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ABSTRACT

The various concepts of the fission process, mass and charge dis-
tribution, and fine structure in fission yields are reviewed, Details
and results of mass spoctrometric analyses of fission~product samples
of cesium, rubidium, and strontium are reported. Absolute yield values
have been assigned to the mass 87, 135, and 137 chains, Relative yields
of the mass 88 and 90 chains have been determined. A mechanism is
postulated to account for anomalies in fission fine structure, The
Glendenin mechanism of instantaneous neutron emission is found to require

modification.
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INTRODUCTION

The method of mass spectrometer analysis has been applied by Thode

(1,2) to the determination of relative and absolute

and his co-workers
fission yields with high precision, Their investigations of the isotopes
of xenon and kryp£on originating in the fission of uranium-236 have re=-
vealed fine structure in the mass-yield curve in the neighbourhood of the
eighty-two neutron shell, Recently, Inghram, Hayden and Roynul&a(sl re~-
ported mass spectrometer abundance data for the fission product isotopes
of cesium., Their abundance data for these isotopes ;ndiaate an abnormally
high yleld for cesium-135, which cannot be explained on the basis of

- present theories. 8ince the mass chains ending in isotopes of cesium fall
in the neighbourhood of the eighty-two neutron shell, and are predicted by
the Glendenin mechanism of chain branahing(“} to have low yields, it
seemed important to redetermine the abundances of the cesium isotopes and
to extend the work to the isotopes of other elements which fall in either
the eighty~two or the fifty nautrQn shell region, This has now been done,

and the results are reported in this thesis,

The Fission Process and Wass Distribution

When a nucleus is subjected to irradiation with high energy particles
or electromagnetic radiation, various events are likely to occur, depending
on the nature and energy of the radiation, and on the nature of the target
nucleus. At low energies of incident charged particles, elastic scattering
occurs. Here the most serious effect is the random removal of a few of the
electrons from atomic orbitals,

Neutrons at different energies, and charged particles at high energies



are likqu to cause one or more of the following processes:

l. Absorption of the inecident particle or photon. In this case
an excited nucleus is formed which emits some form of radiation in its
return to the ground state., Ixamples of such reactions are the familiar
(n,¥), (\4n), (X,p), (%,n), (d,p), and many others.

2, Spallstion. This oceurs more frequently in larger nuclei, and
only with high~energy particles. It is the splitting off of a licht
fragment from the original nucleus, leaving a resultant nucleus which is
lighter by sometimes as much as Fifty mass units.

3. FPission. This important reaction results when the target
nucleus, necessarily a heavy nucleus, splits into two {or rarely, throefs)
parts of roughl# equal size. It is this reaction and some of its
ramifications which are the mein topic of this thesis.

Fisﬁien takes place in several ways, and under the axcitation of
nearly all forms of energetic radiation. The first fission reaction dis-
éovored was that of uranium-235 bombarded with slow neutrona(é). It is
the most important of all modes 0f»fisaien, bseahao it can easily be
adapted for use in self-sustaining nuclear famctora. The reaction may be

represented by the following equation:
235 1
92“2 + oW ’ (92!}336) + ZlX‘A‘l + szga + VOnl 4 Y +Q

where X and Y represent the two fission products, VY the jnumber of neutrons

- released in the fission process (about 2,3 in this particular reaction),
the release of gamma ratiation, and § the kinetic emergy of the fission

fragments and neutrons. Other forms of fission are listed in Tables I and

1I.



Bscause the ratio of neutrons to protons in the wranium-235 nucleus
is higher than in lighter nuclei, the nuclear fragments formed are
unstable. They usually undergo & series of successive beta decays. As

result of the reaction
UG o
ob 1P+

the original nucleus is transformed eventually inte & nucleus with the
 ;§ma mass, but a lower, more stable neutron-proton ratio. This groups
the fission products into chains, of which some sixty«four are known.

' An important aspect of the study of fiasion.is the investigation
of the distribution of mess among the possible fission products. Isotopes
of xenon and krypton are the stable end products of several chains. The
relative abundances of these isotopes can be measured with very high
precision by a mass sp@atromatar; This gives aaaurat@ values for the
relative yields of these mass chains in fission. Another method of deter=~
mining yields involves the measurement éf the r&dis&ctivityAaf separated
fission products., The mass yield curves for uranium-235, uranium-233, and
plutonium-239 are given in Figures 1 and 2, It is seen that there is a
high probability for the splitting of a large nucleus into two fragments
of masses about 96 and 139, The p&ababi;ity of formation of fragments of
equal size is low, Spontaneous fission and the slow neutron fission afv
other elements is expected to tbliau'eaaentially'thn same :pattern.

Hot all the fission processes take place in this asymmetric manner,
and for fission induced by high-energy projectiles, the frggmants are most
often of equal wass, For example, the mass-yield curve for fission of
thorium-232 with 37.5 mev alpha particles, (Figure 3), still shows

asymmetric fission, but the very shallow minimum indicates a higher proportion
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TABLE I

Some Fission Modes of Uranium and Thorium Isotopes

Nucleus Activation Cross Section (barns)
33 Thermal Neutrons(7)

v235 3 Thermal Neutrons(6)

y238 Thermal Neutrons

y38 Fast Neutrons

yR38 Protons

u238 Deuterons(&s9) 5 x 1072, 2.2 x 1072
yR38 Alpha Particles (9 mov)‘lo’ 5 x 10™3

yR38 ' Gamme Radiation(11) 3.3 x 10*3

u? Spontaneous(12:13) 7 Ty s 2.1x 1046 yr,
T30 Thermal Noutruns(14a15’ 245 % m202
Th232 Thermal Neutrons

Th232 Protons (16]

Tp<32 Deuterons!17»18,19) 3.5 x 103

Th232 Alpha Particles(18)

