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ABSTRACT

The cumulative fission yilelds of several mass
chains have been determined radliochemlically relative
to those of mass-99 and -97 for fission of uranium-
238 and thorium-232 induced by both 3- and 14 ,.8-MeV
neutrons, The ylelds of mass chains 133 and 135
produced in these flssionlng systems were calculated
from measurements of xenon-133 and -135, Yields of
mass chains 131 to 134 resulting from 1l4,.,8-MeV
neutron-induced fission of uranium-238 were calculated
from measurements of the lodine isotopes in the decay
chains,

An end-window gas-flow p-proportional counter was
used to count the solid sources; gas Gelger-counters
were used to count the xenon samples. Computer
techniques were employed to analyse the decay data,

Fine structure was observed in the mass-yleld
curves around masses 133-135 for fission of uranium-
238 at both neutron bombarding energies; it was also
observed for fission of thorium-232 at the lower but
not at the higher excitation energy. The results are
discussed 1n relation to other relevant experimental

data and theoretical models.
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CHAPTER 1

The Fisslon Phenomenon

1.1. Introduction

Since the practical feasibility of nuclear
fission was first demenstrated by Hahn and
Strassmann(l) in 1939, much experimental data has been
collected about the many facets of this phenomenon,

As yet, a theory embracing all aspects of fission is
lacking although gqualitative explanations have been
proposed for many of the outstanding features,

The most probable fission process 1s that
resulting in the splitting of a nucleus into two
fragments of comparable mass; divisions into three or
four fragments of comparable mass have been observed,
but the cross-sections for such modes of fission are
several orders of magnitude less than that for binary
fission, The best-established type of ternary fission
is that in which an energetic a-particle is emitted in
coincidence with two heavy fragments; the cross-section
for this process is roughly 2.5 x 102 times that for
binary fission(E).

The compound nuc¢leus theory, propounded by Bohr
and Wheeler(z) in 1939 and based on the proposition
that the fission process is independent of the mode of
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formation of the excited nucleus, appears to

hold for low to moderate excitation energies; the
excitation energy is determined by the kinetic
energy of the bombarding particle and the binding-
energy released when the particle is absorbed into
the nuecleus. Fission induced by high energy
particles cannot be completely described by the
compound nucleus theory. It has been demonstrated
that, even at moderate excitation energies, angular
momentum contributions from the bombarding particle
have an appreciable effect on the fission process(k).
At high excitation energies the effect is magnified.
Particle-emission before fission'and spallation
processes, also become feasible at high excitation
energies.

Subsequent to the fission process, the initial
fragments de-exclite by radiocactive decay to stable
nuclides. The fragments are neutron-rich and, hence,
unstable towards neutron-emission and B-emission.
Initially the fragments de-excite by neutron-emission(5);
this occurs roughly within b x 10~1% seconds of the
fission event(é). The number of neutrons emitted per
fission event is normally between two and five. As

the excitation energy of the fissioning nucleus is
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increased; the number of prompt neutrons emitted
increases‘?’). As a direct result, the B-decay
chains of fragments resulting from high energy
fission are shorter than those resulting from low
energy fission.

The fragments, after emission of prompt neutrons,
de-excite to relatively low-iying nuclear states by
y-emission., Prompt y-rays are emitted with a half-
life of about 1 qﬁsec(s); y-rays of energies up to
about 7-MeV have been observed(8). The resulting
nuclides decay mainly by B~ and y-emission to stable
nuclides. Delayed neutrons have been observed, these
being emitted with half-lives ranging up to one minute;
this phenomenon has been attributed to nuclides decaying
with appreciable half-lives to excited levels in
daughter-products where neutron-emission is energetically
feasible. _

The energy balance_for the fission process may be

represented by the equation

_AL* A2, * '

%%M* and %gﬁk are the masses of the primary fission

where
fragments produced from a nucleus of mass %M; Em is the

kinetic energy of the fragments.
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The masses of the initial fragments may be

represented by

i=A1+1-A3
Al % _ A3
g1 = gM v ven s Z Blar-1) * By
i1i=o0
where %{M is the mass of the fragment remaining after

emission of prompt neutrons and prompt y-rays from
the initial fragment éiM*; v and n are the number of
prompt neutrons and the mass of the neutron
respectivelys

i = Al + 1 - A3

z Bar - 1)

i = o

is the sum of the binding-energies of the neutron to
the initial fragment and to the fragments remaining
after emission of successive prompt neutrons; EY is
the prompt y-ray energy.

Inspectidn of the energy equation shows that, for
a given mass division, there is a range of values for
the nuclear charge of the fragments., Measurement of
charge distribution is technically difficult because of
the short half-lives of the earlier members of the mass
chains., Available data support the view that the

range of values for the nuclear charge for a given mass

is distributed about a certaln probable value for the
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charge in an approximately Gaussian manner,

For low to moderate excitation energies (i.e.
less than 30-MeV), the charge distribution can be
described by the Equal Charge Displacement Hypothesis
originally proposed by Coryell, Glendenin and
Edwards‘?’; this postulates that the most probable
chargesfor complementary fragments are equally far
removed from the stable charges for the respective
fragments,

At high execltation energies, the nuclear charge
distribution changes rapidly with energy; the
distribution does not conform to the hypothesis of
Coryell et a1{9), There is indication that the charge
divides in the same ratio as the mass so that the most
probable charge is closer to a stable value in the
heavy fragment than in the complementary light
fragment(lo); a distribution of this nature is known
as the Unchanged Charge Distribution. It is observed
only at high excitation energies (in the region of
100-MeV or greater) whilst, at intermediate energiss,
the actual charge distribution cannot adequately be
described by either postulate of charge distribution.

As suggested by Fong(ll), the actual charge
distribution is probably related to the energy equation;




as the masses of the fission fragments are not
known, this cannot be checked. With the use of
sophisticated techniques, such as measurement of
prompt xrrays(lz), a more detailed and accurate
conception of the effect of excitation energy'énd
nucleon shell-effects on the charge distribution may
be realised,

The mass distribution of fission fragments has
been investigated for many of the heavier nuclides in
the periodic table; variation in mass distribution
with excitation energy has also been examined.

A close study of the experimentally-determined
mass distributions reveals several prevalent features.
One such feature is the more probable division of a
nucleus at low excitation energies into two fragments
of unequal mass (asymmetric fission) than divisien into
fragmeﬁts of equal mass (symmetric fission); this 1is
observed in the fission of uranium and heavier elements.
As the excitation energy is increased; the probablility
of symmetric fission relative to asymmetric fission
increases. At very high excitation energies, symmetric
fission 1s predominant.

| Elements; lighter than uranium but heavier than
bismuth, exhibit essentially the same feature in the mass




-7~

distributions as those heavier than uranium. Under
certain conditions, however, this group of elements
displays a type of mass distribution peculiar to
the group. _

Mass distribution may be represented graphically
as fission width (i.e. the probability of a fragment
of a given mass being formed) against fragment mass,
thus giving rise to the so=called mass=yield curves,
Whereas the mass=yield curves of uranium and heavier
elements exhibit two maxima, those of the group of
elements between bismuth and uranium sometimes exhibit
three maxima. Several examples of this type of mass
distribution have been reported(13‘18), although the
majority of systems, in which such a distribution has
been observed, are those involving charged particles of
moderate energy (tens of MeV). Mass=yield curves
exhibiting three maxima resulting from neutron-induced
fission are few; evidence for three systems - flsslon of
thorium-232¢16) and protactinium-231¢17) induced by
14-MeV neutrons and thorium-232¢18) by fission-spectrum
neutfons - has been reported.

Bismuth and lighter elements can be induced %o
undergo flssion only at very high excitatlion energies;

symmetric fission preponderates. Rhenium is the lightest



element for which a mass distribution has been
investigated(lg), although fission induced in copper
has been observed(2°).

The most salient feature of the observed mass
distributions i1s the preferential formation of a
particular heavy fragment during fission induced at
low excitation energies; this phenomenon appears to be
independent of the nature of the fissioning system.

The mass ratio for the most probable division increases
with the mass of the fissioning nucleus such that the
most probable heavy fragment is virtually the same for
all systems in which asymmetric fission is clearly
discernible from symmetric fission. Only for the
heavier nuclei such as fermium-25h(2l) has a slight
shift towards heavier mass been reported.

It is now well-established that, although there
is a fairly smooth variation of fission width with mass
of the fragment, deviations from such a variation do
occur. The more prominent deviations have been observed
In mass regions where eompletéd nucleon shells exist
(around mass-13% and mass-84) but minor irregularities
have been reported in mass regions far-removed from

completed nucleon shells.



The best-established mass-yleld curve, and
probably the most accurate; is that obtained from
the study of fission of uranium=235 by thermal
neutrons. The most recent investigations of this

system(22923)

report results quoted as being precise
to about one percent. These investigations have shown
that; as well as the irregularities at about mass-13h
and mass-84%, irregularities occur around masses 90,
100, 138 and 142, '

The more prominent irregularities at about mass-134
have been cubserved for many systems, particularly those
in which fission is induced at low excitation energiles,
The collated data on the irregularities will be discussed
in section 1.2, and also in Chapter 7.

In order that a more complete synopsis of the
fission process may be given, a brief mention of the
energy distribution between the initial fisslon fragments
will be mades. Kinetic energy studies and prompt neutron
studies have shown that there is a disproportionate
distribution of excitation energy between the fragments;
the distribution is such that for symmetric divisions
the lighter fragments have the greater share of the
energy whilst; for very asymmetric divisions, the converse

OLCUI'Se
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Vladimirski(zh) has suggested that, during
the fission process; the nucleus is unsymmetrically
distorted so that the larger lobe tends to remain a
constant size because of the energy associated with
nucleonic states of high angular momentum. Such a
hypothesis could rationalize the unequal energy
distribution and also explain the constancy of the
most probable heavy fragment.

Although the features discussed previously have
been known for many years, a rigorous theory to explain
these features has yet to be formulated. Determination
of all of the parameters of the energy equation would
almost certainly lead to a greater understanding of the
fission phenomenon than is now available. It has been
suggested that the energy assoclated with a pair of
complementary fragments varies in such a manner that
formation of fragments of unequal mass is favoured over
fragments of equal mass. Fong(ljwzaas developed this
theory in analogy with the statistical theory of chemical
equilibria.

 The theory, developed by Bohr and wheeler'3) in
1939, was based on a model of the fissioning nucleus
behaving as a charged liquid drop; the energy changes

associated with deformations were estimated assuming the
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nucleus to act in an analogous manner to a

charged drop of incompressible liquid. The theory

has since been modified to allow for nuclear
compressibility and charge distribution{26927) ang
also dynamic effects(28+29), The 1iquid-drop model,
unlike that employed by Fong; does not allow for shell-
effects in the mass surface. The liquid-drop theory
can explain seyerél'features of the fission reaction;
its main defect is the inability to rationalize the
preference towards asymmetric fission at low excitation
energies. _ '

Oﬁly a brief outline of the information collected
about the fission phenomenon has been proffered in this
introduction. Severa}_réviews are avallable which give
more detailled accoﬁnts; thaf by_anncr(30) summari zes
the theoretical and practical work done prior to 1940;
the research conducted during the Second WOrld War is
reported in the National Nuclear Energy Series(sl); the
reviews by Hglpern(32), Walton(33’3h) and Hyde(35) report
more recenf ﬁork. There is also a recent review by

Fraser and Miltdn(35a).
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1.2. Purpose of this work
Many systems have been investigated in order

to ascertain the degree to which irregularities in
the mass-yield curves deviate from a smooth fission
width to mass relationship. _

It has been suggested that, as the excitation
energy of the System is increased, the irregularities
become lessened so that in systems,; other than those
endowed with low éxéiﬁation“energies, thqy are not
disggrnible(32). The results of Wahl(36) support_this
view; the values of the fission ylelds (i.e. the fission
width represented as a fraction of the fission events
producing the pertineﬁt fragment) at masses 131 = 135
resulting from fission of uranium-235 induced by 1i-MeV
neutrons suggesﬁ that the irfeguiafities in the mass-
yleld curve are abéent, or if present, occur to a much
lesser extent than those in the mass-yield curve
reéulting from fission of the same nucleus induéed by
thermal neutrons,. .

The results of Broom(372‘obtained for cumulative
fission ylelds of masses 131 - 135 from neutron-induced
fission of thorium-232 at 3- and 14-MeV, add support to
this suggestion; the deviation at l4-MeV is less than
that at 3-MeV. The data of Kennettand Thode(3%), for
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fission induced in thorium-232 by fission-spectrum
neutrons, indicate the presence of irregularities

at masses 84 and 134; the extent of the deviation at
mass=134 is, however, less than that reported by
Broom at 3-MeV. The results of Kennettand Thode are
probably more precise than those of Broom; the former
employed mass-spectrometric technlques whereas the
latter used radiochemical methods. | |

Radiochemical methods aré somewhat limited in
their application to the investigation of such a
phenomenon as the irregularities, or so-called fine
structure, in the mass-yield curves. The limitation is
set by the precision with which_the nuclides under
investigation may be quantitatively determined and also
by the reliability with which corrections may be applied
so that cumulative fission-chaln yields may be calculated
from experimental data.

The precision of the radlochemical method is
limited by the stability of the detecting equipment and
precision of the analyslis of the experimental decay=-curves;
the analysis is inherently dependent on the precision of
the half-lives of the components (this is normally only
about 1%) and, where applicable, the reliability with
which a parent-daughter relationship may be calculated.
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The calculation of cumulative fission yields
from experimental data necessitates the application
of several correction terms; these are discussed in
detail in Chapter 4. The most critical and perhaps
the least accurately assessed correction terms are those
applied to allow for the independent yields of
succeeding_members of the mass chain under investigation.
The correction terms are not normally accessible
experimentally, but rather they are either interpolated
from experimental data or calculated using a charge
distribution hypothesis. Whichever method is used,
uncertainties are introduced although these may: be
limited by basing the determination on the later members
of a mass chain so that the corrections.are kept small,
Calculation of the corrections to be applied 1s also
likely to be least reliable in the mass region where
completed nucleon shells exist,

- The uncertainties, inherent in a radiochemical
method, may be obviated by employing mass-spectrometric
techniques to determine stable end-products of the mass
chains. Mass=-speetrometric methods require quantities
of fission-product many times greater than that required
for radiochemical methods. Accumulation of sufficient
quantities is. possible only for systems in which the

nuclide under investigation is fissioning spontaneously
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or where long irradlation times are feasible; the
latter are restricted to experiments in which a
nuclear reactor is used as a source of neutrons.

To date, application of mass-spectrometric
methods has revealed irregularities in the mass=-yield
curve in virtually every system investigateds; the only
exception is that for fission Induced in uranium-233
by fission-spectrum néutrpns(39). The results do not
reveal perceptible'fine structure; the workers suggest
that the uncertainties in their calculatiens may conceal
small deviations but the deviations, if there are any,
are minimal, Radiochemlical investigation of fission
induced in uranium-233 by thermal neutrons indicates the
presence of fine structure at massfl33(u°). «

The greater portion of the data accumulated to date
indicates that fine structure is most prominent at mass-
134(37’38’h1-h8). Evidence for its occurrence at other
masses 1s very limited; there are data to indicate its
presence at massTl32(49’5o) and mass-l33(h°’5l’52).

