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ABSTRACT

The presence of tin-129 isomerc has been confirmed
among fission products. Their half-lives were measured
and found to be 7.5 + 0.1 min and 2 min. No evidence was
found for a longer-lived isomer previously reported,

0.17 + 0.01 and 0.39 + 0.03% were obtained fop the
cumulative yields of 7.5 min tin-129 and antimony-129
respectively in the thermal neutron induced fission of
uranium-235,

The cumulative yields of 10 fission products
(bromine-83, and -8l strontium-91, zirconium-97,
molybdenum-99, ruthenium-105, silver-113, antimony-129,
cerium-143 and praseodymium-145) from the fission of
protactinium-231 induced by 3 MeV neutrons have been
measured radiochemically using a recoil method, The mass-
yield distribution was found to be highly asymmetric with
a peak to trough ratic of about 100 and a bpeak width at
half-helght of 14 mass units. The maxima were observed
at masses 91 and 138 with yields around 7 e2%.,

Previously a correlation between the relative width
reatio for symmetric fission and neutron re-emission ang
a term depending on the relative energies available fop
the two processes was derived and tested fop 1L MeVv

neutron induced fission of heavy nuclides., In the present



work this was tested for fission induced by 3 MeV
neutrons., The fission cross-section of protactinium-231
for 14.8 MeV neutrons was measured by a radiochemical
method and found to be 1.43 + 0,12 barns. This result was
used in a discussion of the correlation mentioned above,

In a search for irregularities in yields in the mass
region 131-135 for 14.8 MeV neutron induced fission of
protactinium-231, the independent yield of xenon-135 and
the cumulative yields of iodine-131, -133 and -134 and
xenon-133 and -135 were measured radiochemically. Fine
structure was observed at mass-13l4, A comparison of the
results with those obtained in 1 MeV neutron induced
fission of thorium-232 and uranium-238 suggests that the
prominence of the fine structure increases with decreasing
atomic number,

In all measurements zirconium-97 or molybdenum-99 and
where possible both of them were used as reference masses,
Counting was carried out using an end-window gas-flow
g-proportional counter for solid, and a gas Geiger-counter

for gaseous samples,
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CHAPTER 1

Introduction

1.1 Nuclear Fission

Fission is a process in which a nucleus usually
divides into two main fragments of comparable mass. It
was first discovered by, Hahn and Strassmann1 in.1959
and in the same year an extensive treatment of the
theory of the liquid drop model of fission was given by
Bohr and Wheeler2.

According to this model the nucleus is described
as a uniformly charged, incompressible droplet of
constant density possessing a well-defined surface. It
is assumed that the energy changes occurring during the
fission process very much resemble the energy changes
due to surface tension effects in a drop of liquid which
is changing its shape. The total potential energy of an
idealized liquid drop is made up of two terms, the
electrostatic energy, tending to pull the drop apart and
the surface energy, tending to hold it together{ For a
stable nucleus the sum of the surface and Coulomb energy
changes must be positive for any small distortion from
equilibrium. However, it can be shown that for certain
distortions of a drop the (negative) Coulomb term over-

takes the surface term if the distortion is increased



e

beyond a certain amount and the drop undergoes
fission,

So far the theory has been worked out fairly
completely only for the lighter fissionable elements,
below about radium,

Another theory developed by FongB’u takes into
account the shell structure of the nucleus which can be
related to asymmetric fission and fine structure on the
heavy mass peak (see later).

Fission is normally induced by giving a certain
amount of energy to the nucleus, but a nucleus in its
ground state can occasionally undergo fission which is
called spontaneous fission, first observed by Petrzhak

and Flerov5

in uranium., Although the break-up of any
heavy nucleus (A > 100) into two nuelel of approximately
equal size is exoergic, spontaneous fission has been
observed only for nuclei with A > 230, The separation
of a heavy nucleus'into two positively charged fragments
is hindered by a Coulomb barrier and fission can thus be
treated as a barrier penetration problem. The barrier
height increases more slowly with inereasing nuclear
size than does the decay energy for fission. Because of
this steep dependence of barrier penetrability on the

ratio of available energy to barrier height, spontaneous

fission is observed only among the very heavy elements,



In the case of even-even nuclides spontaneous fission
half-lives decrease rapidly with increasing atomic
number, whereas nuclides with an odd number of nucleons
6,7
decay at a much slower rate .
Bohr and *u’\(heeler"L defined a fissionability
parameter which is egqual to the dimenslonless ratio of
the Coulomb to the surface energies. It can also be
written as ZE/ A ., where (Z2/A)erit = UL8,L., According
Z2/A)crit =
to this definition all nuclei of Z > ~120 will be
characterised by the absence of a classical barrier
toward spontaneous fission.
In the discussion which follows, attention is mainly

given to fission induced by neutrons,

1.2 The Probability of PFission

In the fission process, at low and moderate
excitation energies the first step usually involves the
formation of a compound nucleus excited to an energy which
is the sum of the kinetic energy of the bombarding particle
and its binding energy in the newly formed nucleus. This

excitation energy is assumed to be rapidly distributed

o
F

back and forth over all the possible degrees of freedom
the compound nucleus and 1s eventually disposed of by
ejection of particles of light mass, by nuclear fission

or by gamma-ray emission. The cross-section for any of
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these reactions, o;, may be related to the compound

nucleus formation cross-section, O,» by the relation

[
% % % K

My

where r} is the probability of decay of the compound
nucleus by any of the reactions mentioned above, and r%
is the total probability of decay of the compound nucleus,

A comparison of the change of the fission cross-
sections with neutron energy8_17 for a number of nuclei
having Z > 90 shows that for most of the nuclel, fission
has a threshold except for uranium-233, uranium-235 and
plutonium~239. The very high thermal fission cross-
section and the absence of a threshold for these three
nuclei can be explained as a result of their possessing
odd numbers of neutrons., In such cases the compound
nucleus 1s excited to a greater extent because of the
energy released 1n the palring of neutrons when the
incoming neutron is absorbed. The gquestion of whether or
not a nucleus is fissionable through the agency of slow
neutrons depends on whether or not the binding energy of
the last neutron exceeds the height of the fission bearrier,
and if these two quantities are of similar magnitude the
pairing effects are critical in determining the sign of
the difference. Fission by slow neutrons is not observed

for nuclei having Z < 90 since the fission barrier is



significantly greater than the neutron binding energy
for both odd and even number of neutrons.,

The cross-sections of nuclei like protactinium-
231, uranium-234, uranium-236, uranium-238, neptunium-
237, plutonium-240 and americium-241 which have thresh-
olds to fission induced by neutrons above thermal
energies, first increase with increasing neutron energy and
then stay constant over a range of several MeV until a
new rise occurs at about 5 to 7 MeV. This second rise
is due to the fact that the excitation energy is high
enough to permit evaporation of one neutron from the
compound nucleus without reducing the excitation energy
of the residual nucleus below the fission threéhold. In
such cases the nucleus has a second chance of undergoing
fission. If the énergy of the incident particle is further
increased a third step is observed at about 12 op 13 MeV
corresponding to the emission of two neutrons followed by
fission, In the case of uranium-238, three such steps

have been observed with evidence for a fourth near

19 MeV18.

Charged particle induced fission always has a
threshold and the fission cross-sections rise rapidly with

the bombarding particle energy19-2u.