TR232 Gamma Radiation(11) 1.7 x 10°3

Th232 Spontaneous{19) T% 1019 yr,

TABLE II

Some Fission Modes of Heavy Elements wiigﬁgnergebia
Particles. (After Perlman et al,$<8/)

Element FProjectile Ener Blement Projectile Ene:*z
!Hovi

{Mev
Bi 4,00 Pb n 100
Bi d 50 T1 400
Bi n 100 Ti d 200
Po 4,00 Pt 4,00

Fb d 100 Ta 400
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of symmetric fission., The fission of Bismuth with 190 Vev ﬁauterana(zl'22)

(Figure 4) is completely symmetrical,
ﬂnyer‘zB) has noted that, in cases of asymmetric fission, the location
of the maxima indicate that the most probable primary fission products might

gE.. It seems, then that even

be those with fifty or eighty-two neutrons
during the fission process the new nuclei tend to approach stable configurae
tions. Meitner‘ZA) has noted that in the case of deuteron fission of
Bismuth, where the fissioning nuclsus, ?0199' has too few neutrons to allow
such a distribution, fission is symmetrical.

Goeckermann and Farlman‘zz’ have proposed that the speed with which
the fission process takes place determines whether or not a rearrangémant
into a stable configuration is possible, TFor elements near uranium-235
in the periodic table, the energy of excitation for fission is approximately
6 mev, that is, roughly equal to the binding energy of a slow neutron. Thus,
for slow-neutron bombardment of such a nucleus, the probability of fission
occurring is rather high, If, however, the threshold anergy for fission is
about twice as high as in the previous case, neutron emission is favoured
over fission. Several neutrons may be released, simultaneously, and the
resultant nucleus will have a much léwer fission threshold than the original
nucleus., This new fissioning nucleus is highly excited, and will distinegrate
very rapidly.

The theory is, then, thaf it would be energetially uneconomical for
one primary product to be *ﬁnatable while the other 135 ;nstébleg Therefore,
a complete redistribution of nucleons is in order, and aetu&liy tﬁkes place

in the case of slow-neutron fission. Here the fission takes place before

the neutrons are emitted, and the redistribution is possible. On the other

®3ee Appendix for a note on nualear shell structure.



hand, if the neutrons are emitted prior to fission, thus causing very
rapid fission, then we might expect the distribution of neutrons and
protons to be random, and the fission products to be of equal mass,
Such is the case with the fission of deuteron-bombarded bismuth, where
the release of ten or twelve neutrons gives rise to the exeited nucleus

Pol99, which then undergoes very rapid symmetrical fission.

Charge Distribution in Fission

The problem of the distribution of charge in fission is perhaps
more difficult to study than the distribution of mass, While the mass of
a fission fragment remains, with the exceptions which will be noted later,
the same throughout all its decay transformations, the charge changes very
rapldly., Mass distribution determinations may bs made on stable or long=-
lived isotopes, in which case they are usually determinations of the
cumulative mass yield. On the other hand, charge distribution must take into
account the very short-lived isotopes, many of which are very difficult to
éeparate in a short time,

Normully a fragment is found to undergo an average of about three beta
disintegrations before finally arriving at a stable state. The charge of
the primary fission product, then, is considerably displaced from the charge
of the nucleus which, according to Bohr and #heeler(25), is the most stable
configuration for that mass. If Z, is the caleulated most stable nuclear
charge (mot necessarily integral) for a given mass, and the most probable
primary fission fragment has a nuclear charge Zys the 'displacement’ of the
primary nucleus is ;“—ZP. The problem, then is to find an expression for
;P or for the displacement.

Sgveral propositions have been made to explain the known facts:



1., The simplest theory is thet of unchanged charge distribution.

The ratio of neutrouns/protons is the same in each of the two fragments
from a single fission. For uranium-235 fission, this ratio would be

(236 - 2.3)/92. This postulate seems to apply to fission induced by high-
energy particles, bubt not to slow neutron fission(zz)a

2. The postulate of minimum potential energy is that the sum of
the energies of radioacitve decay of the two fission fragments and the
energy of electrostatic repulsion at the moment of fission is & minimum.

3« The postulate of equal charge displacement, derived empirically by
Glendenin, Coryell, and Edwards(aé), states that the most probable dis-
tribution of charge from fission is such that the two fragments from a single
fission are @qually displaced from the most stable charge. That is,

(zk - gp)l = (24, = Zp)oe The most probable primary charge, then, may be

calculated from the equation.

?.? 2 3& - 0.5 ‘KA + 2(233.7 - &) - 92)

L. Present’'s theory of non-uniform charge diatribution(a7) has been
developed theoretically from a spherical nuclear model, in which the dise-
tribution of protons is radially non-uniform. For fission where the mass
ratio of the light and heavy fragments is about 233, this theory leads to
approximately equal values for the charge displacement of primary fission
products, and thus it is similar to the theory of equal charge displacement.
For very unsymmetrical fission, however, where the mass ratios are about
1:2, the lowser mass chains are predicted to have angller displacement values

than the heavier chains,



Glenﬂenin(h). on examining these four theories, found that the
first two were untenable for slow~neutron fission. The available data
seem to check equally well with both of the other two, the equal charge
displacement theory, and the non-uniform charge distribution theory, and
at present it is not possible to choose between them. Glendenin utilized
the known independent fission yields of the shielded nuclei Iodine-134,
iodine-13,, xenon-135, cesium-136, bromine-82, and rubidium-86. These
yields he plotted as a function of the displacement from the most probable
charge, as calculated from each of the two theories. These data give the
curves shown in Figure 5. The yields which Glendenin determined lie guite
well on both curves. Although iodine~133 seems to be an exception, it is
sugpected that the experimental data on this isotope may be in error. In

all this work, he assumed that one distribution curve, represented by

P{2) = a o~2(2 - Zp)

will fit all mass chains.