Several hypotheses have been postulated in attempts
to rationalize the phenomenon of fine structure. That
advanced by Glendenin(53) suggests that it is due to

abnormal neutron-emission from fragments in which the

neutron binding-energy is low due to neutron shell-effects.
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The observed effect at about mass=134% would be
attributable to the low neutron binding-energy in
a nucleus containing 83 neutrons,

Pappas‘ ™) has modified Glendenin's hypothesis;
he suggests that the neutrqn binding-energy in nuclei
containing 83, 85, 87 or 89 neutrons is low so that
emission of a néutron from such nuclei is feasible.

A hypothesis of abnormal neutron-emission from
certain fission fragments due té neutron shell-effects
unavoidably predicts fine structure in the prompt
neutron distribution curvesj such structure was not
observed by Stein(ss) but the results -investigated were
of poor resolution. However, thé_work of Terrellcsé)
indicates irregularities in prompt néutron distribution
curves for several sys#ems. _

Wiles and his co-workers(57) suggested that the
fine structure may be caused by preferential formation
during the fission process of fragﬁents with nuelei in
which the neutron binding-energy is high due te neutron
shell-effects; nuclides such as tin-132, antimony-133,
tellurium=-134, iodine-135, xenon-136, caesium-137 and
thelr respective complementary fragments would be
expected to have unusually high independent yieldso.

Fine structure, among the fragments complementary to
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those of about mass-134, has been dbserved(23) but
Farrar and Tomlinson(sa) maintain that this is not
conclusive evidence in support of this mechanism,

The abnormal yields of tin-132 and antimony-133 from
thermal-neutron fission of uranium-235, predicted by
the mechanism, were not observed by Strom and his co-
workers(sg).

The work described in this thesis was directed
towards improving and using the method of Silvester(us’so)
for the determination of chain yields through radioactive
xenon isotopes. The method developed limits the chains
that can be investigated to two, namely those having
masses 133 and 135, The method, however, ensures high
precision in the analysis of the decay-curves and in the
correction terms. Both xenon-133 and -135 are near to
the end of their respective decay chains and the
correction terms applied to account for the independent
yields-of succeeding members of the mass chains are
hence small,

The systems investigated were neutron-induced
fission of uranium-238 and thorium-232 at both 3- and
14-MeV, Data for neutron-induced fiséion of these nuclides

have been obtained by mass-spectrometric methods(38'u2)

(fission-spectrum neutrone) and also by radiochemical
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methods(37’h5’h9) (3= and 14~MeV neutrons). Comparison
of the data obtalned in this work with those obtalned by
other workers would, it was hoped, yield information
abou@ the ﬁaturé of the effect giving"rise to fine
structure, )

Some work was also carried out on the determination
of fissién yields by measurement of radiqactive iodine
1sotopes prodﬁced during the fission processy this
work was initiated because 6f_disagreament between
results obtained from measurements based on xenon
isotopes and those obtained by another worker(hg) from

measurements based on iodine isotopes.
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CHAPTER 2

Experimental Technigues

2.1, Introduction

Radlochemical methods of determining absolute
fission ylelds are subject to several limitations
dependent essentlally on the nature of the fission
product under investigation. Restricetions imposed
on a particular method result from sources of error
inherent in the method; these are listed bélow.

(1) Errors may arise from fluctuations in the
rate at which the target nuclide undergoes fission,

(1i) Systematic errors can result from the methods
employed to quantitatively determine the fission product,

(111) Inaccuracies in corrections are introduced by
virtue of the nature of the distribution of members of
the mass chalin under investigation at the instant of
fission,

Early radiochemical measurements of flission yields
had uncertainties of 10% or more due mainly to
instabilities in the equipment with which fission
products were quantitatively determined and lack of
reliable and detailed knowledge of the decay schemes,
However, sophisticated technigques in conjunction with

more intense sources of particles with which to induce
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fission have permitted the reduction of errors in
relative measurements to about 3-5%.

The techniques employed in this work were
devised so as to reduce methodical uncertainties in
relative measurements to a minimum, a limit of ~5#
being set mainly by uncertainties in the analyses of
decay curvesj; all other sources of uncertainty were
estimated to be negligible by comparison.

Before an irradiation, a sample of the target
nuclide was purified from daughter products when
contamination of some fission products by daughter
products was feasible. The sample in the form of a
compressed pellet of elther a nitrate or hydroxide
compound was irradiated with neutrons_p:oduced using
elther a linear accelerator of the Cockcroft-Walton
type (at the University of Durham) or an electrostatic
acceleratqr'(at the'Un;versity of'Kent at gapterbury).
Throughoup the irradiati§n the neutron flux was
monitored; this enabled corrections to be made to account
for changes in the fission rate within the sample.

Isolation of fission products was performed by
virtue of differences in chemical and physical
properties, the target sample being dissolved in the

presence of known amounts of isotopic carriers to
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faclilitate this operation. Isotopic exchange

between the ilnactive carriers and the fission products
was ensured by well-tested procedures. Isolation
methods were based on modified published radiochemical
procedures.

In order to correlate results obtained with those
of other workers, the ylelds of fission products were
determined, where possible, relative to two reference
nuclides; zirconium-97 and molybdenum-99.

‘ Two radiometric methods were employgd to determine
the fission products under investigation; solid sources
were counted using a calibrated end-window gas=-flow
s-proportional'countef and gaseous samples using a
calibrated Geiger=-counter in which the. sample _
constituted part of the filling. The counters do not
specifically determine the isotope under observation,
but as extensive information on the isolated radioactive
isotopes was available there was normally no doubt about

the genetics of the measured activitiese.

2e26 Targgt Materigls

The parget_samples were prepared from analytical
grade chemicals; uranium-238 targets from uranyl nitrate
depleted in uranium-235; thorium-232 targets from thorium

nitrate; uranium-235 targets, for use in callbration
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experiments, from uranyl nitrate of natural isotopic
composition.

It has been demonstrated‘l? that, of the
daughter products occurring in the decay-chain of
uranium-238, only radon-222 is a possible source of
contamination in xenon yield measurements. Radon 1is
difficult to separate from xenon by conventional
procedures due to similarities in their physical
properties.

To minimize contamination from this source, the
immediate precursor of radon-222 was removed from the
target samples. This was effected by co-precipitation
of radium-22$, with barium sulphate from a solution of
uranyl nitrate. Precipitation of uranium from the
purified solution with sodium hydroxide or ammonium
hydroxide gave samples of the corresponding polyuranate;
this was the form in which uranium was irradiated at
Durham. Evaporation of the purified solution produced
uranyl nitrate hexahydrate crystals, the form in which
uranium was irradiated at Canterbury.

The nature of the: target sample_was determined by
the necessity of_dissoiving it in a closed system after
irradiation. A chemical substance was therefore chosen

so that after irradiation, dissolution could be easily
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and speedily effected with minimal evolution of

gases other than those produced in the fission process.
The target nuclide under investigation was therefore
irradiated as hydrated basic oxide or hydroxide, or

as nitrate. _

In order to calibrate the gas Geiger-counters,
encapsulated uranium oxide (U03) of natural isotopic
composition was irradiated in a thermal neutron flux.

Loss of fissiogenic gases by diffusion was avoided
by irradiating the target material in the form of a
compressed pellet or, as in the thermal irradiations,
sealed samples, _

Preliminary experiments showed that xenon recovered
from systems containing unirradiated uranium samples had
negligible radioactive contamination.

Preliminary experiments failed to reveal any
contamination due to daughtersproduced naturally in the
decay of thorium=-232. However, anomalous experimental
decay curves for radioactive xenon samples from fission
of thorium revealed the presence of radon-222 in some
samples of analytical grade thorium nitrate; this was
presumably due to the presence of thorium-230. The
concentration of thorium=230 would depend on the nature

of the ore from which the thorium was originally extracted.
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Figure 2,1 shows the activity in a xenon sample
recovered from a system containing about six grams of
unirradiated thorium nitrate; the activity was
attributed to radon=222 and its daughter products.
Purification of thorium proved to be more difficult
than that of uranium although the same purification
‘procedure was performed in each case. Complete
decontamination was not achieved and, as time did not
lallow for a revision of the purification scheme, target
sample weights of thorium were kept to a minimum to limit
this source of contamination. Even so, activities due to
radon=-222 were comparable to those due to xenon-133
produced by neutron-induced fission in thorium samples
at 3-MeV., _ _

‘Because of the similar half-lives of radon=222 and
Xenon-133, analyses of the experimental decay-curves could
only be effected by means of computer calculations. With
this procedure, uncertainties in the computed values of
the activities of xenon-133 were still found to be quite
high (about 10%4) whereas the uncertainties in the computed
values for the activities of xenon=135 were normally

about 2%0
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2.3 Neutron Sources

The production of the neutron fluxes used in

this work was effected using the following nuclear

reactionss
2 3 L 1
H + H —> He + Il eeoe Q = 1706-Mev (1)
1 1 o

for 14~MeV neutrons, and

“ : 3 . 7-MeV  (2)
H + H— He"’ n eo0oe Q=302 -Me 2
1 1 & 0

for 3-MeV neutrons.
The excitation function qf reactign 1(2) is shown

in Figure 2.2. The cross-section for the reaction rises
to a resonance peak at about 5 barns for deuterons of
about 110-keV 1ncident energy striking the tritium nuclei.
At this deuteron energy the neutrons produced are
virtually monoenergetic and neutron emission is isotropic
in the centre of mass coordinates(3). The neutrqn energy
1s slightly dependent on the angle of emissipn relative
to the incident deuteron beam (see Figure 2.3) but the
variation is estimated to be less than 3% for a sample
irradiated with 2ll-geometry.

For the second reaction, the excitation function
increases with energy but has a value of only 70 milli-
barns(u? at 400-keV, this being the maximum deuteron

energy obtainable from the linear accelerator employed for
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(5

this investigation. The reaction is anisotropic $
neutrons are preferentially emitted in the forward and
backward direction. Variatiorsof neutron energy with
laboratofy angle for various incident deutercn energles
are shown in Figure 2.k4.

Although the deuterons striking the tritium target
of the'accelerator may be regarded as being monoenergetic,
the energy of the deuterons is degraded in penetrating
the tritium target material. The deuterons 1nterécting
with the tritium nuclel have energies from zero up to the
incident deuteroﬂ energy. However, due to the resonance
~peak in the excitation function, the spread in the
neutron energy is ohly_about W%

The energy of neutrons, obtained under normg;
irradiation cenditions using a S.A.M.E.8. (Socilétd
Anonyme de Machines ﬁlectrostatidues) 400 kV "T" type
electrostatic accelerator with an incident deuteron beam
of 200~keV, was estimated to be 14.8 + O.k=MeV. A S.A.M.E.S.
machine was used for irrgdiat@gns-earried‘out'at
Canterbury. The Cockroft-Walton accelerator utilised at
Durham was capable of producing 159-kév deuterons which
in turn gave neutrons of energy 14.7 + 0.2-MéV(6)o

The neutrons produced by the second reaction are

not as well-defined as those produced by the first reaction.
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This is due primarily to the lack of a resonance

peak in the excitation function of the second

reaction. The energy of neutrons produced under

normal irradiation conditlions using the S.AM.E.S.

accelerator at Canterbury with an incident deuteron

beam energy of 400-keV has been estimated to be

3.0 + 0.4=Mev(7?,

. The fission cross-sections of the nuclides

investigated in this work do not show a significant

variation_over the neutron energy limits at elther 3-

or 1li-MeV. The target samples were therefore positioned

as close as possible to the target of the accélerator so

as to obtqin the maximum neutron flux through the sanmple.
The tritium and deuterium targets, in the form of

tritide and deuteride of titanium, were obtained from

the Radiochemical Centre at Amersham, They consisted of

titanium layers of.abeout 1 mg/cm2 thickness on a thin

copper backing of 2.5 em diameter. When loaded with

tritium or deuterium, an atomic ratio of target atoms to

titanium atoms equal to er greater than one is obtained;

this corresponds to a gas concentration of about

0.23 ml/cm2 of surface area at N.T.P. For convenience

each disc was divided into four segments, which were

bombarded separately.
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The target segments were soldered on to water-
cooled metal blocks; thermal energy in the range of
200 to 400 watts is dissipated during an irradiation
- and good thermal contact between the target segment
and the metal block is essential to minimize
evaporation of target hydrogen atoms.

The target assemblies, used at Canterbury, are
illustrated in Figure 2.5; these were situated at the
centre of an 1rradiaﬁion chamber in order to reduce the
flux of neutrons scattered by sur:ounding materials,
The sample to be irradiated was attached to the end of
the target block by rubber bands.

_- Under normal opgréting cohqitions, the S.AM.E.S.
machine;ppoduced a déuteron beam current of 600 to
1000 pamps and neutron fluxes_frpm new tritium targets
of 1010 té-loll neutrons per second. Fluxes of 108 to
109 neutrons per second werg obtainable from new _
deuterium targets. At Durham, using the Cockeroft-
Walton machine neutron fluxes of about 109fo 1010
neutrons per second were obtained from new tritium targets.

Deuterium inevitably accumulates in the target
segment in the course of bombardments. This prdlongs
the life of the deuterium targets but shorténs the useful
life of tritium targets due to production of lower=-
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energy neutronss this causes a broadening of the
neutron énergy spectrum. It was estimated that the
flux of lower energy neutrons due to deuterium in the
tritium targets became appreciable (i.e. about 5% of
the total neutron flux) after about 8000 pamp-hours
and normally the tritium targets were not used after
this life-time.

In the course of an irradiation; the neutron flux
1s not constant due to variations in the deuteron beam
current and surface evaporation of target atoms.
Deposition of decomposed pump oil accumulates on the
target éegment and this also reduces the neutron flux,

During irradiations the neutron flux was monitored
using a.proton-recoil-plastic écintillator placed in a
fixed position relative to the source. The discriminator
bias of the scintillation counter was set so that neutrons
of energy lower than those upder investigation were not
recorded. Corrections applied to account for variation
in the neutron flux through the target sample are
discussed in Chapter b _

2.l. Separation Procedures

In this work, fission ylelds were determined

relative to the two reference nuclides, zirconium=~97 and

molybdenum-99, Both nuclides have high fission widths
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for the systems under investigation and’the half-
lives are sultable as separation procedures were

not normélly carried out until about twenty hours
after the end of the irradiations in which the xenon
isotopes were studied. Longer periods between
irradiation and separation occurred when iodine
isotopes were studied; molybdenum=99 only was used as

the reference in this part of the worke.

2.4(a). Zirconium
The deecay chain of mass=97(8) is set out below,

97m
60 see Nb

/;2&77

17.0 hr 7' zr Stable *'Mo

ok min 7w

Several other radioagtive zirconium lsotopes are
produced during the fission prpcgss;_zircqnium-93
( 106_yr), zircqnium=95 (65 d), zirconium-99 ( 1.6 see)s
Only zireonium-95’was detected in the sources prepared
during this work but the activity attributable to this
nuclide was normally less than 1% of that of zirconium-
97.

Zirconium carrier was prepared as a solution of

zirconyl nitrate in dilute nitric acid. The procedure
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of Belcher, Sykes and Tatlow(9) was used to
standardize the solution gravimetrically, the
zirconium being precipitated as the tetramandelate.
The carrier solution was checked about every six monﬁhs
and, within experimental error, the concentration of
zirconium was found to remain constant.

The method used in the isolation of zirconium from
a fission-preduct mixture was that described by Hahn
and Skonieczny(lo).

Separation method _

l. The irradiated sample was disselved in 5M nitric
aeid_solution cgntaining_lo mg amounts of carrier
molybdenum and gzirconiumy during experiments in which
xenon isotopes were stﬁdied, this step was by necessity
carried out in a closed system (the apparatus is
described in detall in section 2.4(d).).