1.3 Mass Distribution in Fission

In nuclear fission many fission products are
produced; nearly LOO ranging in mass frem 72 to 161 and
in atomic number from 30 to 65 have been identified, and
several hundred more probably remain undiscovered,. The
nuclear species which are formed from the simple division
of the compound nucleus before emission of rarticles and
loss of energy are called primary fission fragments,

Part of the excitation energy of these fragments is
expended in the evaporation of neutrons - the so-called
prompt neutrons - and the rest of it is emitted as gamma-
rays, leaving the products in their ground states., Prompt
neutron emission takes place in times less than L x 10—+

25

seconds after scission and the average number of neutrons
released per fission is between two and five26. The
primary fission products which are formed after prompt
neutron emission still have too many neutrons for
stabllity which is eventually achieved by successive
B-decay. Each product thus starts a short isobaric radio-
active series., These series are called fission decay
chains, In the p-decay stage of a few chains there is a
small probability for the emission of a 'delayed' neutron,
The fission yield for a particular nuclide is a

measure of the probability of that nuclide being formed

in the process. It may be expressed as the ratio of the
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number of nucleil of a given mass number to the total
numberfof flssion‘events.  If 1t°is due'entirely to.its
direct formation as a primary product it is called an
'independent fission-yield'. However, in most cases
this is difficult to measure,because the half-lives of
the primary products are so short that by the time the
necessary experimental manipulations are carried out,
the primary products have been completely converted into
different elements and the measured yield is the sum of
all independent yields up to that point on the chain,
Such yields are called 'cumulative yields'. An
exception occurs in decay chains which possess a shielded
nuclide, that is one which has a stable isobar as its
precursor in the chain so that it is not formed as a
daughter product in B-decay. Then the measured fission
yield of the shielded nuclide is the 'independent yield'.
For fission induced by neutrons of < 14 MeV energy
total chain yields can be calculated from cumulative.
yields by using the so-called 'equal charge displacement'
hypothesisZ7. According to this hypothesis the most
probable charges for each of a pair of complementary
fragments lie an equal number of units away from
B-stability. Further,the charge distribution sbout the

most probable charge is a symmetrical function with the



same form for all mass divisicns in all fissile
nuclides28. Since for a given mass number the chearge
distribution is narrow and is centred several charge
units below a stable isobar, the cumulative yileld of
the stable isobar, or of a radiocactive isobar near the
stable end of the chain is very close to the total chain
vield.,

Cherge distribution at high excitation energiesz9
can be described by the 'unchanged charge displacement'

hypothesis?7

according tec which the neutron-to-proton
ratios of the light and heavy fragments are identical
with that of the fissioning nucleus.

Neither of these postulates have been satisfactory
for charged-particle induced fission at moderate
bombarding energiesBO’zl.

The mass distribution of fission products is
normally presented in the form of a fission yield curve
in which the cumulative mass-yields of the different
products are plotted against their mass numbers. Mass-
yield curves can be discussed in terms of two
fundamentally different types of fission associated with,
essentially, asymmetric and symmetric modes of nuclear
division, The fissioning nuclei are roughly divided into
three main categories according to the mass distributions

they give in fission induced at different excitation



energieszz, Thorium and heavier elements {(sometimes
called highly fissile elements) show a double-peaked
mass-yield curve at low excitation energi8833’34’35.
The position of the heavy peak is essentially constant,
probably because of the preferential formation of 50-
proton and 82-neutron shells in the primary fission act,
while the light peak adjusts itself accordingly moving
towards higher mass numbers with increasing mass of the
fissioning nucleusze. The degree of asymmetry is often
expressed in terms of a pezk-to-trough ratio. This is
the ratio of the fission yields at the maxima
corresponding to asymmetric division of the exclted
nucleus, to the fission yield occurring in the region
of half the mass of the nucleus undergoing fission,
This ratio is greatest for spontaneous fission and
decreases with increasing excitation energy since
symmetric fission is an increasing function of nuclear
excitation energy. At higher excitation energies
(> 4o MeV) the fission yield curve shows one broad
maximum37’38 in which symmetric division of the nucleus
contributes most to the yield.

As the mass and atomic number of fissioning nuclide
decrease below those of uranium isotopes the probability

of fission at small excitation energies decreases sharply,

and, at the higher excitation energies necessary for
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fission,symmetric mass division becomes more probable
“than agsymmetric division, Elements like radium give a
three-humped mass-yleld curve39 at excitation energies
near the threshold, which shows the equal probability
of symmetric and asymmetric fission. At higher energies
the mass-yield curve turns into an overall broad
gsymmetric distributiﬁnaoo In the fission of elzments
like lead and bismuth the mass distribution is always
symmetricul with an increase of the width of the mass
division as the excitation energy increases,
Mass-yield curves show some fine structure on the
peaks. This was first observed by Thode and co-

MQ’MB’AM, They found a value for the yield of

workers
xenon-13l4, 35 percent higher than had been expected in
uranium-235 fission., And also the fission yield of
iodine-136 showed a departure from the smooth curveuB.
Since fthese iscotopes lie close to the shell of 82-neutrons
the deviations were explained as a result of shell
structure. The nuclides with 82 neutrons are expected to
have an increased independent yield due to structural
preference in the primary fission ac u6. If this is so,
any irregularity.in the yield of these species must appear
symmetrically in the complementary fragments. In the

fission of both plutonium-239 and uranium-233 induced by

thermal neutrons there are maxima at mass-100, but in
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neither case is the yield of the complementary fragment

L7

to mass--134 abnormally high™'. Therefore, it was

L7

suggested by Farrar and Tomlinson™' and independently

L8

by - Tervell that some effects occurring after scission
rather than in the primary fission act must cause the
observed deviations. According to this view,fine
structure is a result of slow variation with mass of

the neutron emission probability from the prompt fission
fragments.

The division of the fissioning nucleus into three
fragments (ternary fission) has also been observed. The
best established type of ternary fission is the emission
of alpha particles in coincidence with two heavy
fragments of the conventional typeu9. The probability
of this kind of fission is about one for every LOO giving
rise to the more usual binary fission eventSo. Examples
of the other types are the emission of a tritcn51 in
coincidence with two heavy fragments with a yield of 1 or
2 tritons for every 10,000 fission events, and the
splitting of the nucleus into three or four fragments of
roughly equal size with a probability of (6.7 + 3.0) in

~
10% normal binary events®> in low energy fission of

uranium-235,.
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1.4 Purpose of the Present Work

The work on which this thesis is based is set out

below:

(1) an investigation of the mass-129 decay-chain
in fission,

(2) mass distribution in the fission of
protactinium-231 by essentially 3 MeV neutrons,
and

(3) studies of fine structure on the heavy mass-
yield peak in the fission of protactinium-231.

Antimony is a suitable isotope on which to base

cumulative mass-yield measurements for the 129 mass chain,
However, when this work was undertaken, there were some
contradictions in the literature concerning the half-lives
of the antimony precursors. Since a reliable measurement
of the fisslon yield of a fission product requires a
knowledge of the half-life of its precursor it was
considered prudent to establish the half-lives of the
tin-129 isomers before carrying out any yield measurements
for this mass chain. The cumulative yield of antimony-129
could then be measured with greater confidence in the work
done to obtain points on a mass-yield curve for

protactinium-231 in fission induced by 3 MeV neutrons,
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Experiments carried out by Iyer and his
co—worker's53 showed that the mass distribution for
protactinium-231 in fission induced by fission spectrum
neutrons results in a normal two humped curve. On the

5k

other hand, Brown, Lyle and Martin obtalned a
substantially different type of yield distribution for
fission induced by 14 MeV neutrons. In the last
mentioned work a less direct method of measurement was
employed. It was therefore considered useful to use
this method to obtain yields under (as near as possible
with availlsble facilities) the conditions of fission
employed by Iyer et al, Yields were measured at masses
chosen elther because they facilitated comparison with
previously published values or provided additional
results which assisted in the drawing of a more complete
mass-yield curve,

The results from several investigations suggest
that irregularities in the cumulative mass-yield curve
in the mass region 130 to 136 are greater for uranium and
heavier elements than for the lighter elements. The work
done by Sellars55 of this laboratory on thorium-23%2 and
uranium-238 supports this apparent trend. Thé last-
mentioned work has been extended to protactinium-231 since
it was thought to be interesting to investigate fine
structure in this fissioning nucleus as it is intermediate

in nueclear charge between uranium and thorium,
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CHAPTER 2

General Experimental Methed and Apparatus

2.1 Introduction
In this chapter an outline of the general method
of sample preparation is given together with an account

of the neutron generator and the counting equipment used.