Fine Structure Effects in Fission

The mass yield curves published by the Plutonium Projeot(as) and by
Crummitt and Wllkinson(29) were obtained from early radiochemical data.
The experimental values at that time indicated a smooth curve, and all
values lay close to the curve. The one point which lay very far from the
curve, tin-l23, is explained by the assumption that it is associated with
a stable or longelived iaomfr which has so far escaped radiochemical
detection., It was auggasteé by Kingdun(Bo) that nuclear stability con-
siderations might predict a certain favouring of fragments with even numbers

of protons. However, this has not yet received experimental support,
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In additlbn to this one case; tin-123, which can easily be
explained, others have beer reported which are very difficult to account
for, Thode and Graham(l) have reported anomalous yislds of EKrypton and
xenon isotopes from fission. The values for krypton-84, xonon~133(2)
and xenon-l134 are wsll considerably above the smooth curve, although the
other isotopes of these elements lie right of the curve. The resulis of
tie xenon measurements are shown in Pigure 6, Stanley and Katcoft(Bl)
have found that the cumulative yield of iodine-136 is very low, although
the yield of xenon-136 appears to be on the curvei Inskram, Hayden and

(3]

Reynolds have measured the relative abundances of the cesium isotopes
from fission mass spectrometrically, and their results did no;_conform to
expectutions, The results of all these determinations are givoﬁ,in Table
III.

A qpalitatiie explanation for this fine structure has been given by
Glendenin, It is well known'??) that nuclei with fifty or of ghty-two
heutrans show a greater stability than most other configurations, and that
in nuclei with fifty-one or eighty-three neutrons, the binding energy of the
‘extra' neutron is somewhat lower than normal, by approximately 2-3 mev,

It has been postulated by Glendenin(h) that in cases where an eighty-three

or fifty-one neutron nucleus is formed as a primary fission fragment, this
éxtra neutron is emitted instantaneously, instead of the usual beta particle,
This proposed chain branching is shown in Table IV and V.

An example will help to point out the effect of this mechanism,.
Following the Glendenin theory of charge distribution, the total primary
yield of tin-l133 is 0;3 percent of fission. This will be completely trans-

formed into tin-132 by instentancous neutron emission. Thus, the yield of
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the mass 132 chain is predicted to be 0,3 percent of total fission higher
than the smooth curve value, or 4.5 percent of fission, The total primary
yield of aniimdny—ljb - 143 percent, is postulated to trénstorl into
antimony~133. The total effect on the mass 133 chain is a loss of 0.3
percent, of total fission & gain of 1,3 percent, of & net gain of 1.0 percent.
Thus, the predicted value for the yield of the mass 133 chain is 6.0 percent.

Glendenin has calculated that if one assumes Present's theory of
charge distribution, then it is necessary to postulate only sixty percent
neutron emission, instead of one hundred percent. The values calculated from
both theories are given in Tebles VI and VII.

Up to the present, only a few chains have been measured accurately,
Morsover, all the fine structure exhibited by these chains has shown an
increased yield. It would, therefore, be of considerable interest to ine
vestigate some of the chains for which low values are predicted., It was with
this in view that the present investigation was undertaken.

The relative abundances of the fission produet isotopes of cesium
have been redetermined. At the same time, the relative abundance of the
rubidium isotopes of mass 85 and 87 have been determined. This will make
possible a close estimate of the absolute yield of the mass 87 chain,

Two fission product chains end in stable or long-lived isotopes of
Strontium, those with masses 88 and 90, In this case, it will only be
possible to determine relative yields since little absolute yzeid data is

-available in this mass range. The relative ylelds of these two isotopes have

been determined,
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TABLE 11X

Anomalous Fission Hass-Yields

Mass Chain Yield
Smooth Curve Experimental
83 0.5 0.39
84 0.8 1.1
85 1.3 - -
86 2.0 2.1
87 2.9 - -
131 2.8 2.8
132 Le2 he2
133 5.0 6.3
134 545 7ok
135 5.9 7.8%
136 6.1 6.1
137 6.2 6.1%
e 5.2 3.1

‘fhcaa are the values as determined by Inghram,
Hayden, and Reynolds. They have been redeter-
mined as part of the work of this thesis,



- 18 &

TARLE IV
Chain Branching in the HigherMass Rangse.
Mdliosr Shares

0 5 B 5N o s %

snl3l g3l geldl g3l g,l3l

snld2 gpl32 meld2 pl32 y,132

2133 gu133 pel33 1133 y133 gg13

splh meldh pidh yol3
Sb135 7ol 113 xel3 galdS.

8b136

o137 137 ﬂm 0?137 pal3?

Wi
1013 1138 3138 G138 p138

Xml% 1136 34136

Arrows indicate the branching of a chain by emission
of a nsutron from a primary fission product having
aighty-three neutrons. Nuclides under lined are the
effective ends of the rcspective chains.
TABLE V
Chain Branching in the  Lower Mass Range
Huclear Charge
bR SR T R SR TR
seBh  pr8h  gxr8h mBh g8k

§£35 B85 x5  pofS

VTR TR ™
87 ;:T-87 Rrb87
888 .88 '3'1’33 588 )

kr89 89 ;}.89 139
i % g90 ;30 2x70

xr91 EpI1 31.91 Y91 g‘?l

Arrows indicate the branching of a chain by emission
of a neutron from a primary fission product having
fifty-one neutrons. HNuclides underlined are the
effective ends of the respective chains.
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TABLE VI

Pission Yields in the Region of the Fifty-Neutron Closed Shell

{*hhas;ﬁg;ber Fission Yields
_of Chain Smooth - Mass
Curve Spectrometry Glendenin Present
(Experimental ) (Experimental) (Calculated) (Calculated)

