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formed in the 14-Mev neutron fission of
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curve from the cumulative yields reported here. The results indicate

that considerable structure might exist in the primary-yield curve at

the higher excitation energy.
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CHAPTER 1
GENERAL INTRODUCTION

Nuclear fission is the break-up of a heavy nucleus into two or
more lighter nuclei with the release of a large amount of energy. Many
of the heaviest elements undergo fission spontaneously, but the process
is greatly enhanced by the addition of some excitation energy. Fission
has been induced in many heavy elements by bombarding them with neutrons,
protons, deuterons, alpha particles, mesons, and gamma rays; however,
the most studied fission reactions are the thermal neutron fission of

233U, 235U ani 239 232 238U°

Pu, and the fast neutron fission of Th and

The sequence of events in fission is believed to be as follows:

1. The incident particle is absorbed by the target nucleus.

2. The compound nucleus splits into two fragments.

3. The fragments emit prompt neutrons and gamma rays.

4. The de-excited fragments decay to stability by emitting beta particles,
gamma rays, and in some cases, delayed neutrons.

In this sequence, we distinguish between the fission fragments,
which are formed at the instant of scission, and the primary fission
products which are formed after the fragments emit prompt neutrons. A
fission product may be formed either in independent yield as a primary
fission product, or from the beta decay of isobars.

The number of primary products that can be formed is immense.

In binary fission, products have been identified with mass numbers as



low as 72 and as high as 166, and at any particular mass, fragments

can be formed having a range of charges. There are more than 400

possible fission products of which approximately 200 have been identified.
The independent yield of a particular nuclide having mass A

and charge Z is given by

A
N
Independent _ Z _A
Yield (%) ~ - — x 100 ="y
total number of fissions Z

where QN is the number of atoms of mass A and charge Z formed in fission,
after the emission of prompt neutrons and before beta decay.
The cumulative yield of a particular mass chain A is equal to

the sum of the independent yields of all the nuclides of mass A.

A =) Ay = cumulative chain yield of mass A
L

cum YA

It should be noted that there are two processes which can cause
the measured cumulative yield to be different from the sum of the
primary yields. |
(i) Delayed Neutron Emission

A few nuclides formed from beta decay emit delayed neutrons.
This effect will increase the cumulative yield at mass A at the expense
of the yield at mass A + 1.

(ii) Neutron Absorption

Neutron absorption by some members of a decay chain will cause

a decrease in the yield of that chain, and an increase in the yield of

the next higher mass chain. This effect is appreciable only for long



irradiations at high neutron flux, or for nuclides with a very high
cross section.

It is possible, however, to make corrections for both these
processes.

If the cumulative yields of various mass chains are plotted
against the mass number, the result is a mass-yield curve. Two such
curves are shown in Figure 1, for the thermal and 14-Mev neutron fission

2356

of U. These illustrate one of the most striking features of the

fission process: the most probable mode of fission is asymmetric. This
double humped curve is characteristic of slow neutron fission. As the
excitation energy 1;creases, the valley between the humps fills in and
the wings of the curve tend to spread out.

A closer examination of the mass-yield curve shows that it is
not a completely smooth curve, but it exhibits fine structure which is
most prominent in the regionA = 132- 144 and A = 90 - 100. This fine

235U by thermal

(3)

U by reactor-spectrum neutrons'™‘.

structure has been extensively studied for the fission of

(1,2) and the fission of 238

neutrons
It has not yet been definitely established whether the fine structure

persists at higher excitation energies, and, accordingly, work was under-
taken to determine the cumulative yields from the 14-Mev neutron fission

of 238

U.

Using sensitive mass-spectrometric techniques, the relative
yields of krypton, xenon and cesium isotopes were determined. In addition,
several yields were determined by counting gross fission-product spectra

using a lithium-drifted germanium (Ge(Li)) gamma-ray detector. The results

indicate that the fine structure does persist at the higher excitation
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energy, in particular, the peak at A = 134 is quite prominent. A semi;
empirical method of obtaining the neutron-yield distribution is discussed,
and, using this, a prompt-yield curve has been predicted. The prompt-
yield curve for the heavy-mass distribution shows the three peaks which

are typical of low-energy fission.



CHAPTER 2

HISTORICAL INTRODUCTION

A. Radiochemical Studies

Since its discovery in 1939 by Hahn and Strassmann(4), the
fission process has been the object of much study. During the years
1940 - 1945, a considerable amount of work was devoted to studying the

239 235U, 238U st 233U (5).

fission products from Pu, These first
fission-yield studies were limited entirely to the radiochemical method.
In the radiochemical method, a known amount of non-radioactive
carrier of a given fission product element is added to a solution con-
taining all of the fission products. After complete exchange between
the radioactive and non-radioactive atoms has been attained, the desired
product is separated by conventional analytic techniques in a high degree
of chemical and radiochemical purity. The per cent recovery of the added
carrier is determined and the same per cent recovery is assumed for the
radioactive atoms. From the per cent recovery, the measured counting
rate, and an estimate of the number of fissions, the fission yield is
determined.
This war-time data established the general asymmetric nature
of fission. The precision of the results obtained in these early studies
was at best 10%, and so a smooth curve was drawn through the data to

~give a double humped curve which, in the case of 235U gave maxima around

mass numbers 96 and 138. Since 1946, better experimental techniques
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" have made possible the acquisition of new radiochemical data with
substantially better precision. This has had particular importance in
the determination of independent yields, most of which have been measured

by radiochemical methods.

B. Mass Spectrometric Studies

The mass spectrometer is well suited to the measurement of
fission yields. The yields of aT] mass chains resulting in a particular
element can be determined relative to one another by measuring the iso-
topic ratios of that element. This can be done for several elements

and the yields of different elements normalized by isotope di]ution(6’7)

or the isobar method.(7)
In the isotope dilution technique, the element to be analyzed

is diluted with a known amount of the same element with a different

isotopic composition. From a knowledge of the isotopic composition

of both the sample and the diluant, the amount of the sample may be determined.
The isobar technique may be used when a decay chain has a radio-

active member with a half-Tife long enough so that 1ts‘yie1d may be

determined relative to the other isotopes of that element; yet short .

enough so that it can be allowed to beta-decay to its isobar of the

element one higher in charge, where its yield can again be determined

relative to this element. In this way, the relative yields of the two

elements can be normalized. This method requires that the decay schemes

of the nuclides be known, and that their independent yields be negligible

or known.

The mass spectrometer was first used to study fission products

by Thode and Graham(s) in 1947. In measuring the yields of krypton



235

and xenon in thermal neutron fission of U, they found that the yields

of 134 84Kr were not consistent with a smooth mass-yield curve.

133Xe

Xe and

Later, MacNamara, Collins, and Thode(g) showed that the yields of

and ]34Xe were 20 and 35 per cent higher than expected on the basis of

a smooth curve. This was the first evidence of a fine structure in the

mass-yield curve, and further investigations with both gas—(]o’]]’lz)

(1:7510,12,13,14)

and solid-source mass spectrometry confirmed its presence.

Attempts have been made to explain this fine structure on the

(15)

basis of nuclear shell effects. Glendenin suggested that it was

caused by an additional boil-off of neutrons from fission products with

(16)

one neutron in excess of a closed shell. Pappas extended this to

include three, five, and seven neutrons outside a closed shell. Wi1es(]7)

proposed that, in addition to neutron boil-off, there must be some
preference in the fission act itself for the formation of fragments with

a closed shell of 82 neutrons. Using the results of careful mass-

235

spectrometric measurements of U thermal-neutron fission yields, Farrar

(18)

and Tomlinson were able to explain most of the fine structure on the

basis of neutron emission from the fragments.

C. Counting Techniques Using Solid-State Detectors

Using the recently developed lithium-drifted germanium detectors(]g)

it is possible to resolve many fission-product gamma rays which could not
be resolved using the older NaI(T1) detectors; and therefore to observe
many nuclides in the gross fission-product gamma-ray spectrum without
performing any chemical separations. Gordon, Harvey and Nakahara(Z])

studied gross fission-product gamma-ray spectra at various times after

irradiation, identified about twenty fission products, and developed a



method for determining their yields.

This method is based upon the use of 235U as a standard,since

its fission-yields have been studied extensively and are well known(zz).

235U are irradiated for the same length of

Both the unknown and the
time and their spectra are taken at the same time after the irradiation.
By measuring the relative peak heights in the two spectra, and knowing

235U, the yields in the unknown can be determined.

the fission yields in the
This method does not require a knowledge of the decay schemes of the
fission products in order to determine the relative yields of each decay

chain for which a gamma ray may be observed.

D. Summary of Work on 14-Mev Neutron Fission

To date, all of the published work on 14-Mev neutron fission

yields has been done by radiochemical methods. Wah](23) determined

235

14-Mev fission yields for U in the mass region 131-135 and observed

that the pronounced peak at A = 134 in thermal neutron fission is almost

washed out at the higher energy. Ames et a1ﬁ24) and Cuninghame(zs)

238

reported mass yields for U but they could not observe fine structure

since in neither case were yields for more than two consecutive masses

(26,27) 238

determined. Broom determined yields for U fission and reported

fine structure at mass number 89-91 and 131-135; 1in addition, he also

observed fine structure in the 14-MeV neutron fission of 232Th (28).

(29)

James et al. found evidence for fine structure in the region A = 133- 135

but this was not proven since no two adjacent masses were determined.



CHAPTER 3
EXPERIMENTAL PROCEDURE

The principal source of difficulty in this work was the extremely
small sample sizes available, the limiting factor being the T14-MeV
neutron flux. The neutrons were produced in a Texas Nuclear model 9509

3 &

neutron generator by the “H(d,n) 'He reaction, and the neutron flux

averaged over a target lifetime of about 5 hours was approximately

5 x lqucm'Zsec'].

To obtain enough fission products to measure in the
mass spectrometer required large samples of the order of grams and long
irradiations of 20 - 30 hours. The number of fissions induced in the

sample is given by
Ne = Ntc¢t

(5 x 108) wt.

