th~ 

fcaroewcn.-k of the spectrum stripping technique h2.s been substantially 

altered. These mod~ficatiJns to the qualitative a~alysis and the 

15 
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extension to quantitative analysis will be described in more detail 

below. 

Qualitativz Analysis 

Figure 3 is a block diagram which gives the major features of the 

new program. The library of monoenergetic gamma-rays anc the experimental 

data (up to ten spectra) are read into the computer. The experimental 

data is thzn smoothed before the a.~alysis begins. The smoothing pro-

cedure has been described in reference (20). 

One of the major disadvantages of the old program was that only 

two estimates of the half-life of a given peak were obtained. Since 

only two estimates were calculated., and the resulting average half-life 

was used to extrapolate back in ti:ne to strip the given photopeak from 

all spectra, the analysis was terminated if the upper and lower 

confidence limits (corresponding to the 95% probability level) of the 

two estimates did not overlap. This rather stringent requirement was 

necessary since such a stripping could affect all the data. Another 

disadvantage of this treatment of the data was that the normalization 

of the library spectrtIDl to a single photopeak could affect every 

spectrum. In the old progra~ after a photopeak had been located and 

• f • ,J b • • 1 • h th h d • verJ_ ie•.1 y statistica tests in t e n spectrum t e correspon 1ng 

peak in the preceeding or (n-l) st spectrum was sought. However, it 

often happened that the most energetic peak in the (n-1) 8t spectrum 

did not correspond to the peak in question. This situation 

necessitated the temporary stripping out of all peaks above the 

desired photopeak. These peaks were added back in after the 
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necessary tests and calculations had been performed. Before a peak 

could be satisfactorily stripped out, the peak had to be located and 

verified statistically and fitted with a best least-square Gaussian 

function. The last step (the fitting procedure) was necessary because 

whether a stripping was satisfactory depended very greatly on knowing 

the exact centroid of the photopeak. Thus, a good deal of extra work 

often had to be performed just in order to obtain an estimate of the 

half-life. The same situation, that of performing extra work, occurred 

once the average half-life had been obtained, i~e. during the 

extrapolation back in time and stripping out of the monoenergetic 

spectrum, higher energy peaks than the one in question were routinely 

present. These peaks also had to be temporarily removed before 

.stripping out the peak under analysis could be performed. 

The new program avoids the extra work and computer time by 

analyzing each spectrlilll. separately. The analysis is carried out as 

indicated in Figure 3, The most energetic photopeak of a given 

spectrum is located and verified. The peak is then fitted by a best 

least-square Gaussian function. The location (non-integer channel 

number) of the centroid and the area under the peak, i.e. the sum of the 

channel counts in the photopeak, are obtained from the fitting 

procedure and are stored for future use. The appropriate library 

spectrlilll. is then selected, normalized, and used to strip out the 

photopeak under analysis. This stripping is carried out only in the 

spectrum under analysis. The program then moves to the next most 

energetic photopeak in that spectrum and the above steps are 

repeated. This procedure continues until all the peaks are removed from that 
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spectrtnn. Each spectrum is analyzed in turn in the same manner. 

Thus a spectrum consisting of 200 data poLTJ.ts is reduced to two 

sets of para~eters, the peak positions and peak areas of all photopeaks 

present in that spectrum. The calculation of the estimates of the 

half-lives uses the peak areas since this is considered to be the most 
. (23) accurate est1Illate . 

Once all spectra have been analyzed to yield peak positions and 

areas, these parameters are sorted into groups. Each group consists of 

those peaks with the same peak position or energy. The activity due to 

each photopeak is then calculated using the peak area and appropriate 

counting time. The half-life estL~ates elong with confidence limits 

are calculated frcm the activity data. If m estimates of the activity 

due to a given photopeak are known then the nlIT!i.ber of estimates of the 

half-life is 

ntnnber of estimates = 2! (m-2) 

i.e. the number of combinations of m activities taken two at a time. 

For example, if eight spectra are taken and a giyen photopeak occurs 

in all eight spectra, then one obtains 28 estimates of the half-life. 

The mean of the calculated half-lives and confidence limits is 

computed. Each set of confidence limits is then compared to the mean 

confidence limits, and when the limits do not overla?, that half-life 

and limits are rejected. Those remaining a.re used to calculate a 

weighted average half-life and confidence limits. The weighting 

factor for each estimate is based on the peak areas used in calculating 

the half-life. 
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A comparison of the two versions of the computer program in 

estimating half-lives in a test case (ZZ) are shown in Table I. It is 

obvious that the new procedure gives significantly better estimates. 

In addition to the weighted average half-life and limits described 

above, an esti!nate of the half-life which can be compared with the 

weighted average is obtained from a least-square line fit to the 

logarithim of the activity versus time plot of all the activity data 

points. 

The new method of computing the half-lives has another advantage 

in addition to obtaining many more estimates than the old procedure. 