83 0.5 0,39 0.7 0.6

84 0.8 ' 1.3 0.9 1.1

85 1:3 103 1'5

86 2.0 2.1 1.8 1.8

87 2.9 2,6 2¢5
TABLE VII

Fission Yields in the Heglon of the Bighty-

Pwo Heutron Closed Shell

Mass Number Fission Yislds
of Chain Smooth Mass
Curve Spectrometry Glendenin Present
i3 2.8 2.8 2.9 2.8
132 Le2 L2 L5 Le2
133 5.0 6.3 6.0 5k
134 545 T ods 6.5 6.7
135 549 5.7 LA
136 6.1 642 545 5.9
137 6.2 49 L5

138 6.2 57 6.0



EXPERIMENTAL

chcniaul Procedures

& Césfum and Ribidiun

The procedure adopted for the aiﬁnltaneous isolation of carriere
free cesium and rubiﬁium from irrediated urenium is as follows. The
uranium metal was dissolved in nitric acid, and the aolubion;ovaporated
to ocrystals, The crystula were dissolved in diethyl ether, and the'
fiaslon products sepurated from this solution by extraction with aovoral
very small portions of dilute nitric acid., It was sometimes necessary
‘to‘repaat this extraction procedure on the aqueous extract to remove
"excissive quantities of uranium, Two or three milligrams of ferric ion
was added, and subsequently precip&tgheﬁ as hydroxide with ammonia gas,
This removed essentially all of the hydroxide-forming olonenés. and left
i‘n‘ solution nearly all of the cesium, rubidium,vbarium, and‘strontmn.‘
The solution was evaporated, converted to the chloride, fumed, and redis-
solved in 6N hydrochlori¢ acid. Two milligrams of ammonium ion was now
added, and precipitated as ammonium chloroplaiinatq%\ This precipitate
carried down cesium and rubidium only, The supernntunt'aolution nt this
point was used for subaoqnant isolation and puririeation of strontium.
The chlaroPIatinuto erystals were dissolved in hot water, and the platinum
was removed by reduction with formic acid, The solution was again evapor-
ated, and fumed. The arrier-free cesium and rubidium chlorides were cone
verted to nitrates by repeated evaporation with nitric acid., The resultant
nitrates were in a form satisfactory for mnas‘upoetromntric analysis,

In order to determine the amount of contamination by natural cesium and
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rubidium, a blank was prepared in the following way. Two uranium discs

of equal weight, one disc irradiated, and the other not, were dissolived
separately, 1h‘nitr1e acld, They were treated in thcyﬁannervjust des-
cribed. Care was taken to ensure that exactly the same quantities of
feagents were added to each sample., After the redissolution of the chloro-
platinate crystals, half of each sample was removed, and the two halves
combined, In this manner, the synthetic sample is made up to have exactly
twice as much natural cesium and rubidium as the original actiiu sample.

A comparison of thq abundances of isctopes in the two‘activo samples will
make possible a determination of contamination-free isotopic abundances.

In subsequent runs, the combining of samples was done 1mncdiatolj following
the dissolution of the uranium metel. In this way, the efficiemty of
extraction and precipitation procedures has no effect on the accuracy of .

the blank,

b. Strontium

The isolation of carrier-free strontium was completed by the following
process, The strontium sclution, after the chloroplatinate precipitation
Just described, was evaporated to dryness snd fumed. Contaminants at this
point were siliea, platinie chloride, some organic matter, and small amount
of iron and uranium. The residue was dissolved in dilute hydroc¢hlorie acid,
and two miliigraas of ferric ion was added., This was precipitated as ferric
hydroxide at pH 9 with ammonium carbonate. This caused the quantitative
sorption of strontium carbonate and/or strontium hydroxide. In this way,
the desired component was separated from all substances soluble in basiec
solutions.

This step was followed by redissolution in am excess of hydrochloric
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acid, and repricipitation of the hydroxide with carbonate-free ammonia

gas, at pH 6, This caused “he coprecipitation of all hydroxide components,
but the strontium was not adsorbed‘32'33). The supernatant solution was
evaporated and fumed. The residue was essentially pure barium and strontium
chlorides, which were converted to nitrates by evaporation with nitric acid.

The analysis of strontium isotopes was done on this nitrate residue.

lass Spedtrometer Anagzsia

(a) Dempster-Type, Double Focussing Mass Spectrometer.

This type of instrument, first described by Dempater(Ba'Bs), was

originally used as a mass spectrograph, for absolute mass determinations,

The instrument used in this work‘Bb) was modified so that the ionscould

be collected, and ion currents measured, instead of recorded photographically,
This change was made to permit high-precision abundance measurements. The
ions were produced in a modified Shaw-type crucible aourco(37). All
ecrucibles used in thies work were made of columbium, 0,06" ©.D, x 0.03* I.D,

x 3/8",

Analyses were made by measuring singly-charged ions emitted from the
.oxido of the element under study. The oxides were used because thay were
found to give more steady emission than any other compounds investigated.

The crucible temperature of cesium and rubidium analyses was estimated at
between 350 and AOOo Cs Strontium analyses required much higher temperatures
« in the range between 1700 and 1800” C» Before each analysis a blank

brnnAblo was run in the mass spectrometer to ensure that no residual ion
currents were being caused by ions belng baked out of other parts of the source

assembly,
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(b) 90° Sector-type Mass Spectrometer |

The 90° mass spectrometer originally described by Graham, Harkness,
and Thode!?®) was modified to permit the use of a heated filament ion
soyrce, Ions of cesium and rubidium were produced from the oxides at

temperatures estimated at between 500 and 650° C.

