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ABSTRACT 

Calibrated fission foils and a Ge(Li)-NaI Compton-

suppressed gamma-ray spectrometer have been used to 

determine cumulative fission product yields from the thermal 

235 
neutron fission of U. The mass chains 85, 87, 88, 91, 

92, 93, 95, 97, 99, 103, 106, 131, 132, 133, 134, 135, 137, 

138, 139, 140, 141, 142, 143, 144, 147, and 149 were 

investigated by observing the garama-ray spectra from numer-

235 
ous thin U samples. 

Due to the widely varying decay rates of the fis

sion products, irradiation flux-times were varied to 

selectively enhance the different full-energy peaks. Half-

lives of the useful fission products were in the range, 

30 minutes * ^ 30 years, and their prominent gamma-rays 

in the range, 80 keV ^ E ^ 1600 keV. 

This method provides an independent determination 

of data which was previously obtained by either radio

chemical or mass-spectrometric studies. In addition to 

the speed and convenience of this technique, the accuracy 

of yield determinations obtained for some mass chains is 

comparable to that of other methods and the agreement is 

generally good. 

x 



CHAPTER 1 

INTRODUCTION 

Nuclear fuel burnup determinations are generally 

based on the measurement of selected fission products 

present at the end of an irradiation. An important limi

tation on the accuracy of these calculations is the uncer

tainty in the fission product yields. In all experimental 

yield studies the two parameters measured either directly 

or indirectly are the total number of fissions a sample has 

undergone and the absolute number of atoms of each fission 

product of interest. 

The absolute number of atoms of each fission pro

duct has traditionally been measured by either of two 

techniques depending on the irradiation history of the 

sample and the fission products being measured. Isotope 

dilution mass spectrometry is normally used for determina

tions of stable and long-lived fission products while 

radiochemical analysis is usually used for short-lived 

products. 

In the former method, which is the more accurate 

of the two, determinations of both pre- and post-irradiation 

sample data are necessary. These data include precise 

weight percents of the different elements and the isotopic 

1 
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composition of each element in the sample. In addition, 

detailed knowledge of the irradiation history and conditions 

of irradiation are required for accurate capture-to-fission 

calculations. Careful chemistry is required in the sample 

dissolution and individual isotope separation to prevent 

the loss of any fission products. The final step in this 

method involves precise mass spectrometric analysis by 

diluting a measured amount of a fission product isotope 

with a known quantity of another isotope of that same 

element. 

Various methods have been employed for absolute 

fission determinations. These include fission counting, 

absolute measurements of the number of fuel atoms before 

and after irradiation, and the use of flux monitors to 

measure integrated neutron exposures from which fissions 

are computed through an appropriate cross-section ratio. 

In some experiments the number of fissions have not been 

determined, but the yields are expressed relative to 

particular fission products. To normalize these relative 

yields, use is usually made of the requirement that the 

light and heavy mass groups independently sum to 100%. 

Until recently the most accurately known mass 

235 
chains in the thermal fission of U had uncertainties 

of approximately two percent. A several-year study just 

completed (Lisman et al. 1969) has reported yields for 
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most of the prominent mass chains to an accuracy of better 

than ±1%. Notable omissions in this tabulation were values 

for mass numbers 135 and 136, due to the large uncertain-

135 
ties in the burnup of Xe and mass 103 due to the 

103 
relatively short half-life of Ru. Isotope dilution mass 

spectrometry of the stable fission products was the princi

pal measurement technique used in this study. 

The development of high resolution germanium lith-

ium-drifted, Ge(Li), detectors has opened up a third major 

approach to fission product analyses. Although this method 

is applicable primarily to nuclides with yields greater 

than one percent that decay with significant gamma emission, 

the results may be combined with those from mass spectro-

metric studies to give excellent over-all yield determina

tions. The accuracy of absolute yield determinations made 

by Ge(Li) spectroscopy is currently limited by uncertain

ties in gamma-ray intensities and/or the detector efficiency 

calibration. 

Gordon, Harvey, and Nakahara (1966) used a planar 

Ge(Li) detector to determine 18 yields, all with half-lives 

233 
greater than one hour, from the thermal fission of U. 

This was accomplished by comparing the delayed gamma spectra 

of and and then estimating the yields based 

235 
on the literature values of the better-known U yields. 

Short-lived Ge(Li) gamma spectra from the thermal fission 



oqc poo 
of U (Boggs 1966) and the fast fission of Pu (Moore 

1969) have also been reported. In both studies half-lives 

between approximately one minute and one hour were deter

mined for prominent full-energy peaks; however, only in the 

latter experiment were yield estimates made for various 

short-lived fission products. Recent investigations of the 

235 239 
gross gamma spectra for both U and Pu (Murri and 

Heath 1968) have been made for times between 3 hours and 

500 days after irradiation. The Ge(Li) spectra were 

analyzed mainly for the purpose of full-energy peak iden-
0 

tification. 



CHAPTER 2 

MEASURING ABSOLUTE CHAIN YIELDS 

Although work on cumulative mass yield determina

tions using gamma ray spectroscopy techniques has been 

proceeding since 1965, all such research has relied on mass 

spectrometric and/or radiochemically determined yields for 

normalizing the results. The reason for this was the 

inability to accurately obtain a small sample having only 

10^ to 10 fissions. The samples used for quantitative 

detection of gamma-rays must be axially thin to minimize 

errors due to source self-absorption of gamma-rays. Fur

ther, these samples must be approximately the same size 

radially as the sources used in the detector efficiency 

calibration. Mass spectrometric studies, however, require 

20 
of the order of 10 fissions in a sample containing several 

grams of fissile material to enable an accurate determina

tion of the total number of fissions. 

With the aid of calibrated fission foils, an ioniza

tion chamber, and a suitable reactor flux it is a relatively 

straightforward procedure to submit a sample to an accur

ately measurable number of fissions. 

5 
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Fission Counting 

Calibrated fission foils have been in existence in 

the Radiochemistry Group, J-ll, at Los Alamos Scientific 

Laboratory for many years. Available are foils with 

235 239 
deposits of U or Pu with masses ranging from about 

0.01 to 100.0 micrograms. The uncertainty in the mass of 

each fissile deposit is stated as ± 1.0% (Knobeloch 1965). 

Consider a fission foil containing a mass, M^, of 

235 
pure U deposited on a flat backing material, placed in a 

2tt ionization chamber and thence subjected to a suitable 

neutron flux. If the fissile deposit is very thin and 

uniform, then each fission event will result in the ejec

tion of one fission fragment into the chamber and its 

subsequent detection. These events are then recorded with 

appropriate instrumentation. Thus a 2rr ionization chamber 

can be an absolute fission monitor for foils in which self-

absorption is negligible. 

235 
Next, place a second mass, Mg» also of pure U 

behind the fission foil, and hence outside the sensitive 

volume of the chamber. For identical fluxes throughout 

both and Mg, the number of fissions per second occurring 

in Mg is 

R 2 - ( H f ) R l  ( 2 - »  

where R^ is the rate of fission events in M^. Since Mg will 
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typically weigh of the order of milligrams, the flux in 

both and Mg is depressed relative to the unperturbed 

flux. Then, for different fluxes in and Mg, the right-

hand side of Equation (2-1) must be multiplied by the ratio 

of the average flux in Mg to the average flux in M^. 

Independent, Cumulative, and 
Total Chain Yields 

The fission process produces a distribution of 

primary products for each mass chain. Based on the latest 

correlation of available data (Wahl et al. to be published) 

the charge distributions of the isobars for each mass chain 

are seemingly best fit by Gaussian functions. Mass 134 is 

an exception to this correlation. 

The probability per fission that a particular 

nuclide will be formed directly, and not as the result of 

the decay of another member of that mass chain, is known as 

the independent yield of that nuclide. The cumulative 

yield of a fission product is the probability per fission 

that the fission product is formed either directly or later 

in the decay chain. Total chain yield is in nearly all 

instances equivalent to the cumulative yield of the last 

decaying member of a mass chain. Independent yields of 

stable isotopes are much less than the total uncertainties 

associated with each cumulative yield determined in this 

experiment. 



Delayed Gamma-Ray Emission 

Fission product gamma-rays emanate from the radio

active nuclides formed by the fission process. Primary 

fission fragments, generally having too many neutrons for 

stability, decay most often by electron emission and only 

infrequently by neutron emission. As a primary fragment 

successively beta decays toward a stable isotope, each 

daughter isotope is frequently formed in an excited state 

with gamma-ray emission being the most probable de-excita

tion mode. 