=
n

where w is the weight of uranium in grams, and t is the length of the
irradiation in hours. For 10g of uranium and an irradiation of 30 hours

the number of fissions is

N, = 1.5 x 10"

f

Assuming a 6% yield the number of atoms of a given fission product is
about ]O]O.
In the case of cesium, the sensitivity of the mass spectrometer

is such that the minimum number of atoms required to obtain a mass spectrum

10



]O, which is about the size of the sample.

is of the order of 10
The sensitivity of the mass spectrometer for the rare gases
krypton and xenon is considerably higher than for cesium; hence their
determination was somewhat easier and the resulting rare gas ratios
are more precise than the cesium ratios.
In both cases however, because of the small sample size, con-
tamination by the naturally occurring elements was a problem, and

special precautions had to be taken to eliminate the contamination or

reduce it to a tolerable level.

A. Gas Source Mass Spectrometry

(i) The Mass Spectrometer
The rare gas analyses were performed using a 10-inch radius,

90 -degree sector, gas-source mass spectrometer as described by C]arke(3o).

The static method was employed in which the mass spectrometer was isolated

from the pumps and the sample expanded into the entire spectrometer vo]ume(3]).

(ii) Sample Preparation and Purification
The samples for the rare gas analyses consisted of approximately

5 grams of UC'l4 sealed in quartz. The UCT, was prepared by reacting 5

(32)

grams of metallic uranium with chlorine gas in a sealed system. The
apparatus is shown in Figure 2. The UC]4 was purified by subliming it
from one arm of the tube to the other while pumping on it to remove any
~gases. The UC]4 was then sealed off from the vacuum system and irradiated
in the neutron generator.

After irradiation and cooling, samples 1, 2 and 3 were sealed

back onto a vacuum Tine, broken open, and the krypton and xenon separated

from the UC14 by heating it until it sublimed. This apparatus is shown
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in Figure 3. The rare gases were adsorbed on charcoal and transferred
to the mass spectrometer for analysis. Samples 4, 5 and 6 for the

133 ]35Xe were sealed directly onto the mass

determination of Xe and
spectrometer, bypassing this step.

Before introducing the samples into the mass spectrometer, the
gases were subjected to another purification. They were allowed to
come into contact with hot titanium sponge which served as a "getter"
for such impurities as nitrogen, oxygen, and chlorine. Two such puri-
fication steps were employed before admitting the sample to the mass
spectrometer.

(ii1) Irradiation of Samples

Samples 1, 2 and 3 were irradiated for 6 to 8 hours each day
over a period of a week. They were allowed to cool for several months
until all short lived precursors had decayed away. Samples 4, 5 and 6
were irradiated in one continuous irradiation and the mass spectra

recorded from one to 5 days later. The irradiation data aregiven in

Table I.

B. Solid Source Mass Spectrometry

(i) The Mass Spectrometer

The cesium ratios were obtained using a 10-inch radius, 90-
degree sector, solid-source mass spectrometer with magnetic scanning and
a twelve-stage electron multiplier as described by D. Irish(33).
The ion source was a multiple-filament surface-ionization type

(34) with the beam centering plate

as described by Inghram and Chupka
omitted. The source provides for three filaments; two side filaments

to hold the sample being analyzed and a centre filament to produce ions.
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Table I

Irradiation Data for Samples Used to Obtain Relative
Yields of Krypton and Xenon Isotopes

Sample Irradiation Time t t

1 2

(hours)
(hours) (hours)

ks 23.5 + 6100 160
0 41.0 + 1920 670
i 41.0 + 2090 450
4. 9.0 1317 1.0
8. 9.0 118.7 1.76
6. 7.0 97.3 6.3
t] = time from end of irradiation to extraction of rare gases
t2 = time from extraction of rare gases to analysis of sample

+ an average time taken from the mid point of the series of irradiations
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This arrangement allows the evaporation rate of the sample to be controlled
independently of the temperature of the ionization filament. In the
analyses reported here only one sample filament was used.

The nichrome source assembly was cleaned in an ultrasonic cleaner
and a new set of filaments was made for each analysis. The new filaments
were heated in vacuo to about 2000 degrees by passing 5-6 amps through
them for 2 - 3 hours to clean the surfaces.

The filaments were made of rhenium metal ribbon .001 inches thick
by .030 inches wide. During preliminary runs it was found that the tungsten
filaments normally used contained cesium as an impurity in the metal. Since
the sample size was very small, and the ion current produced by the cesium
in the sample was of the same order of magnitude as this contamination,
rhenium filaments were chosen,because they contain much Tess cesium than
the tungsten.

(i1) Sample Preparation and Purification

In order to obtain enough cesium fission products to measure, it

was necessary to prepare large samples of uranium (~ 10 grams) of extremely

12

high purity (containing Tess than 107" ° grams of cesium). Samples were

prepared using the method of peroxide precipitation(35) and anion exchange(36)°
However, upon running these in the mass spectrometer, a large amount of

133._. contamination was observed. The method finally adopted was to

Cs
irradiate approximately 50 g samples of uranium hexafluoride which was
purified by subliming it under vacuum.

A one-pound cylinder of UF6 was purchased from Atomergic Chemetals
Company. The cylinder was connected to an all-glass vacuum line. Uranium
Hexafluoride is very corrosive and it reacts with water and glass according

to the following reactions(32)°
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UF6 . 2H20 > U02F2 + 4HF

5102 + 4HF % S1'F4 # 2H20

Consequentiy, it was necessary to ensure that the vacuum system was
completely free of water. This was accomplished by pumping and flaming
the system for three weeks prior to the introduction of the UF6. The
hexafluoride as purchased contains HF as an impurity and it was removed
using the fractional-distillation procedure described by Claassen,

(37). The purification line is shown in Figure 4.

Weinstock and Malm
The purification is based on the fact that at room temperature,

UF6 is a highly volatile solid with a vapour pressure of 83 mm Hg, while

at dry-ice temperature ( - 78.5°C) its vapour pressure is of the order

of 107° (37,38)

mm and that of HF is several mm Hg
' Care must be taken when condensing UF6 at low temperature. The
hexafluoride has a very large coefficient of expansion and if it is
condensed on a concave surface at low temperature and allowed to warm

up it may expand and break the g]ass(39)°

For this reason the UF6 is
condensed on convex surfaces in traps B and C in Figure 4.

After closing the system off from the pumps by sealing constriction
1, the UF6 was removed from the cylinder and condensed in trap A by
placing trap A in ice water and holding the cylinder at room temperature
to minimize the contribution of volatile impurities. Only a small amount
of UF6 was brought over at a time, where it condensed on the walls. The
tube was then warmed up and the UF6 crystals flaked off the walls and
fell to the bottom of the tube. The procedure was repeated until about

50 grams of UF6 were brought over.

At this point a mixture of dry-ice acetone was placed in the
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reentrant tube in trap B, breakseal 2 was broken to open the system to
the pumps, and the UF6 was allowed to distill from trap A to trap B
while pumping was continued. In a second purification step, this
process was repeated as the UF6 was distilled from trap B to trap C.

The final purified UF6 was collected in bulb E by keeping it
at 0°C and the rest of the line at room temperature. The final receptacle
was then sealed off from the vacuum 1line and irradiated.

Before running the irradiated sample in the mass spectrometer
the uranium hexafluoride was separated from the fission products by
distilling it into another receptacle. The non-volatile fission products
remained behind on the walls of the tube, and they were dissolved in a
small amount of dilute HC1. The pure HC1 was prepared by dissolving
HC1 gas in water which had been purified by passage through a mixed-bed
ion-exchange column of Dowex-1 and Dowex-50, followed by a second passage
through a cation-exchange column of Dowex 50W - X8. The solution was
evaporated down to one drop under an infra-red lamp and then applied
directly to the filament of the mass spectrometer.
(i1i) Irradiation of Samples

The UF6 samples were irradiated for 6 - 8 hours each day over
a period of 1 week. They were allowed to cool for several months before
the mass spectra were determined. The irradiation data are given in
Table II.

C. Ge(Li) Spectrometry

(i) Description of Equipment

The detector used was an ORTEC model 8145 Tithium-drifted

germanium detector with a volume of 2 cm3. The pulses were amplified

with an ORTEC model 118A FET preamplifier and a model 410 Tinear amplifier,



Table II

Irradiation Data for Cesium

20

Sample Total Length of Time from Irradiation
Irradiation to Analysis¥*
s 23.5 h 71 d
- 41.0 h 101 d

*

an approximate time taken from the mid-point of the series of

irradiations.
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137

The full-width at half-maximum of the 662-keV Cs line was about 3.4 kev.

Pulses were analyzed and stored in a Nuclear Data 4096 channel pulse
height analyzer. Readout from the analyzer was by means of a Potter
MT-24 magnetic tape unit.
(ii) Sample Preparation, Irradiation, and Counting

Like the mass-spectrometric measurements, the counting method
also was limited by the low 14-Mev neutron flux available. Because the

fission cross section of 238U (].17b)(56) is comparable to the (n,2n)

{55} 237

cross section (880 mb), U was produced in approximately the same

& 237

yield as the fission products. Th U has a number of gamma rays with

energies less than 100 keV and these completely obscured any fission-

product gamma rays be]ow'this energy, in particular, the 91.1-keV gamma

ray from ]47Nd. Furthermore, since the uranium has such a high atomic

number, low-energy gamma rays are severely attenuated, and, in order to

238 235

avoid absorption corrections, the U sample and the U standard must

be identical. This necessitated irradiating natural uranium for both

238 235

the U unknown and the U standard.

Three identical samples of natural uranium foil weighing 80 mg
each were sealed in a 0.5 mm. thick polyethylene packet. These constituted
samples A, B, and C. Sample A was irradiated in the thermal column of

the McMaster reactor for 5 hours at a thermal neutron flux of approximately

8 2 235

108 1 en™? sec.”!. Under these conditions, only the

U in the sample

235

undergoes fission; therefore, sample A was used as the U standard.

Samples B and C were irradiated in a 14-Mev neutron flux of ~ 108 0 en? sec.”!

from the neutron generator. Since these samples contain 99.27% £

238 235

U, and

since the 14-Mev fission cross sectiohs of U and

238

U are comparable,

essentially all of the fissions are from uU.
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Gross fission-product gamma-ray spectra were obtained for samples
A, B, and C at 3, 5, 6, 18 and 24 hours after the end of irradiation,
with the samples still sealed in polyethylene. Thereafter spectra were
recorded once a day for the first week and every two or three days for

the next two weeks.