It is possible that more than one radioisotope is contributing to a 

t • 1 h k F 1 "f 65N· h" h • par icu ar p1otopea. or examp e, i ri w ic emits a gamma-ray 

of 1.49 HeV and 42K which emits a gamma-ray of 1.52 MeV are both 

present in a sa'11ple, then an apparent photopeak would appear at about 

1.51 MeV, This apparent photopeak would decay with a changing half-life 

since the actual half-lives are 2.56 hours and 12.4 hours respectively. 

In the present method of analysis one could observe the change in the 

calculated half-life as a function of time, and perhaps be able to 

extract both half-lives. 

Thus, the n~1:1 procedure has distinct advant:'lges over the old 

procedure. I:aclt p:1.otopeak in an indiv.i<lual spee:tr um needs to be 

analyzed only once, and the stripping is no longer based on 

extrapolation in time with an imperfectly known half-life. Ironically, 

the old procedure was originally chosen to reduce the work required 

in the analysis. However, problems were encountered which necessitated 

a vast increase in the work and computer time, as described previously. 



TABLE I 
Photopeak Energy Half-Life 

Radionuclide (MeV) Actual Old.Program New Program 

64Cu 0.511 12.8 h 13.2 + 1.3 h 12.6 + 1.3 h 

66Cu 1.04 5.1 m 5 . .4 + 0.5 m 5.2 + 0.5 m 

64Cu 1.34 12.8 h 13.7 + 3.7 h 12.2 + 1.5 h 

28Al 1.78 2.3 m 2.3 + 0.1 m 2.3 + 0.4 m N 
I-' 

• 
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Another of the many changes is the way in which a library spectr~~ 

is n0rmalized for the subtraction of a photopeak, In the old program 

a specified number of channels (varied with energy of photopeak) above 

and below the peak channel were summed. The library spectrum chosen 

for the stripping underwent the same procedure. The normalization 

constant was then defined as the ratio of these two sums. In the new 

program, after the library spectrum has been gain shifted, the library 

spectrum is normalized so as to make it a best least-square fit in the 

channels between the half-maxima on either side of the peak. Also, 

previously the above sum over the data peak was used in the half-life 

calculations, where~s now the area of the fitted Gaussian function is 

employed. 

A new feature of the qualitative analysis is that the energy 

calibration for a given set of data is calculated. A calibration 

• • f 60c d 137c • k • bf h d spectrum consisting o. o an sis ta en Just e ore t e ata 

is accumulate<l. The gain of the counting system may change in time due 

to temperature change or high counting rates. This possibility of gain 

shift is acknowledged by allowing the peak position to vary by±_ 2 

channels (~ + 30 keV) in the sorting process. The three gamma-rays in 

the calibration source are fitted with a best least-square line to 

yield the calibration curve (the energy response of Nal(Tl) in the 

typical energy region of interest, about 0.2 MeV to about 3.1 MeV, can 

be considered linear for purpose of calculation). The mean peak 

position of a series of corresponding peaks in the data is used to 

calculate the energv of that series using the fitted line. 
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In sunnnary, the present qualitative analysis program differs 

markedly from the old. The results which one obtains from the program 

are the mean energies and the weighted half-lives of corresponding 

photopeaks. In order that one may get an indication of the reliability 

of the results, the activity and associated time for each series of 

peaks is also part of the output. By plotting the logarithim of the 

activity versus time, one can judge whether a single decay is present, 

whether more than one decay is present, or whether no reliable 

conclusions can be drawn. The half-life obtained by fitting this curve 

is also available as indicated previously. As a further aid in helping 

one decide what isotopes are present in the sample the relative 

intensity of the peaks within a given spectrum are also presented. This 

relative intensity, obtained by dividing the peak area by the absolute 

peak efficiency, would be useful when the half-life results indicate 

that two or more peaks have the same apparent half-life. This gives 

one three parameters from which assignment of isotopes present 

can be made. Also, additional data are presented so that one may 

perform the quantitive analysis with a minimum of hand calculations if 

desired. This feature will be described in greater detail in the 

following section. 

The results of the new program have already been compared with that 

of the old qualitative analysis program. Another test case will be 

presented in a later section, and examples of the output described 

above will be shown. 
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Quantitative Analysis 

Quantitative activation analysis is difficult whether one uses the 

absolute calibration technique or the comparator technique (these 

techniques will be described below). The former method is difficult 

because of uncertainty in the cross-sections and the possibility that 

the flux can vary dur.ing activatlon. Differences in the physical 

characteristics of the S3lllple ar.d the comparator can lead to errors in 

the latter method. Thus, in the development of the quantitative aspect 

of the present w0:ck, a wide latitude in t:he po3sible meth:::,ds of analysis 

was built lnto the program. Wl1ile absolute calibration of the counting 

system with C·Jrrtspc-ndi.ng analysis is m:::,re consistant with the method 

of qualitative analysis used, other possibilities have not been ignored, 

and a flexible quantitative analysis computer progra"Il has been 

developed. 

Comparator Technique 

In this method a know:i. weight of a pure sample conta.ining the 

specific element is activated with the unknown sample. Since the two 

samples are activated together the irradiation time and flux are the 

same for both samples. The following simple equation is then 

applicable: 

where 

w 
X 

w s 
= 

A 
X 

A s 

W = weight of unkno~-m 
X 
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w = weight of standard s 

A = disintegration rate of unknown 
X 

A = disintegration rate of standard s 

If e: represents the overall efficiency of the counting system, 

then the following relations can be used. 