The delayed gamma-ray spectrum will be determined 

mainly by those fission products having both considerable 

gamma-ray emission per decay and high independent or cumu

lative yields. The relative prominence of a particular 

full-energy peak present in a gamma spectrum is also depend

ent on the half-lives of the fission products and the time 

after irradiation at which the gamma spectrum is collected. 

This is illustrated in Appendix B where spectra taken at 

approximately three hours, one day, one week, and eight 

weeks after irradiation are presented. At a particular 

time, tp after irradiation, those full-energy peaks most 

enhanced emanate from radionuclides whose half-lives are of 

the order of t^. At this time the decay of the shorter-

lived nuclides will have reduced their specific activity 

below those of interest while longer-lived species will 



always have relatively low specific activities. 

For all mass numbers considered, accurate independ

ent yield data were not a prerequisite to determining the 

cumulative chain yields accurately. The half-lives of 

isobars with significant independent yields prior in the 

decay chain to the radionuclide of interest were, in most 

cases, sufficiently short that the cumulative yield of the 

long-lived isotope could be interpreted as an independent 

yield for purposes of radioactive decay calculations. This 

simplified calculations to the point that the full-energy 

counts for all gamma-rays of interest could be assumed to 

have begun with either a single radionuclide decay or a 

daughter decay with one parent. The full-energy counts of 

a particular gamma-ray detected in a counting interval 

from a single decay are 

C = YP 

The corresponding equation for a daughter decaying from one 

parent is 

-X, (t0-t..) 

YP "vv 

r wxi> 1 A 

_e"X2(t3-V) (2-3) 
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where 

C is the number of full-energy events of a 

particular gamma-ray detected in the counting 

interval, 

Y is the cumulative yield of the fission product 

emitting the gamma-ray, 

P is the number of fissions, 

e is the probability of the detector recording 

a full-energy event per gamma-ray emitted from 

the source; the absolute full-energy peak 

efficiency, 

1^ is the probability of a particular gamma-ray 

being emitted per beta decay, 

fgA is the probability that a gamma-ray will leave 

the source without any interactions, 

Tx is the fraction of the time in which the 
JU 

detection system is able to accept pulses, the 

live time, 

t^ is the length of time the sample was irradiated, 

tg is the time when counting of the sample began, 

tg is the time when counting of the sample 

stopped, 

is the decay constant of the parent, and 

Xg is the decay constant of the gamma-emitting 

nuclide, the daughter. 
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All times are relative to time zero, the time the irradia

tion began. Equations (2-2) and (2-3) are derived in 

Appendix D. 

Due to various experimental factors, not all of the 

desired gamma-ray full-energy peaks could be accurately 

obtained from samples irradiated in the ionization chamber. 

These additional full-energy peaks were determined through 

235 
irradiation of the U samples in higher thermal fluxes. 

For example, suppose that full-energy peaks 1 and 2 are 

very prominent in the spectrum from Sample A which had 

undergone an unknown number of fissions. Furthermore, let 

full-energy peak 2 also be pronounced in the gamma spectrum 

from Sample B which had undergone an accurately measured 

number of fissions. Then the absolute cumulative yield of 

the nuclide giving rise to full-energy peak 1 is 

"̂1 Ŷ2"̂ SA2e2 1̂ 
Y1 = J=- y2 / V e  rr (2-4) 
1 C2 2 yl SA1 1 2 

where D^, and Dg are the decay factor terms from Equations 

(2-2) and/or (2-3), whichever is applicable. Equation (2-4) 

applies to Sample A, thus C-^, Cg, t^, tg, and t^ are rele

vant to Sample A only. The role which Sample B plays is 

only in determining Yg* Gamma-ray detection system dead 

time measurements are unnecessary when counting these 

relative samples. 
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Equations (2-2), (2-3), or (2-4) do not account for 

possible neutron decay or isomeric branching. Although 

neutron decay only occurs among short-lived fission products 

and is not a factor in applying the decay equations to the 

data of this experiment, it should be considered when detect

ing gamma-rays from short-lived nuclides, in particular 

bromine and iodine fission products. Isomeric branching 

is generally a much more significant effect than neutron 

decay and does occur for some of the decay products observed 

in this experiment. However*, accounting for this latter 

effect is straight-forward if the branching ratio and half-

lives are well known. 

Delayed Gamma-Ray Detection 

A detector with excellent energy resolution is 

clearly a necessity for resolving individual gamma-ray, 

full-energy peaks from gross fission spectra. The lithium 

drifted germanium, Ge(Li), detector fulfills this require

ment over a broad energy range. As this detector has been 

the subject of numerous reports only a brief description of 

its construction and operation will be given here. 

The starting material for the Ge(Li) detector is 

p-type germanium (germanium doped typically with gallium). 

Lithium which acts as a donor is diffused at approximately 

400°C into the surface making the germanium n-type in these 

surface regions. To obtain an intrinsic or electrically 
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neutral region between the p-type and n-type regions, which 

will enable the collection of free charges, the lithium 

ions are then drifted inward by an applied bias voltage. 

The undrifted portion of the detector is still p-type and 

thus the detector becomes a simple p-i-n junction semi

conductor device. 

temperatures for two main reasons. First, the mobility of 

the lithium is essentially zero at this temperature, main

taining the p-i-n structure indefinitely. Second, as ger

manium has a narrow band gap energy, operation in this 

temperature regime minimizes thermal noise and enables the 

use of very low noise field-effect transistor, FET, pre

amplifiers. To a large extent the observed full width at 

half maximum, FWHM, for a gamma-ray is determined by the 

contributions due to the preamplifier noise and the detector 

capacitance. To a much lesser degree the shaping time 

constants of the main amplifier influence resolution. The 

over-all system resolution, expressed as FWHM, is then given 

by 

Ge(Li) detectors are operated at liquid nitrogen 

FWHM FWHM + FWHM (2-5) 

where FWHM, . is the detector contribution and FWHM n is 

the electronics contribution 
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For gamma-rays with energies between 80 keV and 

1.6 MeV, the photoelectric effect and Compton scattering 

are the major interaction processes in germanium. Above 

150 keV Compton scattering predominates over the photoelec

tric effect in germanium. Thus when detecting gross fis

sion product gamma-ray spectra, the partial absorption of 

gamma-rays can create a background which completely masks 

low energy, low intensity gamma-rays. This background 

causes full-energy peak integrations to be less accurate 

even for the prominent low energy peaks. 

O 
The large volume (50-75 cm ) of current Ge(Li) 

detectors has aided significantly in reducing the loss of 

Compton scattered gamma-rays. The ratio of the full-energy 

peak height to Compton edge with current detectors now 

approaches 20 to 1 for 1.0 MeV gamma-rays. Independent of 

the size and characteristics of a particular Ge(Li) detector, 

there is another method for further suppressing the Compton 

continuum. Surrounding the Ge(Li) detector with a high 

efficiency detector such as sodium iodide, Nal, will enable 

detection of most of the scattered gamma-rays which escape 

the central detector. The Nal signal can thus be used to 

disable the multichannel analyzer and prevent many of the 

partial energy pulses occurring in the Ge(Li) detector from 

being recorded. Using this method of Compton suppression, 

full-energy peak to Compton edge ratios greater than 100 to 



1 have been obtained. Therefore, a large Ge(Li) detector 

in conjunction with a large Nal detector will greatly facil

itate the study of gross fission product gamma-ray spectra. 

Another requirement of a detection system for study

ing gamma-rays over a broad energy band is a large multi

channel analyzer. An example will best illustrate this 

need. For accurate peak integration several channels are 

necessary to define a full-energy peak above FWHM. If the 

energy range spans 2000 keV and the detector resolution is 

3 keV, then a 4096 channel analyzer has available approx

imately 6 channels to define a peak. This was sufficient 

for the computer code used in the gamma-ray spectra anal

yses of this experiment. 



CHAPTER 3 

EXPERIMENTAL PROCEDURE 

Due to the number and diversity of independent 

topics covered in this chapter, an outline of the over-all 

procedure will be given first. 

Fission foils prepared for this experiment were 

calibrated by absolute fission counting against foils of 

accurately known masses in a double-sided ionization chamber 

(Knobeloch 1965). Several small disc-shaped samples of 

235 
U were then irradiated in either the Water Boiler Reactor 

or Omega West Reactor at Los Alamos Scientific Laboratory. 