2.2 Sample Preparation

Protactinium deposits prepared previousiyl were
used in the present work. The procedure by which they
were obtained consisted of the successive application of
a mixture of protactinium(V)chloride in absolute alcohol
(5 mg/ml), acetone and a 3% solution of selulose nitrate
-in amyl acetate in the proportion of 1 : 15 : 1% to both
sides of 24 platinum discs 2 cm in diameter and 0.005 cm
thick, .

On drying, each successive layer of deposit was
ignited, polished and finally, when the total thickness
was sufficient, covered with a layer of evaporated gold
0.5 mg em~2 in thickness., The total weight of
protactinium deposit on the discs was about 147 mg
(126 mg protactinium, assuming the protactinium is present
as protactinium(V)oxide). For irradiations,these discs
were interleaved with catcher foils in a cylindrical

polythene container which was then sealed into an inner
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and an outer polythens bag before it was teken from the
glove box in which the protactinium was stored because
of its high alpha activity. Finally, it was surrounded
by a third bag and fixed tc the target block of the
accelerator,

Polystyrene (13 mg ecm™2), copper (44 mg em=2) and
aluninium (7 mg em—2) were tried as catcher substances
in the earlier Workl and aluminium was found more
sultable than the others, Aluminium foils were therefore
used in the present work except in the xenon determinations
(Chapter 6), in which it was necessary to avoid the
production of much gas or vapour which can result from
acid dissolution of metals, The foils used to retain
xenon were melted in the presence of xenon carrier as a
first step in the separation of xenon from fission
products. Its lower melting point and the very low vapour
pressure of the liquid,made tin (m.p. 231.8) preferable to
aluminium (m.p. 659.7) as catcher material in a glass
apparatus., In all measurements isotopic exchange was
ensured by refluxing the solution of catcher foils for
30 minutes with a mixture of hydrochloric and nitric acids
or sodium hydroxide and sodium hypochlorite as suggested

by Jensen and Fairhallz.
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When the target element was uranium, metal:of
natural isotopic composition was used for thermal and
uranyl nitrate depleted in uranium-235 for fast neutron
irradiations. Because of the large amount of uranyl
nitrate used the sample was irradiated in the form of a

compressed pellet to increase the neutron flux through

the sample,

2.3 [The Neutron Generator

Fast neutrons were produced using the Van-de-Graaff
type Electrostatic Rotary Generator at the University of
Kent at Canterbury (supplied by the Societe Anonyme de
Machines Electrostatiques, Grenoble, France) by the
following reactions:

fH e R He > S S e S T, Q 3,27 MeV

0+ §B ——>""5He T 4 Sy Q 17.6 MeV

The cross-section of the first reaction is an
increasing function of deuteron energy; but it is still
quite low (70 millibarnsé) at 40O keV which is the
maximum deuteron energy obtainable from the linear
accelerator used, The reaction is anisotropicu, neutrons
are preferentially emitted in the forward and backward
direction,

Fluxes of 10® to 10° neutrons per second were

obtained from new deuterium targets, It remained fairly
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constant throughout the irradiation., The energy of
neutrons produced under the irradiation conditions ‘has
been estimated to be 3.0 + 0.4 MeV>.

The excitation function of the second reaction6
which gives 14 MeV neutrons has a resonance at about
5 barns for deuterons of 110 keV incident energy striking
the tritium target. The neutron energy is slowly varying
function of the angle of emission relative to the
incident deuteron beam; the variation was estimated to
be less than 3% under the irradiation conditions.

The neutron fluxes obtained from new tritium targets
were 10'° to 10''! neutrons per second with an incident
deuteron beam of 200 keV, The flux fell continuously
during the irradiation probably due to the loss of tritium
and deposition of pump oil on the target7. There is also
some accummulation of deuterium in the target during the
operation which makes D + D resaction possible producing
lower energy neutrons, After about 8000 |4 amp-hours the
tritium targets were not used because of the apprecilable
amount of deuterium deposited. The energy of neutrons
produced under the irradiation conditions has been
estimated to be 14.8 + O,4 MeV,

The tritium and deuterium targets were obtained from
the Radiochemical Centre at Amersham, They are copper

discs 2,5 cm in diameter and 1 mm in thickness ccated with
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a thin layer of titanium metal (about 1 mg/cm?) in which
tritium or deuterium is absorbed, For convenience each
disc was divided into four segments and they were
bombarded separately., The target segments were soldered
on to water-cooled metal blocks which were fixed at the

end of the accelerator drift-tube, The target assemblies
are illustrated in Fig., 2.1.

During irradiations the neutron flux was monitored
using a proton-recoil plastic scintillator placed in a
fixed position relative to the source., Corrections applied
to take account of the variation in neutron flux through

the target sample are discussed in Chapter 3.

2.4 Counting Equipment

2.4(a) Proportional Counter

An end-window gas-flow p-proportional counter
was used for counting of all solid sources., The counter
body which acted as the cathode was constructed from
a cylinder of polished brass (internal diameter 2.6 cm,
height 5 cm). The anode loop (about 10 mm in diameter)
was made of constantan wire (0,025 mm in diameter) soldered
into a nickel tube (external diameter sbout 1 mm), passing
through a teflon insulator inserted in the top of the
counter body. The distance between the bottom of the loop

and the counter window was 9.5 mm., 'Melinex' film
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aluminised on both sides giving a final thickness of
about 1 mg/cm?® was used as the counter window,

The counter gas was a mixture of 90% argon and 10%
methane., Before use it was dried by passage through
tubes containing silica gel and magnesium perchlorate,
and through a glass wool filter to remove any dust and
then to a flowmeter., The rate of gas flow was about
4O ml/min; small changes in flow rate had no effect on
the counting rate,.

The amplifier and scaler settings of the electrcnic

system associated with the counter are given below:
Amplifier Type 1217A

Pre-amplifier Type 1484A

Differentiation time 0,32 usecs,

Integration time 0.32 usecs,
Attenuation 10 dB
Scaler Type 1009D
Paralysis time 50 usecs,
560 usecs.(for the anti-
coincidence
system)

Discriminator level 15 volts,.

Under these conditions the counter gave a plateau
about 150 volts long with the optimum operating voltage
at about 1.8 kV and a background of 8 to 10 counts per

minute in a lead castle having walls 3.2 cm thick,
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The very low activity obtained from the
irradiation of protactinium-231 with 3 MeV neutrons
made 1t necessary to use a low background counter. This
consisted of an end-window counter which was essentially
the same as the type described above, However, the
connection to the anode wire was on the side of the
counter and a miniature amplifier was attached directly
to the counter body to accommodate the lot under the
anticoincidence shield used to reduce the background.
Eighteen Geiger-Mliller tubes (Type G24) supplied by
Twentieth Century Electronics were used to surround the
proportional counter. Using a suitable anticoincidence
circuit pulses from the proportional counter coincident
with those from the Geigers were not recorded. The
background counting rate obtained from this arrangement
was 2 to 3 counts per minute. To eliminate multiple
pulses arising from possible a-contamination in the
sources, a paralysis time of 560 usecs was imposed upon
the proportional counter,

The block diagram of the electronic system is shown
in Flg. 2.2;

2.,4(b) Gas Geiger-Counter

The gas Geiger-counters constructed
previouslyS by modifying a commercial Gelger-counter

(Type G2L from Twentieth Century Electronics) by the
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addition of a side arm and a glass tap were also used

in the present work., The counter consisted of a copper
cathode rolled into a cylinder and an anode which was a
tungsten wire (100 g in diameter) sealed in the pyrex
envelope (length 22.5 cm, diameter 1.8 cm). It has been
foundgthat optimum counter characteristics were obtained
when the counter contained 5 cm (Hg) xenon and 1 em (Hg)

ethanol at room temperature.