2s Subsequent to the iselation of the xenon isdtopes,
the solution was adjusted to 3M in hydrochloric acid
and 10 ml of 1M mandelic acid solution were addeds The
solution was heated for about twenty minutes at 80-90°C
to precipitate zirconium tetramandelate. The precipitate
was separated by centrifugation and the supernate was

further treated to effect isolation of molybdenum,
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3¢ The precipitate was transferred to a polythene
centrifuge tube with washings of water and dissolved
with 40% hydrofluoric acid. 0.5 ml of lanthanum
nitrate solution (containing 10 mg/ml of lanthahum)

was added and the solution mixed with a polythene rod.
The precipitate of lanthanum fluoride was centrifuged
down.

4, The lanthanum fluoride precipitation step was
repeated and the superﬁate reméining after centrifug-
ation was decanted into a clean polythene tube,.

52 1 ml of barium nitrate solution (containing

1 mg/ml of Ba®*) was added to the supérnate“with
stirring.v The precipitate of barium fluorozirconate
was 1solated by centrifugation.

é. The pﬁecipitate was suspended in 2 ml of water and
dissolved by the addition of 1 ml of saturated pofic
acid solution and 0.5 ml of 5M nitric acide 1 ml of
barium nitrate solution was added followed by 1 ml of
404 hydrofluoric acid. The precipitate of barium fluoro-
zirconate was separated by centrifugation.

7. Dissolution, precipitation and centrifugation of
barium fluorozirconate was repeated. _
8. The precipitate was then suspended in 2 ml of water
and dissolved by addition of 1 ml of saturated boric
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acid solution and 2 ml of 5M hydrochleric acid.

The solution was made alkaline with 6M sodium
hydroxide and the precipitate was separated by
centrifugation and washed with distilled water.

§. The zirconium hydroxide precipitate was
dissolved by addition of a mixture of 3 ml of
concentrated hydrochloric acid and 3 ml of water

and transferred to a glass centrifuge tube with
washings of water to make the solution volume up to
10 ml. 10 ml of 1M mandelic aeld solution were added
and the mixture was heated at 80-90°C for twenty
minutes to precipitate zi:gonium tetramandelaté.

10. The precipitate was:collecped_on a glass-=fibre
filter disc and washed with 10 ml of 5 mandelic acid-
2% hydrochloric acid solution. The precipitate was
tﬁen washed with ethanoel and ether, and dried under

vacuum,

2.4(b). Molybdenum _
The decay chain for mass=99 is as shown on the

followling page(a).
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Other radiocactive molybdenum isotopes produced
during the fission process have short half-lives
relative to that of melybdenum-=99 and they were not
detected in the sources prepared in the course of
this work.

A carrler solution of molybdenum was prepared by
dissolution of ammonium molybdate in water with |
addition of dilute hydrochloric acid and sodium
brémate. The carrier solution used in the experiments
performed to calibrate the gas Gelger-counters reduired
the absence of chloride ions; a solution of molybdenum
trioxide in 2M ammonium hydroxide was used for this
purpose, _

Both solutions were standardized gravimetrically
by the method described by Yogel(ll), the molybdenum
being precipitated as the 8-hydroxyquinolate.

The ammoniacal solution of molybdenum was
originally made up by welght and comparison with the

gravimetric determination showed agreement to within
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1%. The carrier solutions were restandardized about
every six months and, within experimental error, the
concentration of molybdenum in the solutions remained
constant,

The method employed for isolation of molybderum
from bulk fiss;on-products was a modification of that

described by Scadden(la)o

Sggaratiop mephog
1, The solution of the irradlated sample was adjusted

to 1 to 2M in nitric acid and 5 ml of 2% alcoholic
solution of a-benzoinoxime were added; precipitation
of molybdgnum was assumed to be complete after standing
for five minutes at room temperature. The precipitate
was isolated by centrifugation and washed with 10 ml
of 1M nitric acid. o

2o The precipitate was dissolved in hot concentrated
nitric acid, diluted to about 30 ml with water and
adjusted to 1 to 2M in nitric acid by addition of
ammonium hydroxide solution. The molybdenum was re-
precipitated with a~benzoinoxime. The precipitate was
isolated by centrifugation and washed with 1M nitrie
acld, _

3e Btep 2 was repeated,
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4. The molybdenum a=-benzoinoxime complex was

filtered through a Whatman No. 42 filter paper. The
filter paper and precipitate were placed in a silica
erucible and ignited at about 500°C in an electric
furnace,

5 The ash remaining after ignition was dissolved

in a few drops of concentrated sulphuric acid with
warming. The volume was made up to 10 ml with water
and the solution was transferred to a 50 ml glass
centrifuge tube.

6o 1 ml of iron carrier solution (containing 1 mg/ml
of Fe3+) was added and, after stirring, ferric hydroxide
was preclpitated by the addition of ammonium hydroxide.
The bulk of the precipitate was removed by centrifug-
ation and the residual traces by filtration through a
glass=fibre filter disc. _

7o The solution was made just acid to methyl red with
sulphuric acide 5 ml of 2M ammonium acetate were added
and the solution was heated to about 90°C. The
molybdenum was precipitated by addition of 3% solution
of 8-hydroxyquinoline in dilute acetic acid. Heating
was continued until the precipitate coagulated; it was
then centrifuged and washed with hot water.
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8. The precipitate was collected on a glass=-fibre
filter discy, washed with hot water, ethanol and

ether, and finally dried under vacuum,

2.4(c). Iodine

The decay ehains(a), containing the iodine
isotopes investigated in this work, are shown on the
followlng page.

Analysis of a decay-curve obtained from a mixture
of all of the ilodine isotopes was considered to be
difficult due to similarities and uncertdinties in
some half-llves. Under certain conditions, the '
concentration of some of the isotopes may be reduced to
such an extent that the contributionsfrgﬁ these isotopes
to the total decay curve can be assumed to be rnegligible.
The problem is thereby reduced to carrying out two
separate and relatively simple measurements.

_ By allowing the irradiated sample to decay for
about four days following the irradiation, the activity
due to iodine~-13% and =135 was negligible and the decay-
curve obtained from iodine samplés isolated after this
time was assumed to contain contributions from lodine-
131, -132 and -133.

Short "cooling" periods in conjunetion with short
irradiation times resulted in negligible contributions
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from iodine-=131 and =132. The decay=curves obtained
under these conditions were analysed for iodine-133, =134
and =-135.

A standard carrier solution of iodine was prepared
by dissolving a welghed amount of dried analytical grade
poﬁassium iodide in water. The recovery yileld was
determined gravimetrically, the iodine beilng precipitated
as palladium(II) iodide. It has been demonstrated(13)
that the xenon daughters of radiocactive iodine isotopes
are retained | in palladium iodide; the
experimental decay curves were therefore assumed to result
from iodine isotopes and their xenon daughters.

The method used to isolate iodine 1sotopes from mixed
fission products was based on that described by Meinke(lu).

Separation method »

l. The sample was dissolved in a dilute solutioﬁ of
hydrochlo:ic acid eontaining 10 mg amounts of carrier
molybdenum and iodinej this operation was performed in a
stoppered flask immediately after the end of the
irradiation. _

2. The solution was made alkaline by addition of ammonium
hydroxide after adding sufficient tartaric acid to prevent
precipitation of uranium, 2 ml of hyétﬁ&orite solution
(2.5 ¥/v active chlorine) were added tﬂz the solution was

boiled to oxidize iodine to periodate. 5 ml of carbon
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tetrachloride were added to the cooled solution which
was then acidified with about 3 ml concentrated nitric
acide 2 ml of 1M hydroxylamine hydrochloride were then
added and the lodine was extracted into the carbon
tetrachloride layer; the time of extraction was taken as
the time of separation of iodine isotopes from thelr
precursors.
3. The carbon tetrachloride layer was shaken with 5 ml
of water containing sulphur dioxide until both phases
were colourless, |
4« To the aqueous phase, 1 ml of éM nitric acid and a
few drops of 1M sodium nitrite were added. The lodine
was extracted into 5 ml of,cafbon tetrachloride.
5._ The extraction procedure was repeated. The carbon
tetrachloride layer was shaken with 5 ml of water
containing sulphur dioxide until both phases were colour-
less.
6. The solution was bolled to remove excess sulphur
dioxide and iodine was precipitated from the aqueous layer
by the addition of palladium(II) chloride solution. After
standing for about 5 minutes the precipitate was collected
by filtration, washed with water and methanol and then
dried in an oven at 120°C,

The time of precipitation was taken as the zero time
for the growth of xenon daughters from ipdine precursors

in the palladium iodide source.
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The decay chains of the masses investigated

are shown belows
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Information has'not been found relating to the
chemical environment of noble gases resulting from
fisslon. It has been demonstrated, however, that xenon,
resulting from B-decay of iodine isotopes chemically
bound as iodates or periodates, is retained in
gppreciable amounts as molecules or iens in which the
xenon atom is bonded to several oxygen atoms(l5). It has
also been shown that the stablility of the oxygen to xenon
bond is such that treatment with a reducing agent is
required to effect complete removal of xenon from
solution(ls).

Hall and Walton(l6) found that iodine isotopes

resulting from fission in the irradiation of uranyl iodate
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occurred in several oxidation states. They further
demonstrated that each ilodine isotope exhiblited an
oxidation state peculiar to the genetics of the

isotope. It would seem probable, therefore, that iodine
isotopes resulting from fission induced in elements in
chemical combination with oxygen atoms will exhibit a
similar behaviour. An iodine isotope in combination
with oxygen will decay to xenon with the possibility of
a xenon oxide being formed.

At the time when this work was initiated, the
information regarding stabillties of oxygenated xenon
compounds was not available and no provision was made in
the experimental procedure to ensure reduction of
potential xenon compounds to elemental xenon. However,
~ an experiment was latterly devised whereby a strong
.reducing agent (ascorbic acid) was present in tﬁe solution
of mixed fission products resulting from neutron-induced
fission of uranium=-238 at l4=MeV; the calculated
cumulative fission ylelds were, within experimental error,
in agreement with experiments performed without the
reducing agent. This seems to indicate either that there
are minimal quantities of oxygenated xenon compounds
produced from the iodine precursors, or that the solution

of mixed fission products 1s an effective reducing agent.
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Separation method

The vacuum system for isolating the xenon
isotopes from bulk fission products is shown in
Figure 2.6. |

To minimize loss of xenon by diffusion out of the
irradiated sample, the target sample was prepared as a
compressed pellet., Immediately after the end of the
irradiation, the sample was placed in a polythene
container and positioned at the top of the dissolver
vessel as shown in Figure 2,7.

The lower section of the vessel, containing carrler
amounts of molybdenum and zirconium in about 30 ml of
M nitric acid, was attached to the upper section by
means of a B34 cone/socket connection lightly greased
with silicone grease. _

It ought to be mentioned at this peint that in all
taps and cone/socket connections in the main vacuum
system silicone grease was used. Little difficulty was
experienced in cleaning and regreasing operations and the
wider working temperature range of silcone grease
relative to that of Aplezon grease was the main factor
in determining which to employ. Apiezon grease "N" was
used only in greasing the taps of the dissolver vessel;
complete decontamination was then easily effected by

dissolution of the grease in benzene,
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The dissolver vessel was attached to the main
vacuum system as illustrated in Figure 2.8 and
partially evacuated so as to ensure a leak-proof
connection around the B34 cone/socket. The cold-
finger section S2 was then pumped down to vacuum.

Xenon was bled into the gas-measuring system from
the reservoir. As a check agalnst leakage of air into
the reservoir, the carrier gas was condensed in side-
arm S1 at -1959C; a vapour pressure over the condensed
sample of about 5 x 10-3 tqrr as measured by the McLeod
gauge was faken as an indication of purity. The vapour
pressure over pure xenon at -195°C was calculated from
data(l7) available at other temperatures to be about
5 x 10~3 torr; (the major constituents of air have vapour
pressures substantially higher than this at -195°C).

The gas was transferred to the modified MeLeod
gauge by means of the ground-glass valve at 4; the valve
consisted of an iron core within a pyrex envelope. When
the greater part of the gas had been pumped into the
section above the valve, the remaining traces in other
sections of the system weres removed to waste by pumpinge.
The mercury level in the McLeod gauge was ralsed until
the valve at A opened. The level of the mercury within :
the gauge was adjusted to an etched mark below the valve;
the valve was retained in an “open" position by means of

an external magnet.
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The difference between the mercury level in the
evacuated section and that in tﬁe McLeod gauge was
measured using a travelling microscope. The temperature
was also noted. The volume of the section of gauge
above the etched mark was estimated to be about 10 mlj
the pressure of the gas contained in the sectlon was
normally about 20 cm(Hg) at about 20°C and this is
equivalent to about 10 mg of xenon.

The carrier gas was transferred to the dissolver
vessel by condensation in the side-arm 52 at -195°C.
Maximum transference was assumed when the pressure of
gas in this section had'fallen to about 5 x 10=3 torr.
The volume of the transference sectlion was estimated to
be about 300 ml; a residual pressure of 5 x 10~3 torr
therefore represents an uncerta;nty of the quantity of
xenon transferred of about 0.2 cm in about 20 cm or about
1%. There was a similar uncertainty in the quantity of
xenon transferred to the gas Gelger-counter after
recovery. However, this was not regarded as a serlious
source of error as the method by which calibration of the
counters was effected, was similar to that of a normal
run so that systematic errors of this type were eliminated
provided the carrier gas pressures, before and after
recovery, were comparable. i

The dissolver vessel was detached from the vacuum

system and the carrier xenon was allowed to diffuse into
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the main section of the vessel. Several hours after
the end of the irradiation - this was to allow the
iodine precursors to decay appreciably = the sample was
dissolved by tilting the vessel. Exchange between
carrier Xenon and fissiogenic xenon was effected by
shaking to ensure efficient mixing of gaseous and aqueous
phases,

After intermittent shaking for about thirty minutes,
the dissolver vessel was attached to the vacuum system
by means of two Bl4/1l9 adaptors as shown in Figure 2.6,
Rotation of the lightly—greased adaptors about the vertical
axis resulted in air-tight connections between the vessel
and the vacuum system,

- That section of the vacuum system to which the vessel
was attached was partially evacuated. Opening tap T1ll to
atmosphere allowed about 20 ml of air to enter the system
between taps Tl and T10; this quantity of air was used to
flush the gases from the dissolver vessel. In preliminary
experiments hydrogen was used as the flushing gas.
However, as air was already present in the dissolver vessel
due to the technique of introducing the irradiated sample,
the use of hydrogen was_considered unnecessary. The use
of air as flushing agent did not produce any undesirable
effects; indeed it proved useful in the calibration

experiments. Dissolution of calibration samples produced
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nitric oxide which was difficult to separate from
xenon by conventional means due to similar freezing
points, Introduction of air into the €;p containing
the mixture of these gases and warming.caused oxidation
of nitric oxide to nitrogen dioxide; the latter was
easily separated from xenon by condensation at -90°C.