147

In order to obtain the yield of Nd it was necessary to

separate it from the uranium after the irradiation. To accomplish this
another set of samples was prepared. Sample D was used as a standard

235

and it consisted of 2 mg of U,0, enriched to 93.18% in U. This was

38
sealed in a quartz capsule and irradiated in the McMaster reactor for
one hour at a flux of ~ 10° n cm™? sec.”!. Samples E and F consisted
of about 1 gram of reagent-grade uranyl nitrate sealed in a polyethylene
capsule. The uranyl nitrate was purified by adsorbing the uranium on
Dowex AG1 - X8 anion exchange resin in 9M HC1 solution. Under these
conditions the rare earths are not adsorbed.(36)
These samples were irradiated with 14-Mev neutrons for 1 hour.
Approximately 12 hours after the irradiation samples D, E, and
F were broken open, dissolved in 9M HC1 and a mixture of rare earths
added as a carrier . The uranium was adsorbed on Dowex AGl - X8 anion

(36). Both uranium and rare-earth fractions were evaporated

exchange resin
to dryness and spectra were taken of each. In samples D, E, and F, spectra
were recorded once a day for five days after the irradiation.

The composition of these samples and the irradiation data are

summarized in Table III.



TABLE III

Irradiation Data for Samples Used
in Counting Experiments

Sample Neutron Type of Duration of
Energy Fission Irradiation
(hours)

A Thermal 235U 5
B 14 - MeV 5 5
c 14 - Mev 255y 5
D Thermal ' 1
E 14 - Mev E8y 1
F 14 - MeV <28 1

In all cases, the neutron flux was approximately

8 2 -1

10° n em © sec



CHAPTER 4
EXPERIMENTAL RESULTS AND TREATMENT OF DATA

A.  Krypton
(i) Correction for Contamination

The isotopic abundances of fission-product krypton measured
relative to mass 86 are shown in Table V. It was necessary to correct
these ratios for contamination by atmospheric krypton. The extent of

80 82Kr which do not

contamination was determined from the measured ~ Kr and
occur as fission products. However, it was found that the 80Kr/8?Kr
ratio was not that of natural krypton and that this ratio varied from
sample to sample. The ratios are given in Table IV.

If the observed ratios are corrected for natural contamination

82Kr consists entirely of natural krypton, the resulting

assuming that the
ratios from the three samples do not agree within the statistical errors.
This can be seen in Table V. The agreement is poorest for 84Kr which is
the isotope most affected by the correction, since it forms 56.9% of
atmospheric krypton.

In order to account for the mass 80/82 ratio, it was assumed that,
in addition to natural krypton,there was some other impurity present
having a 80/82 ratio (R) which did not vary from sample to sample. Krypton
ratios were then computed for different values of this ratio in the range

0 < R<= . Itwas found that the results from the three samples were

most consistent when the ratio was in the range 0.9 <R < 1.20. Using

24



Table IV

Measured 8Q<r/82Kr Ratios

Sample 80Kr 82Kr

1. 0.438 1.000

2. 0.218 1.000

3. 0. 341 1.000
atmosphere 0.196 1.000

25



Table V

Relative Yields of Krypton Isotopes

26

and assumin
of Kkrypton.

Sample Relative Abundances
80 82 83 84 85 86
1. Measured Ratio 0.0616 0.1407 0.4588 1.1173 0.1189 1.000
Relative Yield (a) 0.4033 0.5378 0.1507 1.000
(b) 0.4225 0.7382 0.1398 1.000
(c) 0.423 0,738 0.652 1.000
Standard Deviation 0.007 €.020 0.015
2. Measured Ratio 0.0330 0.1502 0.4642 1.281 0.1030 1.000
Relative Yield (a) 0.4017 0.6946 0.1329 1.000
(b) 0.4076 0.7209 0.,1320 1.000
(c) 0.408 0.721 0.598 1.000
Standard Deviation 0.017 0.022 0.014
3. Measured Ratio 0.0274 0.0803 0.4489 0.9674 0,1295 1.000
Relative Yield (a) 0.4190 0.6492 0,1473 1.000
(b; 0.4250 0.7163 0.1438 1.000
(c 0.425 0.716  0.640  1.000
Standard Deviation 0.006  0.008 0.007
Average 0.423 0.716 0.635  1.000
Standard Deviation 0.004  0.007 0.006
(a) Ratio corrected assumirig that mass 82 is 100% natural krypton.
(b) Ratio corrected assuming that masses 80 and 82 are a mixture of
atmospheric krypton and HBr.
(c) Krypton-85 corrected for decay assuming a 10.60y half life for Kr-85

?4§yat 22.5% of the 4.4h isomer decays to the ground state
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the 84/86 ratio, which is most sensitive to the correction, the best
value of R in the Teast-squares sense was R = 1.12.
The most 1ikely contaminant is HBr, which is known to be present

as a backgroundin the mass spectrometer and which would give an 80/82

48).

ratio of 1.02( Further evidence that this is backgroundis seen in

the fact that the correction was smallest for the samples which were
irradiated for the longest time (Table III) i.e., for the samples with
the largest amount of fission products.

Accordingly, the reported krypton yields are corrected on the
basis of contamination by HBr assuming that the measured 80/82 ratio is
made up of atmospheric krypton with an 80/82 ratio of 0.196 and HBr with

an 80/82 ratio of 1.02.

85

(ii) Correction for Decay and Branching in ““Kr

85m

The 85Kr yield must be corrected for decay of the isomer Kr

whose decay scheme is as fo]]ows:(48)

Sr  (10.60-y)

8
22.59
85y (4.4-h) —1 J'

77.5% 85Rb (stable)

85mKr had

The krypton ratios were measured after all of the
decayed, therefore there were two corrections applied to the 85Kr.

(1) a correction for decay of the 85y

(2) a correction for the amount (77.5%) of the 85 which decayed
directly to 85Rb.
The assumption was made that the independent yield of 85mKr is

zero. This is a reasonable assumption since a calculation using the

Equal Charge Displacement (ECD) method(40) gives an independent yield
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for 85y of only 0.03% of the chain.

The cumulative yield of the A =85 mass chain is thus given by

yos = k] e M(Eto) 4 72.5 (85 e A(t-t )
_ _100 -85, A(t-t )
©22.5 [ ]meas a
) 85 A(t-t ) (4-1)
= 4,444 [ Kr]meas 0
= 1.79 x 10°% d”7 assuming half-life of 10.60 y for S5kr.(48) The

final corrected ratios are given in Table V.

B. Xenon
(i) Correction for Contamination

The xenon ratios were corrected for contamination by atmospheric

129

xenon by assuming that the measured Xe was 100% atmospheric xenon.

(ii) Correction for Decay and Branching in 133 and 135 Mass Chains

133 135

The yields of Xe and Xe were corrected for decay and

hold-up in the isomeric state. Their decay schemes are as follows: (48)

133m

0.024
133 e

1 (20.8-h)
0.976 g 133

Xe (2.3 d)

133

Xe (5.27 d) - Cs (stable)

135m
Xe (15.6 m)
0.30
1351 16.70 h)*”//;7
0.70 135 35

Xe (9.20 h) » 135¢s

The differential equations of radioactive growth and decay are
similar for the two chains and they have the following form for times

during the irradiation.
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dN]

at = Ry - Ny (4-2)
sz
HE_ = Rz + aN]Al . N2A2 (4'3)
dN,
_af = R3 k2 bN]A] + Nzkz = N3A3 (4‘4)

Here, R] is the rate of production of N] during the irradiation and

R2 and R3 are the rates of production of N2 and N3 independently during

¥5 133 135 133m 135m

I or I N2 is Xe or Xe, and N3

e. The constants a and b are the branching ratios for

the irradiation. N]
is ]33Xe or 135X
the iodine. For the 133 mass chain a =0.024, b =0.976. For the 135
mass chain a =Q30, b =0.70ﬂ48)

These equations have the following solution (derived in Appendix B)

for N], N2 and N3 at any time t after the end of the irradiation.

R , |
N, = — [1- e 277 A1t (4-5)
1 %% 5
* ‘A t
Ny = NyTe 22 (4-6)
%* -A t * A -A t -A t
Ny=Nye 224N 5 [e 22.¢ 3% (47)
3"A2 .
) (] 'A]T) ( 'AzT)
* ‘ -e -\t A (1 - e -2t
RN reE v c v LI
2 = M) PALP IS
R sXaT =gt
+L(1-e 2ye 271 (4-8)
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A = -at A - B8 At
N3*=a‘R][z ST o B}
gty Hety) hglyd gty
1 A A =A,T =A,t
1 2 3 3%
+ (—+ —— — - T —)(1 - e e ]
A3 O dag=ag) - (=g (Ag=2y)
-A]T -A3T
(1 - e ) =aqt A (1 - e ) -a,t
3 ™M Agldg = 4
st AT
(1 -e 2 ) -a,t A (1 - e 3 ) -aqt
2%1 A2 5%
bl =g "1
3~ % 3\A3 = A7
AT Aot
STILL (4-9)

1
+R, [ — (1 -¢
3 A3

Here, T is the length of the irradiation, t1 is the time from the end
of the irradiation to the separation of the xenon from the iodine pre-
cursor, and t, is the time from the separation from the iodine to the

determination of the ratios.

133

A calculation of the independent yie]d_of Xe by the ECD

method(40) gives a fractional chain yield of .008%. This is small
enough that it can be neglected, and therefore for the 133 mass chain,

R2 = R3 = 0.

In the case of the 135

Xe, however, the independent yield is

not negligible. This yield has been calculated using the ECD method(4o)

and the displacement method of Corye]1(41)

and an average value of
3.0 ¥ 1.5% has been used in correcting for it. The calculations leading
to this value are given in Appendix C. The correction is not sensitive

to the ratio RZ/R3 ; the yield of ]35Xe remains within the given errors
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for all values of this ratio from zero to infinity.