(¢) Semple Sizes

It was found that satisfactory ion currents could be obtained with
very small samples of material. For example, the cesium results were
obtained with less than 0,1 microgram of cesium oxide., In the case of
rubidium, the samples were considerably smaller, besause of the lower fission
yields of rubidium isotopes, possibly of the order of 0,02 micrograms.
The lower limit has not been investigated, but it is felt that the limit of
detection for cesium and rubidium is less than QgOOl microgram. 0.5 to
1 microgram of strontium was roquifed in order to obtain satisfactory ion

3

curronts with the heated crucible ion source,

(d) Sample Fractionation

It is claimed by Inghram, Hayder, and Reynalﬁa{B) that a fractionation
of cesium isotopes of as much as {ive percent occurs at the filament of
their mass spectrometer. We have found no indication that this fraction=
ation takes place in our 1nstrumsnts(36'39). In our work, two different
mass spectrometers were used which had two widely different types of ion
source., In every cass, the results obtained from the two instruments were
in excellent agroement. No differences in the isotopic ratios has been
n&ted between the first and last ten percent of each sample. We have there~

fore assumed that no fractionation of the isotopes ocourred with our samples.
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Preparation of Samples

(a) Cesium and Rubidium

The preparation of samples of cesium and rubidium was relatively
simple. The method involved merely evaporating a small portion of the
total slﬁple of cesium and rubidium oh the surface of the tungsten

+

filement, or in the columbium crucible.

(b) Strontium

The preparatiqn of samples of strontium was very much more difficult
than for cesium and rubidium because the ionizing efficiency of the mass
spectrometers for alkaline earth oxides is considarably lowér'than for
alkali metal oxides. It was not possible to investigate fission prcdﬁqt
strontium with the 90° filament source mass spectrometer, as the aamglis of
strontium oxide available wuie tdgﬁﬁmall to give satisfactory ion currents.
Even with iho‘heated‘oruciblo soﬁf&é it was just possible to get results
with the one microgram extracted from our irradiated discs.

Since evaporation of larger amounts then one or two mieroliters in
such a small crueible presented prohibitive difficulties, the carbonate was
precipitated on a small amount of ferric hydroxide as carrier, and
centrifuged into the crucible by means of a specially adapted centrifuge

tube.

Results

(a) Cesium
The mass spectrometer abundance data must be corrected for the radio-

active decay of cesium~137 in order to obtain the true mass yields. This



TABLE VIII
Yields of Cesium Isotope From Thermal Neutron
Fission of Uranium-235

Mass Absolute

133 6.29%
135 6.18"
(137 5."8'7’ :

\'\

&
Value for Xel33 based on 2.8% yield of 113t

b
Corrected for neutron absorption

¢
Corrected for decay using 33-year half-life.
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correction was made by extrapolation to zero time, on the basis of a
33~yeur ha1r~life(ho). The wvalue obtained for the yleld of cesium~135
will alsc be low, because ¢f the nsutron esbsorption reaction: XOIBS
(n:V7 x@lBﬁ. The final results after correcting for decay are given in

Table VIII. The results obtained are plotted in Figure 7.

TABLE VIII
;%ﬁ31o1da of aciiumilsotopq‘?rom Thermal YNeutron

Pission of Uranium-235

Mass M8 Corrected for Absolute
T Resuite™ 8137 Decay Yield®
. 133 i.38 1.072 6.3
135 | 3
137 1.09& 1.000 5.9

®iverage of four values, whichL showed no detectable
contamipation by natural cesium. See chemical
procedures for details of blank.

bEztrapoly@gd te zero time acecording to 33 yr. half-
lit‘. : §

_Obtatned by normalizing to the known value for Xenon=l33

QThis value i: somewhat low because of the high neutron
capture c¢ross-section of Xenon-135.

{b) Rubidium

The rubidium samples from fission were found to contain normal
rubidium as an impurity. Correction for the normal isotopie impurity was
made in the following manner. If the ratic of the fission yields of Rb85
and Rb®7 18 1/a, the amount of rubidium-87 present as contamination is

tm and the amount of rubidium-85 contamination is 2.6x, then

1 +2,6x = ratio found in normal sample (1)
a+ x

l+5.2x 3 ratio found in blank sample (2)
a+ 2%
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Elimination of x between (1) and (2) gives the net ratio of fission
isotopes.

Thado(hl) has reported that the 9.4 year isomer of krypton-85
accounts for 25% of the total yield of the mass 85 chain predicted from
the smooth mass-yield curve, Thus, it is calculated that in the samples
used in this work, 22% of the cumulative yield of rubidium-85 is still
bloeked by the krypton isotope. The mass spectrometer results were
corrected for this loss according to the 9.4 year half-life of krypton-85,
The samples used in this work were 2.1 years old.

4 consideration of the probable neutron capture cross aect;opu of
rubidiom-86 indicates that it is very unlikely that the reaction Rb86 (n,Y)
Rb87 would ceontribute any appreciable error,

' The final results for rubidium isotopes in fission are reported in

Table IX.

TABLE IX
Yields of Rubidium Isotopes From Thermal Neutron
Fission of Uranium-235

lass Sample Sample Net

Corrected Absclu&o
UB-1b8 UB-la® YValue

P “Value® = Yield

85 0,506 O.44k2 0.37% 0.475 1.3
87 1,000 1,000 1.000 1.000 2.7

¥Sample UB-1b contained the blank, whereas Sample
UB~la did not. (See procedures for an explanation
of the blank)
bsee discussion above for the method of calculating
net yields,
CThis correction is for the decay of 9.4 year kryptone85
dgbsolute yield values are assigned on the assumption that
the value for mass 85 lies on the smooth curve.



(e) Strontium

It was not necessary to run blanks to determine the extent of normal
strontium in the fission product material, since of the natural isotopes
of strontium, only one, Sres, is produced in fission. Thus, an accurate
measure of the contamination by natural strontium-88 could be calculated
from the amount of strontium-86 present in the sample. The value obtained
for 1?.9 year strontiun~90‘“2) had to be extrapolated to zero time to

correct for decay. The finasl values are presented in Table X.