Those samples irradiated in the Water Boiler Reactor had 

previously been accurately weighed and were used as stand

ards. These standard samples were separately irradiated 

in the ionization chamber, each in the presence of a cali

brated fission foil. Thus by the method described in 

Chapter 2 a measured number of fissions were induced in 

each of the standard samples. After appropriate cooling 

times to enhance the gamma-ray peaks of interest, the 

samples were placed in a reproducible geometry and each 

counted several times. Data obtained from samples irra

diated in the Omega West Reactor were normalized to the 

standard sample data by comparison of full-energy peaks in 

16 
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the gamma-ray spectra. Start and stop times for all sample 

irradiations and for all gamma-ray counting intervals were 

accurately recorded. When gamma counting the standard 

samples, dead time measurements were also made. 

The efficiency of the Ge(Li) detector was determined 

with the aid of calibrated gamma-ray sources and, to a 

lesser extent, uncalibrated sources which have known rela

tive intensities. 

Fission Foil Calibrations 

For this experiment three fission foils of approxi-

035 
mately 36 nanograms of U each were prepared by a vacuum 

evaporation technique in Group CMF-4 of the Los Alamos Scien

tific Laboratory (Povelites 1965) . This deposition tech

nique produces a very uniform layer of material over an 

accurately known area. The uranium was deposited on a 

4.77-cm-diameter by 0.127-mm-thick high purity platinum 

disc in each case. The deposit itself was 6.35 mm in diam

eter and was centered on the platinum disc. 

The isotopic composition of this uranium is given 

in Table 1. Uncertainties in the listed weight percents 

were stated as: and _ 3cq%, ^38^ _ ^.0%, and 

235U - 0.1% (Tisinger 1970). 
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Table 1. Isotopic composition of fission foil uranium 

ISOTOPE ATOM % WEIGHT % 
23^ 

1.03 1.02 

235u 93.25 93.19 

236u 0.26 0.26 

23^ 
5.44 5.51 

The calibration of these foils was performed by 

fission counting against one calibrated fission foil of 

nearly identical mass and against two other calibrated 

fission foils of masses about a factor of two greater. The 

neutron flux used for fission counting is that found in a 

thermal column of the Los Alamos Water Boiler Reactor. The 

10 2 
flux is approximately (1.5)10 neutrons/cm -sec at a max

imum power of 25 kW, with a cadmium ratio of about 40 to 1 

based on indium. 

The foil to be calibrated and a standard were 

inserted into the double-sided ionization chamber and two 

counts each totaling at least 300,000 fissions per foil 

were taken. The chamber was then withdrawn from the reactor 

and the two foils were interchanged and rotated 180° with 

respect to each other before two more counts were taken. 

The average of all four counting ratios was taken to repre-

235 
sent the ratio of the masses of U on the foils. The 

180° rotation and averaging of the four counting ratios 

insured that any effects due to coupling of chamber flux 
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gradients with radial or circumferential asymmetries in the 

fissile deposits would be canceled. 

An experimental verification that chamber flux 

gradients were small was performed. A small amount of 

235 
U deposited on platinum about 3.0 mm in diameter was 

first positioned at the center of a platinum disc identical 

to the ones used for fission foils. A count was taken at 

this position and then the fissile deposit was moved out 

along a radius to two other positions. At both of these 

radial locations counts were taken at four angular positions 

90° apart by rotation of the 4.77-cm-diameter platinum foil 

after each count. Results of this investigation are shown 

in Figure 1. 

The electronics for this counting system are very 

simple. The signal from each side of the counter is fed in 

parallel to dual sets of preamplifiers, amplifiers, and 

scalers. The signal from any amplifier may also be fed to 

a 200-channel pulse height analyzer where the energy spec

trum of the fission fragments may be examined. The response 

235 
of the ionization chamber to one of the 36 nanogram U 

foils calibrated in this experiment is shown in Figure 2. 

The ionization chamber dead time has previously 

been measured and is about 3 microseconds. Thus at the. 

counting rates of 40,000 cpm and below used in the experi

ment there are no appreciable dead time corrections. 
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Samples 

Many factors were considered before deciding upon 

235 
the dimensions of the U samples to be used in this 

experiment. Flux depression considerations dictated that 

the samples be as thin as possible. This is because the 

energy dependent flux had not been measured at the irra

diation position, making any flux depression calculations 

only approximate. Although gamma-ray self-absorption in 

the sample was of lesser importance, it too would be mini

mized by using thin samples. The source-to-detector 

distance and physical arrangement of the Ge(Li) and Nal 

detectors made it desirable to have the diameters of the 

samples also a minimum. The rate at which fissions could 

be induced in a standard sample was determined entirely by 

the mass of the sample and the maximum flux obtainable at 

the location of the ionization chamber. To prevent irradia

tion times of more than several hours at the maximum reactor 

power level, a minimum value of the mass of a standard 

sample of about 15 milligrams was obtained from preliminary 

calculations. From these considerations and the availabil-

235 
ity of U foil, sample dimensions of 6.35 mm in diameter 

by 0.025 mm thick were decided upon. In all, 24 samples 

were punched from uranium foil whose isotopic composition 

is the same as that given in Table 1 for the fission foils. 
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235 
Prior to weighing of the three U samples which 

were to be used as standards and irradiated in the ioniza

tion chamber, they were cleaned in a dilute nitric acid 

solution. This avoided any weighing errors due to UOg and 

Uo0o buildup on the surfaces. Weighing was done in Group 
O O 

CMB-1 of the Los Alamos Scientific Laboratory and the 

uncertainty in the mass of each standard sample was stated 

as ± 30 micrograms or about ± 0.2%. 

Reactor Irradiations 

235 
Irradiations of the U samples were performed in 

either the Water Boiler Reactor or Omega West Reactor. The 

ionization chamber employed for both fission foil calibra

tions and standard sample irradiations was set up to be 

used only in a thermal column of the Water Boiler Reactor. 

The maximum flux at this position in the thermal column 

was not sufficient to enable a 15-mg sample to undergo the 

necessary fissions to permit accurate detection of gamma-

rays from fission products with half-lives greater than 

about 15 days. Also, short-lived activation in the plat

inum present in the standard sample irradiation geometry 

prevented accurate data analysis of gamma-ray full-energy 

peaks from fission products with half-lives less than about 

10 hours. This platinum activation caused both large dead 

times and many interfering peaks at short times after 

irradiation. 
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The three standard samples were each irradiated 

once for 30 minutes and then two of these samples were 

further irradiated for about 5 hours each. After each 

30-minute irradiation the samples were gamma counted twice 

with each counting interval being about 10 hours and the 

first count beginning approximately 8 hours after irradia

tion. Half-lives between about 10 hours and 3 days were 

obtained from these data. Between the 30-minute and 5-hour 

irradiations extreme care was taken in order not to compro

mise the fissile deposit. From the 5-hour data half-lives 

between 3 days and 15 days were obtained. 

Irradiations in the Omega West Reactor were per

formed in the thermal column rabbit and varied from one 

minute to twenty minutes. The flux obtainable was about 

two orders of magnitude greater than that in the ionization 

chamber. The one-minute irradiations enabled spectra to be 

taken as early as 3 hours after irradiation and the 20-

minute irradiations induced sufficient activity for spectra 

to be taken after 8 weeks. All relative sample irradiations 

were performed in duplicate and the results averaged. 

235 
The physical arrangement of the U samples for 

the Omega West Reactor irradiations was a sandwich consist

ing of three disc-shaped layers of 0.076 mm thick aluminum 

foil with a 6.35-mm-diameter hole cut out of the middle 

layer of aluminum for positioning the sample. A fast-drying 
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plastic cement which could be applied in very thin and 

uniform layers fastened the sandwich together. For irradia-

235 
tion of the standard samples each U sample was cemented 

directly to the back of a platinum fission foil. Here only 

two aluminum discs were required, again one had a 6.35-mm 

hole for centering the sample and the other was solid to 

prevent fission fragments from escaping. Cementing the 

235 
U samples directly to the back of the platinum fission 

foils minimized the flux difference between that at the 

fissile deposit and the average in the sample. The aluminum 

foil thickness of 0.076 mm was chosen for two reasons. 

235 
First, the range of the most energetic U fission frag

ments is approximately 0.025 mm in aluminum; and, second, 

gamma-ray attenuation through this thickness of aluminum 

is negligible at all energies of interest in this experi

ment . 