The relative yields of the Xenon isotopes are given in Table VI.
C. Cesium
(i) Correction for Natural Contamination

In spite of the precautions taken to purify the uranium, the

cesium samples were found to contain a large amount of ]33Cs contamination

relative to the size of the sample, which was of the order of 109 - 1010

atoms of cesium. Because this contamination was 103 - 104 times the

135

amount of Cs and ]37Cs, it was not possible to measure any fission

product ]33Cs. Such small samples lie on the Tower limits of detection

by mass spectrometry; the smallest sample of cesium that has been measured

132 134 13305 (47)

was 108 atoms of Cs and Cs in the presence of 104 times as much

135 137

In addition, the Cs and Cs were contaminated with natural barium

from the ion source filaments. It was possib]e‘to correct for this by

using the measured 1388a and the known natural abundances of the barium
isotopes.
(i1) Correction for Decay of ]3705

The ]37Cs is corrected for decay assuming a half-life of 30.4 y.(48).

The final cesium ratios are shown in Table VII.

D. Results from Gamma-Ray Spectrometry

Some sample spectra which were obtained are shown in Figures 5
to 11; the observed nuclides and the energies of their gamma rays are

given in Table VIII which is reproduced from reference 21 with some

4 235 239

additions. Th Np which is produced

U in the sample. One 239Np peak at 228 keV

U spectra show peaks from

by an (n,y) reaction on the 238

coincides with the 132

132

Te peak; however, since the A=132 yield was obtained

from I and from mass spectrometry it was not considered necessary to



Table VI

Relative Yields of Xenon Isotopes

Sample Relative Abundance
129 130 131 132 133 134 135 136
Measured Ratio 0.9827 1.1679 1.4816 1.000 0.8731
Relative Yield (a) 0.622 0.782 1.000 0.888
Standard Deviation 0.008 0.012 0.009
Measured Ratio 0.0237 0.004666 0.6317 0.7766 1.000 0.8793
Relative Yield (a) 0.00102 0.618 0.759 1.000 0.880
Standard Deivation 0.00003 0.003 0.005 0.005
Measured Ratio 0.3315 0.0560 0.7980 0.9945 1.000 0.8846
Relative Yield (a) 0.00098 0.612 0.756 1.000 0.891
Standard Deviation 0.00036 0.006 0.006 0.010
Measured ratio 0.01413 0.3880 1.000 0.3149 0.8825
Relative Yield (a) 0.3902 1.000 .3174 .8820
| - (b) 0.934 1.000 .906  (.882
Standard Deviation 0.001 1.000 .016 0.005

continued . . .

€



Table Y1 (continued)

Relative Yields of Xenon Isotopes

Sample Relative Abundance
129 130 131 132 133 134 135 136
5." Measured Ratio 0.0521 0.5638  1.000
Relative Yield (a) 0.5744 1.000
(b) 0.987
Standard Deviation 0.009
6. Measured Ratio 0.0254 0.0505 0.5925 1.000 0.8861
Relative Yield (a) 0.00115 0.5978 1.000 0.8867
(b) 0.00115 0.948 1.000 0.887
Standard Deviation 0.00005 0.014 0.007
Average 0.618 0.760 0.935 1.000 0.906 0883
Standard Deviation 0.002 0.004 0.001 0.016 0.003
(a) Ratio corrected assuming that mass 129 is 100% natural xenon.
(b) Ratio corrected for hold-up in isomeric state and independent yield of xenon.
* Sample discarded due to large hydrocarbon contamination
t Assuming independent yield of Xe]35 is 3.0 * 1.5% of chain.

€¢



Relative Yields of Cesium Isotopes

Table VII

Sample Relative Abundance

135 137
1. Measured Ratio 1.00 0.860
Relative Yield (a) 1.00 0.860

(b) 1.00 0.863

Standard Deviation 0.116

2. Measured Ratio 1.00 0.936
Relative Yield (a) 1.00 0.858

(b) 1.00 0.863

Standard Deviation 0.130
Average 1.00 0.863
Standard Deviation 0.086

34

(a) Ratio corrected for natural Barium contamination

(b) Ratio corrected assuming a-half-1ife for Cs-137 of 30.4 y. (48)
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Table VIII

Prominent Gamma Rays Observed from Fission Products
(reproduced from reference (21) )

Nuclide Energy of peaks Time analyzed after
analyzed end of irradiation
(keV)

4.4 -hr. 85y 151.1 first day

9.7 -hr. 2sp-51-min? 1My 555.7 First two days

65 -day 2°Zr - 35-day J°Nb* 724.5, 757.2; 766.2 after ten days

17 -hr. 2720 - 73-min nb 743.5; 658.0 first three days

67 -hr. 99Mo - 6.O-hr.99mTc 140.5 first two weeks

40 -day 'O3Ru 497.4 after ten days

8.05-day 311 364.5 after five days

78 =hr. ]32Te - 2.3-hr.]321 228.2; 667.8, 772.8 first two weeks

20.8-hr. ]331 - 5.3-day ]33Xe 529.9 first three days;
after two weeks

9.2 -hr. ]35Xe 249.7 first three days

82 -min. 19%Ba 165.8 first day

12.8-day '*%Ba - 40-hr. '*OLa  537.4; 487.3 after five days

33 -day ]4]Ce+ . 145.6 after ten days

33 -hr. 143Ce+ x £93.3 first five days

284 -day ]44Ce* 133.3 after one month

11.71-day ]47Nd+ 91.1 after two weeks

2.35-day 23%p 209.4, 228.2, 277.5 after two weeks

316.2, 334.8
6.75-day 237y 207.5
238

* not observed in U spectra because of Tow activity of sample
+ separated from uranium and measured first five days after irradiation
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132 238 237

Te yield. The U spectra contain a

produced by the (n,2n) reaction on 238 This peak does not interfere

measure the U peak which is
with any of the fission-product peaks.
(i) Treatment of Data

In each spectrum the peak areas were determinea by summing the
channels under the peak and sbtracting a background which was estimated
by averaging four channels on each side of the peak.

The following equation was used for determination the relative

yields of nuclides with prominent gamma-ray peaks in the fission-product

spectrum.
yx238 yx235 hX238/h5238
y 238 3 (y 735 ) (h 235, 235 )
s s X s
yx235
= R (;‘2‘33) (4-10)
S
where yx238 = yield of nuclide x in 238U 14-Mev neutron fission
y5238 = yield of standard nuclide in 238U 14-Mev fission
yx235 = yield of nuclide x in 2%5U thermal fission
y5235 = yield of standard nuclide in 235U thermal fission
hx238 = measured peak area of nuclide x in spectrum from 14-Mev
fission of 238y,
hs238 = measured peak area of standard in 238U fission
hx235 = measured peak area of nuclide x in 235U thermal fission spectrum
h5235 = measured peak area of standard in 235U fission.
The 140-keV 9ch peak was chosen as a standard in samples A,

B, and C since it is prominent in the spectrum for the first two weeks
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after the irradiation, during which time most of the measurements were

made. Table IX gives the experimentally determined values of R along

with the assumed 235U fission yields and the calculated 238U yields
relative to 99Tc.
Correction for 234Th Contamination in 238U

Because of the low activity of the samples it was necessary to

234

correct for the presence of Th contamination in samples E and F.

Thorium is produced from 238U by the following reaction,
238) (4.507 x 10° yr) & 23%7n (20.1 d) & Z3%pa s .
The 234Th emits a gamma ray with an energy of 91 keV which is the same
147

energy as the Nd gamma ray. It was estimated that during the 19 hours

238

thatelapsed between the purification of the U and its final separation

234

from the rare-earth fission products, enough Th would be formed to

interfere with the determination of the 147

Nd, as the ion-exchange pro-
cedure used would not separate thorium from the rare earths.

In order to correct for this, a sample was prepared of the same
weight as samples E and F, using uranyl nitrate in which the uranium
and thorium were in secular equilibrium. This sample was counted for
the same length of time (4 hours), with the same geometry as the sample

containing the 147

The 234Th activity at equilibrium is given by

Nd, and the number of counts in the peak was determined.

e AN, = AN (4-11)
dt 272 11
where N] and N2 represent 238U and 234Th respectively and Ay and Ay

are their respective decay constants.
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TABLE IX

Results of Counting Gross Fission-Product Spectra

Mass - R Number of y238
Chain (x) —%—g Determinations ‘%jg
Y99 Y99
85 (Kr) 0.215 0.944 + 0.033 : 7 0.203 = 0.007
91 (Y) 0.964 0.691 = 0.045 6 0.666 * 0.043
97 (Zr; Nb) 1.005 0.954 + 0.062 19 0.959 + 0.062
99 (Tc) 1.000 1.000 - 1.000
103 (Ru) 0.495 1.89 = 0.24 10 0.936 + 0.120
131 (1) 0.484 1.46 = 0.14 16 0.707 = 0.068
132 (1) 0.723 1.10 £ 0.12 32 0.795 + 0.087
138 {1) 1.092 1.01 = 0.08 13 1.10 = 0.09
135 (Xe) 1.064 1.04 = 0.06 9 1.11 = 0.06
139 (Ba) 1.059 0.861 = 0.041 4 0.912 + 0.043
140 (Ba,La) 1,031 0.800 + 0.087 10 0.825 = 0.090
143 (Ce) 0.942  0.822 : 0.076 14 0.744 = 0.072

235U fission were taken from the

Fission yields for the heavy fragments in
work of Farrar and Ibm1inson(]) and those for the light fragments from

: Katcoff(zz).
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A short time after separation of the thorium from the uranium, the

thorium activity in the uranium sample is given by

dN -t =A,t
. MmNy Le LI (4-12)
dt '

where t is the time elapsed since the separation.
Therefore, the ratio of the thorium activity soon after separation
to the activity at equilibrium is

-Aqt -A,t
r=e L e 2 (4-13)

In sample F, the time between the two separations was 19 hours; hence, r

234

has the value 0.0225. A measurement of the activity of the Th at equili-

V47\d peak had to

brium gave a value of 48246 counts per hour and thus the
be reduced by 48246 x 0.0225 = 1086 counts per hour. These corrections are
shown for sample F in Table X where it can be seen that they amounted to
from 29 to 43 per cent of the measured peak. In the case of sample E, the
correction was too large (> 90%) to be made with any accuracy and therefore,

141 ]43Ce ratio was determined from sample E.