The gases from the dlssolver vessel were passed
through three cold traps; two traps ag ~90°C retained
iodine isotopes as well‘as acid spray and water; one trap
at =195°C retained xenon semi-quantitatively. So that
reliable corrections could be applied in the final
calculations, it was necessary that the isolation of the
xenon isotopes from iedine precursors be both rapid and
quantitativey; this operation was effected in about one
- minute. _

The condensed solid in the trap at -195°C (trap B
in Figure 2.6) was pumped to remove the bulk of the
flushing gas after tap T4 was closed. The trap was
warmed to -90°C by means of an acetone bath at this
temperature and the evaporated gas was transferred to the
gas=-solid ch;omatogrgphy section by condensation in side-
arm S3 at -195°C; residual traces of water etc. remained
in the trap. ) ) _

The chromatography section consisted of about 1 gm
of 60 ~ 80 mesh charcoal activated with zinc chloride;
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the charcoal was contained in a U-tube by copper
-gauze, The charcoal was outgassed prior to a
determination by pumping for about six hours at 300°C.
The heatlng was provided by a small electric furnace
controlled by a variace

The gas was passed into the chromatograph and
adsorbed on the charcoal at =-20°C, the U-tube being
immersed in an acetone bath at this temperature.
Removal of traces of fissiogenic krypton isotopes from
the xenon gas was obtained by passage of a stream of
hydrogen (about 50 ml1 at N.T.P.) through the column at
~20°C and pumping. It has been shown that, at this

temperature, there 1s the greatest difference in
(18)

adsorption on charcoal betwgén krypton and xenon
The hydrogen used for this purpose was purified by
passing hydrdgen gas from a cylinder through a charcoal
trap at -195°C into the reservoir.
the U~tube to about 200°C. Residual hydrogen was pumped,
away after condensing the xenon in side-arm 83 at -19506;
the temperature of the U-tube was held at about 200°C to
prefent re-adsorption.
Side-arm S3 was warmed to room temperature and the
evaporated xenon was passed through a column of 80 - 100

mesh titanium metal sponge at about 900°C; at this

-
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temperature, non-noble gas impurities react with
titanium(lg). The titanium furnace, lllustrated in

Figure 2,9, was outgassed prior to a determination by
pumping at about 1000°¢. During preliminary experiments
it was observed that a vacuum of about 10~3 torr only

was attainable in the furnace section while the
temperature was held at about 1000°C. However, on

cooling the furnace to room temperature, the pressure

fell to about 107 torr. Consequently, the purification
procedure was conducted by passing the xenon through the
furnace at about 900°C, transférence being effected by
condensation of the gas in side-arm Sh_at -195°C, followed
by evaporation of the gas in the furnace secﬁion while the
temperature of the latter was allowed to fall to roem
temperature.

The xenon was treated in the titanium furnace until
the vapour pressure over a sample condensed at -19500 was
about 5 x 10-3 torrs The recovered gas was measured in
the McLeod gauge in a manner identical to that employed
in detérmination of the pressure of the carrier xenon.
The temperature was again noted to enable temperature
corrections to be applied. _

The gas was transferred to the gas Geiger-counter
as shown in Flgure 2.6 by condensation in side-arm 85 at

-195°C. Inactive xenon and ethanol were added in
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quantities such that the pressure of xenon and ethanol
within the counter at room temperature was 5 cm (Hg)

and 1 cm (Hg) respectively. The counter volumes were
calibrated against the section of the system between

taps T19, T20 and T2l; correlation between the quantities
of inactive xenon and ethanol, required to produce a
counter-pressure of the desired vaiue, and the manometer
reading in the calibration section was hence straight-
forward.

The ethanol used was of analytical grade, degassed
by repeated freezing at -195°C and pumping. Preliminary
experiments showed that ethanol purified by distillation
over sodium metal did not perceptively improve counter-
characteristicse. _

) The counter was detached from the vacuum system and
the decay of the active gas was followed for several
weeks., Limitation on the length of time»thg decay was
féllowed was due to deterioration of Geiger—action through
leakage of air into the counter and necessary re-use of
counters because of limited numbers. In all, three
counters were used for quantitative determinations
although there were several other counters availables

these were used for qualitative experiments,
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2.9, Counting Methods

2.5(a) Proportional counter
An end-window gas=flow p-proportional

counter of the type used in this work is illustrated
in Figure 2.10, together with its associated shelf=-
holder for source mounts. The cylindrical counter
body was made of polished brass; the anode.loop of
0.001" constantan wire.was supported at the top of the
counter bodylin a teflon insulater, The anode loop
was soldered into a section of thin wall nickel tube
(external diameter about 1 mm); the bottom of the loop
(diameter about 10 mm) was adjusted to g§" from the
counter window.

Counter windows of several different materials have
been used by workers at the Londonderry Laboratory for
Radiochemistry at Durham, but the most satisfactory, to
date, have been those made from 1 mg/cm2 "Melinex" film
stuck to a supporting ring by a solution of cellulose
acetate in amyl acetate. "Mellnex" is a strong polyester
film aluminised on both surfaces; this excludes the need
for evaporation of a conducting film on to the window
material as was required for windows made from "V.Y,N.S."
and "Milar®“., _ _ o

The counter gas (90% argon and 10% methane) was

dried over magne81um perchlorate before entering the
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counter at atmospheric pressure. The gas flow-rate,

controlled by a needle valve, was normally held constant

at around 40 ml/min. The variation in counter=-

efficiency was found to be slightly dependent on the

flow-rate; between flow-rate limits of 20 ml/min and

60 ml/min, the variation was less than 0.1% per 1 ml/min.
The electronic equipment and gas flow arrangement is

shown in Figure 2.11l; operating conditions are listed below.

Gas flow-rate 40 ml/min
Amplifier type 1217A
Preamplifier type 14844
Differentiation time 0.32 usec
Integration time 0.32 usec
Attenuation 10 dﬁu
Scaler’ . type. 1009D
Paralysis time 50 usec
‘Diseriminator level 15v

] Under normal conditions, the counter exhibited a
plateau centred at about 1.85 kV;.the plateau was about
150v long with a slope of about 1-2% per 100v. The counter
enclosed in a lead castle of 1l.25" walls gave a background
of 8 to 10 c.p.m. at an anode potential of 1.85 kV,

The shelf-holder, constructed from machined "tufnol"
strips, was set up in a Jjig so that reproducible geometry
could be obtained between shelf-holders. The solid sources,
the preparation of which 1s described in section 2.5(b),

were mounted on aluminium planchets and set in a hole
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machined in the centre of an aluminium shelf. The
shelf was backed with 1 gm/cm® aluminium to ensure

saturation backscatter for B-particles.

2.5(b). Preparation of solid sources

Sources were mounted on glass-fibre discs
(Whatman GF/A). The discs were first washed with water,
alecohol and ether and dried in a vacuum desiceator; they
were then‘mounted on aluminium planchets and weighed on
a Staiton semi-micro balance (Model MClA).

A weighed glass-fibre disc was supported on a
sintered polythene disc in a demountable (Hahn type)
filter stick; the internal diameters of the sticks used
by members of the laboratories both at Durham and at
Cante:bury were standardized at %", thus allowing sources
~of reproducible geometry to be obtained.

A slurry of the source material was filtered, washed
wlth the relevant chemicals, and dried either in an oven
or in a vacuum desiccator. The source was then placed on
its aluminium planchet and weighed.

The balance was accurate to withiﬁ 0,05 mg and source
welghts were normally in the range 10-30 mg; the recovery

yleld was therefore precise to within 0.5%.
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2.5(c)., Calibration of the B-proportional counter

The method described by Bayhurst and Prestwood(zo)
was employed for the purpose of calibrating the end-
window proportional counter. The method centres around
an experimentally-determined correlation between the
counter efficiency for a particular nuclide and the
B=spectra of that nuclide.

Several isotopes were chosen to act as calibrating
nuclides by virtue of the simplicity of thelr B-spectraj;
the isotopes were calcium=45, tungsten-185, iodine-131,
sodium-22, gold-198, sodium-24, yttrium-9l1, yttrium-90
and potassium-42,

High specific activity solutions of the calibrating
nuclides were obtalned from the Radlochemical Centre,
Amersham, or by irradiation of an appropriate target
nuclide in a nuclear reactor. Determination of the
sPeQific activity of each solution was effected by
WIB-counting or by WIB/v-coincidence counting methods
where applicablej sodium-22 and gold-198 solutions were
calibrated by the latter method. Calibrations were carried
out by Williams of this laboratory(zl).

A weighed aliquot of an active solutlion was added
to a known weight of the relevant lsotopic carrier solution.
Precipitation of the element under consideration was

effected by recommended procedures after ensuring isotopic
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exchange and sources of various weights were prepared;
this work was divided among several members of the
laboratory.

The varlation of counter efficiency with source
welght was determined for source weights up to 50 mg
for each calibrating nuclide. Examples of the observed
variation are shown in Figure 2.12,

The average energy of the pB-particles emitted
during a nuclear transition can be estimated from the
B=-spectrum using a series of graphs from the original

d(20). A series of curves

paper of Bayhurst and Prestwoo
were constructed for several source weights of counter
efficiency for p-particles emitted during a nuclear
transition against the average energy of the B-particles.,
Figure 2,13 shows curves for sources of weights 10, 20
and 40 mg; the camplete data for several source weights
arelisted in Table 2.1.

The efficiency of the counter for a particular
nuclide can then be estimated provided that the p-spectra
of the nuclide are known and that no other particles are
emitted. In calculating the counter efficiency for a
nuclide, allowance was made for daughter products in
transient equilibrium with the parent nuclide where the
daughter products decayed by B-emission or by emission of

a low energy y-rays; the latter gilves rise to conversion

electrons.
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Contribution from a daughter product in transient
equilibrium with a parent nuclide is given by

Tp

Np = Np + Tpe

where Tips Tps Tip @Tre the countef efficiencies for the
mixture in transient equilibrium, the parent nuclide
alone, and the daughter nuclide alone respectively; Tp
and Tp are the half-lives of the parent and daughter
nuclide respectively.

Estimation of the counter efficiency for daughter
nuclide included contributions from conversion electrons
where applicable. The fraction of‘}ow energy Y;rays
giving rise to conversion electrons is given by a/(1+a,)
where a is the conversion factor. The conversion electrons
will be emitted with a discrete energy, Ecé’ given by

Ec; = E, - BE
where EY is the Y-ray energy; BE 1s the binding-energy
of the electron to the nucleus of the atom,

Conversion factors and decay-systematics were taken
from the Nuclear Data Sheets(22). No corrections were made
for contributions from Y-rays; these were estimated to be
very small (less than 1% of the total efficiency).

Calculated efficiency curves for molybdenum-99,

zirconium-97, iodine-132, -133, -134%, -135, xenon-133, -135
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are shown in Figure 2.14%. To complete the group of
nuclides investigated in this work, the experimentally-

determined curve for iodine-131 is shown in Figure 2.1l5,

2.5(d). Gas Gelger-counters

Two types of counter were used for measuring the
radioactive xenon isotopes; these are illustrated in
Figure 2.16,
| The upper diagram illustrates a counter that was
constructed at Durham. The cathode was made of polished
passive—iron tubing. The anode wire of 100y diameter
tungsten wire was held in perspex plugs by means of a
glass-bead at one end and a small tungsten rod at the
other end of the cathode; no guard tubes were incorporated
in this design.

The glass condensation section was attached to the
counter by means of a B7 cone sealed into one of the
persplex plugs with black wax. The counter was rendered
leak-proof by a thin film of black wax around the junetions.

As it was necessary to follow the decay of the active
gas within the counter for several days, a mercury seal
was attached as glass taps lightly greased with Apiezon
grease tended to leak air over such a period,

Rotation of the counter about the horizontal axis

caused the mercury to lie on the sintered glass plug.
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Opening the attached tap to atmosphere produced a
positive pressure on top of the mercury, thus preventing
gas escaping from the counter.

The lower diagram in Figure 2.16 shows one of a
series of counters constructed at Canterbury by
modifying a commercial Geiger-counter (type G24 from
Twentieth Century Electronicy by addition of a side-arm
and glass tap; it was found that a glass tap lightly
greased with silicone grease remained leak-proof for a
sufficiently long period. The counter cathode was made
of copper foil rolled into a cylinder. The anode was
100u dlameter tungsten wire sealed in the pyrex envelope.

~ The electronic equipment associated with the gas
Geiger~counter was similar to that described by
Silvester(l); Figure 2.17 shows the electronic arrangement.

Optimum counter characteristics were obtained when
the gas within the counter consisted of about 5 em (Hg)
xenon and about 1 cm (Hg) ethanol at room temperature;
Figure 2.18 shows the characteristics observed at such
pressures for the two types of counter. At higher
pressures the plateaus deteriorated both in length and

slope; the threshold voltage also increased.
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2.5(e). Calibration of gas Gelger-counters

The gas Geiger-counters were cadlibrated relative
to the B-proportional counter by conducting control
experiments on samples of uranium of natural isotopiec
composition irradiated with thermal neutrons; under
these 1rradiation conditions the absolute yields of
masses 97, 99, 133 and 135 are known(23-2820alibration
of the counters by this method also served to reduce
systematic errors in the general procédure devised in
this work for determining the xenon isotopes.

Several callbrations were attempted at Durham by
irradiation of a sealed solution of uranyl nitrate
according to the method described by Silvester(l)° The
neutron flux from a small Sb-Be s¢urce immersed in a
water tank was low and induced activities were too low
to enable accurate calibration., An alternative method
was devised whereby a nuclear reactor at Harwell provided
a comparitively high flux of thermal neutrons,

Uranium oxide was prepared by thermal decomposition
of purified uranyl nitrate of natural isotopic
composition. The oxide was contained elther in a nickel
tube (internal diameter about 1 mm, length about 50 mm)
sealed at both ends with silver solder or in a silica tube
(internal diameter about 3 mm, length about 15 mm) closed

at both ends with copper foil held to the silica by
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"Araldite"; five irradiations were carried out using
the first type of container and two using the second
type. The activities, induced in a sample of about
20 mg uranium oxide after an irradiation in a thermal
column at pile factor 0,1 for thirty minutes, were
comparable to the activities resulting from a normal run.
The operations performed on an irradiated sample on
its return to the laboratory at Canterbury were similar
to those of a normal run. The sample was introduced into
the dissolver vessel and dissolution of the uranium oxide
was effected after removal of the seals from the sample
tube with nitric acid; the presence of silver in the
solder necessitated the absence of chloride ions from the
carrier solutions. The fissiogenic nuclides were
recovered in an identical method to that used for recovery
of nuclides from samples induced to undergo fission at
higher neutron energies as described previously.
Calculation of the counter efficiency depended
fundamentally on accurate yalues for the absolute cumulative
fission yields for masses 97, 99, 133 and 135 from thermal
neutron-induced fission of uranium-235, The values
available to date are listed in Table 2.2. The values
adopted for this work were those clalmed by Farrarésiﬁ?%o
be precise to about 1%.
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The neutron beam in the thermal column of the
reactor at plle factor 0.l was estimated by Harwell
personnel to contain neutrons of energiles higher than
thermal energy to the extent of<10%. Corrections to
allow for fission of uranium=238 by fission-spectrum
neutrons could not be estimatedj the corrections are
considered to be very small as the fisslon cross-=section
of uranium-238 for fission-spectrum neutrons is several
orders of magnitudes less than that of uranium=235 for

thermal neutrons.
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CHAPTER 3

Analyses of Decay Curves

3¢1le Introduction

- The Elliott 803B computer at the University of
Kent at Canterbury was used to effect objective
resolution of the experimental decay curves. A
computer program, based on the paper by Wentworth(l),
was written so that decay curves containing several
components could be resolved provided the half-lives
and decay schemes of the components were known.

The Wentworth treatment depends on the assumption
that random errors resulting from a series of
observations of a given quantity have a Gaussian
distribution, This treatment may be applied to any
number of unknown parameters for any function.

Consider a function relating two variables §, 7

and three parameters a, 8, ¥

F(§ ,n, a, B, ¥)

and consider a series of n pairs of values of the
variables designated by (zy,y4), where 1 = 1,2,¢.0..M0
An estimate of the parameters (a,f,y), which will
be designated a,b,cy can then be made based on the
criteria of least-squares of the observations (zyu4).