2.5 Reference Mass

A determination of the absolute yield of a particular
fission product requires knowledge of (a) the number of
atoms of the nuclide formed, and (b) the number of fission
events occurring in the sample,

The number of product atoms formed can be measured
mass spectrometrically or by using radiochemical methods;
whereas the number of fission events is more difficult to
measure directly. All yields may be determined relative
to the yield at one mass which can be absolutely
measured., Even if this measurement is not made the
yields can still be made absolute, assuming each fission
event gives rise to two fragments; the sum of all the mass
yields must then be twice the number of fission events, |

It is desirable that the reference nuclide is produced
with a high yield in fission and readily separated from

irradiated material and other fission products, Its half-



life should be long enough te allow time for a careful
separation, but short enough to enaﬁle the decay to be
followed for a number of half-lives, In addition
isotoplc exchange between carrier and active species
should be easlly obtained.,

In the present study zirconium-97 (t% = 17hr) or
molybdenum-99 (t% = 66.7hr) and where possible both of
them were used as reference radionuclides for yvields at

their respective masses,

2,6 Preparation of Solid Samples for Counting Purposes

A slurry of the source material was filtered through
a weighed glass-fibre (Whatman GF/A) filter disc which
was supported on a sintered polythene disc in a demount-
able (Hahn type) filter stick (internal diameter 2.5 cm).
After washing it was placed on an aluminium planchet,
dried in a vacuum desiccator and weighed on a Stanton
semi-micro balance (Model MCIA), The balance was
accurate to at least + 0.05 mg and the source weights

were usually between 5 and 50 mg,.
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CHAPTER 3

General Method of Qalculations

3,1, Introduction

In this chapter the general equations used in
the fission yield calculations are discussed. An account
of the charge distribution in fission is also given in

connection with the estimation of the independent yields.,

3.2, Calculation of Relative Yields

The general method of calculating relative yields
is based on a comparison of the number of atoms of the
nuclide of interest with that of the reference mass at
a time t. Three cases depending on the half-lives of the
precursors in the decay chain may be distinguished in the
calculation of the number of atoms of the nuclide isolated.

(a) The precursors are short-lived,

(b) The isolated nuclide has one long-lived

precursor,

(¢) It has two long-lived precursors,

If the half-lives of the precursors of the nuclide
in question are very short compared with that of the
daughter and the separation time, the decay chain may be
considered to begin at the separated nuclide. Consequently
the number of nuclei isolated is not dependent on the

half-life of the precursors.
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At time t after the beginning of the irradiation the
number of nuclei produced in the time interval 4t is given
by

dN = B.Y.¢(t).dt
where B 1s a constant which contains the number of target
nuclel and the fission cross-section, Y is the cumulative
fission yield of the nuclide and ¢(t) is the neutron flux
at time t,
If 7 is the efficiency of the instrument with which

the neutron flux is monitored and I(t) is the monitor

reading,
¢(t) = I(t)/n
and
av = B.v.1(t) at
n
or

= B, ¥ . T(t) at
The number of nuclei at the end of the irradiation

is
aN = K.Y.1(t) e~ MT-t)gy

where T is the time of the irradiation.
The total number of nuclei remaining at the end of

the irradiation
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et

at the time t' after the end of the irradiation

=T
N(t') = K.¥ =Nt / 1(t) e~MT-t)gy

t=0
For a constant neutron flux the solutions of these

equations are
-N\T
N = K.Y.I. ilzgf“_l (1)

and

-AT -
N(t') = K.Y.I. 13557—-2 arht (2)

respectively.

If the neutron flux is varying, the irradiation
may be divided into time intervals 4§t during each of
which the flux is considered to be approximately steady,
In the event that the time intervals are short compared
to the half-life of the nuclide in question, the integral

may be replaced by the summation
t=T

5= Y a(s) By
- t=o0

and the number of atoms at the end of the irradiation

=
]

K.Y.S (3)

at the time t!
]
K.Y.S. e~ b (4)

=
.
ct
~
1l
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If the half-liﬁé of one of the precursors of the
separated nuclide i% long compared with that of its
daughter, the number of nuclei isolated is dependent on
the half-life oﬁ/the precursor and this must be taken
intoc account iﬁ the yileld calcalatioﬁs.

At time t' after the end of the irradiation the
number of rticlei which are formed only from the immediate

4

7, " s
precursor is given by

N M T) ' “Ne T
(el =ty g g Le R GLnE = 8 R, .(.1:.‘;.,_"‘._)_
2

”"] (5)

for a constant flux, and

N

At ot
?‘\2"")\1 (S‘t 2 ! = Sz e ?\2t ) (6)

N (t') = K.Y, .F
for a varylng flux,
where subscripts 1 and 2 refer to the long-lived precursor
and the isclated nuclide respectively, and F is the fraction
of the cumulative yield of nuclide 2 formed from nuclide e

If the isolated nuclide has two precursors with
relatively long half-lives, the number of nuclei at time '
formed from the precursors is given1 by

-N T 1 -N, T
L I C1il:§__L_l S Cailzgfwi“l o=t
1 2

"\

-NsT
1- 3 - L
73 C}Lg%__). e N3t (7)

for a comnstant flux, and
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If- the halfuliié of one of the precursors of the
separated nuclide %é 1long compared with that of its
daughter, the number of nuclei isolated is dependent on
the half-life oﬁ’the precursor and this must be taken
into account ifA the yield calculatioﬁs.

At time t' after the end of the irradiation the
number of rficlel which are formed only from the immediate

P

. e 18R
Precursor /is given by

e -NMT) ' =N T
Ne (') = K.I.Y,.F. = ; (1"§ S el )
2=\ 1 N

for a constant flux, and

A

[ ]
Na(t') = K.Y¥p .F =—=— (8, e
r\2_’\’

-Nt! = :
: - S; e dait ) (6)

for a yvarying flux,

where subscripts 1 and 2 refer to the long-lived precursor

and the l1lsclated nuclide respectively, and F is the fraction

of the cumulative yield of nuclide 2 formed from nuclide 1he
If the isclated nuclide has two precursors with

relatively long half-lives, the number of nueclei at time %'

formed from the precursors is given1 by

'.L‘, &

T AT
N($') = K.I.Y5,F | 0 Adme 1) -Nt! o ll=e 2 ) et
Ay A ]

-NsT
1- = - :
v oyl ) Nt ()

for a constant flux, and
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; = '
N5 (t') = K.Y5.F(C,.S, e"™P 4 ¢,8, ¥ ohs¥e
for a varying flux.
Subseripts 1, 2 and 3 refer to the long-lived precursors

and the isolated nuclide as shown below

1&.)222.)5:))3.)