99

only the Cey

Tc could not be used as a standard as
143

In samples D, E and F, the

it remained with the uranium fraction. In these samples, Ce was taken

§o

as a secondary standard since its yield relative to ““Tc was determined from

samples A, B, and C. Table XI gives the relevant data from samples D, E and

Normalization to Mass-Spectrometric Data

99

The counting data was originally normalized to ““Tc and the mass

134Xe. In the four chains which were measured by

/]34

spectrometric data to

gch

both methods, the ratio Xe was calculated using the relation



Corrections to

TABLE

]47Nd for

X
234

Th Contamination

47

Counts in peak (4-hour count)

Time from end
of irradiation

S 36 47 64 84 93
Measured '4/Nd . 14034 13175 11307 . 10940 10000
Coggﬁction for .

Th 4342 4342 4342 4342 4342
Corrected '¥/Nd 10692 8833 6965 6598 5658
% Correction 29% 33% 38% 40% 43%




TABLE XI
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Results of Counting Separated Rare-Earth Fraction

Mass y§35 Number of y238
Chain (x) =& Determinations ‘%3@
Y143 Y143
141 (Ce) 1.004 1.14 * 0.04 11 1.14 + 0.04
143 (Ce) 1.000 - 1.00
147 (Nd) 0.378 126 * 0.07 5 0.476 * 0.026
(1)

Fission yields for

U were taken from Farrar and Tomlinson
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238 238 238
y J g
{ e ) P = [ ]
238 /¢ 238 238
Y99 counting Y134 Y134 mass spec.

From the four values of yggg/y§§§ which were obtained, a weighted average

was calculated and this was used to normalize the counting data to the
mass-spectrometric data. The results of the normalization calculation are
shown in Table XII.

The relative yields of all nuclides that were measured are given
in Tables x171.and XIV along with their standard deviations.

The relatively poor precision of the counting results is due to the
inability to produce sufficiently active samples with the low neutron flux
avai]ab]e,vand to the poor counting efficiency of the Ge(Li) detector, par-
ticularly at energies above 300 kev. Counts lasting up to six hours gave
only a few hundred counts in some of the higher energy peaks. The errors
given for the counting results are not based on statistics, but on repro-
ducibility in anywhere from five to thirty determinations on a peak during

235

the course of its decay. It was possible in the case of the U standard

to produce much more active samples and this minimized the contribution of

238

the standard to the statistical errors of the U yields.

Absolute Yields

In order to obtain absolute yields, the relative yields of the
heavy-mass fission products were normalized such that they add to 100%.
In the mass region 131 - 147 only five re]ative‘y1e1ds were not experi-
mentally determined, those of masses 138, 142, 144, 145, and 146. These
were instead obtained by interpolation. Using the relative abundances of

153 (25) 121 125

Sm and ]56Eu determined by Cuninghame and those of Sn, Sn,
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TABLE XII
Normalization of 99Tc to ]341
238 238 238
X ( ’% ) ( Ix ) Y99
238 238 238

Y99 counting Y134 mass spec. Y134

131 0.707 * .068 0.618 * .002 0.874 + .084
132 0.795 * .087 0.760 * .004 0.956 * .104
133 1.7101 * .088 0.935 * .001 0.849 * .067
135 1.108 * .060 .906 * .016 0.818 * .044
Average 0.846 + .032

MILLS MENMORIAL LIBRARY
McMASTER UNIVERSITY
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127 144 (24) 140

Sb and Ce of Ames et al. » all with respect to Ba, it was possible
to extrapolate the mass-yield curve to either side and obtain relative

yields of masses 118 - 130 and 148 - 157. The absolute yields of the light
fragments were computed using the calculated absolute yield of mass 134.

The absolute yields thus obtained are given in Tables XiII and XIV . and

the heavy mass yields are plotted in Figure 12.



Relative and Absolute Yields of
The Light Mass Fragments in 14-Mev Fission of

TABLE XIII

238

U

Mass
83
84
85
86
91
97
99

103

Relative Yield

Absolute Yield (%)

0.

o O O O o o o

115 ¢

.194
» 112
.271
.563
.811
.846
192

&

*

0.006
0.010
0.009
0.014
0.042
0.060
0.032
0.105

0.748 = 0.043
1.26 £ 0.071

1.12
1.76
3.66
5.27
5.50
5.15

+ 0.06
+ 0.10
+ 0.29
t 0.41
+ 0.24
+ 0.69

52



TABLE XIV

Relative and Absolute Yields of

the Heavy Fragments in 14-Mev Fission of 238U

Mass Relative Yield Absolute Yield (%)

119 - 130 a 2.456 15.98
131 0.618 = 0.002 4.02 + 0.09
132 0.760 = 0.004 4.94 + 0.11
133 0.935 + 0.001 6.08 = 0.14
134 1.000 6.50 = 0.15
135 0.906 + 0.016 5.89 + 0.17
136 0.883 = 0.003 5.74 + 0.13
137 0.782 = 0.079 5.08 ¢+ 0.52
138 a 0.775 5.04 £+ 0.51 b
139 0.772 = 0.047 5.02 = 0.33
140 0.698 = 0.081 4.54 + 0.53
141 0.745 + 0.058 4.84 + 0.39
142 a 0.700 4.55 + 0.47 b
143 0.655 + 0.066 4.26 + 0.44
144 a 0.549 3.57 + 0.37
145 a 0.460 2.99 = 0.31
146 a 0.370 2.40 + 0.24
147 0.312 = 0.036 2.03 + 0.24

148 - 157 a 1.010 6.53

TOTAL 15.386 100.00

a obtained by interpolation and extrapolation
b estimated errors
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CHAPTER 5
DISCUSSION

Accuracy of the Relative Yields

The relative abundances reported in this work have been obtained
by both mass-spectrometric and counting methods, both of which have their
own different sources of errors.

Errors in the mass-spectrometric yields can arise through statistical
and systematic errors in the measurements, and from the corrections for
decay and contamination. In general, the statistical erras have been less
than 1% as can be seen from the standard deviations quoted for the indi-
vidual measurements. Systematic errorscan arise through mass discrimination
in the source and at the electron multiplier in the mass spectrometer.
C]arkéso), using the same machine, has found no isotopic fractionation
among the xenon isotopes and less than 1% between mass 82 and 86 among

(33, 51, 52) 44 this Tabora-

the krypton isotopes. Previous investigations
tory have shown no mass discrimination effect among the cesium isotopes.
It was thus concluded that the mass discrimination effect was negligible
~in all cases reported here.

The correction for natural contamination involved in the xenon
ratios was small, and the results from the six samples were all consistent

]33Xe aid 135

within the quoted statistical errors. Only the Xe required
corrections for decay and so these yields are affected by the values used

for the half-lives and branching ratios. The largest uncertainty is the

55
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135

correction for the independent yield of Xe and this is responsible for

]35Xe. Including the effects of uncertainty

133 135

the larger error given for

in half-lives, branching ratios and independent yields, the Xe and Xe
yields are believed to be reliable to 2% whereas the other xenon yields
are believed to be within 1% of the true value.

Owing to the uncertain nature of the contamination correction
applied to the krypton ratios, as discussed in Chapter 4, they are to be
considered less accurate than the xenon ratios. Comparing the two cor-

83 85

rections which were considered, it is unlikely that the ““Kr and ~“Kr are

84Kr could be in error by as much as 10%.

in error by more than 5% while the
The statistical uncertainty (10%) in the cesium ratios is so large

that effects such as mass discrimination, small errors in contamination

corrections, and uncertainty in half-lives will be negligible in comparison.
There are three principal ways in which errors can arise in the

yields measured by the counting technique: interference by another gamma

ray of the same energy (within 1 - 2 keV), errors in the reported yields

of the 235U standard, and, where a chemical separation was performed,
fractionation of different elements.
Interference by another gamma ray in the case of the 235U is

unlikely,since Gordon et al. (21) have made an extensive study of this by
determining the energies and half-lives of all the peaks that were measured

here, and our resolution was about the same as that reported by these

238)) 14_Mev fission some nuclide (probably

235

authors. It is possible that in
in the valley region) which is formed in higher yield than in U might
have a gamma ray which would interfere with one of those being measured.

However, this should manifest itself in the ratio R (as defined in equation 4-10)
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changing systematically with time, since it is unlikely that the interfering
nuclide would have both the same gamma-ray energy and half-Tife as that of
the one being measured. Since R remained constant within statistical errors,

the measured gamma rays seemed free of interference.

235

The heavy-mass yields in U thermal fission were taken from the

work of Farrar and Tom]inson(]) and the errors in these are discussed else-

(5]). In the light mass peak the yields were normalized to the yields

where
of Katcoff(zz). In this work these yields were considered to be exact.

This is reasonable since their precision is certainly much better than the
precision obtained in counting the low-activity samples obtained in this work.

The 147

Nd yield could be in error if, during the removal of the
uranium, the neodymium and cerium somehow became partially fractionated.
This is unlikely, as the anion exchange procedure used has been extensively

studied!36)

and the rare earths, with the exception of Ce(IV), are not
adsorbed from 9M HC1 solution. The presence of Ce(IV) is ruled out,as it
is unstable in hydrochloric acid solution, being reduced to Ce(III) with
the simultaneous liberation of ch]orine(57).

In general, the relative yields from mass 131 - 136 are believed
accurate to 1%, while the remaining yields in the heavy peak are thought

to have an accuracy of 5 - 10%.

235

Contamination by U Fission

Since natural uranium was used in the irradiations,there is the

possibility that a thermal-neutron component in the 14-Mev neutron flux

235

might cause fission in the U that is present. This can be ruled out

239Np was observed in the 14-Mev

238

as a possible source of error because no

38

fission-product spectrum from the A U. In a thermal neutron flux,~ U
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)(48) 239

captures a neutron (¢ = 2.76b to form U which has a half-1ife of

239 239

Np. The Np in turn decays with a half-Tife of
239

23.5 m. decaying to

239Pu(53). It was calculated that if no

the thermal flux would have to be less than 106 n cm_2 sec_]. Since

2.33 d. to Np were detected

235U

comprises only 0.72% of the uranium in the sample, the maximum possible

contribution from 235U fission products is less than 0.5%.

Accuracy of Absolute Yields

In order to determine absolute yields, the relative yields in the
heavy mass peak were normalized such that they add to 100%. This procedure
necessitated interpolation of the yields at masses 138, 142, 144, 145 and
146, and extrapolation of the curve above mass 147 and below mass 131. To

aid in this, radiochemical yields at masses 153, 156'28), 121, 125, 127, and

]44(24) 140

were taken relative to Ba.