R = e: A 
X XX 

R = e: A s s s 

where 

R = counting rate of unknown 
X 

R = counting rate of standard s 

e:'s = the respective efficiencies 

Thus, we have 

w 
X 

= 
W R e: 

S X X 
R e: s s 

= 
WR 

S X 
R s 

The last equality holds if e: = e: 
X S 

chooses the correct standard. 

This relation is tr,Je if one 

As stated before differences in the physical characteristics of the 

sample and comparator can lead to erroneous results. For example, the 

thermal flux can be enhanced by moderation of epithermal neutrons by 

light nuclides present in the compounds employed. 

This technique is obviously very useful when one wishes to 

determine the quantity of some particular element present in a sample. 

Also obvious is the fact that if one does not pick the proper 

comparators, very serious errors will be encounte=ed since it would 
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be unlikely for the efficiencies to be the same. 

Absolute Calibration 

When N atoms of an isotope with an activation cross-section of cr, 

are irradiated in a reactor having a neutron flux~ for a period of 

time t, the induced activity at the end of irradiation of the product 

isotope (assumed radioactive with decay constant A) is given by 

One does not usually determine the activity directly. However, as 

used in the previous section the measured counting rate is proportional 

to the activity, i.e. 

where 

R = £A 

R = measured counting rate 

£ = overall efficiency 

If the counting rate is based on the photopeak, then E: = E: • The p 

quantity E: is defined as the probabj_lity that a gamma-ray of energy E p 

emitted from the source, will appear in the photopeak of the observed 

pulse-height spectrum. The quantity as defined here is the overall 

efficiency for the photopeak, including the solid ansle subtended by 

the detector. The basic equation then becomes 

Incident beta particles can almost completely obscure the desired 

garrnna--ray spectrum. Therefore, a beta absorber (a one centimenter 
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thick piece of graphite in the present case) is used to reduce the 

number of beta particles entering the detector. This beta shield also 

affects the gamma-ray spectrlllil as shown in Figure 4 for the photopeak 

events. The figure shows the ratio of the peak area with the shield 

in place to the area without the shield as a function of energy. Let 

this correction be denoted as A, and the equation becomes, with the 

factor included, 

The factor E is, of course, er..ergy dependent. If one w-.I..shes to use p 

the above procedure, one needs to determine E and¢, or equivalently p 

the product <jJE . p 

The functions (E) is difficult to obtain, although methods exist p 
f . d . . (24) or its etermination . The usual procedure is to use the calculated 

values of Et which is the probability that a gamma-ray of energy E 

emitted from the source, will cause some interaction and appear in the 

observed pulse-height spectrum. 

related as follows 

where. 

The two quantities E and E are p t 

P = photofraction or peak-to-total ratio. 

The photofraction is the ratio of the sum. of the counts in the photopeak 

to the sum of the counts in the entire pulse-height distribution. The 

photofraction can be measured without too much difficulty. The measured 

photofraction data for the V.P.I. system are. shown in Figure 5. This 
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curve and the appropriate Et calculations taken from Heath(ZS) were 

used with the equation above to obtain the relative E as a function of p 

energy. The resulting curve is shown in Figure 6. 

Rather than determining the absolutes curve, the absolute p 

product ~E was determined using the nuclides 27Al and 197Au. These p 

nuclides were activated at the rabbit site in the V.P.I. reactor. The 

results of this calibration multiplied by the photopeak attenuation 

are shown in Figure 7. 

In order to use this data with the activation equation to determine 

quantities of elements present in a sample, the areas of the photopeaks 

present in the experimental data are needed. Thus, some fitting 

procedure is required. 

Fitting Procedures 

One of the standard fitting procedures used is that of least-squares. 

The basic problem is the following: given an experimental spectrum or 

array of nlllilbers and given a known set (from the qualitative analys~s) 

of spectra, what is the proper linear combination of the members of the 

set so that the sum of the squares of the differences between the 

experimental spectrl.ll11 and the linear combination is a minirnlllil. This is 

a standard least-squares problem and has been discussed in many sources, 

e.g. reference (26). 

The problem can be formulated as follows. Let p. represent the 
l. 

number of counts in channel i of an experimental spectrum. Assuming 

there are m components in the experimental spectrum 
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m 
= 2 

n=l 
B. in 
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th where B. is the count in channel i due to then component. If, 
in 

however, the components of the experimental spectrum are known but the 

intensities of the components are not known, then 

m 
= 2 

n=l 
Sn A. in 

th where Sn represents the normalizing factor for then array A .• in 

= B. /A. 1.n 1.n 

The A. could be a set of monoenergetic spectra or a set of isotopic in 
spectra. Then the best least-squares fit would be obtained when 

M 

is a minimum. The W. are weighting factors and the sum on i runs over 
l. 

all channels. The desired minimum is obtained by taking the partial 

derivative with respect to Sk for each of them components 

= 2 I W. (p. - I Sn A. ) Aik 
i 1 1 n 1.n 

= 0 

where 

k = 1, 2, ... , m. 

h • f 1 • f h 1 • • (27) Te matrix ormu at1.on o t e ast equation is 

0 
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or 

The usual weighting factor is Wi = 
Some difficulty has been encountered in obtaining a satisfactory 

fit of experimental data when the data contains peaks which have 

maxima that differ by several orders of magnitude, although quite 

satisfactory fits can be obtained with perfect data (as evidenced by 

fits of artificial spectra) even in such cases as just described. 