The adjusted values of the variables can be calculated
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from the estimated values of the parameters; these
will be designated (xi,yi), where 1 = 1,2,.000000
The residuals of the observed and adjusted values of

the variables can then be calculated and represented by
Vg = (yy - yy)
An application of a least-squares treatment results
in values for the unknown parameters for which the sum

of the squares of the weighted residuals is a minimum

given by

8 = Z(Wmi.V'a:i2 + Wyi.Vyiz) = minimum

where Wx;,Wy; are the welghting factorsof the
observations of xj and yj. (The welighting factor is
defined as a quantity inveisely proportional to the
variance.) _ _

The restriction imposed on the least-squares
treatment is that the exppéssions

Fi(zy;y1583bye) = 0 for 1 = 1,250460000n,
be satisfied, N _ _

Expanding the function in a Taylor's Series about
the point (xy,ys,& & and truncating the serles after
the first-order terms gives
Fy(Zy,U;,85by0) = F(xy,yy,a°,b°, %) ~Fx;Vey~Fys.Vy3~Fajo
Aa=Fby s Ab=Fcj.Ac = © i=1,2,cceld cococessoccss(l)

(a®,b°,c® are values of the parameters estimated by
graphical means.)

|
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where Aay, Ab; Ac represent the difference between a

first approximation of the parameters (&;,1)¢&) and a

least-squares estimate (a ,b ,¢ ), so that

ba = (& - a)
Ab = (DO - D)
Ae = (e© - ¢)

Fzy,Faj;es0.s represent the partial derivatives of

function, so that

F
(ggi) (xi,yi,aogbo’co’)

Fx i

F
Fay (%;l) (?1,yi,a°,b°,c°,)

A solution of equations(l) may be effected by
solving the following equations

i=n =n i=n
}“’Fai.Fai.Aa . ZFai -Fb, .Ab . Fa, .Fc, .Ac _
i=) i=1 i=1
=n i=n i=n
‘T‘FbioFaioAa . }Z:Fbi.gbi‘Ab N }E:FbiquioAc -
LT T, I,
1=1 i=1. 1=1
i=n i=n =n
Z Fe,.Fa; .00 . Z Fci.Fbi.Ab . z Fe,; .Fe, .00 _
Ly - Ly Ly
1=l: i=] 1=
Fwi Fui
where L, = e
i Wxi Wyi

the
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The proof of the validity of the above set of

- equations is comprehensively described in Wentworth's
(1)

paper °
The linear equations may be solved for Aa; Ab, Ac,

by use of matrix algebfg)if the above equations are

simplified to

Bll.Aa + Bl2,Ab + Bl3.Ac = Cl
B2l.Aa + B22.Ab + B230A C = C2
B3l.Aa + B32:4b + B33.Ac = C3

vhere B2l = Bl2, etc.
Let B represent the matrix of the coefficients
B11 Bl2 B13 |

B =] B21 B22 B23

B3l B32 B33

The inverse of the matrix B~l is then given by B~1.B = 1

or, if Dkl represents the elements of the inverse matrix,

D11 D12 D13 Bll Bl2 B13 1 00
D21 D22 D23 B21 B22 B23|={0 1 o©
D31 D32 D33 B3l B32 B33 o 0 1

From the inverse matrix, the change in the coefficients

may be computed

pa = D11,01 + D12.C2 + D13.C3
Ab = D21.C1 + D22.C2 + D23,C3
Ac = D3lo Cl + D32 «C2 + D33. C3



72~

1f a®,b°%,ec° are sufficiently good estimates of the
parameters, then the least-squares estimates of the

parameters are

a = a - Aa
b = b° - Ab
c = c° - Ac

It ao,bo,co are not sufficiently good, then the
- computations may be repeated with the new.values of
a,b,c as the first approximations,

Further, the standard errors(5) of the new set

‘of parameters are given by

oa = /D11, _S.
n-m

cb = /D22, _S_.
n-m

cc = /D33, _8
n-m

where S is the sum of the squares of the weighted
residuals; m is the number of parameters for which the

data are being solved; in this example m is equal to 3,

3.2, Computer technigues

A computer program reproduced in the next
section in Elliott-Algol Code was written to analyse
data from radiocactive decay of several components so that

the initial activity of each component could be estimated.
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Radiocactive decay may be represented by the

equation

Py (b8, A1 phoseody) = Ay "2 £4(t4) =0
where A, 1s the total activity at time t,; Ay 15 the
activity of the Jth component at zefo time; N is the
number of components; fj(ti) is the decay-function-of
the Jth component at time_ti.

By analogy with Wentworth's.éenefal treatment(l),
the equations. obtained after expanding the function“i_‘i

about the point (ti,A' A9 A%.pq.;A%)'are

Fi\ti’Ai!A zyo-oAi\'T) = Fo(ti’A' A Ag’----A%)

=N
where t' Ai are the experimental values of By0hys ti,Ai

are the adjusted values of ty,A; after a least-squares
estimate of the parameters Ay yhzeeesAy commencing the
computations with the estimated values A?,A%,....Aﬁs
Fti,FAji,Euki are the partial derivatives of the
function Fy; Vt,;,VA, are the residuals in ty,A; after
a 1eastisquares treatment; AAJ is.the difference
between the first estimate of the parameter AJ and

the least-squares estimate; n is the number of data
pairs; A",Aa,....Aﬁ are tﬁe least-squares estimates of

A1 ’Aegoooo-AN.
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A matrix of N? elements is set up to solve the
equations, The element Bjk of the matrix to be inverted
is given by '

i=n
Bjk = 2 FAji’FAki/Li
' 2
where L, o= Fti.oti + FAi.oAi
cti”oAi are the standard deviations of the experimentél
values of ti,Ai; FAji”FAki’Fti’FAi are the partial
differentials of the function so that
!
FAJ_i = -fd(ti)
- - - 1
Py = -y (%))

The experimental data were considered to result from

nuclides decaying to radioactive daughters which in turn

decay to stable nuclides so that the decay-function.fj(ti)

is given by

£.(t,) = exp(-And \4..__JL___. S,
Jyi JD*™y JD_')\ 1P c;jD

(exp(-Aypety)-exp(-Aypot;))
A yprhip are the decay-constants for the parent and daughter
nuclide;CjP,CJD are the counter-efficiencies for the parent
and daughter nuclide.

There is a similar expression for fk(ti).

aFi

Fty = ('aT')(t._{-A AT 3AZ y e oo e e ohy)

FA1 =1
It was éssumed for this work that the standard deviatilons

of the time observations were negligible so that
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L, 0¢FA . oAl
therefore Li o:oAia
The data should be weighted therefore by factors
inversely proportional to thé square of the standard deviation
of the experimental value of the activity Ai.
The difference between the first‘estiméte of A, and

, J
that of the 1east-squares-treatment is given by
_ - .
k=1

where Djk 18 an element of the inverse matrix

i=n -FAki;Fg

Ck = 2
i=]1 i
where FO. = A! - d= r ﬂ (t )
S Tl A5ty

J

The program was writﬁen 80 fhat,prior to a least-squares
treatment, the data can be cérrected for the background count
if it is known. Several distinct operations are carried out by
the computer.

(i) A least-squares treatment is carried out with egual
weighting given to all data pairs, The treatment is repeated
until the corrections in the computed values of the initial
activities are less than 1%.

(ii) Data values are eliminated from the computations if

the residual. between the least-squares value of the total

activity and the experimental value is - gpeater than a set
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standard; for this work,the set standard was three standard
deviations of the experimental value of the total activity.
(111). A least-squares treatment i1s carried out with each
data palr not previously eliminated weighted by a factor
Z given by |

Z = (DA/DT - BG) /(DA/DT" + SDBE )e100  seseoe.a(2)
where DA,DT are the gross count and duration of the count;
BG@,SDBG are the background count and the standard deviation
of' the background count.When-the correction due to the
dead-time of the counter is small, then

Z== Ax"’/cix.lOO

where AX is the experimental value of the activity (i,e.athe

.observed activity corrected for dead-time and background);

hx is the standard deviatiom of the experimental value of
the activity,
(iv) The residuals are again compared with the set standard;
any data palr not previously eliminated are rejected if the
residual exceeds the set standard; data previously eliminéted
are re-introduced into the computations with the appropriate
weighting factor if the residual is less than the set standafd.
(v) The computations are repeated until there are no further
changes ln the data values in the least-squares treatment,
The final estimate of the initial activity of each component
is then printed out together with the standard error,

The program.ls reproduced in Section 3.3. with

explanatory notes in parentheses,
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3+3. Computer program
LEAST SQUARES PROGRAMj;

BEGIN

INTEGER E,H,G,M,N,P3

PROCEDURE MXINVERT(A R,C,EPS,L) ;VALUE EPS;

REAL ARRAY A INTEGER ARRAY R, C- REAL EPS-

LABEL Lj ELLIOTT (6,7,440,0,4,5,6853)3
(E,H,G identify the experiment, normally by the date
of the experiment° M is the number of components in
the decay=curve; is the total number of pairs of
data values; P is the number of standard deviations
for the reject cr%terion- the procedure is a matrix
inversion program‘Z)from the Algol Program Library.)

READ E,H,G,M,N,P;
BEGIN
INTEGER X, 1,T,7,K, 8,74 REAL C5,B3,8DBa,51,52;
ARRAY ACLINS (LY DALeN) (DotTah) W(lsN5
Z(1sN),FO(1:N) ,F(13M, 1:1) Bl 1M}, 11(1s0) ,
Lo(1sM) ,E1(1sM) ,E2(13M) , A0 (l:M) S AC(1sM) D(lsM),
SD(1sM) ) C(1:M) ) AX(1sN)
INTEGER ARRAY R(1sM) Ri(lsM),
SWITCH SSt= MESS,FIN,E
PRINT £RUN ON?,SAME iNE £,H,G,££L27;
_ READ BG,SDBG;

(BG is the background count; SDBG is the standard
deviation of the background counte.)

FOR Js=1 STEP 1 UNTIL M D
READ Ll(J),El(J),L2(J),E2(J),A0(J):

(L1(J),E1(J),L2(J),E2(J) are the half-lives and
efficiencies of the counter for a parent-=daughter
relationship of the Jth component as shown below

=L1(J =L2(J) -
_ 1(J)t% > t% ——> stable

If the daughter nuclide 1is stable, or decays by a
mechanism so that the counter does not respond, then
the value of the counter efficiencyfor the daughter
nuclide was set at zero. AO(J)is the first estimate
of the initial activity of the Jth component.)
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FOR I:=1 STEP 1 UNTIL N DO
READ T(I) ,A(1),DA(1),DT(I);

(r(1),A(1),DA(I),DT(I) are the mean time of an
actlvity observation from zero time, the observed
activity corrected for the dead-time of the counter,
the gross count and the duration of the count for the

Ith reading.)

Q=03

X:=N;
FOR I:=1 STEP 1 UNTIL N DO

BEGIN
Z(I):=((DA(I)-BG*DT(I))**2/(DA(I)+SDBG**
2?D§(I)* 2))/100;
1=1; .

END;

(z(1) is the weighting factor of the Ith data pair
as defined in equation (2); W(I) is the weighting
fdctor for the first leasi-squares estimate.)

MESS: '
FOR K:=1 STEP 1 UNTIL M DO

BEGIN
FOR J:=1 STEP 1 UNTIL M DO
BEGIN

§J3

FOR I.-llSTEP 1 UNTIL N DO
BEGIN
AX(I)°=A(I)—BG,
FOR-Ji=1' STEP 1 UNTIL M DO
BEGiﬁul =AX (I )-A0(J)*(EXP(-0.69315%T(I)/
é §)+L1§ ;/(Lz(J)-Ll(Jg);E22J§/E1(J)*
é%¥§(-o. gls*T( )/L2(J) )-EXP(-0,69315%
g?gIgi_Ax é§§( 6931 *TSI)/LléJ)) L1(J)/
=0 5 +
(L2(J)-r1(J sEz J)/B1(J)*(EXP(-0,69315%
200y n o o AT D AT (0530

J).—O;

I

END°
END;



C53=03
FOR Ts=1 STEP 1 UNTIL N DO
BEGIN
C53=C5+FO(I)* FO(I)*W(I);
FOR J3=1 STEP 1 UNTIL M DO
BEGIN
C(J) $=C(T)+F(T;I)* FO(I)*W(I);
FOR Ks=1 STEP 1 UNTIL M DO
BEGIN
B(K,J) $=B(K,J)+F(K, I)* F(J, 1) W(I);

(B(K,J) is the element Bk] of the matrix to be
inverted,)

ENDj3
ENDs
END;
MXINVERT (B,R,R1, M@-h yERR) §

(The matrix is inverted using the Gauss-Jordan méthod‘z)
with completé matrix pivoting. The suffices of the
successive pivots are stored in R and Rl. If any
pivot 1s less than EPS(6) inabsoliuite value then the
_procedure exits to ERR. For greater values of EPS,
greater accuracy can be quoted for the matrix inversion.)

FOR Ks=1 STEP 1 UNTIL M DO
BEGIN -
S81s=03
FOR Js=1 STEP 1 UNTIL M. DO
BEGIN
. 81s=BI+B(K,J)* C(J)}
D(K)s=51;
END;
END;
FOR Ks=1 STEP 1 UNTIL M DO
Ac(K)s-Ao(K)-D(K);

82:-6 ’
F%KhlﬂHlUMHMDO
821=82~C(K)*D(K);

823 =82+C5;

FOR Ks=1 STEP 1 UNTIL M DO
S8D(K) s =SQRT(B(X,K) #82/(Y-M) ) ;

(8D(K) is the standard error of the Kth component.)
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FOR K:=1 STEP 1 UNTIL M DO

BEGIN
IF ABS(D(X)) GR ABS (AG(K)/100)
THEN

BEGIN
FOR K:=1 STEP 1 UNTIL M DO
AO(K):=AC(K)
GOTO MESS
END
ELSE
PRINT £A?,SAMELINE,SPEGIAL§1),DIGITS(l),
SCALED(4 ) ,K ,£15? ,SPECIAL(2) ,AC(K) ,£ST.ERR,187,
SD(K) ,££L2%;
END; '

Q:=Q+1;
FOR I:=1 STEP 1 UNTIL N DO
BEGIN
IF (EO(Ig*FO(I))GR ((DA(I)+SDBG##2#DT (I )*%2)/
DT(I)*%2)*Pé#2
(This is the criterion for elimination of data values
from calculation,)

THEN
BEGIN
IF W(I) LESSEQ O
THEN
X=X
ELSE
BEGIN

Vi=0¢

IF W(I) LESSEQ O

THEN

BEGIN

W(I):=2(1);

Xe=X+13
Ve=V+1;

END

ELSE
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BEGIN
WD) s=2(1);
X3=X3
ENDs
END3
D3
F Q LESSEQ 1 THEN GOTO MESS;
IF 3 NOPEQ Y THEN GO0 MESS;
IF V GR O THEN GOTO MESS
ELSE
FOR Ks=1 STEP 1 UNTIL M DO
PRINT £FINAL A? ,SAMELINE,SPECIAL(1),
DIGITS(1) ,SCALED(),K,£18?,8PECIAL(2),
ﬁﬁ(K) , 5T ERR.157,8D(k), £edee;
Do
FOR Is=l STEP 1 UNTIL N Do
BEGIN
IF W(I) GR O
THEN
PRINT SCALED (5),T(I),SAMELINE,££517%%,
A(T),££5127,FO( 1), ££13%
ELSE’ .
PRINT £ REJECT POINT?,SAMELINE,££517?
zgﬁggn(S) ,T(I),££51722,A(1), ££si?? FO(i),

6 FIN;
ERR: PRINT £MATRIX INVERSION-NO SOLUTION?°
FINs PRINT £END?;

END'

END;
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3.4, Treatment of Experimental Data

Prior to a least-squares analysis of decay data,
the background count of the counting equipment was
subtracted from the gbserved activities. The analysis was
made on the assumption that chemicai pufificatioﬁ procedures

reduced contamination to a negligible extent.