Unless there is significant fine structure at masses, 138, 142,
144, 145 and 146, it is unlikely that the interpolated yields will be
systematically either high or low in comparison with the measured relative
yields, and hence they will not contribute significantly to the normalization
error,

]34Xe

The total of the measured and interpolated yields relative to
given in Table XIV is 15.386; the total of the extrapolated yields is 3.466.
It may, therefore, be seen that if the extrapolations had both been either
high or Tow by 10%, the resulting error in the normalization would be only
2.3%. Although the extrapolations may be eithervhigh or low by 10%, it is
unlikely that both would be high or low. Nevertheless, the 2.3% normalization

error has been used.

The values of the fission yields from Table XIV are reproduced in
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(24) (25) (26)

Table XV along with the values of Ames et al. » Cuninghame , Broom

(29) for comparison. In assessing these results, we must

and James et al
consider the fact that the relative xenon yields reported here are far
superior in precision to any which have been previously reported. There-
fore, the reliability of any existing data which does not have approximately
the same relative yields for masses 131 - 136 must be seriously questioned.

(26, 27) whose

Particular attention is drawn to the work of Broom
iodine yields are in complete disagreement with this work. This author
claimed to have observed a fine structure peak at A = 132; however, we
find no evidence for this. On the basis of our results, the peak is
definitely at mass 134, as predicted by Cuninghame(zs).

The only other workers who have measured more than one yield in

(29) and their relative yields at

the region 131 - 136 are James et al.,
131, 133, and 135 are in general agreement with our more accurate ones.
The absolute yields quoted by James et al. are believed to be somewhat
less reliable than those reported here in that, although they used the
same method of normalization, their measured yields amounted to only 56%
out of 200%, while our measured yields totalled 59% out of 100%.
The agreement between our absolute yields and those of Cuninghame(25)
is quite remarkable considering that his absolute yields were obtained by
normalizing the area under the entire mass-yield curve on the basis of
only twelve measured yields totalling 29% out of 200%.

It is difficult to compare the work of Ames et a1ﬁ24) to this work
since very few yields are common to both, however in the cases where the

same yield has been measured, the agreement seems reasonable.

In this work more consecutive heavy-mass yields have been determined
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TABLE XV

238

Absolute Yields of Fragments in U 14-Mev Fission

Absolute Total Chain Yields

Mass Ames Cuninghame Broom James This work
Chain et al. (1957) (1962) . et al.
(1958) (1964)
83 0.68 0.75
84 < 1,88 1.26
85 112
86 1.76
89 3.0 2.30 2.0
90 :
91 2.78 2.6 3.66
93 4.11
97 4.8 5.97 5.27
99 5.7 5.58 6.47 5.50
103 5.18
105 3.4 2.65
109 1.20
IR} 0.87 0.81 0.6 0.98
132 | 0.79
138 0.6 0.87
115 0.71 0.64 0.64
121 0.73
125 0.83
127 1.43
129 1.18
131 2.7 4,60 4,02
132 4.7 4.5 4.94
133 2.6 6.65 6.08
134 4.7 6.50
135 5.0 5.59 5.89
136 5.74
137 5.08

continued . . .
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238U 14-Mev Fission
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Mass
Chain

Ames
et al.
(1958)

Cuninghame
(1957)

Broom James
(1962) . et al.
(1964)

This work

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

4.6

3.4

0.22

4.41

3.91
2.68

1.99

0.39

0.13

4.4 4.92
4.3 4.67

3.51

5.02
4.54
4.84

4.26

2.03
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than in any previous work, and, because of the methods used, the errors are
more easily assessed. Although other individual radiochemical yields might
prove more accurate, the data reported here should certainly give the best

overall picture of the general shape of the heavy-fragment mass-yield curve.

The Nature of the Fissioning Species

Fission induced by 14-Mev neutronsis a more complicated process

than thermal fission because several different reactions are possible at the
238 239

higher energy. When U captures a 14.6-Mev neutron, the resultant U
compound nucleus has an excitation energy of 19.36 Mev(58). The 239U may
238

either fission, or emit a neutron to form U which, in turn, may fission

or emit a neutron. The possible reactions are shown in Figure 13.

(59)

Using the methods described by Hanna and Clarke , it is possible

to calculate the cross sections for the three fission reactions and the average
number of neutrons emitted in each case. The results of such a calculation
are given in Table XVI.

From these results, we see that the measured mass distribution is

239

actually a composite of the distributions from U at 19 Mev excitation,

238 237

U at 13 Mev excitation, and U at 6 Mev excitation. The average mass

of the fissioning species is 238.3 and v is 3.62.

Delayed-Neutron Emission

In order to understand what happens when a nucleus undergoes
fission, one should Took at the prompt mass-yield curve, rather than the
cumulative-yield curve, which includes the post-fission effects of prompt-
and delayed-neutron emission.

The first step in constructing the prompt-yield curve is to correct
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Figure 13

Reactions produced by the interaction of
14-Mev Neutrons with 238y,
From Hanna and Clarke (59).



64

TABLE XVI

Partial cross sections and number of fission neutrons
in the interaction of 14-MeV neutrons with 238y

X Nucleus %ang?ggon ?ég;ﬁg)fg) Zngigdofcyeutrons
following fission

0 U-239 19.36 0.55 4.30

1 U-238 13.4 0.45 3.45

o U-237 6.1 0.25 2.41

3 U-236 nv 0 0 0

(a) Nuclear masses taken from Foreman and Seaborg(58).

(b) Cross sections from Hemmendinger(56).

(c)

Assuming an aver?ge kinetic energy of 1.2 Mev for the
emitted neutron (60),
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the cumulative-yield curve for the effects of delayed-neutron emission.
It is quite difficult to correct accurately for this,because so little
information is available on the yields and neutron emission probabilities

of the delayed neutron emitters in 14-Mev fission. Some yields of delayed

(61,62)

neutron precursors have been measured by Russian workers in 14-Mev

238

fission of U, but these yields are extremely high,and are not supported

(63). Their data is given in Table XVII.

The individual yields of delayed neutrons for 238U 14-Mev fission

235

by the work of Hermann et al

U thermal fission.
238

will be different from the values in Table XX for

235

However, the U yields may be used to estimate the U yields by assuming

238

that the U yields are greater (or smaller) in proportion to the change

in cumulative yield of the chain up to and including the delayed neutron

precursor. The cumulative yields may be estimated by using the hypothesis

of equal charge disp]acement(40).

Table XVIII gives the computed absolute yield of the delayed neutron

235, and Table XIX those for 238

(59)

precursors for U, assuming that the fissioning

nucleus has a mass of 239 and v=4.3 The calculated delayed neutron

238

yield for U is given in Table XX and the corrected yields for masses

136 - 139 are shown in Table XXI.

The mass yield curve, corrected for delayed-neutron emission is

235

shown in Figure 14 along with the curves for thermal fission of U and

fast fission of 238U for comparison.

Two features of the curve are particularly prominent. Firstly,

235

the yields below mass 130 are significantly higher than in the case of U

thermal and 238U fast fission; and secondly, the prominent peak at mass 134

233 235U 238, 239

U pu and 241py is

which has been observed in fission of u,
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TABLE XVII

Absolute Abundance of Delayed Neutron Groups
238U 14-Mev Fission

Group Half Life Measured Absolute Abundance
' . (n/100 fissions)
1 5% 5 | 0.050 * .004
2 22 s . 0.37 * .04
3 6 s 0.42 * .07
4 2s ~ 0.6

Table taken from Reference (63).
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TABLE XVIII
235

Yields of Delayed Neutron Precursors in U Fission
Delayed Neutron Fractional Chain Absolute Total Cumulative Yield
Precursor Yield up to and Chain Yield of Precursor
Including Precursor (%) (%)
(a) (b)

88p,. 0.78 3.49 2.7
L 0.74 6.30 4.7
8%, 0.60 4.77 2.9
W85y 0.55 6.70 3.7
0g,. 0.36 5.92 2.1

, 1By 0.3] 6.51 2.0

(a) Calculated from the ECD hypothesis ‘40!,

(b) Taken from Reference (18).
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TABLE XIX

238

Yields of Delayed Neutron Precursors in U 14-Mev Fission

Delayed Neutron Fractional Chain Absolute Total Cumulative Yield
Precursor Yield up to and Chain Yield. of Precursor.
Including Precursor (%) (%)
(a)

&g, 0.85 2.5 (b) 2.1
137, ©0.79 5.08(c) 4.0
8%, 0.69 3.0 (b) 2.1
138, 0.60 5.04(c) 3.0
0gy. 0.46 3.4 (b) 1.6
138 0.37 5.02(c) 1.9

(a) Calculated using ECD hypothesis(4o>.

(b) E?timated on the basis of a smooth curve between measured 85Kr and
Y yields.

(c) Taken from Table XIV, this work.



TABLE XX

Yields of Delayed Neutrons in

235U Thermal

69

and 238U 14-Mev Fission
Group Half-Life Precursor Yie]d'in.235U 2§§E]d in
Fission U 14-Mev
(neutrons/100 fissions) Fission
] 54.5 s 87p), 0.058
2 24.4 s 187y 0.22 0.19
16.3 s 88p,, 0.157 0.12
3 B.3s - 19 0.103 0.08
4.4 s (89)g,. 0.298 0.21
6 s (93,94)py, 0.00]
4 2.0 s 135 0.084 0.08
(1.6-2.4 s) (Cs,Sb or Te) 0.206
1.6 s (90)g,, 0.236 0.18
1.5 s (93) 0.007
5 0.5s  (1%01,9p, %2y -
0.2 s (93Br,g;:8222; _

Table taken from Refence (64).



TABLE XXI

Corrections for Delayed Neutron Emission
in 238y 14-Mev Fission

70

Mass Correction to Measured Corrected
Measured Yield Yield (%) Yield (%)
136 - 0.19 5.74 5.56
137 + 0.11 5.08 5.19
138 0 5.04 5.04
139 + 0.08 5.02 5.10
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still present. Although the precision of the data is not good enough to
definitely establish the presence of the two smaller peaks at mass 138 and
141, it can be seen that, if they are present at all, they are much smaller
than in the other two cases shown.