P is the fraction of the cumulative yield of nuclide 3

formed from 1 via 23 C,, C, and C; are given by
?\1 '}\2
O T~ n (=2 )

. N Mo
27 (MN2 ) (Na=n2)
e
Cs =

(7\1 '7\3)(7\2"7\3)

If the nuclide is formed by more than one of the
ways discussed above, then the number of nuclide at the
time t' will be the sum of the numbers of nuclide formed
by each separate route,

N or N(t') is obtained from the observed activity
after having made corrections for counter efficiency,
chemical recovery and the presence of any daughter
activity.

Similarly if a reference nuclide is isolated at the
time t", the relative yield is calculated from the

relation obtained by teking the ratio of the numbers of

atoms of the nuclide in question and the reference nuclide,

(8)
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For example, the relative yield of a nuclide which is

formed only from its long-lived precursor is

gl—' _%RTQ e“'}\Rt’"

la:)
Yz y N2(t'> : i (9)
T TME) o [(a=em™MT) ntt o (1memP2T) gyt
for a constant flux, and

o A8t
Y, Na(t') Sp e~ 'RY s
SRR ‘ ‘ : 4 10
Yp N (") O o I P L)

7\2 "?\1

for a varying flux.

3.3. Estimation of Independent Yields

In the course of the present work independent yields
were required in order to calculate the cumulative yields
of some fission products and to obtain the total chain
yields from the measured cumulative yields.

For excitation energies below about 20 MeV, the most
plausible and widely used procedure by means of which
independent yilelds are calculated is the 'equal charge
displacement' hypothesis which has been mentioned very
briefly in Chapter 1.

It may be expressed in the form
(Zy - Zply, = (2 - Zply

where ZP is the most probable charge of the initial

primary fragment (before prompt neutron emission as
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suggested by Pappa32)9 ZA is the mcs@ stable charge for
the particular mass number and I, and erefer to the light
and heavy fragments respectively. In fhe original
postulat33 the fragments were considered to be those
remaining after prompt neutron emission.

According to the definition given above

&7 Sl mlenit A2
where subscript f refers to the fissioning nucleus. The
most probable charge is fhen given by
Zp = 2, - %(ZA + Z(Af_A) = zf)

In the various interpretations of the postulate
essentially the same charge-distribution curve is used;
the differences are in the methods of obtaining Zp.

Glendenin, Coryell and Edwapds3 used a continuous
Z, function evaluated from the Bohr-Wheeleru mass equation
and they therefore obtained a continuous ZP function.

Pappas2 modified the method of estimating ZA by
taking shell-effects into account and he based his
calculations of ZA on the treatment of beta stability by
Coryell, Brightsen and Papp885’6. In this treatment use
is made of empirical ZA curves which are essentially
straight lines for nuclides whose nucleon numbers lie

within a given shell, but separate N lines are used in
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different shell regions. ZA and ZP functions evaluated

this way are discontinuous.,.
Y

Steinberg and Glendeninf used this same discontinuous

ZA function but took average values in the regions of

shell edges and obtained a ZP function with smaller

discontinuities.,

Because of the uncertainties about the most appropriate

method of calculating the ZP functionl Wahl8 determined it

empirically using independent yield data for the thermal

fission of uranium-235. He assumed that the same charge

distribution curve was appropriate for all fission chains
and obtained an empirical ZP value from each independent
yield value which had been determined. In the regions

where the 2z, functions are discontinuous due to crossing

of the shell edges, the ZP curve made a smooth continuous

transition.
In the present work Zp, was calculated according to

the method given by Pappas2. The fractional independent

yields were assumed to be given by the Gaussian function
Z-Zp)?

Ty
£(z) = J;C e

where f(Z) is the fractional chain yield of an isobar of

-

e

charge Z and C is a constant for a giveh chain. The C

values used in calculations are given in the appropriate

chapters.
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CHAPTER L

An Investigation of the Mass-129 Decay Chain in Fission

4.1 Introduction

Considerable disagreement exists in the literature
with regard to the half-lives of tin-129 isomers,

8,8 + 0.6 min and 1.0 + 0.1 hr have been reported by
Hagebg, Kjelberg and Pappasl, whereas shortly afterwards
Dropesky and Orth2 were unable to observe a tin isotope
of half-life other than 6.2 + 1.2 min in the 6 to 120 min
range. Recently Chu and Marinsky3 found no evidence for
1 hr tin-129, instead observed a half-life of about 2 min
with 7 min isomer.,

In the present investigation a further search has
been made for tin-129 isomers and the cumulative yields
in fission induced in uranium-235 by thermal neutrons
have been measured for 7 min tin-129 and for L.4 hr
antimony-129 for which yields ranging from 0.2 to 1.12

L

are reported in the literature .

L4,,2 Experimental - Separation Procedures

L.,2(a) 7 min Tin-129

50 mg of natural uranium metal were
irradiated in the thermal column of B.E.P.0O., A.E.R.E.,
Harwell for 20 minutes. (The thermal neutron flux was

estimated at 1.2 x 10'2 n cm~2sec~! with a fast component

of 10'' n cm~2sec™'.)



-38-

The methods described by Chu and Marinsky- and

Hagebd et al.1 were used for milkings and purification
of antimony respectively.

A1g% The sample was dissolved in a few drops of

concentrated hydrochloric acid and 1 drop of

concentrated nitric acid, Standardised zirconium

(50 mg) and tin(IV) (1 mg) carriers were added and

tin was precipitated as sulphide which was washed

with water,

2o The sulphide precipitate was dissolved in a few
drops of concentrated sulphuric acid; the solution
was made 2,5 M in each of sodium iodide and
perchloric acid (total volume, 10 ml) and the tin

extracted into benzene (30 ml) by shaking for

1 minute. The benzene phase was washed twice with

10 ml portions of solution 2.5 M in sodium iodide

and 2,5 M in perchloric acid. The starting time

for growth of antimony from tin was taken as the

end of the second acid scrub.

Antimony was removed from the benzene phase with

the 2,5 M sodium iodide and 2.5 M perchloric acid
mixture containing 10 mg of Sb(III) carrier at

10 minute intervals and the benzene phase was washed
with sodium iodide-perchloric acid solution after

each milking. The final separation of the phases

was taken as the 'milking' time,
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114 Antimony was precipitated by passing hydrogen
sulphide and purified as described in Appendix I.
The final precipitation of antimony as the sulphide
was carried out by saturating the solution with

hydrogen sulphide.

The tin in the organic phase was determined spectro-

photometrically using phenylfluor0ne5.

The separation of tin was completed some 25 minutes
after the end of the irradiation and 4 milkings for
antimony were carried out in each run.

The zirconium was isolated (from the residual
solution remaining after the initial precipitation of the
tin) by a well-established pPocedure6 as described in

Appendix I. It was counted as the tetramandelate under

the end-window proportional counter,

Ir. (b)) 2.min Wp-J120

10 g of uranyl nitrate were irradiated in a
flux of 1.8 + 0.4 MeV neutrons produced by the D + T
nuclear reaction using the electrostatic accelerator,

The irradiated sample was dissolved in a freshly
prepared aqueous slurry (20 ml) of tin(IV) sulphide (about
1.5 mg) which was subsequently separated and dissolved in
a few drops of concentrated sulphuric acid. The procedure

then followed was the same as in the study of 7 min

tin-129 except that the milkings were carfiéd out either
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at 2 or at 3 minute intervals and the washings between
milkings were omitted. About € minutes were required

for the tin separation from target material and fission
products. Between 8 and 10 milkings were performed in

each experiment,

4e.2(c) Long-lived Tin-129

Irradlations were carried out on uranium-238
and uranium-235 by 14.8 MeV and thermal neutrons
respectively. The tin separation was performed by the
method of Seiler7 - eXcept when the iodide-benzene
extraction was used for tin-antimony separation - 90
minutes after the irradiation so that the contributions
from 7 min tin-129 were insignificant. Milkings were
carried out at 1 hour intervals., Apart from the iodide-
benzene method, the thiocyanate—ether1 and an ion-exchange
method were tried for the tin-antimony separation,

1% The irradiated sample (uranyl nitrate or natural
uranium metal) was dissolved in the presence of 10 mg
tin(IV) carrier, tin was precipitated as sulphide,
centrifuged and washed with 1 M hydrochloric acid.