TABLE X
Relative Yields of Strontium Isotopes From Thermal

Neutron Fission of Uranium-235

ass Tield
M.8. Corrected For
Ruives Sx”_ Deowy Averags Canborty .
88  0.80% 0.65° ¥ 0.71 0,61 Al 0.66, Wb 6B e
90 1,00 1.00 1,00 1,00 1.60 ok K [ o®
%Phis sample was L.66 years old, . de Pt W?E ]

4 :b ‘ | |
" This sample was 2,12 years old. Eﬁhfvxi’L
A

Ul L s et 0 L &



DISCUSSIONR

Gunaralk

Tﬁa experimental results provide further evidence of fine eﬁr&eturo
in fission yields. The mass 133 chain is found to have a high relative
yield, in agreement with results reported previously roi the isotopes of
xenon, The yields of the 135 and 137 mass chains are somewhat lower, and
when ndrmalxze& at 6.3 percent for cesium-l33, give values in fair agree-
&ent with the predictions of the smooth curve. With the exception of the
137 mass chain, there is qualitative agreement with the yield values pre-
diétaa by the Glendenin mechanism. However, the Glendenin mechanism re-
quires that yields greater than the smooth curve values must be counter-
balanced exactly, in their totals, by yields in other chains which are
below the smooth curve. It is obvious from Pigure 7 thut this is not the
casge for ﬁhs mass range under study. The total of the yilelds determined
experimentally is gréater than the total given by the smooth curve as
drawn in the Plutonium Project report.

Since the smooth mass yleld curve was obtained by plotting all the
known experimental data, some of which was subject to large errors, one
might suggest a revision of the smooth curve upward in the 133-137 mass
range to bring the yields predicted by Glendenin in closer agreement with
experimental results., However, if this is done, one obtains a hump on the
side of the curve. This suggests an effect other than that proposeé’by

(Glendenin to account for departure from the smooth yield curve,
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TABLE XI
Comparison of Experimental Results with Various

Predicted Yields

Mass Yield TFrom Glen- From Pre- Experimental
Curve denin's theory sent's theory
131 2.8 2.9 2,8 2.8
132 k.2 bed o2 442
133 5.0 - 640 Sely 6.3
134 545 6,5 647 7ok
135 5+9 5.7 6.k 549
136 6.1 545 5.9 6.1
#0136 Le9 o5 5.9
138 6.2 5.7 6.0 (6,0)*
Total 41.9 4147 L1.9 L o6

‘Avoragg of the three predictions. The true value is not .
expected to be sufficiently different to change the total
significantly.

Possible Explanation of Anomalous Results

The results obtained to date suggest that the discrepancy between
the predicted and experimental total yields in the region from mass 131
to mass 138 is probably‘eausod by some characteristic of the fission
protess itself, rather than by a post-fission effect. The results could
be acconntaé‘ror qualitatively, for example, if we were to assume that .
nuclei with eighty-two neutrons have a slightly higher primary yield than
would be predicted from symmetrical charge distribution curves,

On the basis of this assumption alone, then, one would expect that

the yield of tin-132, which has both eighty-two neutrons and fifty protons,



would be very high, This, however, is not the case. A consideration
of the relative stabilities of nuclei in this region will explain this
apparent anomaly., The neutrone-proton ratio of tin-132 is 1,64, as
compared to l.41 predicted by the Pohr-Wheeler theory as the most stable
ratio for mass 132. On the other hand, cesium-137, also with eighty-two
neutrons, has a neutron-proton ratio of 1.49, as compared with 1.42 for
the most stable ratio. Therefore, any particular tendency for tin-132
to form in fission would be opposed by the high degree of instability of
such a high neutron-proton ratio. It seems, then, that the increased
yield ér eighty-two-neutron primary fission fragments would be a function
of the stability of the nculeus. The effect would thus be appreciable
only in masses 133, 134, 135 and 136, Pigure 8 is a smooth curve obtained
empirically which gives the variation of this effect with mass. The
yield walues obtained on the basis of this variations are shown in Table XII.
It will be seen from Table XII that considerable improvement is

made by combining the two effects. This improvement is especially

. noticeable in the close agreement obtained between predicted and ex~

perimental total yields.
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TABLE XII
Fission Yields Assuming an Eighty-Two Neutron

Effect in Primary Fission

N | mese e mm,

% of Primary % of Total Glendenin

Yield of Nuclide  Fission “Effect®
131 2.8 0 i 2.8 2.9
182 AR 2 0.0 | ket L5
133 540 14 0.3 5.3 6.3
134 545 32 0.9 buly 7k
135 549 50 0.8 6.7 645
136 6.1 60 0.5 6.6 640
137 6.2 65 0.l 6.3 5.0
138 6.2 - 0.0 6.2 5.7
Total 41.9 bl o5 Liye3

v

81n this and following calculations, the eighty~three neutron effect
is based on Glendenin's theory of charge distribution. Analogous
predictions could be made on the basis of Present's theory of
charge distribution.
large discrepancies still exist in certain chains, notably the
mass 137 chain, In this chain, almost the whole predicted fine structure
effect 1s due to the (lendenin mechanism, and it is seen that the exe
perimental results do not show nearly as large an effect as 1s predicted.
At the same time, large corrections due to the Glendenin effect are required
to account for the very high yields obtained for masses 133 and 134,. Mass
yields in better agreement with experimental values can be obtained if it

is assumed that the Glendenin effect, as well as the eighty-two neutron



effect, is a function of the neutron-proton ratio.

This variation of the Glendenin effeet with neutron/protonm ratio
seems reasonable from a consideration of nuclear stability, For example,
the abat stable neutron/proton ratio for the mass 133 chain is l.41. Thus,
tin-133, with a ratio of 1.66, will be very unstable, an& would be quite
likely to emit a neutron if it were highly excited. On the other hand,
cesium~-138, whose nautroa/p&oton ratio of 1.51, as compared to the most
stable ratio 1l.42 for mass 138, would be cénaiderably more stable, and only
under extreme excitation would neutron emission be favoured over beta dis-
integration, It would therefore be expactaaéihat the probability of ine
stantaneous meutron emission would dim;niéh as the mass of the nuclide with
eighty-three neutrons increases from 130 to 14C. An ampiriaalrcurve,qgguxﬁg
this variation is given in Figure 9.