However, experimental data can be quite poor (low counting rates, etc.), 

and satisfactory fits not always obtained. Thus, the method just 

described is not universally applicable and an alternate procedure 

of treating the data has been provided. 

The alternate method seems to yield an acceptable fit in the cases 

that the above method does not. The procedure is similar to the 

technique used in the qualitative analysis program, i.e. fitting a 

single peak at a ti.me over a specified number of channels. Once the 

maximum energy peak is fitted in a least-squares sense, that peak and 

associated Compton distribution is subtracted from the experimental 

array, and the next peak is then analyzed. After the experimental 

spectrum has been analyzed (in either of the above two ways) to yield 

the nc,rrealized library spectra, the photopeak area of each library 

spectrum must be extracted. Each norma.lized library spectrum is 

smmned, and this sum is then multiplied by the photofraction or peak 

to total ratio. The photofraction as a function of energy is a 

characteristic of the counting system; this curve has been shown 
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previously in Figure 5. This curve has been approximated by a 

polynomial, and the coefficients of the polynomials are stored in the 

computer program so that the photofraction for a particular energy 

can be computed rather than looked up in a table. The curve was broken 

up into two regions, and each fitted with a seventh order polynomial. 

Corrections 

If one wishes to perform absolute activity measurements, then there 

ar:e certain corrections to the basic formula previously given. One of 

these corrections r.~s already been discussed, i.e. the variation of 

detector ~fficiency with photon energy. When using the photopeak for 

activity calcula:icns, the appropriate correction factor is the absolute 

photopeak efficie.i:1.cy E: . p Recall also that as defined herei contains E: ' p 

the necessary geom°-tric correction. The product ¢E: A, where¢ represents p 

the neutron flux, has been shown in Figure 7. 

Another correction factor to be considered involves the decay 

scheme. As a simple example, consider the simplified decay scheme 

f 137c h • F. 8 or s sown in igure . As can be seen from the decay scheme the 

0 6616 M V • 93 5% f h • • 137c . e gamma-ray occurs in . o o t e transitions rrom s to 

137B a. Thus, the measured activity due to the gamma-ray alone must be 

divided by 0.935 to obtain the correct disintegration rate for 137cs. 

Let this factor be denoted by k1 . A comprehensive summary of decay 

schemes may be found in reference (28). 

Another source. of possible error is that due to absorption of 

radiation other than in the detector. This can occur in the source 

(self-absorption) and in materials near the source. The absolute 
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efficiency term corrects for absorption other than in the source. For 

photon energies above about 150 keV self-absorption errors are usually 

smal1(29 ). Since in the present work the normal energy range considered 

is from about 200 keV to about 3100 keV, this correction factor is 

neglected. Of course, if the energy range is extended below 200 keV 

for a specific specimen, this correction factor will need to be 

considered. The size of the samples are kept as small as possible in 

order to reduce absorption in nearby materials. 

A process which competes with photon emission as the means of 

nuclear de-excitation is that of internal conversion. The ratio of 

the number of conversion electrons to the number of phc,tcns emitted is 

defined to be the internal conversion coefficient. This coefficient is 

tabulated(JO) aB a function of atomic number, photon energy, electron 

shell, and type of photon transition. These tabulated coefficients 

allow one to apply the proper correction factor (k2) to the measured 

activity. In general, internal conversion is more often important 

in heavy elements when relatively low energy (< 0.5 MeV) gamma-rays 

• d(Jl) A 1 ·a 137c . Th are emitte . s an exarnp e, consi er s again. e proper 

correction factor is 0.945. That is, the measured activity should be 

divided by this number. 

The measured counting rate must be extrapolated back to the time 

h • h. a· . d d Th" 1 • f • • 1 At' at w ic irra iation en e .. is extrapo ation actor is simp ye 

where A is the decay constant of the isotope and t' is the elapsed time 

between end of irradiation and the. time at which the counting rate was 

measured. The latter time can be taken to the midpoint of the finite 



38 

r.ounting interval when this interval is shore: ~ompared wich the half-life. 

i-.'hen the co,mting interval is long compared to thi=- half-1:.fe, the 

midpoint of the counting interval is no longer the proper time. A better 

estimate of this instant is that time at which the average activity 

(averaged over the counting interval) occurred. If this time is 

denoted as t', then the following result is readily obtained. 

t' = 

where t 1 is the instant at which the counting interval begins and lit is 

the length of the interval. (This formulation is also used in the 

qualitative analysis in the calculation of half-lives). 