A blank aluminum sandwich was also irradiated to 

check on possible interfering peaks either from aluminum or 

its impurities or from the plastic cement. Count rates were 

barely above background even at short times after irradia

tion and no significant peaks were observed. 
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Gamma-Ray Detection System 

Primary gamma-ray detection was performed by a 

3 
closed-ended coaxial Ge(Li) detector of about 50 cm active 

volume. The system resolution with this detector was 2.8 

60 
keV FWHM for the 1.33 MeV gamma-rays from Co. Compton 

suppression was performed by a Nal annulus surrounding the 

Ge(Li) detector. This anticoincidence mantel was 20.3 cm 

in diameter by 30.5-cm long, with an inside diameter of 

7.6 cm. Lead shielding, 15.2-cm thick, surrounded the Nal 

detector on all sides except for holes at both ends. Source 

gamma-rays were collimated through one hole while the other 

accommodated the cryostat extension housing the Ge(Li) 

detector. The source-detector distance was about 95 cm. 

This source-detector configuration is shown schematically 

in Figure 3. 

Gamma-rays from the source were collimated by a two-

section removable lead collimator. The collimator was 

designed to permit all gamma-rays from a 6.35-mm-diameter 

disc source a direct path to the total front surface area 

of the cryostat containing the Ge(Li) detector. Although 

this design allowed some direct radiation to interact with 

the Nal crystal, counting rates were always less than those 

of the Ge(Li) detector. 

For quantitative research, especially with a coaxial 

type Ge(Li) detector, this collimator design is a necessity. 
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Experiments with very finely collimated gamma-ray beams 

(Malm 1966) have shown that the full-energy peak efficiency 

varies greatly over the surfaces of these detectors. There

fore, if the collimator prevented any source gamma-rays 

from having a direct path to the Ge(Li) detector, a meaning

ful efficiency calibration would be impossible. 

The Nal annulus was used in anticoincidence with 

the Ge(Li) detector to suppress the Compton contribution 

from scattered gamma-rays. The output of the six photo-

multiplier tubes associated with.the Nal detector were 

summed and this signal was used to momentarily disable the 

multichannel analyzer. Illustration of the effectiveness 

of this method for reducing the Compton distribution is 

60 
given in Figures 4 and 5. Figure 4 shows a typical Co 

spectrum without Compton suppression and Figure 5 shows a 

60 
similar Co spectrum with Compton suppression. As can be 

seen from the figures, the full-energy peak height to 

Compton edge ratio for the 1.33-MeV peak has been increased 

from 19 to 1 to about 70 to 1 for this detector arrangement. 

235 
When counting the standard U samples accurate 

knowledge of the system dead time was required. As the 

Ge(Li) count rates for all standard sample counts were 

always less than 400 counts per second, dead time was 

associated entirely with the multichannel analyzer. A 

digital clock situated directly above the analyzer was used 
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for the dead time corrections in the following manner. 

With a sample mounted in the source holder and the analyzer 

set to count in the live-time mode for 10 minutes, the 

clock times at which the analyzer started and stopped 

counting were recorded. The amount by which this clock 

time interval exceeded 10 minutes was then taken as the 

dead time for that 10-minute counting interval. This pro

cedure was repeated before and after each count of a stand

ard sample was taken. Dead times measured for the standard 

sample counts ranged from a maximum of 2.3% to a minimum of 

0.33% using this technique. With no sample in the source 

holder there was no measurable dead time. 

Instrumentation System 

The Ge(Li) signal was first fed through a Canberra 

model 1408C spectroscopy preamplifier and then through the 

main amplifier, a Canberra model 1417B. This amplifier has 

pole-zero cancellation and a baseline restorer on its out

put. The amplifier signal was then sent to the 4096 channel 

analyzer, Nuclear Data model 160M. 

The signal from the output of the photomultiplier 

tubes was amplified first by a LASL model 225V preamplifier 

and then by a LASL model 8021 main amplifier. This pulse 

was then sent through a LASL model 204 coincidence unit to 

stretch and delay the pulse sufficiently to insure that the 
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Nal anticoincidence pulse overlapped the corresponding 

Ge(Li) pulse. 

After each counting interval the contents of the 

memory of the analyzer were transferred to magnetic tape 

together with an appropriate identification. The instru

mentation system is shown in block diagram form in Figure 6. 

Ge(Li) Efficiency Calibration 

Absolute full-energy peak efficiency is defined in 

this paper as the ratio of the number of gamma-rays seen as 

full-energy events by the detector to all gamma-rays of that 

energy emitted by the source. This efficiency is then a 

function of the source-detector distance and alignment, 

requiring that all data be taken in the same source-detector 

geometry. 

A 1970 set of calibrated International Atomic Energy 

Agency, IAEA, gamma-ray standards were the primary calibra

tion sources. In addition, sources of *®®mHo, "^^Eu, and 

133 
Ba having accurately measured relative gamma-ray intensi

ties and at least one gamma-ray very close in energy to an 

IAEA calibration standard were available. Thus, measure-

. „ , . • „ 166m„ 154„ 
ments of gamma-ray spectra from sources of Ho^ Eu, 

133 
and Ba, taken in the standard geometry and normalized to 

the IAEA standards, aided in establishing the shape of the 

efficiency curve. 
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Autoradiographs were taken of all IAEA sources to 

obtain an estimate of the distribution of radioactive 

material in each source. The results indicated that in 

some cases the radioactive material was distributed over an 

235 
area larger than that of the U samples for which the 

lead collimator was designed. Therefore, when counting 

IAEA sources the inner collimator was removed and the 

detection system not operated in the Compton suppression 

mode. This insured that all source gamma-rays could see 

the total front surface of the Ge(Li) detector. 

When counting the IAEA sources, Ge(Li) count rates 

•were always less than 200 counts per second and measured 

analyzer dead times were all less than 0.4%. At least three 

separate counts of all IAEA sources were made and two counts 

of the relative sources were taken. For all IAEA sources 

and for the more intense gamma-rays from the relative 

5 
sources at least 10 counts were obtained in each full-

energy peak per counting interval. 



CHAPTER 4 

DATA ANALYSIS 

Ionization chamber data had to be corrected for non-

fission events above the thresholds of the discriminators 

which preceded the scalers and for fission events below the 

thresholds. Both of these corrections were of the order of 

one percent and were easily determined by comparing the data 

from the 200-channel analyzer from counts taken with bare 

platinum discs in the chamber and with the fission foils in 

the chamber. 

Flux depressions caused by both the platinum back-

235 
ing of the fission foils and the 15 mg U samples were not 

amenable to experimental determinations. The calculations 

of these flux depressions are described in Appendix A. 

The gamma-ray spectra were transferred directly from 

the multichannel analyzer to magnetic tape after each count

ing interval. Computer analyses of the gamma spectra were 

then performed to determine areas of full-energy peaks. 

These areas were used to calculate the yields from either 

Equation (2-2, 2-3, or 2-4). A lengthy literature search 

was performed for all nuclides used in this research to 

determine best values of half-lives and absolute gamma-ray 

35 
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intensities to be used in the yield calculations. A tabula

tion of these data is given in Appendix C. 

A weighted least squares curve fit to the efficiency 

data was also performed. This enabled an accurate interpola

tion between the point data to obtain the efficiencies at 

the numerous gamma-ray energies of interest. 

Gamma-Ray Spectra Unfolding 

Representative gamma-ray spectra taken at 3 hours 

and 1, 7, and 57 days after irradiation are shown in Appen

dix B. These four spectra exhibit all of the peaks analyzed 

in this work. 

A least squares fit computer program (Sanders and 

Holm 1969) performed the full-energy peak integrations on a 

CDC 6600 computer. The code fits the gamma-ray peaks in an 

energy region with the function 

N 

Y(J) [G(I,J)+EXP1(I,J)+EXP2(I,J)] + EXPB(J) 

1=1 

where 

I indicates the full-energy peak, 

J indicates the data point, 

N is the number of full-energy lines in the region 

being fit, 

Y(J) is the value of the function, 
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G(I,J) is the Gaussian, 

EXP1(I,J) is the zero-slope exponential tail, 

EXP2(I,J) is the exponential tail used to represent the 

asymmetry of the low-energy side of the Gaussian, 

and 

EXPB(J) is the background contribution. 

Figure 7 shows how the function described above fits 

140 
the 1.6 MeV La full-energy peak. This figure was not, 

however, a result .of data taken with the detector used in 

this experiment and as such the low-energy tail, EXP2, is 

slightly out of proportion. As shown in Figure 7, this tail 

is approximately five percent of the Gaussian area while for 

the detector used in the experiment this tail varied between 

one-half and one and one-half percent of the Gaussian areas. 