The yield values, calculated assuming betﬁftha modified Glendenin
effect and the closed shell effect in primary fission, given in Table XIII,
are the best of several sets calculated from various possible curves of
neutron emission vs, mass number, and of eighty-two neutron effect vs. mass
number. The curves used in calculating the tabulated values are thbsa of

Figures 8 and 9.
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TABLE XIIX
Predicted Fission Yields in the Heavy Mass Range

Assuming Closed Shell Effects

Mass Yield Predicted by Glendenin
Number Curve From Equal Dis- From Pres- Postulated Predicted
placement Theory ent's Theory in this from
Thesis® Experimental
131 2.8 2.9 2.8 2.9 2.8
132 L2 Le5 42 L5 L2
133 540 6.0 5ehs 6.3 6.3
134 55 6.5 6.7 71 Ty
A35 5.9 5.7 6ol 6.0 5‘9;
136 6.1 545 549 5.8 6.1
137 6.2 L9 LS 57 5.9
138 602 5-7 i 6.0 602 L

&1n these calculations the equal charge displacement was used in-.
caleculation of the Glendenin effect. Analogous results could be
obtained using Present's non-uniform distribution theory.

Summary of Proposed Mechaniswn

In an attempt to explain anomalous results in the fission fine-
structure effect, the following asswiptions were made:

l. The distribution of both charge and mass fundamentally follow
simple probability laws, and any fine structure is due to other effects
superimposed upon the elementary process. These other factors may be

either during or immediately following the fission process.



2. The Glendenin mechanism of neutron emission is assumed to
be correct. However, the probability of neutron emission from a nucleus
with eighty-three neutrons is assumed to be a function of the displacement
of that nucleus from the Bohr-Wheeler stability line.

3. The probability of formation as primary fission products is
greater for nuclei with elghty~two neutrons than for other nuclo;. The
magnitude of this effect will vary as some function of the displggamant

of those nuclei from the Bohr-Wheeler stability line,

In addition to the foregoing, two tacit assuaptions have been made
for the sake of simplicity. They are l., the excess yields of eighty-two
neutron fission fragments has no effect whatsoever on the probability of
formation of other fission fragments, and that these others rellaw.tha
smooth, symmetrical charge and mass distribution curves; 2. there is no"
significant effect due to the even or odd numbers of protons in the primary
nucleus., Considerably more data must be accumulated before these assumptions
can be tested.

One of the most important weaknesses of the proposed modification of
the Glendenin mechanism is that the known neutron emission of xenon-137
seems to be a contradiction. It might be, however, that in this case neutron
emission is favoured because in that way the product nucleus has even numbers
of both protons and neutrons, whereas the nucleus resulting from a beta
disintegration would have an odd number of protons, and a resultant high
auclear angular momentum.

The proposals made in this thesis might be tested by analysing the

fission products from fission induced by neutrons of higher energies. At



higher energies, one would expect the preferential formation of eighty-two
reutron fragments to decrease, and the fission process to become less

selective. One would not expect the CGlendenin mechanism, which occurs after

the fission process, to be affected.



APPENDIX

Nuglear Shell Structure

The concept of shells and energy levels in the nucloug roughly
analogous to phose of electrons in atomi¢ orbitals was first proposed
by Burtleﬁt‘“s) in 1932, and was spon taken up in the theoretical work
of xlaassar(““! Only recently, however, haaAit been given much qq:ioua
consideration in the light of experimental evidence, Although th;re is
considerable disagreement, even in those regions of the periodic table
where evidence is abundant, and especially among heavier nuclei, for
whieh it is difficult to make satisfactory calculations, much prel;minary
work has been done., The receat work of Hayer‘zB'As‘hb'h7), Nbrdhsim(ks’
and Foonbors‘h9'5°'51’ is of great importance in opening up this field.

Empirical evidence has rapidly been accumulating leading to obser-
vations that certain numbers of protons and/or neutrons in a nuclsus seem
to be more stable than the others. These numbers, the so called "magic
numbers', are 2, 8, 20, 28, 50, 82 and 126. A certain stability is also
noted in nuclei with 40 nuclides of one kind.

The evidence in support of these observations is summarized by
Maysr‘23). Data is drawn from many types of observations, including the
following:

1, Isotopic abundances., Of all the isotopes of atomic number greater
than thirty-three, only three have abundances greater than sixty percent of
that element. OFf these, strontium~89 has 50 neutrons, and §ar1un-138 and
cerium-140 each have eighty-two neutrons.

2. The number of isotones®, Although the average number of

'Isotonan are nuclides with the same number of neutrons.
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1notcnea for even numbers of neutrons throughout the poriodic table is

between three anﬂ four, seven naturally ococurring nuclides have eighty-two

% neutrons, and 8ix have fifty neutrona.

3. The number of isotopes., Tin, with fifty protons, has more stable
isotopes than any other element., The heaviest and lightest differ by ¥
twoelve mass units. The only other case of such a spread in the masses of
the isotopes of an element is found in xcnan. whose great span may be
attributed to xenon-136, which has eighty-two neutrons,

A; Neutron capture cross section. Capture eross sections for nuclides
with fifty, eighty-two, or one hundred and twenty-six seem abnormally low,

At the same time, some of those with forty-nine or eighty-one nsutrons seem
unusually high.

This and other evidence leaves no doubt as to the particular
stability of certain shells of both protons and neutrone. The interpre-
tation of this stability and the assignment of spectroscopic terms to the
levels i8 a very difficult task.