The final correction to be considered is that for activation due to 

epithermal neutrons. The neuc:ron activation cross-sections which are 

available (reference 34 is recommended for the most accurate values) 

are for thermal neutrons. However, the sample is also made radioactive 

with epithernal neutrons. Since the energy spectrum of the flux at the 

activation site does include epithermal neutrons, a correction must be 

applied. The energy dependence.of the neutron flux in the V.P.I. 

reactor has been measured(35), but the correction applied here is 

based on me2.sured activities. Cadmium has a large resonance in the 

neutron cross section at O .175 eV (35 ), and when plc:1.ced around a sample 

stops the thermal neutrons but is transparent to those neutrons of 

energy greater than about 0.4 eV(37 ). Usually the cadmium cover is 

about O. 03 i::J.ches thick. Thus, if one activates a bare sample of a 

particular isotope ar.d a cadmium covered sample, one can determine 



39 

from the resulting activities that part of the activity in the bare 

sample due to thermal neutrons. Let k3 be defined as the ratio of the 

activity of the cadmium covered to the activity of the bare sample, 

then the correction to the activity of the uncovered sample (the 

normal method of activating smnples in the present work) is (1 - k3). 

This correction is different for different isotopes, and depends, 

of course, on the resonance structure in the neutron cross section of 

each isotope. 

When all these corrections are considered, the working relation for 

calculating the weight in grams of an isotope present is 

where 

w 

A 
0 

w 

and the 

= 

= 

= 

w = -;\ t (~£ A)A cr(l - e )k1k2 p 0 

atomic weight of target nuclide 

Avagadro's ntn11ber 

weight of target nuclide in grams, 

remaining te1ms haue bee-:i. defined previously. 
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Test Case 

In order to illustrate the use and capabilities of the programs 

just described, a test sample was activated, counted and analyzed. 

The sample consisted of sodium cind indium, although this infonnation 

was not used in the computer analysis prior to the comparison of the 

final output. wnile only two isotopes became radioactive upon neutron 

irradiation (24~:a a:id 116mrn), this nample prov:1..des a good test of 

the programs because of the large number of gamma-rays that are present. 

Sodium emits two gaoma-rays ,;-,ith energies of 2.75 MeV and 1.368 MeV, 

and indit.nn emits eight gamma-rays with energies of 2.08, 1.77, 1.49, 

1.27, 1.085, 0. 81, 0 .406, and 0.137 MeV (the last of these is out of 

the normal energy range considered). 

TI1e data for this test case are shown in Figures 9, 10, 11, and 12. 

Figure 11 shows the original data fer spectrum 5 and the computer 

fit to that data. 

The open circles in Figure 11 are the original data for spectrum 5. 

The dashed curves are the shifted and normalized library spectra which 

the qualitative analysis program used in fitting the data, and the 

closed circles are the sum of the dashed curves. As can be seen from 

the figure a respectable fit to the rather complicated data was 

obtained even though eight components are present. The worst part 

of the fit occurs in the lower channels (20-65) as would be expected 

since this region has undergone six strippings by the time the 

analysis of the peaks in this region begins. The overall fit, however, 

is quite good. The area of the relatively poor fit will be discussed 

further, later in this section. 
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The results of the qualitative computer program are shown in 

Table II. The half-lives shown are the averages as calculated by the 

computer and the intensity data are from spectrum 5. The data from 

this spectrum were chosen bec.ause the composite fit for spectrum 5 

has been shown; however, similar results were obtained in the other 

spectra. No average value for the intensity is calculated as the 

program is now arranged, although the user can readily do this with 

the individual spectrum. output. 24 Although Na emits two gamma-rays, 

the half-life for only one energy (2.75 MeV) is shown; this is because 

the isotopic spectrum of 24Na is nonnally used. This spectrum is one 

of only two isotopic spectra in the library of garrm1.a-rays. The 

isotopic spectra were chosen in these two cases because there are no 

other gamma-rays near the energies involved. 

The calculated estimates of the half-lives are quite good as can 

be seen from the data in Table II. In all cases but one (the 0.81 MeV 

gamma-ray from 116min) the actual half-life lies within the calculated 

errors. The calculated relative intensities are quite good in these 

cases in which the relative intensity is high and the energy is greater 

than about 0.9 MeV. Below this energy an over-stripping (i.e. negative 

numbers left in the residual spectrum) occurred as was pointed out in 

the discussion of Figure 11. This over-stripping was due to a change in 

the cou11ting geometry between the library data and the test case exper-

iment. Although the source to detector geometry remained constant, a 

different physical situation existed nearby. This came about because 

the counter system is employed by others and a plastic scintillator 



TABLE.II 

Half-life Relative Intensitl 
Isotope Photopeak Energi (MeV) Actual Computer Actual Computer 

24Na 2.75 15.0 h (14,9 + 1.6)h 

116m1n 1.27 54.0 m (52.5 + 5.3)m 1.0 1.0 

116m1n 1.09 54.0 m (52.3 + 4.2)m 0.65 0.68 
, 1 , .... _::nnin 0.41 54.0 m (52.4 + 5.3)m 0.46 0.23 

116m1n 2.08 54.0 m (54.6 + 3.5)m 0.24 0.25 
"' 