Two major causes for the asymmetry are known: one is insuf

ficient collection voltage in various regions of the detec

tor; and the other is a combination of counting rate and 

amplifier response. Due to the baseline restoration on the 

output of the amplifier and the low counting rates employed 

in this experiment, this latter effect was negligible. 

Current Ge(Li) detectors also operate at higher bias volt

ages than were previously possible, making for more complete 

charge collection and smaller fractional tail areas. 

An example of a fit to data taken in this experiment 

is shown in Figure 8. The data was taken at 57 days and the 
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full-energy peaks fit are from *^La, ®^Zr, ®^Nb, and ^2i, 

The individual Gaussian and exponential tail areas are not 

shown for each peak as in Figure 7, instead a smooth curve 

representing the sum 

G(I,J) + EXP1(I,J) + EXP2(I,J) 

is shown for clarity. The computer printout, however, item

izes all parameters, areas, and their deviations calculated 

in the least squares fit to the data. For consistency and 

since the asymmetric tail, EXP2, is mainly a result of full-

energy events with incomplete charge collection, all full-

energy peak areas, including those from the efficiency cali

bration sources, were taken to be the sum of the Gaussian 

and exponential tail areas, that is, 

full-energy peak area = G(I,J) + EXP2(I,J). 

Curve-Fitting Ge(Li) Efficiency Data 

A weighted least squares spline program was used to 

interpolate between the efficiency calibration data. This 

approximation, which is essentially the numerical analogue 

of the draftsman's spline, consists of fitting the data 

points with sections of cubics, requiring that the slopes 

and curvatures be continuous at the junction points. In 

addition, it is required that the quantity 
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J 

d  - X V f ( x j >  y j ' 2  (4-1) 

j=l 

be a minimum. This is the least squares condition, where W. j 
is the weight of each data point, y. the experimental value j 
of the variable, f(x.) the calculated or spline value of the 

j 
variable, and J the number of data points. 

With this program the user selects both the number 

of regions to be independently fit by cubics and the bound

aries of each region. The efficiency data of this experi

ment were input in the spline program in three forms: 

(x^,yj) , (Xj, In y^) , and {An x ̂ , An y^) 

as the data showed varying curvatures in different energy 

regions when plotted in these forms. 

interval used to compare the fits to the three forms of in

put data was the weighted variance defined as 

The criterion for goodness of fit over an energy 

(4-2) 

J-l 

where the terms in Equation (4-2) are the same as those 

defined in Equation (4-.1) with two exceptions. The weighted 

variance is defined here not for all data points, J, but 
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only for those points, n, in a particular energy interval; 

and p is the number of parameters. 

When fitting data of the form (x.,y.), the weighting «j j 
factors were equal to the inverse of the variance of the 

data points, 

Wj = -^3 • j ct 

With data of the forms (x.,^n y.) and (<&n x., in y.), the j j j j 
weighting factors were equal to the inverse of the square of 

the absolute fractional uncertainties in the efficiency data, 

yj2 

W, - —J 

J a 2 

yj 

Yield Calculations 

Two short computer codes were written to calculate 

the cumulative chain yields. One code solved Equations (2-2 

and 2-3), and the other solved Equation (2-4). 

A few of the fission products studied in this experi

ment had parents with both non-negligible half-lives and 

fractional cumulative yields measurably less than unity. In 

these cases neither Equation (2-3) nor the corresponding 

form of (2-4) would be appropriate for yield calculations. 

138 
For example, consider the yield of Cs which has 

a measured fractional independent yield of 0.047 (Wahl et al. 

to be published) . Thus, the fractional cximulative yield of 
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1 1 
Xe, the parent of Cs, is 0.953. Then, for this sit

uation, the total full-energy counts for a particular 

138 
gamma-ray from Cs are the result of a simple decay (e.g., 

Equation (2-2)) 4.7% of the time and a daughter decaying 

from a parent (e.g., Equation (2-3)) 95.3% of the time. 

The form of the yield equation appropriate for this sit

uation is 

C =0.047 (RHS2) + 0.953 (RHS3), (4-3) 

where RHS2 is the right-hand side of Equation (2-2) and 

RHS3 is the right-hand side of Equation (2-3). If the yield 

were determined from a relative sample, then forms of Equa

tion (2-4) would replace RHS2 and RHS3 in Equation (4-3). 

However, the principle is the same for both the standard 

and relative samples. 

For all fission products studied in this work, yields 

were calculated from gamma-ray spectra taken at two or more 

235 
times after irradiation for each U sample. These yields 

915 i 
were averaged for each U sample and then further averaged 

235 
with respect to the different U samples. 



CHAPTER 5 

RESULTS 

Cumulative fission product yields were determined 

for 32 nuclides representing 26 mass chains. Based on the 

correlation of independent and cumulative yields by Wahl et 

al. (to be published), only one of the cumulative yields re

ported herein should be measurably less than the corres

ponding total chain yield. This fact permitted comparisons 

between the results obtained from this experiment and 

studies which used mass spectrometric techniques to deter

mine total chain yields. 

Ge(Li) Detector Efficiency 

The absolute full-energy peak efficiency of the 

Ge(Li) detector used in this experiment is shown in Figure 9. 

The point data shown on the graph are tabulated in Appendix 

C. Uncertainties in these point data range from about 0.7 

to 3.5%. 

Uncertainties in the efficiencies for gamma-ray 

detection studied in this work varied from about 1.0 to 

3.0%, depending on the proximity of the energy of the gamma-

ray of interest to a calibration point and the computed 

weighted variance in the energy region. 

44 



/ 
O  I A E A  

166m 

A Ba 

X 

200 400 600 800 1000 1200 
ENERGY (keV) 

1400 1600 1800 

Fig. 9. Ge(Li) detector absolute full-energy peak efficiency. 
Ol 



46 

Fission Product Yields 

Cumulative yields determined in this work are given 

in Table 2 together with values from the two most recent 

studies on this subject. The results of the study by Lisman 

et al. (1969) had quoted errors of less than one percent for 

most of the mass numbers measured. The values from Rider 

et al. (1967) are a result of a compilation and critical 

analysis of all research in this field prior to July, 1967. 

Uncertainties were suggested as two percent or greater based 

on the data available at that time. 

A notable omission from the results of the 1969 

study is a yield for mass 135. The long irradiation time 

135 
and large cross section of Xe caused burnup uncertainties 

and prevented an accurate yield determination. Therefore, 

for this important mass chain, the gamma-ray spectroscopy 

technique offers a significant improvement over other experi

mental methods. 

Error Estimations 

The individual parameters in Equations (2-2, 2-3, 

and 2-4) from which the yields were calculated will now be 

discussed with respect to their uncertainties. 

Typically the errors in determining full-energy peak 

areas were in the range 0.2 s AC ^ 1.0% for high-intensity 

transitions. Larger errors were associated with only those 

peaks from nuclei with half-lives less than a few hours or 
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Table 2. Percent chain yields in the thermal fission of u» 

FISSION PRODUCT THIS WORK MASS NO. LISMAN RIDER 

85mKr 1.36 + 0 05 85 1.30 1.30 

87Kr 2.29 + 0 18 87 2.54 2.50 

88Kr 3.73 + 0 22 88 3.61 3.58 

91sr 5.31 + 0 47 91 5.90 5.90 

91my 5.77 + 0 24 

92Sr 6.00 ± 0 17 92 5.95 6.03 

93y 
6.82 + 0 62 93 6.34 6.48 

95_ 
Zr 6.40 + 0 16 95 6.45 6.41 

95. 
Nb 6.34 + 0 16 

97_ 
Zr 6.17 ± 0 11 97 5.86 6.21 

97xt. 
Nb 6.15 + 0 11 

99m_, 
Tc 6.14 ± 0 17 99 6.14 6.19 

10 3„ 
Ru 3.22 ± 0 09 103 3.0 

Rh 0 .401±0 .019 106 0.389 0.39 

131J 2.68 + 0 07 131 2.79 2.91 

132Te 
4.17 ± 0 10 132 4.16 4.33 

132j 4.38 ± 0 12 
133j 6.59 + 0 19 133 6.73 6.67 

133Xe 6.67 + 0 52 

134 j 7.60 + 0 15 134 7.51 7.92 

135j 6.31 ± 0 51 135 6.43 

135Xea 6.71 + 0 18 

137Cs 6.20 + 0 18 137 6.28 6.18 
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Table 2, Continued. 