3.4(a.) Zirconium
Decay &éta for zirconium sources were not

normallj recorded until after a state of transient
equilibrium had been-attained.between zirconium-97 and
niobium-97. The data also contained contributions from
zirconium-95 and its radiecactive daughter products. However,
analyses based on the assumption that the observed activity
was caused solely by decay of zirconium-~97 and -95 and
their daughter prodﬁcts, proved unsatisfactory. This was
.attributed to poor statistics in the activity readings
recorded after ten half—lives of zirconium~97 had elapsed.
The dafa were therefore analysed assuming the activity to
be caused by a single éompbnent with a constant background;
the error introduced'was considered to be negligible as the
half-life of zirconium-95 is several times greater than
fhat of zirconium-97 and the computed background activity

was about 1% of the initial activity attributed to

zirconium-97 and its daughters.



3.4(b) Molybdenum
Decay date for molybdenum sources were

recorded after a state of transient equilibrium had been
reacped between molybdenum-99 and technetium-99m. The
data were analysed assuming the observed activity to be
caused by decay of holybdenum—gg and teéhnetium-99m with
a constant background. The computed background activities
were very small thus showing the sources to be frée of

contamination.

3. 4(0) Xenon

It was noticed that analyses of decay date

for xenon samples, based on the assumption that only
xenon-133 and -135 caused the observed activities, were
unsatisfactory particularly for data recorded soon after
the isolation of the xenon., This wﬁs attributed to.traces
of short-lived krypton isotopes (4.4 hr krypton-85m,

1.96 hr krypton-83m), which remained in the gas-stream
after purification in the gas-so0lid chromatography section.

‘The contemination was small but caused erroneous results

from least squares analyses although it was not observed
in analyses performed by the subtraction method.

To minimize contributions from short-lived krypton
isotopes, only data recorded iater than forty—-eight hours
after the end of the irradiation were used in the

analyses,
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It has been suggested(3) that there will be
appreciable contributions from xenon-133m in the decay
curves., This was not considered to be a serious source
of error bechuse of the low calculated independent yields
of xenon-13%3 and -133m and also because of the small
branching ratio of xenon-133m to xenon-13%3 from iodine-133.
However, several sets of décay data were tested for a
contribution from xenon-13%%m,

The decay data were considered to result from the

-following decay schemes,

135 9,16 hr Xe  —> Stable Cs

55.2 hr Xe —> 126,48 hr Xe —>Stable Cs
133: '

126,48 hr Xe — > Stable Cs

To minimize contributions from short-lived krypton
isotopes, only data recorded later than fofty-eight hours
after the end of irradiation were used in the analyses;
the counter efficiency for xenbn—133m was estimated with
the aid of information from the Nuclear Data Sheete(4)
to be about 0.8 times that of xenon-133,

The calculated activity of xenon-13%m was very low
relative to that of xenon-133 and normally within one

standard error of its computed activity; the
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contribution from xenon-133m was therefore ignored in
analysing the décay data of xenon samples,

Xenon samples recovered from irradiated uranium
were analysed for xenon-133 and =135 only; those
recovered from irradiated thorium were analysed for

xenon-133, -135 and radon-222 and its daughters.

3.4(d) Iodine

Decay’ data fér aamples recovered after a long
' period (4 days) were analyséd for contributions
from iodine-131, =132 and -13%33, Contributions from
xenon-131lm and -133m'were shown by calculation to be

negligible., The decay schemes were hence simplified to

the following:

131: 193,44 hr I —_— Stable Xe

132: 2,28 hr 1 —_—D Stable Xe

> Stable Cs

133: 20,8 hr I > 126,48 hr Xe

Analyses based on the above assumptions were
satisfactory and in good agreement with those carried
out by a graphical method. The graphical method is
outlined below,

After sufficient time has elapsed so that
contributions from iodine-132 can be ignored (i.e., after

ten half-lives of iodine-132), the observed activity is

caused by iodine-131, -133 and xenon—133;
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The decay may be represented by the following

equation,

. - o
A(t) = Apyz)e8xp(-Np370t)

+ A % e(exp(Apy55et) + Me133 Cgel}} .
Mi133™ 7‘xe=133» 1133

(exD(-Mygr33et) = XB(-Apy334t)))
where A(t) 1s the total activity at time t; A°,\,C,
are the -activity at the time of precipitation of the
ralladium iodide sample,the decay constant and the
counting efficiency for the nuclide indicated by the

£

subcript.,
The equation may be rearranged by dividing through-
out by exp(-%Ilsl.t)

___A(%)
exp(-?\Ils.loﬂ

A o (exp('M1 't) + _7‘X<:3-_13.3 ° .C_]M .
I133'eXp(-Ayq37+t) M133Me133 1133

, 1 . (exp(- ot)-exp(-A .t)))
o e —" NMe133 1133

o
1131

= A +

A straight line of slope A1133 end. intercept AIlBl
should be obtained when

. A(t)
exp(-kIl31.ﬁ)

is plotted against
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. chlzz'. 1

exp:'("}\:[133°t) + 7\X3133 s *
nss  exe{=Ap5t)

exp(—%1131-t5 7‘11_33"7"1(6133

(exP (—)\)[8133. t) "_eJCP"( -7\1133- t ) ) ).

After calculating A§13l and A§133 by this method,
the initial activity of iodine-132 was determined, after
subtracting calculated contributions of iodine-131 and
-133 from the observed activity readings, by extrapolation
‘of the residual activity values to the iodine .separation
time.

Decay data for iodine samples isolated after a
short "cooling' period (5-30 minutes) were impossible to
analyse completely whén the analysis was based on the

following decay schemes.

133: 20.8 hr

—> 126,48 hr Xe > Stable

6.75 hr I —> 0.26 hr Xe —> 9.16 hr Xe > Stable

I
134: 0.88 hr I —> Stable
I
- 135: .

I

6.75% hr —> 9,16 hr Xe —> Stable

The contribution from the 0.26 hr xenon-135m in
transiéent equilibrium with iodine-135 was calculated to
increase the counter efficiency for iodiné-l}S by about
4%, The decay scheme for mass-135 was therefore
simplified to the following form: |

6.75 hr I ——> 9.16 hr Xe —> Stable

|
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Only data, recorded after a state of transient
equilibrium between iodine-135 and xenon-135m had been
.reachéd, were used in the analyses, |

The anomalies observed in this system are

discussed in detail in chapter 5.
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CHAPTE
Ireatment of Results

k1. Introduction

Radiochemical data, obtained experimentally by
the methods outlined in the previous chapters, reduire
the application of certain corrections.

(1) Corrections are made to account for
variation in the neutron flux during the irradiation.

(1i) Allowance is made for decay of the precursors
of the nuclide under observation during the irradiation
and during the pe;iod between the end of the irradiation
and the time when the nuclide 1s isolated.

(ii1) Corrections érgiapplied to allow for the
independent ylelds of members of the decay chain under

investigation,

42, Variation in neutron flux _ )

Consider an irradlatlon of duration T, after which
the nuclide 1s isolated at time t' after the end of the
irradiation. At time t', the amount of the separated
nuclide will depend on the fraction of its precursors
that have decayed to the nuclide and also on the fraction

of the nuclide that has not decayed.
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Y.2(a). Short-lived precursers
In the simplest example, the half-lives

of the precursors are so short relative to the
separation time (%') that the decay-chain may be
gonsidered to begin at the separated nuclide. In this
~Instance, the nuclide may be considered to be produced
throughout the irradiation at an irregular rate,
dependent only on the neutron fluxe.

At time t after the beginning of the irradiation,
the number of nuclel of nuclide 1l°produced in the time
interval dt is given by |

le = BoYloZlo¢(t)odt

where B 1s an irradiation constant and contains such
factors as th_e number of target nuclei and the total
fission cross-section of the target. Y; is the
cumulative fission yield of the mass-chain of which the
separated nuclide is a member. Z; 1s a correction term
to allow for the independent yields of the isobaric
members following the separated nuclide in the decay
chaing ¢(t) is the neutron flux at time t.

If the neutron flux is monitored with an
instrument of efficiency 7, then the relationship
between the absolute neutron flux and the monitored

reading 4 I(%), is given by



-92-

¢ () = I(t)/n
Henece

le = _%_ oYloZloI(t)odt

which reduces to
le = KoYiozloI(t)odt

where K is a constant peculiar to the irradiation.
The nuclei produced during the irradiation will
decay with a characteristic half-=1life so that the
number of nuclel originally produced at time t and
remaining at the end of the irradiation is given by
dN} = Ke¥yeZ3.I(t) e expley.(T~t)).dt

The total number of nuclei remaining at the end
of the irradiation will then be
Ny = / Ko Y302 o I() o exp(-Ag e (T=t))edt o0ea()
.. . =0 . . .
and, at time t' after the end of the irradiation, the

number is given by
t=T

Ny (1) = exp(-xl.w,/ Ko¥p027.1(6) 0 exp(Npa (T=£)) o dt
o t=o0 _ " N ¢-))

When the neutron flux is constant, as it may be

assumed to be within a nuclear reactor, the expressions

(1) and (2) may be solved so that
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N = K.Y;.Z;.T.(2-exp(-N oT))/N,
at the end of the irradiation, and
, 1) = : - - : - '
M (t') = KoYy o2 I.(1-exp(-N . T)) eexp(-Ny ot YA
at time t' after the end of the irradiation,
When the neutron flux is varying, the varlatiom in
fissioning rate can be corrected for by the summation
=T .
) I(t).exp(-%l.(T—t)).Jt
t=0 :
provided-the time interval dt, at which the neutron flux is
monitored, is short relative to the halfi-1ife of the nuclide
under observatiom. |
Then,
: =T |
N, = K.Yl.Zl.tEOI(t).exp(Jhl.(m—t)).Jt

at the end of the&irfadiation” and

o ' t=T
Nl(t')=K;Y1.zi.exp(-x1;t')%on(t).exp(-xl.(mut)).&t

at time t',

If the nuclide 1 is isolated at time t' and
quantit&tively determined, the number of atoms at the end
of the irradiation may be'obtnined'by extrapolation,

-When'the quantity of the isolated nuclide is
compared with that of the reference nuclide, the relative

yield, Yl/YR is given by
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Yy = N1 . Zp . (L-exp(-Ng.T))Aq
.Y_Ii ﬁ{ 71 (2-exp(=N«T))/ A,

for a constant flux, and by
=T

b
Y] - N1, Zg_ t=o I(t).exp(-ng.(T-t)).dt
%

_ t=0
for a varying flux.
The summations to correct for variation in the
fissioning rate will be denoted by the symbol S in

the following sections of this chapter.

4.2(b). One long-lived precursor

When one of the precursors has a long half-
life relative to the separation time (t'), the number
of nucllide 1 isolated at time t' is dependent on the
half-life of the precursor. Nyt) then is
given by

Ni(£')= Ny . Ke¥3eZpoTe (xp(-Npet') e (1mexp(-Np 1) )/\,
Aol

_exp(-')\l. ! ) ° (l-exp(-')\loT) )/A|) )

for a constant flux, and

Nl(t')'-—' 7\2 e KoYlozlo(eXP(‘)\zot')osz-em("}\lot')osl)
LIS

for a varying flux,.
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Subsceripts 1 and 2 refer to the isolated
nuclide and long=lived precursor in the decay chaing

this may be represented by

Ao A
2—> 1 -EL>

The fission yield relative to that of the
reference nuclide is then given by

Y]_:Nl(t' ) oZRo (l-eJCp(—'}\R.T))
Yg NReZ1e (exp(-Npet') o (1-exp(-N5.T) Joexp(-N1t*).

(T=axp (=N TTPN 2/ B +R2)

for a constant flux, and

Y3 Ni(t') Zgp = SR
Yp Ng 27 (exp(~-Aot")<8,-exp(-A157)+87) Ao/ Bhieh,)

for a varying flux.

%.2(c). Iwo long-lived precursors _
When two of the precursors of the isolated

nuclide have relatively long half-lives, Fﬁﬂf)

is given by ' )

N1(6') = Ko¥).Z.Io(C3e exp(=Agt') e (1-exp(=n3.T) )ty +
Ca,exp(-kz.t')(1-exp(-x2.T»&91.exp(-kl.tf).
(L-exp(-rp. T YN,

for a constant flux, and

N1(t') = Ke¥peZ74(C3eexp(=N3et’)e83+Coe exp(=Npet') o8y

. +Cpe0xp(=Njet')e8q)
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for a varying flux. Subscripts l, 2 and 3 refer
to the iseolated nuclide and its long=lived precursoers

as represented below,

s A2 N

3 > 2 > 1

>

C1y Cyy C3 are the Bateman coefficlents for the
decay schemey given by

- ‘AS .7\2
C3 = Th - 0 =27
N A
Co = T/ = 0 =)
3 - 2 T = 2
7\2 .—)\3
c .

1 7 TR = N)I(he = )

The fission yileld for the mass-chain containing
nuclide 1 relative to that for the reference nuclide

is then given by

Y o Ny(t') |, Zg (1-exp(~Pg.T))

Yg  Ng  Z1  (C3.exp(-N3.t').(l-exp(=A3.T))/\s+
020 exp(-7\2ot e (l-ellp(-')\z.T) )/Az"'
C1. exp(-A3+t") e (1~exp(-Ay.T) )/

for a constant flux, and
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Y3 o N8 Zg SR
YR NR Zl (C3.S3. GXP(-‘}\3ot')+C2o82o GXP(")\zot')"'

Cye8yeexp(=N.t"))
for a varying flux.

The expressions hold for-relatively simple decay-
schemes in which the isolated nuclide is formed by only
one mechanisme If the nuclide is formed from several
sources, the expression for correcting the experimental
data becomes more complexe

The nuclide may be formed from several sources as

illustrated below.

Fission X% > Nuclide 1
Fission —Y s Nuclide 2 ———» Nuclide 1
Fission —Z» Nuclide 3 ———> Nuclide 2 ——s Nuclide 1

where x, y, s are the fraction of fisslon events for the
mass-chain that may be considered to give rise to
nuclides 1, 24 3 respectively. Factor x will be
determined by the independent yield of nuclide 1 and
any_short—lived precursors that decay to nuclide 1 by a
route that bypasses nuclides 2 and 33 y is determined by
the independent yields of nuclide 2 and any short-lived

precursors that degay to nuclide 2 by a route that

bypasses nuclide 35 s is determined by the independent
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yields of nuclide 3 and any short-lived precursors
that decay directly to nuclide 3,

For the decay scheme as l1llustrated, the number
of atoms of nuclide 1l isolated at time t', is given by
N(t') = K.Yq.Z, I [z.exp(-Not") (1-exp (=N oT) At

Yo :_)_:21‘_24__7\_2 .(exp(—7\2.t')(‘l-exp(-‘hz.'r)),‘;exp(- 1.t')(1-exp(—7\1.T)%2'4

Be(CgeexD(-As0t') (1-exp(-NgeT) J:Cpoexp (Dot ) (Timexp (<N, oT) )/ Aa
+ Cyeexp(-Ny o) (1-exp(-A, .T) K]

for a constant flux. An analogous expression can be deduced
for a varying flux,

The equations for calcéulating relative ylelds are also
modified to allow for the independent ylelds eof the preéursors
of the lsolated nuclide., The correction factors in the
calculations to aliow for the independent yields of the
precursors,the variation in the neutron flux and the
independent ylelds of the members of the decay chain following
the isolated nuclide have been collected together into one
correction_factof(&rradiation factor in Chapter 6).