2 The precipitate was dissolved in 1 ml of concentrated
hydrochloric acid and the excess hydrogen sulphide
removed by boiling the solution. 10 ml of saturated

oxalic acid and a few mg of each of antimony(III),

tellurium(VI), indium and cadmium carriers were added
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and the mixture warmed to about 80°C. The metal
sulphides were then precipitated by hydrogen
sulphide.

The 1iquid remaining from step (2) was

neutralised, 3 ml of concentrated ammonia were
added in excess and the solution again treated with
hydrogen sulphide,

Nitric acid was carefully added to the solution
from step (3) until it was acid; tin(II) sulphide
was then precipitated by passing hydrogen sulphide
into it., The precipitate was centrifuged and
washed with water.

The precipitate was dissolved in 2 ml of 6 N hydro-
chloric acid and 0,1 N ceric sulphate solution was
added until the yellow colour persisted, The
solution was diluted to 25 ml by the addition of 7 M
aqueous potassium thiocyanate., It was then
transferred to a separatory funnel containing 25 ml

ethylether into which the tin was extracted by

shaking for one minute. The organic phase was washed
twice with 10 ml of 7 M potassium thiocyanate 0.5 N
in hydrochloric acid and containing 10 mg of
antimony (III) carrier.

The end of the last shaking period was taken as the

time of commencement of growth of antimony from tin,
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B Antimony was removed from the organic phase with
a solution of 7 M potassium thiocyanate 0.5 N in
hydrochloric acid containing 10 mg of antimony(III)

carrier by shaking the phases together in the

separatory funnel for one minute. The agueous

extract contained the active antimony which was

purified as deseribed above for 7 min tin-129,
When the ion-exchange method was used for tin-
antimony separation, tin(IV)chloride was adsorbed
on a column of anion-exchanger (De-acidite FF)

after having been purified; antimony(V) was eluted

with 2.5 M hydrochloric acld containing a little

bromine.

L.2(d) Antimony-129

2 mg of uranium metal of natural isotopie
composition were irradiated with thermal neutrons for
10 minutes followed by a cooling period of 90 minutes,
After having dissolved the metal as described in the
search for the 7 min tin-129,standardised antimony,

zirconium and molybdenum carriers (10 mg of each element)

were added. Isotopic exchange was ensured by the addition
of bromine and fluoride. Molybdenum was first isolated by
precipitating with ag-benzoin oxime followed by the

antimony as sulphide and then zirconlum as hydroxide,
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Antimony was purified according to the procedure

given ii1. Appendix I.
Molybdenum8 and zirconium6 were isolated 1n solid

form by conventional methods as described in

Appendix L The antimony content obtained from the

precipitate weight was checked spectrophotometrically

using rhodamine-ﬁgin all the experiments.

lL,3 Counter Calibration and Evaluation of Results

Calibration of the proportional counter was based
on the method suggested by Bayhurst and Prestwoodlo.
This method makes use of an experimentally determined

relationship between counter efficiency and the average

energy of the p-particles. The procedure is to calculate

average P-energies for each of several chosen nuclides
and then plot the values against counter efficiency

obtained from self-absorption curves for a range of

precipitate weights. To obtain the unknown counter

efficiency for a p-emitter, the average p-energy is

calculated and the efficiency is read from the graph for

the appropriate precipitate weight.

The counter efficiency of nuclides with complex
p-groups can be calculated by weighting the efficiency

of each group by its abundance.
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Experiments on the samples irradiated with thermal
neutrons were carried out at the Rutherford High Energy
Laboratory, Chilton, Didcot, and the efficiency curves
prepared previously by the members of this 1aboratoryll
were used to obtain the counter efficiencies for the
fission products measured, except that for antimony-129,

Because of the lack of precise data for p-decay
energetics of antimony-129, the counter was calibrated
directly for the antimony-129 - tellurium-129 equilibrium,
For this purpose antimony was separated from irradiated

uranium by using 1 mg of carrier, The gpecific actlivity

of the purified antimony solution was measured by counting
a weighed amount in a Lm p-proportional counter and this
solution was used to prepare a series of antimony(III)-

sulphide sources of known specific activity in the

required thickness range.

The efficiency of the counter for the antimony-129 -

tellurium-129 mixture is given by

_ A5plsp T ApeTie
Ntotal ~ B (1)

where A and 7 refer to the absolute activity and counter

efficiency respectively. Since antimony-129 and tellurium-

129 are in transient equilibrium

Are _ _Me _s85
A e hgph 100 (2)
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85% of the antimony-129 was assumed to go to the 69 min.

tellurium-129 statelz.

From equations (1) and (2)

Npe
Msp = Ttotal (1 o x 0. 85) ’KE__e-7\Sb1°-85 e (3)

Npe WS calculated from its kxnown PB-decay energetics and
counter efficiency curves prepared as described above and
Ngy Was obtained by using equation (3). The experimental
counter efficiency curve for the antimony-129 - tellurium-

129 equilibrium and the calculated counter efficiency for

tellurium-129 are shown in Fig. L.l.

The fission yield of tin is given by

Tsn 2 Nop (L)
Yy Np

where YR is the fission yield for the reference nuclide,
N is the number of atoms produced in the irradiation.,

Ngp is evaluated using the following expression

N. = ASb 7\Bb'%Sn 1 7\‘Snt e%SnT (5)
En 7\S'b %Sn '%Snt‘ —%Sbt, l —%Snt 2

-e

where ASb = gbsolute activity of antimony-129 at the time
of 'milking'. Ng, and Ng, are the decay constants for

antimony-129 and 7.5 min. tin-129. 1, = growing in time
between 'milkings'. t = time of irradiation. T = time

between the end of the irradiation and the beginning of

the growing in time of the appropriate 'milking'.
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The number of atoms of reference nuclide, N is
25 b R’
ARt/(l-e R ) where AR is the absolute activity of the
peference nuclide at the end of the irradiation,
The fission yield of antimony-129 was calculated
from equation (4) using the absolute activities of

antimony-129 and the reference nuclide,

In these calculations half-life values'l of L.l hr

and 69 min were used for antimony-129 and tellurium-
129g and 5.9 and 6.06% were taken as the cumulative
yieldsl3 for the reference nuclides zirconium-97 and
molybdenum-99 in the thermal neutron fission of uranium-

235,
The decay chains for masses 97, 99 and 129 are

discussed in Chapter 5.