FISSION PRODUCT THIS WORK MASS NO. LISMAN RIDER 

138Cs 6.91 ± 0.32 138 6.80 6.60 

139Ba 6.31 ± 0.27 139 6.28 

140_ 
La 6.40 ± 0.11 140 6.31 6.30 

141Ce 5.76 ± 0.17 141 5.50 5.81 

142La 5.70 + 0.21 142 5.88 5.84 

143Ce 5.76 ± 0.48 143 5.90 5.87 

144Ce 5.7 9 ± 0.43 144 5.42 5.34 

147Nd 2.29 ± 0.09 147 2.12 2.25 

149Nd 1.08 ± 0.06 149 1.00 1.09 

135 
a. Fractional independent yield of Xe taken as 

0.04 ± 0.01 from Wahl et al. (to be published). 
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greater than one year. In these instances either the overlap 

of peaks or a low value of the peak to background ratio pre

vented accurate integration. 

Calculating the number of fissions during each stand

ard sample irradiation was accurate to about 1.1%. This was 

due mainly to uncertainties in the fission foil masses (— 

1.0%) and flux depression corrections (— 0.4%). 

Above 250 keV the estimated precision of the effi

ciency determinations was always less than 2.0% and for some 

energy ranges less than 1.5%. For example, due to the number 

of high accuracy IAEA calibration points between 800 and 

1400 keV and the small weighted deviation from the computer 

fit to the data, absolute efficiencies are believed to about 

1.0% in this energy range. Below 250 keV errors were esti

mated to be between 1.5 and 3.0%. 

Whenever a yield value from this work has an error 

greater than about 2.5%, it is due largely to uncertainties 

in the absolute gamma-ray intensity. With the current wide

spread use of high resolution Ge(Li) detectors much work has 

been done in the past few years on improving gamma-ray in

tensity data and decay scheme data in general. However, 

after a thorough literature search it is apparent that large 

variations in the data still exist in many cases. As newer 

and more accurate decay scheme data become available the 

yields reported herein may be updated; the gamma-ray v 
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intensities used in the yield calculations and their un

certainties are tabulated in Appendix C. 

Listed also in this table are the half-lives used 

in this experiment. These are almost entirely 1.0% or better 

values. As such, half-life uncertainties contributed only a 

small fraction to the total uncertainties. 

The three remaining factors, fg^> and the times 

ti» t2, and tg, all contributed negligibly to the total 

yield errors. The self-absorption factor, was calcu-

lated for a 48.0 mg/cm uranium disc using the self-absorp-

tion equation for a thin sheet, 

f = -i- ( i_e~^d ^ 
SA p,d ^ J ' 

where is the total attenuation coefficient and d is the 

material thickness. Values of n were obtained from a com

pilation by Storm and Israel (1967). The point values were 

plotted and values of fg^ at the energies of interest were 

determined visually from Figure 10. 

Analyzer dead times when counting the standard 

samples were always less than 3.0%. Due to the small values 

of the dead times and the accuracy with which they were 

measured, uncertainties in the system live time, T^, were 

always less than 0.1%. 

The absolute value of t-^, the irradiation time, was 

recorded to an accuracy of ± 10 seconds. However, the 
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counting interval, t3 - tg, was always measured to an accu

racy of better than ±0.5 seconds. Thus, there are essen

tially no errors due to uncertainties in the recorded times. 



CHAPTER 6 

CONCLUSIONS 

Determining fission product yields using gamma-ray 

spectroscopy has the obvious advantages of speed and conven

ience over other techniques for fission yield studies. Al

though the errors quoted for the results of this experiment 

are greater than for most of the recent mass spectrometric 

data, an important exception is mass number 135. For the 

135 
short irradiation times used in this experiment Xe burnup 

was negligible and an accurate yield was obtained. With the 

aid of more accurate decay scheme data all of the yields 

determined in this experiment could be stated with uncer

tainties of less than 3.0%. 

As high isotopic purity fission foils with deposits 

235 239 
of U or Pu are in existence at Los Alamos Scientific 

Laboratory and possibly other places, studies similar to 

235 
this one for fast neutron irradiations of U and for both 

239 
fast and thermal irradiations of Pu would be very worth

while. Also there exists the possibility of calibrating 

foils of other fissile or fertile materials, for example 

241 
Pu, by absolute alpha counting and then performing re

search of this type. 

53 
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Further research in this field could also include 

sample irradiations followed promptly by dissolution and 

chemical separation of the fission fragments. This would 

greatly simplify the individual gamma spectra and enable 

determinations of independent yields of many isotopes. 



APPENDIX A 

FLUX DEPRESSION CALCULATIONS 

Both during the calibration of the fission foils 

used in this experiment and during the standard sample 

irradiations, flux differences due to neutron absorption 

235 
existed between the two samples of U in the ionization 

chamber. When calibrating the fission foils the platinum 

disc depressed the flux slightly, and for the standard 

235 
sample irradiations the 15 mg U samples caused signif

icant flux depressions. 

Based on recent neutron spectra measurements from 

a fission source in graphite (Profio, Antunez and Huffman 

1969) and knowledge of the ionization chamber-reactor core 

distance in the graphite thermal column of the Water Boiler 

Reactor, it was assumed that the thermal flux would very 

closely approximate a 2200 m/sec Maxwellian distribution. 

The irradiation conditions in the fission chamber approx

imated the irradiation of a purely absorbing sample in a 

void. This statement follows from the facts that the sample 

size was much less than the dimensions of the chamber, and 

there was no appreciable scattering material within a few 

cm of the sample. 

55 
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Theory 

The depression of thermal neutron fluxes and den- . 

sities by absorbing foils has been the subject of several 

papers (Dalton and Osborn 1961; Hanna 1961, 1963). In these 

papers the major emphasis has been on calculating the aver

age monoenergetic flux in a sample. The flux shapes through 

absorbing samples and outside of them have been of lesser 

interest and very little published material appears on these 

subjects. 

A 1/v absorber in a Maxwellian flux actually responds 

to the neutron density which due to spectral hardening is 

depressed slightly more than the flux. For monoenergetic 

calculations these quantities are the same. It will be shown 

later that the depressed neutron flux and density are very 

similar for the experimental conditions of this research. 

If a sample is irradiated in a cavity so large that 

a vanishingly small number of neutrons which pass through 

the sample are ever scattered back through the sample again, 

the incident flux is not perturbed by the sample and the 

only effect is that of self-shielding. Then, for a mono

energetic, isotropic flux and a purely absorbing disc

shaped sample, the ratio of the average flux in the sample 

to the unperturbed flux is 

3/0o = 7n~( 1+e) (A-l) 
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where b is the sample thickness in mean free paths, 

a = l-2Eg(b), and e is the edge effect correction given by 

Hanna (1963). 

For a sample with an infinite radius and a nonzero 

(isotropic) scattering cross-section, Hanna (1963) gives 

for the flux ratio, 

b 

" TT + 3E K<b) • (A"2) 

In this equation bg and b are calculated from the scattering 

and total mean free paths respectively, and K(b) is given 

by 

K(b) « 4.81b - 28.4b2 + 74.7b3 

to within a few percent for b less than 0.15. Equation 

(A-2) also only applies to the case of a monoenergetic, 

isotropic flux and irradiation in a large cavity. 

The analogues to Equation (A-l) for a 1/v absorber 

in a Maxwellian neutron spectrum are given by Hanna (1963) 

as convergent series for both neutron flux and density 

depressions. It has also been pointed out by Hanna(1961) 

that in using Equation (A-l) or (A-2) to calculate the re

sponse of a thin disc sample to a Maxwellian flux, the 

appropriate cross-section value is 

E = (2/TT'g') TIQ 

where £0 is the cross-section at the modal velocity. 
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A literature search revealed no equations similar to those 

described above for the flux or neutron density outside of 

an absorbing sample. 

A straightforward derivation for the isotropic, 

monoenergetic flux as a function of distance normal to a 

purely absorbing disc and along the center-line of the disc 

• 

resulted in the equation 

0 
0(r=o, z) = g2 1 + cosB'tl-Eg ]+ EgCb) (A-3) 

x 
where cos0' = z/[R2+z3]e and R is the radius of the disc. 

This derivation also assumed a negligible physical thick

ness as edge effects were neglected. Evaluation of Equation 

A-3 at z = 0.0 is then the flux at the surface of the 

absorbing disc. An attempted derivation for points off the 

axis of the disc resulted in non-integrable functions. 