J.16m1n 0.81 54.0 m (49.0 + 2.7)m 0.21 0.09 

116m1n 1.49 54.0 m (55.0 + 5.8)m 0.14 0.15 

116m1n 1.77 54.0 m (53.4 + 2.8)m 0.02 0.06 
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was substituted for the original second NaI(Tl) detector, Photo-

fraction data showed that the result of this substitution resulted 

in significantly fewer Compton events due to scattered garrnnas from 

the second detector relative to the photopeak events. Thus since 

the 0.81 and 0.41 HeV gammas were superimposed upon the Compton 

distribution of the higher energy gammas, it is not surprising that 

the results obtained in these two cases would be affected. This 

over-stripping is the reason for the relative intensities of the 

116m 0.81 MeV and 0.41 HeV from In being low. The intensity for the 

1. 77 MeV indium gamma-ray is also not in good agreement with the 

true value. The relative intensity of this gamma-ray is quite low 

(0.02), and the computer w::i.:; able to identify this photopeak in only 

two of the spectra. Ths rc1a':ive int2nsities of gamma-rays in this 

rar ... ge are quite difficult to meaiJure accurately :end the present 

result is not unreasonab.1.e. 

From the data shown one would have no difficulty in assigning the 

proper isotopes present in the sample; this is the purpose of the 

qualitative analysis program. 

In performing the quantitative analysis of the present case only 

one of the options prev;_ously described was e:z.ercised in determining 

the weight of Na and In. This one option was that of basing 

calculations on the activities calculated in the qualitative program. 

The other options were not used because the detector arrangemerit 

required for those options was not possible due to other demands on 

the cotn1ting system as previously stated. 
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The results of the quantitative arialysis program are shown in 

Table III. The results are self-consistant within the discrepancies 

noted above. The actual mass of sodium present was 2.7 mg, and the 

mass of indium present was 10-20 µg. The experiment mass of indium 

cannot be assigned more accurately as the laboratory balance available 

is not sensitive er.ough for chis ra..1ge. The mass quoted above is 

based on the weighing of a larger sample which was divided and the 

fraction used was estimated on the ratio of the radioactivities 

using a simple survey meter for this measurement (not a part of the 

present programs). The calculated masses are very reasonable 

considering that the usual accuracy quoted for analysis based on 

absolute calibration is+ 20%( 3S). 

Summary 

The present program offers significant improvements in flexibility 

and accuracy over the previous qualitative progra.'il as demonstrated in 

the two tests cases discussed. In addition, a quantitative program 

has been added which affords good estimates on the amount of the unknown 

present. Improverr,ent in this latter program could be achieved by 

acctllilulating a large amount of empirical data on specific radioisotopes 

and the specific detector equipment employed. 
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TABLE III 

Element Photopeak Energy (MeV) • Elemental Weight 

24Na 2.75 3.26 mg 

116min 1.27 13.4 µg 

116min 1.09 13.6 µg 

116m1n 0.41 7.0 µg 

116m1n 2.08 12.9 µg 

116m10 0.81 6.8 µg 

116m1n 1.49 14.6 µg 

116m1n 1.77 41.1 µg 



APPENDIX 

AIDS FOR IDENTIFICATION AND HAND CALCULATIONS: 

Half-life Versus Energy: 

All the (n,y) reaction products that are shown in Heath's(32 > 

catalog have been sorted by half-life. The results of this sorting are 

shown in Tables IV through XI. The listing of the radioactive products 

presented in this manner is useful in itself as an aid in identifying 

an unknown in a sample spectrum. However, the main purpose for this 

listing is to obtain the necessary information for plotting the half-life 
(33) . versus photon energy for all the (n,y) products shown in Heath. 

Heath shows nearly 120 radioactive products produced by the (n,y) 

reaction (and the majority of those have three or more gamma-rays). 

Since such a plot would only be useful if each point were labeled, the 

energy and half-life ranges were broken up into subdivisions, and a 

large number of page size graphs have been prepared. There is no 

correlation between the half-life and photon energy; the points on the 

plot are randomly distributed. For these reasons all the plots will 

not be shown here. However, a portion of one of them is shown in 

Figure 13 to illustrate the usefulness of this array. 

As an example, consider one of the computer results from an 

early test case. A photopeak of 1.04 MeV decaying with a half-life of 

5.2 minutes was found in the spectra of the test case. This was 

known to be the 1.04 MeV gamma-ray from 66cu which has a half-life of 

5.1 minutes. Assuming the computer result did not match any of the 

known characteristics with which the experimenter was familiar, he 
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would proceed as follows. If the computed half-life and energy 

(closed circle in figure 13) are plotted, it is seen that the 

computed point nearly falls on the 66cu point. However, the 51ri 

point is not very distant from the computed point. If now the 

rectangle formed by the computed upper and lower limits of the half-life 

(5.8 minutes and 4.7 minutes, respectively) and the limits on the 

energy (0.94 MeV and 1.14 MeV) are drawn as shown in the figure, it is 
66 seen that only one possibility, Cu, falls within the experimental 

error. Thus, a unique identification can be made. If more than one 

point had fallen within the rectangle, further criteria would be needed 

for unique identification (e.g., other gamma-rays with the same 

computed half-life, or the lack of other gamma-rays would probably 

enable the experimenter to make a unique identification). 