L.y Results and Discussion

The first few experiments in which tin separation
was completed 30 minutes after the end of the irradiation
and milkings were carried out at 30 minute intervals,
erratically gave an indication of the possible presence of

an isomer of half-life around 20 min. using the ether-

thiocyanate extraction method. This may, however, be

explained away as a result of poor resolution of the
antimony decay curves because of the very low antimony-

129 activity obtained. Experiments done using high neutron
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fluxes and hence giving larger yields of fission
products did not provide evidence for a tin isotope of

this half-life. The absence of antimony-129 activity

in the antimony decay curves obtained in the search for
1 hr tin (see above) also provides evidence for the non-

existence of a 20 min as well as a 1 hr tin-129 isomer,

When 1 hr tin-129 was being sought, irradiations of

uranium were carried out to give fission at various
excitation energies in the hope that one or other might
enhance the yield of this particular isomer, But no
evidence was found for an isomer of half-life of 1 hr;

however, the other two of the three tin-129 isomers

reported previously were confirmed, Half-lives of

7.5 + 0,1 min (Table L4.1) and about 9 min were

obtained for the tin isomers. A typilcal decay curve

showing the existence of both isomers and obtained by the

milking experiments is given in Fig. 4.2. The results

from an experiment leading to the establishment of the
half-life of the longer-lived isomer are contained in
Plg. LS

Chu and Marinsky3 consider that the evidence found by

Hagebg et al.l for the 1 hr tin-129 isomer was obtained as

a result of incomplete removal of antimony from the

organic phase in the ether-thiocyanate milking procedure,
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Control experiments in the present work using this

method confirmed the original observation of Boc:leL that

this system only extracts 2 or 3% of the antimony present

in an aqueous solution. Therefore the suggestion made
by Chu and Marinsky that about 50% must be extracfed is
untenable, Since in the milking experiments antimony-129
is produced in and extracted from the ether phase, tests
were made by using radiochemical methods on the
extraction of antimony from the ether phase into the
aqueous phase and the retention of antimony was never
found to be more than about 10% in an extraction. It was
shown that tin was retained in the ether phase durihg the
milking procedure confirming the findings of Hagebd et al.
Therefore, some other factors which are not immediately
obvious at present must be responsible for their original
observation,

Measurements using the ether-thiocyanate procedure
gave values around 9 min for the half-life of the longer-
1ived tin-129 isomer taking the time interval to be 10
Since this method must be

minutes between milkings.

regarded with some caution and the values obtained by
using various other methods (iodide—benzeneB, sulphide2
and the decay of the y-spectra of a sample of purified
fission product tinz) were lower than 9 min, 1t is not

unreasonable to consider 7.5 min nearer the correct one.

ik



Because of the limitation placed on obtaining
experimental points on the decay curve (Fig. 4.2) by
the experimental method used it has not been possible
to deduce whether or not one isomer level is ‘feeding'
the other.,

The results of the yield measurements are
summarised in TablesL.l and 4.2. A mean value of 0,17%
was obtained for the cumulative yield of the 7.5 min
tin-129 nuclide; this compares with 0,39% for antimony-
129. The antimony-129 value is in better agreement with
that found earlier by Pappas™> (0,L%) than with either
the value of 0.2% attributed to Grummiti® or 1,12%
found by Hageb¢h. A value of O,46% is obtained for the
yield of antimony-129 if 6L4%° rather than 85% of this
nuclide is assumed to decay to 69 min tellurium-129,
Even making a generous allowance for absolute errors in

the measurement it does not seem possible 1o reconcile

the value obtained here with a 1,12% yield,
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CHAPTER 5

Mass Distribution in the Fission of Protactinium-231

Induced by 3 MeV Neutrons

5.1 Introduction

Very little work has been done concerning neutron
induced fission of protactinium-231, Iyer and his
coworkersl determined the relative cumulative yields for
some 18 masses prroduced by fission spectrum neutrons;
they obtained a highly asymmetric mass-yield curve having
a peak to trough ratio around 100, On the other hand,
Brown, Lyle and Martin2 observed a third peak in measured
cumulative yields in fission induced by 14.7 MeV neutrons
in the region of symmetric fission, Yields at the
maximum were about one third of those on either asymmetric
peak,

In the experiments at lower bombarding energy fission
products were separated directly from irradiated
protactinium-231 while in those at higher energy a recoil
method employing catcher foils was used for collection of
fission products. In the present investigation yields

for 3 MeV neutron induced fission were measured using the

recoil method.
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PreviouslyB, an expression relating the ratio of
the probabilities of symmetric fission (r;) and neutron
re-emission (Fh) from the compound nucleus to a term
depending on the relative energies available for the two
processes was derived and tested for a range of heavy
nuclidés in which fission was induced by 1L MeV neutrons,
This relation has been used to test available data for
fission induced in heavy nuclides including protactinium-
231 by essentially 3 MeV neutrons. Protactinium-231 was
not included in the earlier comparison because of the lack
of essential cross-section data, The cross-section for
14,8 MeV neutron induced fission has been estimated in the
course of the present work., It is used in an attempt to
compare the behaviour of protactinium-231 with that of
other nuclides undergoing fission induced by 3 and 14 MeV

neutrons,

5.2 Experimental

Preparation of protactinium sample for the
irradiation, the neutron generator and the proportional
counter have been discussed in detail in Chapter 2., A
description of the chemical procedures and of the

preparation and standardisation of the carrier solutions

are given in Appendix I,
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Irradiations lasted about two hours except in
experiments leading to the isolation of bromine-84 when
30 minutes sufficed. Because of the very low activity
obtained with 3 MeV neutrons, irradiations were carried
out on aluminium catcher foils in the absence of the
protactinium-231 to test for fission products coming
from impurities in the metal; none were detected,

In the estimation of fission cross-section a set of
uranium-238 (oxide) discs,prepared to correspond as
closely as possible to those of protactinium-231 were
used as a reference., Uranium-238 and protactinium-231
discs were stacked in an alternate manner for irradiation.
Each disc had its own pair of aluminium catcher foils, one
above and the other below it, in the stack., The target
assembly thus constructed was irradiated for L hours in
a 3 MeV or 1 to 2 hours in a 14.8 MeV neutron flux. The
catcher foils were then carefully segregated into two
groups and molybdenum-99 separated from each set and
counted, The stack was so arranged in successive
experiments that uranium-238 and protactinium-231 each
appeared an equal number of times in the position slightly

nearer the neutron source,



=5l

5.3 Treatment of Experimental Data and BEvaluation of

Results
Following the separation of the fission products

they were counted until enough data were collected to

enable the curves to be resolved, giving the decay of

the nuclide of interest. The analyses of the decay

curves were carried out both by graphical method and

with the aid of an Elliott 803B computer at the University

of Kent at Canterbury, employing programmes prepared by

Sellarsu and WellumB.

The efficiency curves prepared previously by membersu

of this laboratory were used to obtain the counter

efficiencies for the fission products measured except

that for antimony-129. For the reason discussed in

Chapter L4 the counter was calibrated for this nuclide,
The decay chains for masses in question and the half-

lives were taken from the paper by Herrmann6 and the data

T

given in Nuclear Data Sheets’ were used to calculate the

corrections for the presence of conversion electrons where
necessary,

Total chain yields were obtained from the measured
cumulative yields according to the 'equal charge displace-

ment' hypothesis which has been discussed in Chapter 3.
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5.3(a) Bromine-83

The decay chain for mass-83 is set out

below
69 sec 830M3e 1,87 hr 83mKr

83
_72.u2 hy Br

25 min 83Se stable 83Kr

The separation of bromine was started about L4 hours
after the irradiation to allow time for the decay of
25 min selenium-83. The decay curves showed only the
presence of bromine-83 activity since the time interval
between the end of the irradiation and the beginning of

the counting was always long enough for the complete

decay of bromine-8l4 (see 5.3(b)).

For the purpose of the calculations,the ratio of
the cumulative yields of the bromine-83 precursors was
assumed to be the same8 as it is in the thermal neutron
induced fission of uranium-235. It was shown by
calculation that this can be done without loss of
accuracy. Using 0.64 for the ratio of selenium-83 to
selenium-83m, 39% was found for the fraction of bromine-
83 rormed from 25 min selenium-83 and 61% for the
apparent independent yield of bromine-83, (The last
mentioned includes the fraction formed from 69 sec
selenium~-83). The independent yileld of bromine-83 was

calculated to be only 1% of the total chain yield.
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The necessary equations required for the calculation

of the cumulative yield of bromine-83 are given in
Chapter 3.