An accurate calculation of the average flux in a 

non-flux depressing sample, in the presence of an absorbing 

sample, could be made with Equation A-3 if two conditions 

were fulfilled. First the radial variation of the flux in 

both samples would have to be the same; and second, the 

flux in the absorbing sample would have to be flat in the 

axial direction. As neither of these conditions would be 

accurate approximations to the actual situation of irra

diating the standard samples in the presence of fission 

foils, a computer analysis of the problem was performed. 
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Computer Method of Calculating Flux Depressions 

The validity of using the method of analysis de

scribed later in this section was determined from two con

siderations: the experimental configuration of the samples 

in the ionization chamber and comparisons and analyses of 

results from Equations A-l, A-2, A-3, and those for a 1/v 

absorber in a Maxwellian flux (Hanna 1963). 

There was no appreciable scattering material within 

a few cm of the fission foil and standard sample when in 

the ionization chamber. Thus, to the extent that neutrons 

235 
passing through the U samples had a negligible probabil

ity of being scattered back through them, the flux and 

neutron density depression equations described previously 

are valid. Using these equations, calculations were made 

235 
for the 15 mg U samples used in this experiment. 

The monoenergetic flux depressions calculated 

from Equation (A-l), absorption only, and Equation (A-2), 

absorption and scattering, differed by less than 0.1% 

indicating that scattering in the sample was negligible. 

Neutron density depressions were calculated from the con

vergent series given by Hanna (19G3) for a 1/v absorber 

in a Maxwellian flux and Equation (A-l) using the modified 

cross section described previously. Results of this latter 

comparison differed by approximately 0.5%, thus it was 

decided to use a monoenergetic calculation in the computer 
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analysis. A general-purpose point-kernel program, QAD 

(Malenfant 1967), was used to calculate the neutron density 

depressions where Equations A-1 and A-3 were not applicable. 

The neutron absorption problem was treated as a simple one 

energy group exponential attenuation problem without scat

tering. 

To mock-up an isotropic flux of neutrons in the 

fission chamber, 1600 isotropic point sources were dis

tributed over the surface of a sphere surrounding the fis-

235 
sion foil and U sample. In all calculations the point 

at which the flux was calculated was at the center of the 

spherical shell source. To calculate the flux depression 

235 
at various points in the U sample and in the fissile 

deposit the shell source was moved relative to the samples. 

In this way the flux was always calculated at the center of 

the source distribution. This seemingly cumbersome pro

cedure was made necessary by the fact that the flux inside 

a spherical shell source in a vacuum emitting neutrons 

isotropically is not a constant, but a function of radial 

position (Case, de Hoffmann, and Placzek 1953). The number 

of source points was determined by observing the flux con

vergence as the number of source points was increased. 

As slight differences existed between the materials 

constituting the fissions foils used in this experiment and 

the J-ll reference foils, a flux depression calculation was 
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also performed for the fission foil calibration geometry. 

Results 

For comparison purposes and to insure that the QAD 

source point distribution was sufficient, a computer analysis 

235 
of the flux depression in a bare 15 mg U sample was per

formed and compared to the value calculated from Equation 

(A-l). The results differed by about 0.2%. Thus, for 

obtaining flux values to be used in a ratio it was decided 

that QAD calculations would be sufficiently accurate. 

Average relative flux values in the fissile deposit 

235 
and in the 15 mg U sample were calculated for the stand

ard sample irradiation geometry. The QAD results are 0.897 

and 0.861 respectively relative to an unperturbed flux 

value of 1.0. 

During fission foil calibrations there were slight 

flux differences in the two fissile deposits. Computer 

results are 0.9815 and 0.9880 for the fissile deposits on 

platinum prepared for this work and the J-ll calibration 

foils respectively. 



APPENDIX B 

FISSION PRODUCT SPECTRA 

Gross fission product spectra taken during the 

course of this research are presented on the following 

pages. Spectra taken at 3 hours and 1, 7, and 57 days 

after irradiation and for gamma-ray energies between 80 and 

1600 keV are shown. Although numerous other spectra were 

taken at different times after irradiation, these exhibit 

all of the peaks analyzed. 

No attempt was made to determine gamma-ray energies; 

those shown in the figures are current literature values. 

For identification of the unlabeled peaks in these spectra 

consult the work of Murri and Ileath (1968) . The reason 

that some prominent peaks are unlabeled, indicating that 

they were not used in the data analysis, is that they arise 

from less intense and therefore, in general, less accurately 

known transitions in a nuclide which is characterized by a 

more intense gamma-ray which is labeled. 
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Fig. 11. Gross fission product gamma-ray spectrum from the thermal 

235 
fission of U, taken at 3 hours after irradiation. 

The irradiation time was 1 minute and the 4096 channel data is pre

sented in six frames. The energy range of the data is approximately 40 to 

1600 keV. 
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Fig. 12. Gross fission product gamma-ray spectrum from the thermal 

235 
fission of U, taken at 1 day after irradiation. 

The irradiation time was 1 minute and the 4096 channel data is pre

sented in six frames. The energy range of the data is approximately 40 to 

1600 keV. 
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Fig. 13. Gross fission product gamma-ray spectrum from the thermal 

235 
fission of U, taken at 7 days after irradiation. 

The irradiation time was 20 minutes and the 4096 channel data is pre

sented in six frames. The energy range of the data is approximately 40 to 

1600 keV. 
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Fig. 14. Gross fission product gamma-ray spectrum from the thermal 

235 
fission of U, taken at 57 days after irradiation. 

The irradiation time was 20 minutes and the 4096 channel data is pre

sented in six frames. The energy range of the data is approximately 40 to 

1600 keV. 
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APPENDIX C 

DECAY SCHEME AND Ge(Li) DETECTOR EFFICIENCY DATA 

Listed in Table 3 are the half-lives and gamma-ray 

intensities used in the yield calculations. For those fis

sion products with parents which have non-negligible half-

lives, all significant half-lives are given. Stated uncer

tainties in the intensity data are based on the values 

obtained from the literature search performed for this work. 

All half-life and gamma-ray intensity data published 

prior to 1966 are summarized in a book by Lederer, Hollander, 

and Perlman (1967). For many nuclides investigated in this 

work there were also several more recent references. For 

clarity these references are given in an abbreviated form 

in Table 8. This compact form includes the first two 

letters of the last name of the author and the last two 

numerals of the year of publication. A letter following 

the two numerals is used to differentiate between publica

tions in the same year by authors with last names beginning 

with the same two letters. 

Given in Table 9 are the Ge(Li) detector efficiency 

data which were used in the least squares spline fitting and 

interpolation program. For the benefit of future users of 

this detector a careful measurement of the source-uetector 

87 
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Table 3. Half-life and absolute gamma-ray intensity data. 

NUCLIDE T i  
Ey(keV) 

V 
( % )  REFERENCES 

85mv  Kr 4 .4  h 151.1 74.0 ± 2.0 

87„ 
Kr 78 .0 m 402.4 59.0 + 2.0 Ho67,0n68,Ly68,  

Bo69 

s* 
00 00 

2  .8  h 196.1 38.1 + 2.2 Ly68 

9 1Sr 9 .85 h 652.9 15.0 ± 1.8 

749.8 27.0 + 2.0 

1024.3 30.0 + 2.0 

91my 50 .5  m 555.6 58.0 ± 1.8 

9 2Sr 2 .71 h 1384.0 90.0 + 1.0 

93y  10 .2 h 266.7 6.3 + 0.6 Ar69 

9 5Zr 65 .5 d 724.1 48.5 + 0.  5 a  Br66,Fo69,Go66a 

756.7 51.5 + 0.  5 a  

95Nb 35 .15 d 765.8 100.0 ± 0.2 Re68 

97 y 'Zr  17 .0 h 743.2 93.5 + 0.3 Si68,Ho70,Ta69a 

97Nb 73 .74 m 657.9 98.4 + 0.2 Gr68a,Ho70,Is69,  
Si69,Ta69a 

"mTc 66 .7 h 140.7 81.8 ± 0.4 Re68,Va68,Ba69 

6 .04 h 

103Ru 39 .5  d 497.1 88.0 ± 0.5 Po66,Ma66,Ra69,  
Zo69 

106Rh 367 .0  d 511.9 21.0 ± 0.8 Go66a,Ve67,0d69 
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Table 3, Continued. 