As illustrated, the plot of half-life versus photon energy enables 

one to quickly eliminate all but a few possibilities or to uniquely 

make an identification. In those cases where an unstable isotope 

emits many gammas, only the most intense emissions are shown in the 

table (in order of decreasing intensity) and on the individual charts, 

Nomograph 

A nomograph which solves the equation 

A = 

where 

A = activity/mole of target nuclei 

cr = neutron cross section 
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$ = neutron flux 

A = decay constant 

and 

t = activation time 

has been prepared(37). This nomograph is shown in figure 14. 

The uses for this nomograph are two, First, it can be used for 

sensitivity calculations, i.e., if one wishes to know the minimum 

amount of a given isotope that can be detected. If the above equation 

is solved via the nomograph and if the efficiency of the counting 

system is k...,own, one can judge what the lower limit of detection for a 

given isotope is. While the above equation is not difficult to solve, 

the nomograph eliminates the need to perform such hand calculc:.tions. 

Another use of the nomograph is for rough quantitative results 

once the qualitative analysis has been done. Using the nomograph for 

calculating the specific activity (dps/mole) and the activity as 

calculated by the qu2.litative analysis program, one can compute the 

amount of the particular isotope present in the sample. Of course, 

the corrections to the computer calculated activity discussed previously 

should be made. 

The nomograph is used as follows: 

(1) Draw a line connecting the correct cross-section 
to the flux in which the s&~ple is placed. 

(2) Determine the mnnber of half-lives over which the 
activation is done. 

(3) Connect this last point with the point where the 
line in (1) crossed the a axis. 

(4) Re2.d the activity (dps/mole) from the A axis where 
the line in (3) crossed. 
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TABLE IV 

Element Isotope Half-life· (sec.) Energy (MeV) 

Hafnium. 179m 19 .215, (.16) 

Silver 110 24 .656, (B) 

Rhodium 104 42 .555 

Germanium. 77m 54 .215 
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TABLE V 

Element Isotope Half-life· (min.) ·Energy (MeV) 

Dysprositnn 165m 1.25 .515, .361, (.155) 

Altnnintnn 28 2.3 1.78 

Silver 108 2.4 .633, .511, .433, 
(.509, .433, .615, 
B} 

Antimony 122m 3.4 .075, .061, (.027X) 

Gadolinium 161 3,7 .485, .363, .316, 
(.28, .18, +) 

Vanadit.nn 52 3.77 1.43 

Rhodit.nn 104m 4.4 .10, .077, (.051) 

Copper 66 5.1 1.04, (B) 

Sulfur 37 5.1 3.13, .511 

Titanium. 51 5.8 .94, .62, .322 

Niobitnn 94m 6.6 .871 

Calcium 49 8.7 3.09, . 511, 4.05, 
(4.7) 

Magnesium 27 9.5 .842, 1.01, (.168) 

Tin 125m 9.7 . 331, .593, .65, 
1. 42, (1.04, .85) 
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TABLE VI 

Element Isotope Half-life (min.) Energy· (MeV) 

Cobalt 60m. 10,5 1.33, (.059) 

Neodymium 151 12 .115, .17, .254, 
1.08, (+) 

Molybdenum 101 14.6 .193, .592, (+) 

Tantalum 182m 16 .172, .184, .146, 
.318, (.057) 

Bromine 80 18 .612, .665, .511, 
(B) 

Rubidium 88 18 1.04, .665, 1. 256, 
2.21 (+) 

Selenium 81 18 .28 

Rhenium 188m 18.7 .106, .092, (.06X) 

Gallium 70 21 .17, 1.04, (B) 

Uranium 239 23.5 .074, (+) 

Iodine 128 25 .445, (+, B) 

Samarium 155 25 .106, .142, .245 

Platinum 199 30 .189, .540, (+) 

Chlorine 38 38 1.64, 2.16, .511 

Indium 116m 54 .406, 1.085, 1.27, 
(+) 

Selenium 81m 61 .103 

Lead 204m 67 .375, .899, (.912) 

Germanium 75 82 .266, .199, (+) 

Barium 139 83 .166, 1.43, (B) 
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TABLE VII 

Element Isotope Half-life (hours) Energy (MeV) 

Argon 41 1.83 1.27 

Neodymium 149 1.9 .112, .198, (+) 

Dysprositn11 165 2.3 .. 361, .277, (+) 

Manganese 56 2.58 .845, 1..81, 2.12 

Silicon 31 2.62 1.27, (B) 

Nickel 65 2.65 .37, 1.114, 1.48, 
(+) 

Strontitn11 87m 2.8 .391 

Cesitn11 134m 2.9 .127 

Lutetium 176m 3.7 .0883, (B) 

Krypton 85m 4.t+ .305, .150 

Ruthenitnn 105 4.45 . 723, .472, .316, 
(+) 

Hafnium 180m 5.5 .216, .333, .444, 
(+) 