The early history of atomic structure is to be found in the annals
of spectroscopy, It was from the energies of the spectral lines that the
energies of the electron levels were calculated. Thus, it might be expected
that a similar case might be that of nuclear levels and nuclear spectroscopy.
This, however, is not the case as much as would be expected.

One of the reasons for this is the lack of a sufficient number of
simple nuclei which give out radiations. The most common artificially and
naturally redioactive nuclides are very complex in their structure. It may

be noted here in comparison that the optical spectra of some of the more



complpx elements are not yet completely resolved. Another great

difficulty wh;qh must be met is that the interactions bogwgpu and relations
between the various nuclear particles are very strong and not at all

well understood, | |

Three methods have been used, individually, or inconjunction with
one another, for the assignment of terms to the various levels within the
nucleus:

1. Wave mechanical calculations, beginning with Elsasser's work,
have been set up for variously shaped potential wells, in which the nuclear
particles are supposed to move. Hordheim utilizes the postulate of an
approximatély spherical well. Mayer and Feenberg use a squarse weil; with
vpoaaibly rounded corners, The 'wine bottle' potential well, as firﬁt\
suggested by xiacaaer, is also used by Feenberg in the calculation of the
energies of proton oscillators.

2. The analysis of the spins of nuclei, as determined from hyperfine
structure in optical spectroscopy, and from angular correlation work in
gamma-ray spectroscopy, gives considerable information as to the angular
momentum of the nucleus. The simplifying assumption is made that an even
number of identical nucleons are all paired to give zero angular momentum to
the nucleus, Thus, the momentum of an odd nucléus may all be attributed %o
the odd proton or neutron or to the odd 'hole', This assumption is
characteristic of the 'individual particle model'. The spin and angular
| momentum contribution of the nucleons are calculated in a manner similar to
that used in optical spectroscopy. Tho‘nautron and proton each have angular

momenta -l- equal to h/2, while their spins -2~ are each equal to § h/2.
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Thus, the spectroscopic terms of individual nucleons are analogous to
those of individual electrons.

3.‘Nordhéiu uses magnetic moments of nuclei to deterning whether
the spin of a nusleon is parallel to or antiparallel to the orbital
angular momentum, In all this work a strong spin-orbit coupling is
assumed, so that the relative orientation of the two forms of momentum is
of highest importance. Nordheim plots the magnetic moments of midlol
against the spectroscopically determined spin, I. The points are found to
lie on or near two rather poorly defined lines, These lines are closge to
the theoretically determined lines for I, -Z + % and IJ nZ - §, as
calculated by Sehmidt. The fact that these points do not form a well
defined pair of lines is attributed to the insufficiency of the vne particle
pieture. There is thus some interaction of odd particles with those already
paired.

Perhaps the most convineing paper to date 15 that of ls&ayor“"?) in
which the theory of the 'spin-orbit coupling model® is put forwari. fhe
assumptions mede in that theory are:

1, The succession of energies of single particle orbits is that of
& square well with strong spin-orbit coupling giving rise to inverted
doublets.

la, Por a given value of I, the level I = Z +% has invariably lower
energy than, and will be filled before that level where I :Z - %

1b, Pairs of spin levels within one shell, which arise from ad jacent
orbitals in the square well in such a way that the spin-orbit coupling
tends to bring their emergy closer, can and often will cross,

2. An even pumber of identical nueleons in any orbit wi.t.h total

angular momentum quantum number j will always couple to give a spin of zero,



and no contribution to the magnetic moment.

3. An odd number of identical nucleons in & state j will couple
to give a total spin of j, and a magrnetic moment equal to that for a
single particle in that state,

Le TPor a given nucleus, the pairing energy of the nucleons in the
same orbit is greater rof orbits with larger J.

A good example of crossing of levels because of pairing energy of
the level with higher anguler momentum is afforded by the spins of odde
proton nuclei with Z lying between 28 and 38. From Table XIV, it is seen
that the proton configuration for Z = 28 is 182, apb, 3d1°, 232, Ar?/za.
The next proton ahguld be, then, according to the calculated energy of the
levels, an f5/2 proton, However, aﬁins for the next five oddw~proton
nuclei indicate filling in the PB/Q level. The only exceptions to this are
37Rbﬁg and BOZn§Z’ whiech have spins of 5/2, This shows that the proton or
neutron goes into the 3p3/2 level, but that the next proton causes a re=
arrangement, and both protons go into the lower-lying urs/z level, The
c¢loseness of such levels during & cross-over is shown by the frequency of
cases of nuclear isomerism in tlose regions.

Neutron structure of nuclei with fewer tham fifty neutrons isidentical
to that for the same number of protons. After fifty, however, thé cou lomb
repulsion has a considerable effect on the density of protons close to the
center, whereas the neutrons are unaffected. Thus, proton levels with high
angular momentum are favoured mofe than in neutron levels.

The present state of nuclear energy assignments may be summarized for

the three important schools of investigation as in Table XIV.
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TABLE XIV
Enérgy Levels and Spin Terms of Muclei
(After myer)%) p

V. i 12 30 32

ZV 8 20 50 82
Feenberg and || 1s® 2p° |2s% 3a1°
Hammack y 3d10 &fu‘ p glg 62122 hdle
Nordheim 18° Zpé 282 3:110 Lelk 3:96 4alo 5g18 501k
Mayer 182 25 |22 3410 |4elk 3pb 53;‘/’ y Sgg by a0 562 émii i

r;;uara Well || 1s 2p |3a 2s |4f 3p 58 Ld| 38 O6h 5 Lp 73



TABLE VIII
Yields of Cesium Isotope From Thermal Neutron

Fission of Uranium-235

Mass Absolute
Yield
133 6.29%
135 6.18°
137 5.87°

" 1

Value for Xel>3 based on 2.8% yield of I
b

Corrected for neutron absorption

¢

Corrected for decay using 33-year half-life.

131
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