The number of nuclei of the reference nuclide and of
the nuelide under observation were calculatéd from the activity
attributed to the relevant nuclide, The number of nuclei of

nuclide 1 is given by



-~99-

where A is the activityj N, 1s the decay-constant;
C; is the efficiency of the detecting equipment for
nuclide 1.

4.3, Estimation of independent yields

It has been found that the Equal Charge
Displacement Hypothesis of Glendenin,, Goryéll and
Edwards(l) is in good agreement with observed charge
distributions resulting from fission induced at low to
moderate excitation energies. Steinberg and Glendenin(a)
found evidence from the thermal neutron fission of
uranium-=235, uranium-233, plutonium=-239 and the
spontaneous fission of curium-242 and californium-252
in agreement with the predictions of the hypothesis.
The results of Wahl(3) for the yields from neutron-
induced fission of uranium-235 at l4=MeV and those of
Alexander and Cory_ell(l") for the yields from f_‘ission
induced in thorium-232 by 13.E€M6V_deuterons and neutrons
of'moderqte energy also show agreement.

It is only at excitation energles in excess of
about 30-MeV that deviatlons from the predictions of the
hypothesis have been observed. Therefore, this hypothesis
can with reasonable accuracy be expected to predict the
independent ylelds resulting from 3- and ;h—MéV neutron=-

induced fission of uranium-238 and thorium-232.
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The Equal Charge Displacement Hypothesis may

be written .as

ZA. - 2 = iz - Z;
where Zy, Z; are the most stable charges for
complementary fission-product chains and Zp, i; are
the most probable charges for the primary fission
fiagments A and A*, The sum of the primary charges
must be equal to the charge of the fissioning nucleus,

Zf’ so that

Zp + - Z; = Zg

and the complementary fission-fragment masses aré
related by .
A+A=Af";

where Ay is the mgsé of the fissioning nucleus and v
is the average number of neutrons emitted per flssion
event leading to these products.

In the trgatment of Glendgnin,'Cerell and
Edwards(l), the most probable charge is calculated on
the assumption that the distribution rule holds for
the fission fragments after emission of prompt-neutrons.

The most probable charge is then given by

Zp = ZA - %(ZA + ZX - Zf)
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Values of 4y are calculated using the Bohr-
Wheeler Mass—Equation(S) which does not take account
of shell-effects.

Pappég)has introduced modifications into the
original theory; in his treatment, the most probable
charge is calculated on the assumption that the
distribution rule holds for the fission fragments before
prompt-neutron emission. The most probable charge is

then given by
Zy = Z(pen)~2(8(£-p-n) * Z(p+n) ~ Zf)

where Z(A+n) is the most probable charge for any mass
chain A, Z(fwp=n) is the most probable charge for the
complementary fragment, n is the average number of
neutrons emitted by the lzmeswp fragment.

The method by which Pappas estimates the most
probable charge is based on the treatment of Pf-stability

by Corye11¢?’

o The resulting charge functions show
discontinuities near shell edges; for mass numbers near
to shell edges two possible values of Zy occur.
Steinberg and Glendenin(z) suggest that the average
value be used. ]

It has been suggested(s) that coerrections should
be made to Zp for shell effects. The resulting function
does not completely agree with the empirical Zp function

determined by Wan1(9),
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(6)

The method of Pappas has been applied throughout
in this work, The treatment requires a knowledge of the
average number of prompt neutrons emitted by each primary
fragment. Such data are avallable for only a few
fissioning systems(lo). Howeﬁer, the average total
number of prompt neutrons has been measured for the
systems under investigation; vélues of 2.86(11) and

1y.75(12)

of uranium-238, and 2,42

for 3,1-MeV and 14,8-MeV neutron-induced fission
(12) and u.u3(12) for 3,6-MeV ‘and
14 ,9-MeV neutron-induced fission of thorium-232 have been
reported,

Since the data for thorium-232 correspond closely to
those for uranium-238 at each neutron energy, it has been
assumed that the average number of neutrons emitted by the
heavy fragment for thorium-232 is the same as that for

uranium-238 at each neutron energy. Guninghame(13) and

(1)

Ameg et al have shown that the average number of
neutrons emitted by the heavy fragment during neutron-
induced fission of uranium-23%8 at 14-MeV 1s approximately
three; this value has been adopted for the fission of
thorium-232 at this neutron energy. Information has not
been found relating to the number of prompt neutrons emitted

by the heavy fragment for either nuclide at 3-MeV; a value

of one has been assumed.,



103

The values for ZA(6) given by ‘Pappas have been used.,
Aftef calculating the most probable charge, the independent
yieids were found from the charge distribution curve of
Pappas(6).

The estimated independent yields for the members of
the mass-chalns 1lnvestigated in this work are given in
Table 4,1, The simplified decay schemes for ﬁhe mass-—
chains and the fraction of chain considered to originate
at each nuclide are shown in Figure L4.1; mass;chain 133 has
been simplified in the manner of Katcoff and Rubinson(ls),
and the fractions quoted;for the fission of uranium-235
induced by thermal neutrons are the values either
pa}cq}ated (for mass-chain 133) or experimentally determined

(for .independent yield of xenon-135) by them.



(1) (0.82) (0.18)

131: 23minSt —>25 min Te—> 193.4L4hr I —> Stable
(1) (0.95) (0.05)
132 77.7hr Te —> 2,28hr I —> Stable
(v) (0.75) (0.25)
(iv) (0.80) (0.20)
(111) (0.70) (0.30)
(11) (0.82) - (0.18)
(1) (0.74) (0.26)
133%: 52min Te —> 20,8hr I —>126,48hr Xe —> Stable
S (.78) (.22) (.0R)
134 L3,2minTe —> 52,8min I—> Stable
(v) (0.96) (0.04)
(1v) (1.00) (0)
(111) (0.85) (0.15)
(11) (1.00) (0)
(1) (0.93) (0.07)
135: 6.75hr I —> 9,16 hr Xe —> Stable

(1) Urenium-238 (1lh-MeV neutron fissiom).
(11) Uranium-238 (3-MeV neutron fission).
(111) Thorium-232 (14-MeV neutron fission).
(iv) Thorium-23%2 (3-MeV neutron fission).
(v) Uranium—235(15) (thermal neutron fission).

FIG, 4,1, Simplified decay-schemes,



Table L,1,

Independent yields calculated by Pappas' method

Mass
A

131

132

133

134

135

o7

99

Charge

Z

Lo
50
51
52

50

51
52
53
50
51
52
53

51
52
53
5L

Fraction of chain

Uranium-238

5-MeV

0.30
O.L46
0.18

0.40
0.40
0.10

- 1.00

'1.00

1 -MeV

0.05
0.31
0.46
0.18

0.18
0.46
0.31
0.05

0.10
0.40
0.40
0.10

0.26
0.48
0.22
0.02

Thorium-232
1AWV Bi-lev
0,06 0.24
0.34 O.L47
Ol 0.2L
0.15 0.02
0,06 0.34L
0.34 oLk
OCLI-Ll- 0015
0.15 0
1.00 0.99
9) 001
1.00 1.00
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CHAPTER

An Investigation of the Decay Chain of Mass-135

H5ele Introduction

Because of the difficulties encountered during
resolution of the decay date from iodine samples recovered
after short "cooling" periods, several experiments were
devised and implemented to ascertain the cause of the
anomélies,

(1)

(It is interesting to note that other workers have
obtained 1ow values for the cumulative fisslon yield of
mees-135 when basing their measurements on iodine isotopes, )
Close inspection of the experimental data indicated

thaf penhaps the decay systematics of decay chaln 135 could
.be in errér.' Resolution of experimental data recorded
later than sixty honrs after zero time and subtraction‘of
the compnted acfivities of 1odine-133 and -135 from the
tntal decay data, revealed a component with a half-life of
5 to 7 hours, This component was observed in the decay
data of every lodine sample prepared from iodine isolated
after a short “cooling" period even when the most stringent
precautlons were taken in the purification procedures,

_ Further, 1t was found that the cumulative fission
yield of mass—135 calculated from the computed activity of
iodine-135 was about 30% lower than that calculated from

Xenon measurements,
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Experiments were therefore performed to check the

decay scheme of mass chain 135,

5.2, Half-1ife of precursor_ of xenon-135
To test the proposition that xenon-135 may be

produced by a circuitous route and not directly from

6.75 hr iodine-135, an experiment was devised whereby

the radioactive xenon daughters were removed periodically
from a solution containing iodine isotopes and quantitatively
determined. This allowed the half-life of the precursor of
xenon-135 to be calculated; an internal check was provided

by the decay of iodine-133 to xenon-133,

Experimental Procedure

1. An iodine sample was separated from irradiated uranyl
nitrate and purified as described previously in Chapter 2;
the final form of the iodine sample was chosen as sodium
lodide in sodium sulphite solution, thus minimizing retention
of xenon as oxygenated compounds,

2. The 1odine sample was pléced in the dissolver vessel
(see section 2.4(d)) and air passed through the solution

for three minuteé. A carrier amount of inactive xenon was
measured out and condensed in the dissolver vessel,

3. Xenon was quantitatively removed from the vessel

eleven hours after the zero time for growth of xenon isotopes,
This was effected by passing a stream of air through the

liquid for two minutes, The xenon sample was purified and
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quantitatively determined in a gas Geiger-counter,
4. A second carrier amount of xenon was added to the
vessel and step 3 was repeated.,
S5e A third carrier amount of xenon was added aftef
removal of-the second sample and step 3 was repeated,
The results of the above experiment are shown in
Table 5.1, Within experimental error the half-lives of
the precursors.of xenon-133 and -135 were found to agree
with the accepted values of 20,8 hr and 6,75 hr
respectively (see Figure 5.,1.).
The results suggest that xenon-135 is produced only
by decay of 6,75 hr iodine-135 with the possibility of a

short-lived intermediate.

5¢3. Short-lived Xenon-135m

An experiment was devised to check the half-life and
decay-systematics of short-lived xenon isotopes of mass-
135,

An lodine solution was prepared as described in
section 5.2, The solution was placed in the apparatus
1llustrated in Figure 5.2 and allowed to stand for about
one hour,

A stream of argoﬁ was then passed through the solution,
through ﬁﬂe cold-trap at -90°G where iodlne and water vapour
were retained, and into the charcoal chamber. The charcoal

previously outgassed in vacuo at 200°C, was cooled by means
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of a brass rod cooled in liquid nitrogen., The xenon
isotopes, adsorbed on the charcoal, were detected by an
end-window gas-flow pB-proportionsl counter, The amplifier
of the counting equipment was connected to a multi-channel
analyser (Laben 512) and to a scaler so that both the
gspectrum of the pulses from the counter and the decay of
the xenon sample could be observed.
The experiment did not reveal any isotopes other than
those reported in the literature., Figure 5,3 shows a
typical decay-curve. It was not possible to obtain information
about the decay-systematics of xenon-135m from the spectrum
of the pulses from the counter, (A pulse from a counter of the
type used is not always proportional to the energy of the

B-particle causing the pulse).

54, Diffusion of Xenon from Palladium Iodide Sources
Other workers(2) showed that diffusion of xenon from

palladium i1odide and silver iodide sources was negligible
even at elevated temperatures and in vacuo,

Because an éxﬁlanatien for the anomalous experimental
results had not been found, it was decided to check that
diffusion was in fact neéligible. A simple experiment was
carried out whereb& a palladium iodidé source was prepared
and placed in a clésed system containing alr at atmospheric
pressure and at room temperature, Several hours later

carrier xenon was added to the system, removed after five
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minutes, purified and counted. Appreciable activity
was found in the recovered xenon sample although an
estimate of the rate of diffusion could not be made,

A second experiment was effected whereby a
palladium iodide source was dissolved in a closed system
several hours after its preparation and the xenon in the
sample was quantitatively determined. It was found that
the cumulative fission-yield of mass-135 calculated from
the results of the above experiment was about 20% lower
than that calculated from direct Xenon measurements.

Hence, it appears that there is appreciable diffusion
of xenon from palladium iodide sources, (The diffusion of
xenon-133 will not critically affect the resolution of data
from iodine samples recovered after long "cooling'" periods
as the contribution from xenon-133 is small because of its
low B-energy and long half-life,) Although this may not be
the full explanation for the anomalous results, it will
cause erroneous resolution of experimental data.

Time did not allow further investigations to be
carried out and hence no attempt has been made to calculate
the cumulative fission yleld of mass-135 from iodine
measurements., Data, recorded immediately after preparation

"ecooling"

of the sources from iodine isolated after a short
period,were analysed for contributions from iodine-13L4 and

a component of half-life of ten hours; 1t was then possible
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to obtain a value for the initial activity of iodine-
134. Inspection of data for sources containing
iodine-133 and -135 showed that, for data recorded up
to fifteen hours after the precipitation of palladium
iodide, the activity decreased with an apparent half-
life of about ten hours, The uncertainty in the
computed activity of iodine-134 was therefore
estimated to be only about 10%.
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CHAPTER 6

Collected Results

6.1. Introduction

The results obtained during the course of the
present work are reported in this chapter. Where an

error is quoted, it is the standard deviation given by

n-l1 .
where di is the residual between the mean value and

th

the actual value of the i result; n.1s the total

number of results.

6.2, Calibration of gas Geiger—counters

Normally two counters were calibrated from any
one irradiated sample of uranium oxide so that, even
when absolute calibration could not be made, the
efficiencies of the counters were intercompared,

Three counters were calibrated; the results are
set out in Tables 6.1, 6.2 and 6.3. The value |
obtained for the cumulative fission yield of mass-97
is in good agreement with the values of other

workers(113:415)

thus giving confidence in' the
Bayhurst method of calculating the counter efficiency

for zirconium-97 and molybdenum-99,
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Counter

number

TABLE 6.3,

c133/C1
(Mean Value)

1.113

1.080

1.121

Counter efficiency
relative to counter 1

(Mean Values)

133

1.000

0.919

0.928

135

1.000

0.937

0.931

Counter
efficiency
133 135
0.712 0.640
Oo 654 00600
0,661 0,596
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6.3. Pission of uranium-238 induced by 3=MeV neutrons

Uranyl nitrate hexahydrate targetS'of'siX“grams
weight were irradiated for one hour, using the
S.A.M.E.S. machine at Canterbury. Four experiments
‘were carried out; three allowed absolute cumulative
fission yields for mass=133 and -~135 to be calculated
and ~the fourth gave the cumulative fission yield of
mass-133 relative  to that of mass-135,

The results are set out in Table 6.4.

6.4, Fission -of ‘uranium-238- induced by 14=MeV neutrons

Samples, from which xenon-133 and =135 were
determined, were'prébared'from a purified uranyl
nitrate solution. The targets irradiated using the
accelerator at Canterbury consisted of two grams of
uranyl nitrate hexahydrate; the length of each
irradiation was ten minutes. At Durham, sodium or
ammonium polyuranate targets of six grams weight were
irradiated for one hour,

Seven experiments were carried out -to measure the
xenon isotopes. The results are set out in Table ‘6.5
irradiations 1 to 5 were effected at Canterbury; the
remaining two were carried out at Durham,

The targets, from which iodine isotopes were
recovered, were prepared from analytibal'grade uranyl

nitrate hexehydrate without purification. PFor
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experiments carried out to determine the cumulative
fission yields of mass-131, -132 and -133, compressed
pellets of five grams of uranyl nitrate hexahydrate
were irradiated for twenty minutes. For experiments-
carried out so that iodine isotopes . -could be recovered
after a short ‘"cooling" period,.the target sample
consisted of three grams of uranyl nitrate hexahydrate
crystals contained in a polythene bag; the length of
each irradiation was two minutes,

The results obtained are set out in Tables 6.6

and 6.7.