Erbium 171 7.5 .308, .296, .117, 
(+) 

Europium 152m 9.3 .122, .344, .841, 
. 963, (+) 
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TABLE VIII 

Element Isotope Half-life (hours) • Energy • (MeV) 

Germanium 77 11 .215, .264, .416, 
.561, (+) 

Potassium 42 12.4 1.52, .3, (B) 
Copper 64 12.8 . 511, 1. 34 
Palladium 109 13.6 .088, (B) 
Zinc 69m 14 .44 
Gallium 72 14.1 .81, .62, 2.2, 2.5, 

(+) 

Sodium 24 15 1. 368, 2. 75 
Rhenium 188 17 .155, .478, .633, 

(+) 

Zirconium 97 17 .25, . 35, .51, 1.15, 
(+) 

Gadolinium 159 18 .362, .305, .225 
Xenon 125 18 .1876, .243, .46, 

(+) 

Iridium 194 19 . 328, .645, .939, 
(+) 

Praseodymium 142 19.2 1.58, (B) 
Platinum 197 20 .191, .269 
Magnesium 28 21.3 ~40, .95, 1.35 
Mercury 197m 24 .135, .278 
Tungsten 187 24 .134, .480, .686, 

(+) 

Arsenic 76 26.5 .559, .657, 1.22, 
(+) 

Osmium 193 32 .139, .281, .460, 
.559, (+) 

Cerium 143 35 .294, .232, .351, 
(+) 

Bromine 82 36 .554, .777, 1.044, 
1. 317, (+) 

Lanthanum 140 40.2 .487, .327, . 868, 
1.597, (+) 

Samarium 153 46.7 .103, .0697 
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TABLE IX 

Element Isotope Half-life (days) Energy (MeV) 

Gold 198 2.7 .412, .076, 1.089 

Mercury 197 2.7 .191, .269 

Molybdemnn 99 2.75 .181, .372, .74, 
.78 

Cadmium 115 2.3 .26, .523, (+) 

Antimony 122 2.8 .561, .687, (1.13, 
1.24) 

Ruthenium 97 2.9 .215, .323, .565 

Platinum 195m 4.1 .099, .130 

Ytterbrium 175 4.2 .1138, .283, . 396, 
(+) 

Tantaltnn 183 5.2 .1, .161, .244, 
(+) 

Lutetium 177 6.8 .113, .208, (.25) 

Neodymium 147 11.1 .091, .32, .54, 
(+) 

Barium 131 11.5 .126, .220, . 498, 
(+) 

Osmium 191 15 .129 

Rubidium 86 18.7 1.077, (B) 

Chromium 51 27.8 .322 
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TABLE X 

Element Isotope Half-life (days) Energy (MeV) 

Ytterbritnn 169 32 .110, .177, .308, 
(+) 

Cerium 141 32.5 .145 
Ruthenium 103 40 .498, . 611, .297, 

(.053) 
Cadmium 115m 43 . 935, .485, 1.295, 

(1.13) 
Hafnium 181 43 .482, .346, .136 
Iron 59 45 1. 097, 1. 289, .191, 

(.145, . 337) 
Mercury 203 47 .279 
Indium 114m 49 .192, .556, . 722, 

(1. 3) 
Tellurium 125m 58 .110 
Antimony 124 60 .603, . 722, 1.69, 

(+) 

Hafnium 175 70. .343, (+) 

Terbium 160 73 .298, .216, .879, 
.962, (+) 

Iridium 192 74 .3165, .468, .613, 
(+) 

Scandium 46 85 .887, 1.119 
Osmium 185 94 .646, .879, (+) 

Tantalum 182 115 1.12, 1. 22, (+) 

Tin 113 118 .253 
Selenium 75 120 .136, .265, .402, 

(+) 

Thulium 170 127 .084, (B) 

Gadolinium 153 200 .1032, .0697 
Zinc 65 245 1.114, .511 
Silver 110m 250 . 71, .885, 1. 384, 

(+) 
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TABLE XI 

Element Isotope Half-life· (year) ·Energy (MeV) 

Cadmium 109 1.29 .088 

Cesium 134 2.1 .605, .801, (+) 

Cobalt 60 5.27 1.1173, 1. 332 

Barium 133 7.5 .08, .355, (+) 

Krypton 85 10.4 .515, (B) 

Niobium 94 2 X 104 .702, .871 
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NEUTRON ACTl VATION A:.\lALYSIS USING 

MONOENEm;r:·nc G,.'.}l}L<\_ .. R..4..Y SPEC'I.'Ri\. 

E. Larry Kobi~son 

ABSTRACT 

Computer p:cograr:i.s for perfor.ning both qualitative and quantitative 

neutron activation analysis using monoenergetic gamr.1a-ray spectra have 

been developed. The qualitative analysis is base.cl on the. spectrum 

stripping technique. The quantitative analysis is based primarily on 

the absolute calibration of the counting syst'2u.t; however, the comparato!'.' 

techriique can be used "t-.-ith the pre3ent prog-::.-am. The methods used are 

descrioed and a test case is presented to illustrat,~ the use and 

capability of the prograns. 
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