In order to proceed further and construct the primary-yield curve,
it is necessary to know the prompt-neutron yield as a function of the mass
of the fragment. Unfortunately, this has not been measured for the 14-Mev

neutron fission of 238

U. We shall, therefore, assume a neutron distribution
and, using the methods described by Terre]](65), attempt to deduce the

form of the primary-yield curve.

Variation of Neutron Yield with Fragment Mass

Strong variation of neutron yield with fragment mass was first
(66) 233

(67)

reported by Fraser and Milton in 1954 for fission of U. This was

252

Cf spontaneous fission and by Apalin

69)

again observed by Whetstone in

(68) for 23§

et al, U thermal-neutron fission. Ficke]( , Farrar and Tomlinson

(65)

and Terrell showed that from a knowledge of the cumulative and primary

yields it was possible to deduce the neutron yield. It was shown that small
changes in the slope of the neutron emission curve were sufficient to pro-
duce significant fine structure in the cumulative yield curve where none'

existed in the primary curve.

( 233, 235, 239

Terrell 65) derived neutron-yield curves for U, Us Pu and

252Cf. He observed that they were quite similar and could be approximated:

by a straight line, which in the heavy mass region has the form

vy = 0.10 (M, - 126) (5-1)

H

where vy is the average number of neutrons emitted by a fragment of mass MH'

(18)
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Of course, this "universal" neutron emission curve will not lead to
any fine structure in the cumulative yields that is not present in the
primary yields, as it has a constant slope, and changes in slope are required
to produce fine structure. In all of the measured curves, there is a change
in slope near mass 136 and it is likely that this is connected with the magic
number N = 82. In the following discussion we shall speculate as to exactly
how the N = 82 shell might cause this change in slope, and we shall generate
this change in slope by applying correction terms to Terrell's "universal"
neutron emission curve.

As a result of the closed shell (N = 50, 82),nuc1ei with 5lor 83
neutrons have abnormally low binding energies (by 2 or 3 Mev) for the last
neutron. It was postulated by G]endenin(]s) that "a primary fission product
{(which has already emitted the usual number of prompf neutrons) containing
one neutron in excess of the closed shell will often emit this more loosely
bound neutron immediately rather than emit a beta particle or a gamma ray

(16) to include

as in the ordinary case". This was later extended by Pappas
3 and 5 neutrons in excess of a closed shell, as the last neutron in these
cases also has an abnormally low binding energy.

These pfoposals have been criticized on the grounds that they would
increase the yield of a specific nuclide at the expense of those higher in
mass. By this mechanism a peak at A = 134 must be accompanied by a region
of low yield at masses 135 - 137. This is not the case, as these yields
are essentially the same as their complementary fragments(lg).

However, when the Glendenin-Pappas mechanism was originally proposed
there was no knowledge of the prompt neutron distribution, and it was assumed

that the neutron emission probability was the same for all masses. We now
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know that this is not the case, but the neutron distribution has a "saw
tooth" shape, increasing approximately linearly with mass in both the light-
and heavy-fragment regions(65).

In the Tight of this, the Glendenin-Pappas mechanism need not lead
to a region of low yield above the peak, because, due to the general increase
in neutron emission with mass, those nuclides in the region A = 135 - 139
could gain as much from higher masses as they lose to lower masses.

This mechanism thus can be used to explain the change in slope of
the neutron emission curve in the region around A = 136.

It is, therefore, suggested that the "universal" neutron emission

curve be modified by the addition of terms to take into account this added

neutron emission. We write the modified equation as

vy (M) = 0.10 (M, - 126) + 6fgq(M) + efge (M)

b)
+ yf87(MH) (5-2)

where f83(MH) is the fraction of the mass chain M, which has 83 neutrons
after the "normal" prompt neutron emission has occurred; f85(MH) is the
fraction of the chain with 85 neutrons, and f87(MH) is the fraction with
87 neutrons. &, € and vy are constants giving the fraction of those fragments
with 83, 85 and 87 neutrons which actually emit a neutron.

As a test of equation (5-2), we shall construct the neutron emission

curve for thermal neutron fission of 235

U. The values of f83 and f85 are
given in Table XXII, along with the "normal" number of prompt neutrons
emitted by each fragment (vp). The "normal" prompt neutron emission is
calculated from the straight line %, = 0.10 (M, - 126).

The fractional chain yields f83 and f85 were calculated using Wahl's
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TABLE XXII

Values of f83 and f85 for 235U Thermal Fission

Mass Vp | f83 f85
130 0.4 1.1 x 107/

13] 0.5 3.0 x 107°

132 0.6 4.0 x 107°

133 0.7 0.005

134 0.8 0.083

135 0.9 0.151

136 1.0 0.369

137 1.1 0.424 0.0012
138 1.2 0.442 0.067
139 1.3 0.273 0.207
140 1.4 0.176 0.337
141 1.5 0.102 0.398
142 1.6 0.020 0.472
143 1.7 0.0012 0.424
144 1.8 . 0.244
145 1.9 2 0.176
146 2.0 " 0.067
147 2.1 . 0.005
v =0.10 (M, - 126)

9] H
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(42) (43)

empirical Zp values and charge distribution curve The values of

8§, €, and y were estimated by fitting the calculated curve to that of

(]8). The best values of the constants thus obtained

Farrar and Tomlinson
are § = 0.7, ¢ = 0.3, y = 0.
Figure 15 gives the calculated neutron distribution along with the

(18) from mass-yield data.

one deduced by Farrar and Tomlinson
It can be seen that the deviation of the measured distribution from
the straight 1ine in the region A = 130 - 146 is reproduced remarkably well.
In theory it should be possible to calculate values for the constants,
8§, €, and y. This requires assumptions regarding the residual energy dis-
tribution in the fragment after evaporation of the "normal" amount of neutrons,
and a knowledge of neutron separation energies.
The masses and Q-values for the neutron-rich nuclides formed in
fission have not been determined experimentally and must be calculated using
semi-empirical mass formulae. Such calculations are not reliable in the
shell regions. A comparison between experimental and calculated neutron
separation energies for the few 83 neutrons nuclides for which information
is available shows that the calculated values can be in error by as much as
1 Mev. Such calculations, therefore, could not be expected to provide reliable
values of &, ¢, and vy.
To test the applicability of this method to other nuclei, the neutron

233U, as it has approximately the same v as

U. From the cumulative yields of Bidinosti, Irish, and Tom]inson(7o), a

(65)

prompt yield curve was constructed using the methods described by Terrell .

emission curve was derived for
235

These curves are shown in Figure 16 along with the prompt-yield curve

(65)

given by Terrell It can be seen that the calculated prompt-yield
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curve fits the measured one remarkably well below mass 139. Gordon et a1521)

have measured <33y fission yields using a Ge(Li) detector and their results
are not in agreement with the mass-spectrometric results above A = 139.

They suggest that perhaps the normalization of the heavy-heavy fragments

to the light-heavy fragments in the mass-spectrometric yields is in error.
In the light of the good fit between the experimental and calculated prompt-
yield distributions below mass 139 it is likely that they*are correct. When
their results are used in the region abové mass 139, the cumulative-yield
curve is lowered and the calculated prompt-yield curve is in much better
agreement with the experimental curve.

It therefore seems that this method is capable of predicting the
prompt-yield curves for thermal-neutron fission, and we shall assume that
it also applies to fission at higher excitation energies.

There are several problems to be overcome in constructing the neutron
emission curve for 14-Mev neutron fission. Direct application of the "uni-
versal" curve is a dubious procedure since the “saw-tooth" shape m&y not
persist at the higher energy, and the total neutron emiésion is much greater

Some information is available on the neutron distribution at higher
excitation eneréies as a result of studies of the alpha-particle induced

232 232

Th. The 27.5-Mev 4He—induced fission of Th and the 14-Mey

235

fission of

neutron-induced fission of U both occur from the same compound nucleus

at about the same excitation energy, and thus their neutron distributions

(71)

should be similar 5

Britt and Whetstone have obtained the primary mass distribution in

4 232

He-induced fission of Th by measuring both the kinetic

(72)

the 27.5-Mev
energies(7]) and velocities of coincident fission-fragment pairs. Neutron

distributions were obtained by comparing the mass distribution from the

* Gordon et al
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double-energy measurements with that from the double-velocity measurements;
and, by comparing the mass distribution from the double-velocity measure-
ments with yields obtained by radiochemical methods.

The neutron distributions obtained from these two different methods
are not in agreement. The distribution obtained from comparison with radio-
chemical data shows the "saw tooth" behaviour exhibited in low energy fission
along with a central hump in the region of symmetric fission. This is
illustrated in Figure 17(a). The distribution obtained by comparison with
double-energy measurements is shown in Figure 17(b). This distribution does
not show the "saw tooth" behaviour.

Britt and Whetstone(7]) have discussed these two neutron distri-
butions in connection with "fragment-shell" theories and the two-mode of
fission hypothesis. They conclude that the curve obtained from radiochemical
and time-of-flight data is consistent with the fragment shell theories,
while the two-mode hypothesis could lead to the distribution obtained from
the energy measurements.

It is obvious that both of these distributions cannot be correct;
however, the authors are unable to definitely choose between them.

It would appear that curve (a) is more consistent with Terrell's
ideas of a "universal" neutron emission curve than curve (b). The universal
curve was derived from low-energy fission data, and, because of the low
symmetric fission yields, no information is available about it between masses
110 - 126. Curve (a) exhibits the saw-tooth shape, with the addition of
an observable dependence in the region of symmetric fission. It is con-
ceivable that, if the neutron distribution at low energies were examined

in this region, it might exhibit the same type of dependence as curve (a).
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As asymmetric fission is still predominant at 14-Mev,it is not unreasonable
to assume that the neutron distribution would still exhibit the saw-tooth
shape characteristic of asymmetric fission.

If there were a second, symmetric mode of fission with a neutron
distribution radically different than the asymmetric mode, it is possible
that the two distributions might combine to produce a curve having the form
of (b). However, they might also combine to give a curve of the form of (a).

Curve {a) is thus consistent with the two-mode of fission hypothesis,
yet it does not require this hypothesis to produce it.

Because curve (a) is consistent with the ideas presented in this

238U 14-Mev

thesis, it will be assumed that the neutron distribution from
fission has the form of curve (a).