6.5, Pigssion of thorium-232 induced by 3-MeV neutrons
After partial purification of the thorium sample

by repeated precipitation of barium sulphate froh a
thorium nitrate solution, thorium hydroxide was

" precipitated by the addition of aqueous ammonia. The
precipitate was filtered; washed and dried.

Targets, each of four grams of purified thorium
hydroxide, were ‘irradiated for two hours using the
S.A.M.E.S., machine. The recovered xenon samples always
showed contamination attributed to radon-222 and its-
daughters,

Four irradiations were carried.out; the results

are set out in Table 6.8,
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6.6, Fission of thorium-232 induced by 14=MeV neutrons

Thorium nitrate pellets were irradiated at
Canterbury for ten minutes; the weighf of the target
was normally four grams. Results are set out in
Table 6.9.

The data, recorded for recovered xenon samples, were
analysed for contamination attributable to-radon=222 and
its daughters, Contamination was most noticeable in
data recorded for irradiations 2 and. 3., The target
‘material for irradiatiénS'l, 2 and' 3 were prepared from
' unpurified thorium nitrate samples; . the sample from:
which target 1 was made was different to that used in
preparation of targets 2 and 3. TIrradiations 4-and 5
were carried out using thorium nitrate targets prepared
. by evaporation of purified thorium nitrate solution;

contamination was found to be very small in such -samples.
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CHAPTER 7/

Discussion

The results obtained during the course of this
work are set out in Teables 7.1, 7.2, 7.3 and 7.4
together with those of other workers; all results have
been adjusted using selected published wvalues for
absolute cumulative fission yield of mass-99(5'12’15)

. for the systems investigated,

As 1s seen from the tables, reasonable agreement
between the déta of other workers and of -this work has
been reached for the fission ylelds of mass-97, However,
severe discrepancies exist for the filssion yields of
masses 131 - 135,

(7)

James, Martin and Silvester obtained values for
the fission yields §f mass-131, -133 and -135 for 1l4-MeV
neutron-induced fission of uranium-238, The values for
mass-133 and -135 were obtained by determination of the
xenon isobars of these mass-chains, It is interesting to
note that their calculations are based on the assumptions
that the decay chains for mass-133 and -135 begin at
iodine-133 and -135 (i.e..the independent yield of the
xenon isobar 1is assumed negligible) and that the counter
efficliency of theilr gas Geiger-counter for xenon-135 is

the same as that for xenon-133. If the experimental

results obtained in this work are subjected to the treatment



Table 7,1, Neutron-induced fission of uranium-238 at
3-=MeV

Cumulative fission yield (%2

. Bunne Keller Le Bonyushkin
fxament XS (1) ot 21(2) o4 ali3) ot a1l(l)

mass work et al

91 - - - oLy -
95 - - .65 - lho51
97 5.89 - - - 4,69
99" 6,327  6,32" 6.32" 6.32" 6,32"
103 - - 6.2 . 3,52
106 - - 2.9 - 2.57
132 - - 14,65 - 3,70
133 8,18 - - - _
135 8.40 , - - -
137 - - 7.0 5.4 5,51
140 - - 5.6 5.8 5.2l
1yl - o3 14,85 - -
47 - 2.8 - 2.9 -
149 - 2.1 - - -

*Normalization point, Y99 = 6.32%(5). {Interpolated)
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Table 7.3, Neutron-induced fission of thorium-232 at

3-MeV
Cumulative fissio ield

Iyer Wyttenbach Kennett
Fragment Ihis —Y—( J—(—)— _&'l_(
mass work et al 12) et al 13 Rahman(lu) Broom(ls)& Thode 16)

90 - 7da 6.99 - - -
91 - 6,80 - - 5,74 -
92 - - - - 5,92 -
95 - 5.5 - - - -
97 Lo57 L.22 - L.98 - -
99" 2,78% 2,78* 2,78" 2,78" 2,78" -
103 - 0.15 - - - -
127 - 0.09 - - - -
129 - - - 1.48 - -
1351 - 1.73 2.13 - 1,03 1.62
132 - - - 3,13 2,24 2,87
133 h.62 - - - 2,92 -
134 - - - - 7.31 5,38
135 6.19 - - - 5,00 -
136 - - - - - 5,65
137 - L6 6.59 - - -
139 - 6.6L - - 6.08 -
140 - 8.50 7.72 - . -
141 - 7.87 7.26 - - -
143 - 7.32 - 6423 - -
14l - 7.93 7.98 - - -
145 - - - 1.92 - -
147 - 3,82 - - - -
149 - 0.95 - - - _

*Normalization point, Y99 = 2.78%(12),



Table Zs’.—.h Neutron-induced fission of thorium-232 at

14 -MeV
Cumulative. fissign yield (%2

Ganapathy Ganapathy
Viasov an and
t

d .
Fragment This P ) =i ana
mass - work Rahman(lu') Broom(15)e al 17) Kuroda(le) Ihochi(ll)

90 - - 5,72 - - -
91 - - 5,52 5.10 - -
92 - - 5,58 - - -
95 - - - 6457 - -
97 2,76 2,92 - - - -
99* 1,96% 1,96% 1,96 1,96" 1.96" 1.96"

101 - - - - - 1.57

102 - - - - - 0.69

103 - - - - 0.7k -

129 - 0.927 - - - -

131 - 2.4 1.59 - - -

132 - - 3.10 2,74 - -

133 .58 - 3,78 - - -

134 - - 6.69 - - -

135 5.33 - o7l - - -

139 - - 534 - - -

140 - - 5,97 - - -

141 - - - 5.78 . -

145 - 2,38 - - - -

*Normaliz_ation point, Y99 = 1.96%(15).
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(7)

of James et al, , the value for the fission yield of

- mass-133 relative to that of mass-1l35 1s in good agreement
with their value, The calibration of the gas-counter
used by James et al. was based on the results of one
experiment only; this may be the reason for their absolute
fission yilelds being lower than those obtained from this
work,

The agreement between the two sets of results lends
confidence to the experimental method; the earlier work(7)
was based on the irradiation of sealed solutions of uranyl
ﬂitrate, thus preventing loss of fisslogenic xenon, whereas
the present work was based on the irradiation of solid
samples with éubsequent dissolution, Additional confidence
is provided by the good agreement obtained between the
value for the fission yield of mass-133 from Xenon measure-
ments and that from iodine measurements aléo carried out
during the course of this work (see Table 7.5.).

The disagreement between the results of Broom(s’ls) and
those of this work is difficult to rationalize., However, it
is interesting to note that values obtained by several other
wérkers(zeo’iz'lu) for the fission yields of mass-131 and
-132.are different-to thoée of Broom, the results of the
-lafter ﬁeiﬁg-aﬁpféciably the lower, Details are not given
concerniﬁg the method employed by Broom to analyse his

experimental data and, hence no explanation for the

disparities can be suggested,
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The vealue of James et al.(7) and that of this work
for the fission yleld of mass-131 agree within
. experimental error, The value obtained for the fission
yield of mass-134 must be imprecise as both fhe method
of analysing the decay data and the method of calculating
the independent yields of the members of the mass—éhain
134 are susceptible to considerable uncértainties. For
mass-chains containing nuclidés with stable nucleon

(20)

configurations it has been suggested that the Equal
?

Charge Distribution Hypothesis\2Ll)

will not apply. If

1t is the case that nuclides with steble nucleon
confi%;;ations have unusually high independent yields,
then such abnormal ylelds will be expected for tin-132,
antimony-133, tellurium-134, iodine-135, xenon=136 and
caeslum-137, The work of Wunderlich(lg) supports this.
view; his results show a high value for the independent
yield of i1odine-135 from fission of uranium-235 induced by
thermal neutrons, On the other hand, the results of
Stfom et al.(22) do not reveal high indépendent yields for
tin-132 or antimony-133, If such a mechanism is operative,
then the calculations for mass-chailn 134 Will be in error
by a greater amount than those for the other mass-chains
investigated; this is so because of the half-lives of the
members of the mass-chains, It 1s considered unlikely

that the uncertainty in the value for the fission yield of
mass-134 is greater than 30% (the uncertainty in the
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activity is about 10% and the uncertainty estimated for
errors in the charge distribution is put at 20%),

The absolute cumulative fission yields have been
plotted together with results of other workers in
Figures 7.l., - 7.4, The results of Wanless and Thode(23)
for neutron-induced fission of uranium-238 at 0.,5-MeV
have been plofted on the same figufe as the data for
fission at 3-MeV,

The results of this work support the suggestion(gu)
that the irregularities in the cumulative mass-yield curveé
~are lessened as the excitation energy of the fissloning
system is increased; the fine structure apparent in'the
mass-yield curve for neutron-induced fission of uranium-238
at 3-MeV is greater than at 14-MeV and, whilst there is
some fine structure in the mass-yield curve ofrthorium-232
at 3-MeV, i1t is not apparent at 1L4-MeV (cf. Broom(ls)).

FPine structure in the mass~yleld éurves has been
reported for virtually every system undergoing low-energy
fission(7’25'33). The extent of the fine structure appears
to be greater for uraenium and heavier elements than for the
lighter elements, The mass-yileld curves of the lighter
elements - data for neutron-induced fission of thorium-229
at thermal energy(25) and of thorium-232 at 3- and 1L-MeV
have been collected - show only small irregularities,

Uranium and heavier elements show large irregularities(26-33)

and the fission yields of mass-chains in the mass-region
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where fine structure occurs are normally higher than
those of any other mass-chain, This may be caused by
a fundamental relationship between the fission
processes and the mass and/or charge of the fissioning
nucleus,

Why fine structure is prominent in the mass-yield
curve from li4-MeV neutron-induced fission of ursnium-238
and yet minimal in those of thorium-232 and uranium—235(3u),
‘again may be due fo a relationship 5etweén.the fission
processes and the nature of the fissioning nucleus,
Information relating to neutron-induced fission of other
nuclides at 14~MeV is limited; data for fission of
neptunium-23735), protactinium-231(36) and plutonium-23910)
have been reported, but there is insufficient 1nforﬁation
about the fission ylelds of masses 131-135 to reveal the
presence or absence of fine structure.

Two hypotheses have been proposed to explain the

(37),

phenomenon of fine structure, That advanced by Glendenin

and modified by Pappas(38)

s suggests that it is caused by
abnormal neutron-emission from fragments in which the neutron
binding-energy is low due to neutron shell-effects. Such a
hypothesis predicts abnormally low fission yields for mass-
chains heavier than and.adjacent to those exhibiting fine

structure,
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The hypothesis of Wiles(zo) attributes fine
structure to a preferentiél formation during the
fissioning act of fragments with nuclei in which the
neutron binding-energy is high due to shell-effects.
A corollary of this hypothesis is the predicted presence
of fine structure in the fission yields of the complementary
fragments.

The results of this work support the latter hypothesis,
but with modifications., There is evidence(lg) for the
preferential formation of fragments with stable nuclei,

(39) ;
for fine structure 1in the

There is also evidence
cémplementary fragments in the mass-yleld curve for fission
induced in uranium-235 by thermal neutrons, Fine structure
at about mass-14l1 has beeq reported in the mass-yleld curves

for the thermal-neutron fission of plutonium-zul(za),

(27) (26)

plutonium-239 and uranium-235 ; fine structure among

the fragments complementary to mass-14l1 has been observed
for these systems'39), Unfortunately, there is 1little
information relating to the fission ylelds of fragments
complementary to masses-131-135 for the systems inVestigated
in this work,

However, it is difficult to reconclile the presence of
fine structure in uranium and heavier elements and the
comparitive lack of it in lighter elehents unless 6ne

postulates that both primary fission fragments have an

effect on the extent of the fine structure. If such 1s the
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case, fine structure would be expected to be more
'prominent in the mass-yleld éurves of nuclel, where
fission can result iﬁ both primary fragments being
stgbilized by nuclear shell-effects, than in those
where stabilization of only one fragmept is possible,
The Nuclear Shell Model(’2) predicts major
discontinuities in nuclear properties at 2, 8, 20, 50,
82, 126 identical nucleons; it alse predicts minor
discontinuities at 14, 28, 4O identical nucleons,
Faissner and Wildermuth(u3) suggest that the.completed
major shell of 82 neutrons together with the completed
major shell of 50 protons may be largely responsible
for the high fission ylelds of nuclides containing these
nucleon shells (i.,e., around mass-132), It is interesting
to speculate that the effect of a completed minor shell
of forty protons méy give rise to fine structure
(Faissner and Wildermuth(u3) also consider the completed
}»minor shell of forty protons to have an 1mportgnt effect
on the fission process). Fine structure would thus be
~expected to be particularly prominent in the mass-yield
curves of nuclides where fission can result in a primary
fragment containing ~82 neutrons (together with ~50
protons) and a complementary fragment containing ~40O
protons, From a consideration of the Equal Charge

Distribution Hypothesis'?l), it is found that fragments
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containing 82 neutrons normally have nuclear charges of
49 to 55, It would be expected, therefore, that nuclides
with nuclear charge of 89 (49 + 4O) to 95 (55 + LO)

would exhibit prominent fine structure in thelr mass-
yield curves at low excitation energy; nuclides of

charge less than 89 or greater than 95 should exhibit

less prominent structure, In this connection, it is
interesting to note that the fine structure 1in the mass-
yield curve for spontaneous fission of californium-252(33)
(Z = 98) is less than in those of uranium—238(3o) (Zz = 92)
and plutonium—2u0(31) (2 = 9y),.

It has been proposed(uu) that the variation of
neutron emission probability with fragment mass can
largely account for fine structure. On the other hand,
the work of Andritsopoulos(us) suggests that the major
contribution to fine structure in the cumulative mass-
yield eurves is already present in the prompt mass-yield
curves. The work of Apalin et al;(us) supports this
suggestion; thelr results show only minor irregularities
at masses 131-135 in the neutron-yleld distribution from
thermal fission of uranium-233, -235 and plutonium-239,

The extent of the fine structure increases as the
mass of the fissioning nucleus increases, the charge
remaining constant; this is noticeable for the neutron-

induced fission of several elements (uranium-235(3u) and
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_23g(7,this work)
(26)
(28)

at 1l4-MeV, urapium-233(29) and
-235
~241
attributed

at thermal energles, plutopium-239(27) and
at thermal energies), The effect has been
(28) to the neutron to proton ratio belng
greater in the heavy isotope than in the light isotope
thus céusing thé B-decay chains to be longer; hence,
modification of the fine structure by emission of
delayed neutrons can occur to a greater extent in the
mass-yleld curve of the heavy isotope(aa).

In concluéion, it would appear that until more
information of high precision is collected about the
mass-yield curves, and about the fission process in
general, one cannot reject any of the explanations that
have been pr0posed to account for the phenomenon of fine
structure, Collectioﬁ of data relating to the cumulative
fission yieids 6f maéses-complementary to those where the
effect is manifest 1s obviously desirable, It would also
bé interesting to investigatée the extent of fine
structure in elements lighter than uranium; protactinium

appears the most interesting as the element is inter-

mediate in nuclear éharge between uranium and thorium,
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