NUCLIDE E^(keV) \ (%) REFERENCES 

131j 30.0 h 364.5 82.0 + 0.6 Be67b,Yt67,Re68 

8.05 d 

132™ 
Te 78.0 h 228.3 90.2 + 1.0 An64,Fr66,Go66a 

132 j 2.30 h 667.7 99.7 + 0.2 An64,He69 

772.9 75.0 ± 1.8 
133 j 55.0 ra 529.8 90.0 + 1.0 Pa67,Mc68,Re68 

20.9 h 

133Xe 5.27 d 81.0 36.5 ± 0.9 Go66a,A168a 

134r 
41.8 m 847.0 95.2 ± 0.4 Be67a,Ta69b,Wi69 

52.5 m 884.1 64.8 + 0.7 

135j 6.70 h 1260.4 23.5 + 2.0 

135Xe 9.17 h 249.6 91.1 + o. 4 A168a,0p68 

137Cs 30.2 y 661.6 85.1 + 0.4 Re68 

138_ 
Cs 32.2 m 1435.0 74.0 + 2.0 Ca68 

139_ 
Ba 9.5 m 165.8 21.9 + 0.9 Hi68,Be69,Su69 

82.9 m 

140La 12.8 d 1596.6 95.5 + 0.3 Hu66,Go66a,Ka67, 
Ba68,Re68 

40.3 h 

141Ce 33.0 d 145.5 48.5 + 1.2 Go66a 

142La 11.0 m 641.1 48.0 ± 1.1 Wa67b,A168b 

92.0 m 
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Table 3, Continued. 

NUCLIDE Ey(keV) y%) REFERENCES 

143 

144 

Ce 14.0 m 

33.5 h 

Ce 284.9 d 

147 
Nd 11.1 d 

149 
Nd 2.3 ra 

1.73 h 

293.3 

133.5 

91.1 

530.7 

211.3 

46.3 ± 4.0 

10.8 ± 0.9 

27.6 ± 0.5 

12.6 ± 0.5 

23.7 ± 1.5 

Go66a,Wa67c, 
Gr68b,Me68 

Wa67d,Re68 

Ca67,Do67,Wa67e 

Ba66,Go66b,He66 

a. Intensity values were determined in this work". 



Table 4. Absolute Ge(Li) efficiency data. 

SOURCE ENERGY(keV) EFFICIENCY(106) 

241Am(IAEA) 59, .5 23 .02 + 0 .49 

166m.. 
Ho 80, ,3 54 .5 + 1 . 6 

57Co(IAEA) 122, .0 67 .58 + 1 .41 

154EU 123, .1 66 .6 + 1 .6 

166mho 00
 

,2 61 .3 i 1 .0 

166mho 215, .6 50 .4 + 1 .0 

154EU 248, .0 43 .1 + 0 .8 

133Ba 276, .3 37 .1 + 1 .1 

203Hg(IAEA) 279, .2 36 .94 + 0 .37 

166m„_ 
Ho 279, .6 36 .85 + 0 .55 

166mHo 299, .3 34 .4 + 0 .6 

133-. 
Ba 302, .8 34 .4 + 1 .0 

133d 
Ba 356, .0 25 .6 + 0 .9 

166m.. 
Ho 364, .9 26 .0 + 0 .6 

133d 
Ba 383, .9 23 .0 + 0 .8 

166m.. 
Ho 410, .5 23 .2 + 0 .5 

166m.. 
Ho 450 .7 20 .3 + 0 .4 

22Na(IAEA) 511, .0 17 .24 + 0 .17 

166m., 
Ho 569, .6 16 .2 + 0 .4 

154Eu 591, .7 14 .5 + 0 .3 

137Cs(IAEA) 661, .6 12 .78 + 0 .15 

166m.. 
Ho 669, .5 12 .70 + 0 .16 
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Table 4, Continued. 

SOURCE ENERGY(keV) EFFICIENCY (10 6 ) 

16 Gnu. 
Ho 710.6 11.97 ± 

r—
1 O
 

154_ 
Eu 722.3 11.79 + 0.25 

166m„ 
Ho 751.5 11.78 + 0.22 

Eu 756.8 11.25 ± 0.24 
166m„ 

Ho 777.9 10.97 ± 0.22 
166m„. 

Ho 809.5 10.24 + 0.10 

166m„ 
Ho 829 .7 10.00 ± 0.08 

54Mn(IAEA) 834.8 9.80 + 0.06 

Eu 873.2 9.58 ± 0.16 

88Y(IAEA) 898.0 9.46 + 0.14 

154EU 996.3 8.18 ± 0.17 

154EU 1004.8 8.30 + 0.17 

60CO(IAEA) 1173.2 6.99 + 0.05 

Eu 1274.4 6.42 + 0.07 

22Na(IAEA) 1274.5 6.42 ± 0.07 

60CO(IAEA) 1332.5 6.11 + 0.04 

88Y(IAEA) 1836.1 4.34 + 0.05 

/ 
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calibration distance was made. A value of 94.75 ± 0.05 cm 

was determined for the perpendicular distance from the 

front surface of the cryostat extension to the radioactive 

source. 



APPENDIX D 

DERIVATION OF RADIOACTIVE DECAY EQUATIONS 

The rate of change of the number of atoms of a 

fission product during a sample irradiation can be written 

as 

dN,(t) 
= Y, E-0V - X,N, (t) (D-l) 

d t -  ' I f 7 '  1 1  

where 

N^(t) is the number of atoms of type 1 at time t, 

is the average macroscopic fission cross section, 

f 

0 is the volume averaged neutron flux in the sample, 

V is the volume of the sample, 

is the decay constant of fission product N^, and 

Y^ is the probability per fission for the production 

of fission product N^. 

The assumptions inherent in Eq. (D-l) are: that there is no 

loss of due to neutron absorption, that there is neglig

ible burnup of the fissionable atoms initially present, and 

that N^ has no parent decaying and creating atoms of type 1. 

As discussed in Chapter 2, this last assumption may be re

laxed if the half-lives of the isobars prior in the decay 

chain are all negligible compared to the half-life of N^. 

94 
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For this case, Y^is the cumulative chain yield of fission 

product N^. 

Now £f0V is just the fission rate occurring in the 

sample. Therefore, if the flux is not a function of time 

one can write k 

YiVv -

where P is the total number of fissions which were induced 

in the sample and t^s the irradiation time. Thus Eq. (D-l) 

can be written as 

dN,(t) p 
(D-2> 

For the initial condition, N^(0) = 0, this equation 

can be solved by standard techniques to obtain the number of 

atoms of N^ present at the end of the irradiation, 

• <D-3> 

The rate of change of atoms of type 1 after irrad

iation is 

dN,(t) 

~3t~ = "XlNl(t)* (D_4) 

Using the initial condition, N^t.^, as given by Eq. (D-3), 

the number of atoms of N^ for times greater than t^ is given 

by the solution of Eq. (D-4), 

-X,t, \ -X, (t-t, ) 
n <+>+ \ _ YP /i l i\ 
1 ! " \ e ) e (D-5) 
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The absolute number of atoms of N-jWhich decay in 

the time interval (tg-tg) after irradiation can be expressed 

as 

/-ts-ts _x t 

N-^O - N^tg) = / X1N1(t2)e 1 dt. (D-6) 
-'o 

For a detector efficiency, e, percent gamma-ray emission 

per decay, 1^, self-absorption factor, and detection 

system live time, T^, the counts recorded in the detector 

in the time interval (tg-tg) are 

o . YlP 
Cl

t^ATL e"Xl<Vtl) ( ) . 

(D-7) 

Now, if fission product has a daughter, Ng, 

which has a negligible independent yield, then the rate of 

change of daughter atoms during irradiation can be 

expressed as 

dNn(t) p 

= Y, (*r—) + ^N-,(t) - X0N0(t). (D-8) 
dt 'rtj' T Ti^' 2 2 

The solution to Eq. (D-8) for the initial condition, 

Ng(0) = 0, and for an irradiation of duration t^ is 

v v - v f r > | ^ v  ( ' - " V l ) - ^ K V l  

(D-9) 
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The rate of change of daughter atoms after the 

irradiation can be written as 

dN9(t) 
_2_ _ Wt) . X2N2(t). 

This equation can be solved for the initial condition, 

NgCti), as given by Eq. (D-9) with the result 

(• 

e V t2V " |  VVV ( ̂  2 *) 

i  /. -hH\ "V'-V I ,n im 
• ^ v 1 " 6  ) e  ! •  < D " 1 0 )  

The absolute number of daughter atoms which decay 

in the time interval (tg-tg) after irradiation can be ex

pressed as 
t3 

N
2
(t

2) " W " lX
2
N2(t)dt- (D-ll) 

^3 

The detector counts recorded for a gamma-ray from the decay 

of the daughter are then 

«VsATL ( ^2 / ~^l^l\ / ~^1^2~^1^ 
c . vlP j (l-e 1 (. 2 

) "  v w  (  ) r  

(D_18) 
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