Therefore, to a first approximation, the neutron emission in the
region A > 130 will be given by a straight line similar to Terrell's uni-
versal curve. The slope of this line will be increased to take into account
the greater neutron emission in 14-Mev fission.

In order to determine the slope, the total number of neutrons emitted
by mass 150 and its complementary light fragment was determined. This was
accomplished by folding the cumulative-yield curve such that the 1ight masses
fell on top of their complementary heavy masses. It was thus determined
that mass 150 and its complement emit a total of 4.5 neutrons. If we assign
one of these to the light mass fragment, then mass 150 must emit an average
of 3.5 neutrons. Assuming that the neutron emission goes to zero at mass
126 as in low energy fission, the slope of the line is, therefore, determined.

On the basis of these assumptions, the straight line approximation

will be given by

v, = 0.146 (M, - 126) (5-3)

H H
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Assuming that the same methods used to construct the neutron dis-

235 233

tributions for U and U are valid at the higher excitation energy, the

238

neutron distribution for the heavy fragments in U 14-Mev fission will

be given by

vy = 0.746 (MH - 126) + )O.7f83 + 0.3 f85 (5-4)

238 (41)

U were calculated by the displacement method

Zp values for
(59)

assuming an average fissioning mass of 239 and v = 4.32 The Zp values
used and the calculated values of f83 and f85 are given in Table XXIII.

The neutron emission curve thus obtained is shown in Figure 18 along with
the measured cumulative- and predicted prompt-yield curves.

The average number of neutronsemitted from the heavy fragment can

be obtained from the relation,

where v 1is the average number of neutrons emitted by a heavy fragment
of mass m, and L. is the prompt yield of that fragment. This calculation

gives a value of Ch = 2.1 which 1is reasonable in view of the value for

CK=CH + CL) of 4.32 given by Hanna and C1arke(59).

It is interesting that the prompt-yield curve shows three maxima,

as these have been observed in the prompt-yields for thermal-neutron fission

235 233

of U and U. The peak at A = 134 in the cumulative yields is seen to

be Tlargely due to post-fission neutron evaporation as was shown to be the

235U(

case for ]8); however, there still appears to be a significant probability

of the direct formation of fragments with mass 134 and 135.
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In addition, the analysis has generated a central peak in the primary-
yield curve which is not present in the cumulative yields. The washing out
of this peak is Tikely due to the increased neutron emission at the higher
excitation energy. Because of the assumptions made in this analysis, we
cannot definitely state that the prompt-yield curve we have derived is the
correct one. It is, therefore, highly desirable that attempts be made to
measure the prompt yields directly, in order to determine whether fine

structure does exist in the primary distribution as predicted by this analysis.



TABLE XXIII

Values of f83 and f85 for 14-Mev

Neutron Fission of

238

85

Mass *Zp Vo 83 f85
132 51.0 0.88 .0 x 1070 -
133 51.2 1.00 0.005 .
134 51.5 1.15 0.067 -
135 52.1 1.30 0.123 .
136 52.3 1.45 0.307 -
137 53.0 1.60 0.369 .0 x 1074
138 53.2 1.75 0.472 0.020
139 53.6 1.88 0.398 0.102
140 541 2.04 0.273 0.207
141 54.7 2.18 0.210 0.276
142 55. 1 2.33 0.083 0.424
143 55,7 2.48 0.051 0.461
144 56.1 2.62 0.003 0.442
145 56.6 2.77 - 0.369
146 57.0 2.90 : 0.210
147 57.5 3.05 g 0.035
. 235 (42)

+

Reference values Zp(

P

v = 0,146 (M, - 126

H

)

U) were taken from Wahl
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APPENDIX A

Calculation of Mean Values and Standard Deviations

In each mass spectrometric sample analyzed approximately ten spectra
were taken. In each spectrum the peak ratios were computed and the mean and

variance calculated from the relationships

1=
<
N
>
1
—
o

- _ 1
Xi =N 2

_
ge B st

f =T L % - WP (A-2)

1=

The final value of a particular isotopic ratio was usually determined
from two or more separate samples. These were used to calculate the

mean value and standard deviation from the relationships

m-—
~ % X W,
R = e (A-3)
[ W
3
where w. = 1
i 2
g.
:
- g
ol e A (A-4)

The values quoted in the average column in the experimental results are R
and OR- The values quoted for each sample are ?} and o,
In the counting experiments, the average value of R and its variance

were calculated using equations (A-1) and (A-2).



APPENDIX B

Derivation of Equations for Decay of Xenon
138 138

The decay schemes for I and I are similar and have the form

% Ny ()

N](A]) v

S

given below

At any time during the irradiation, the differential equations of growth

and decay are as follows.

dN1 (8-1)
— = Ry = NqA B-1

dt 1 11

dN2 ( )
— =R, + aN;x; = N, B-2

dt 2 171 272

dN

Here, R] is the rate of formation of N],and R2 and R3 are the independent
rates of formation of N2 and N3; a and b are the fractions of N] that decay
to N2 and N3 respectively.

Equations (B-1), (B-2) and (B-3) have the following solutions for

0 <t <<T where T is the length of the irradiation.

R -Aqt
N] =_][]-e ]
A

] (B-4)
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R -A,t 1 -Ant
Ny = e 4 [1-e E J+aRy [ — (1 -e 27y
Ag 42
1 -\t -A,t
s ' =g 3] (B-5)
}\Z-A]
R “Aqt ] “Xat
Ny=—=[1-¢e > I+ R, +aR)[— (-2 °)
Ag Ag
1 -Aat At
- (& & =g * 3]
Ag=Ay
1 -A,t 1 =it -A,t
+ bR, [l 1 =2 3 ) - (e 73 )]
3 hgmh
A 1 -\, T -A.t 1 -A,t x5t
- aR; 2 = || (e L ) - (e 2" ng ® )]
Agmhy A3y Ag~hg
(B-6)

For times (t) after the end of the irradiation and before the iodine
precursor has been separated from the Xenon,R,, R, and Rs in equations (B-1),

(B-2) and (B-3) vanish and the solutions are then

Ny = —[1-¢e ]e (B-7)
Ay
")\]T -)\ZT
(1 -e ) At A](] -e ) Aot
Ny = aR, [ e - & ]
>\2 ‘A-‘ }\2 ()\2 . )\])
R “AsT -Ast
+-2[1-e ¢ 1e 2 (B-8)
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->\]T "}\ZT
Ao (1 -e ) -2t A (1 -e ) Aot
N3 = aR] [ e - e
(Ag=27) (A3-27) (A=29)(h3-25)
1 A A AT =A
4 | ~4 ] - & )(]-e3)e3
A3 (AZ-A])(A3->\2) (AZ-A])(A3->\])
-A]T —A3T
(1 -e ) At A](l -e ) -Agt
+ bR]'[ e - e ]
A3t N Ay (A5 - 2y)
KT =X
(1 -e 2 ) Aot x2(1 v = ) -agt
+ R, [ e - e ]
Ag = 4 Ay (A5 = 2y)
R “-A.T -a,t
sl 18 ¢ Jg 2 . (B-9)

Ag

After separation of the xenon from the iodine, the decay equations

now are
dN, ( )
— = = Ny} B-10
dt 2"2
- (8-11)
== Nody = Nai B-11
dt 272 3”3

These have the solutions

“A,t
N, =N, e 2° (B-12)

-2t A -Ant =25t
3* e 372, NZ* e [e 272 _ e 372 ] (B-13)

=
1]
—

A3=ho

*
where t, is the time from separation of the xenon from the iodine,and N 2
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*
and N 3 are the values of N2 and N3 at the time of separation (given by

making the substitution t - t in equations (B-8) and (B-9) ).
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APPENDIX C

Calculation of the Independent Yield of Xe]35

A. Equal Charge Displacement (ECD) (40)

According to this hypothesis,the most probable charges of a given
fission fragment and its complementary fragment lie an equal number of

beta-decays from stability.

-1 (C-1)

where ZA and ZA* are the most stable charges and Zp and Zp* are the most

probqb]e charges for mass A and A* respectively.

(C-2)
A+ A = A, - v (C-3)

where Zf and Af are the charge and mass of the fissioning nucleus and v
is the number of neutrons emitted per fission.
The most probable charge of a fission product of mass A is then

given by

*
+7Z, -17

Aty - Zg) (C-4)

o
b=
N[ —

Values of the most stable charge ZA were taken from the compilation

238U was

of Glendenin, Coryell and Edwards (40); v for 14-Mev fission of
taken as 4.5 (44, 45, 46).

The result of this calculation is shown as method 1 in Table C-I.

B. Coryell Displacement Method (41)

This method is based upon the ECD hypothesis and relates Zp(A) data



K

for various types of fission differing in compound nucleus and excitation

235

energy. The Z_ function for thermal neutron fission of U is used as a

p
reference curve and the shift in the Zp function, called AZp(A) is computed

for other systems from the following relations.

) 235
2)(A) = 2, (M + a2 (A) (C-5)
bZ,(A) = 12-(2c - 92) - 0.21 (A_ - 236)
+ 0.19 (vT - VT235) (C-6)
235 238

In U thermal fission vy = 2.47 + .03 (44) and for U 14-Mev

fission vo = 4.45 ¥ .10 (44). Using these values -AZp(A) = 0.25 * .02.

236 _ o

Zp(A) = Zp(A) 2B

235

The value of Zp(A) was estimated in three different ways:

(1) Zp(A)235 was computed from the ECD method (40). The result of this
calculation is shown as method 2 in Table C-I.

)235

(2) Wahl's empirical Z_(A was used (42) with the value 52.40 * 0.15.

p
This is shown as method 3 in Table C-I

(3) The value of Zp(A)235

was taken from Wahl's empirical curve (42) to
give a value of 52.24. This is method 4 in Table C-I.
In each case, the yield value was taken from the charge distribution

curve as given by Wahl (43).



Table C-I
Estimated Fractional Chain Yield of ]35Xe
Method ZA Z Z-1 Fractional
P P Chain Yield
. ECD 55.8 52.0 2.0 0.020
. Displacement
+ ECD 51.95 2.05 0.015

. Displacement 52.15 1.85 0.045

+ empirical Zp
. Displacement 52.0 2.0 0.020

+ Zp from curve

Average 0.030

Standard Deviation 0.015
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