5.3(b) Bromine-84

The decay chain for mass-84 is

6,0 min 8+MBr
stable 84Kr

i3l Tamin /84D

3,3 min 84Se

The separation of bromine was performed after g
cooling time of about 30 minutes, The decay curves
showed the presence of 2,42 hr bromine with a very small
contribution from a long-lived component,

Because of the short irradiation time the activity
obtained for molybdenum-99 was too low for reliable
measurements, Therefore, zirconium was separated as
reference., It was shown by calculation that the half-
life of selenium-84 1s short enough to assume that the

chain starts at 31,7 min bromine-84,

5.3(c) Strontium-91

The decay chain for mass-91 is
50,5min °tmy

«59
8.4sec °'Kr —> 7lsec °'Rb —> 9.67hr 9‘Sr/ stable °'Zp
.ﬂ

58.9day 91Y ]
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The samples were cooled for about 24 hours before
starting the separation so that strontium-92
(t, = 2.68 hr) and its daughter yttrium-92 (t% = 3,52 hr)
we;e not observed in the decay curves.

50.5 min yttrium-91 decays by vy-ray emission having
0.551 MeV energy with L.4% conversion. Since these
conversion electrons will be counted with an efficiency

of 0.9% a correction was applied by dividing the observed

counting rate by 1.031,

5,3(d) Zirconium-97

The decay chain for mass-83 is given below,

.

17 hr 97Zn\ l stable °7Mo

.06 /
\ 74 min °7Nb

Enough time was given for the transient equilibrium

60 sec °7MNb

between zirconium-97 and 74 min niobium-97 to be
established before starting the counting of the samples,
Samples decayed with the expected 17 hr half-life, Any
long~lived background was very small, The observed
activity was corrected for the presence of 74 min

niobium-97 by dividing by 2.078.
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5.3(e) Molybdenum-99

The decay chain for mass-99 is set out

below,
;}Osec9gmNb 6 ,00hr®°MTc
2.50 ?052 ./88
/ \d
<l.6sec99Z{\ Y66, 70080 stable °°Ru
€36 ////ﬂ \\N /?
N
2.,4min®°Nb 2,13x103yr?°Te

: Since the other radiocactive molybdenum isotopes
produced during the irradiation have short half-lives
compared with that of molybdenum-99, they were not
observed in the decay curves. Counting was always
delayed to allow 6,0 hr technetium-99 to féach equilibrium
with the parent.,

The observed activity was corrected for the
presence of conversion electrons given by the 0,140 MeV
y-rays from the decay of 6.0 hr technetium. The counter
efficiency for the conversion electrons was 1,1% having a
conversion coefficient of about 0,095, The correction

factor was then calculated to be 1.036,

5.3(f) Ruthenium-105

The decay chain for mass-105 is

58ec'©SmMRh !

: .25
L4Osec '°5Mo —> 7,7min'®5T¢c —> h.uuhr‘°5Ru( l stable '°5MRi

%

35.88hr '°5Rh



Enough time was given for the complete decay of

7.7 min technetium before starting the separation.
Ruthenium-105 and 35.88 hr rhodium-105 were observed in

the decay curves. Because of the half-lives of

ruthenium-105 and its daughter the decay curves could not

be resolved by direct extrapolation. The graphical

method used for the analysis of decay curves is outlined

belOWo
The total activity at the time t is represented by

the following equation

[ e

(%Rh %Ru

A(t) = Agu

where Agu is the activity at the time of separation of
ruthenium and 7 is the counter efficiency. A straight

line of slope Agu should be obtained when A(t) is plotted

against

,:e-?\R T]Rh ( }\R )(e 7\R T » e-%Rht)
%Rh %Ru

45 sec rhodium-105 decays giving a 0,129 MeV y-ray which

has a conversion coefficient of 1l.57. The counter

efficiency for conversion electrons is L4.,4% and the

calculated correction factor 1.132,
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5.3(g) Silver-113

The decay chain for mass-113 is given below,

1.2 min '130Ag

1.8 min Y'3P4 090 gtable 11304

5.3 hr '13Ag

The samples were left for 15 minutes before the separations

were carried out to allow the decay of 1.5 min palladium-

113 and 1.2 min silver-ll3, 5.3 hr silver was the only

activity observed in the decsy curves,

5.3(h) Antimony-129

The decay chain for mass-129 is
33.6day129mT§

15 032
2 min / N
and )!'29Sn—>4.4hr 129SDh 1.6x107yr‘29I—ostable 129%e
7.5 min 5
.85

68.,8min'2°Te

The half-lives of tin-129 1somers are discussed in Chapter
4. The samples were cooled 75 min before the separation,
and counting was started 5 hours after the preparation of
the source to allow 68.8 min tellurium-129 to come to
equilibrium with the parent. The observed activity was

corrected for the contribution of shorter-lived tellurium-

129,



=

As mentioned above the counter was calibrated for
antimony-129., This has been discussed in detail in

Chapter L4, The experimental counter efficiency curve
for the antimony-129 - tellurium-129 equilibrium and

the calculated counter efficiency curve for tellurium-
129 are shown in Fig. 5.l.

5.3(1i) Cerium-1L3

The decay chain for mass-143 is

0.96sec '43Xe —»> 2,0sec '43Cs —> 1l2sec '4#3Ba —> 14.,0min '43Lg

>33, hr 1%3Ce — 13,.59day '+#3Pr —> stable 143Nd

Enough time was given for the complete decay of 14 min

lanthanum-143 before starting the separation. The decay

curves showed only the presence of 33,4 hr cerium-143 with
a small contribution of longer-lived daughter,

The analysis of the decay curves were carried out as
described for that of ruthenium-105. For cumulative yield

calculations it was assumed that the chain started at

cerium-143,

5.3(j) Praseodymium-145

The decay chain for mass-145 is given below,

3.0min '45Ce —> 5,96hr '45Pr — stable '45N4

The separation of praseodymium was started after a 30

minute cooling period. The decay curves were easily
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resolved as they only contained praseodymium-145 and a

very small contribution of a long-lived component.

5.3(k) Fission Cross-Section of Protactinium-231

for 14,8 MeV Neutrons

Uranium-238 was used as reference to measure

the cross-section of protactinium-231., Since the number
of atoms contributing to the collected fission products
from the protactinium and uranium foils was not known
accurately, irradiations at another neutron energy had to
be carried out. 3 MeV neutrons were used for this

purpose as this was the only other neutron energy obtained

from the accelerator,

The figsion cross-section of protactinium-231 for

14.8 MeV neutrons, Oppgyt s HES calculated from the

relation
. f2§14 fgs E§14 EE&: 2u, ._Cpa,

where A is the absolute activity of molybdenum-99 at the
end of the irradiation, Y is the fission yield for the
chain of mass-99 and o the fission cross-section,

Subscripts refer to the appropriate target and bombarding

energy . The following values were used for the parameters

i

° 1 2 9
other than those measured: YPa,L = 582?1, YU1L 5.6%7,
X : 3 - L = 12
= 2,6% (this work), Yy, = 6 5 e Opg, = 1.1207°,

2

YPa3
= 0.540b13, Gt = 1.25b12,
14

CIU3
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5.3(1) Evaluation of (;ZIL for 3 MeV Neutrons

The expression derived previously3 for the
ratio of the probabilities of symmetric fission (the
fission cross-section, op X the symmetric fission yield
Ys) and neutron re-emission from the compound nucleus is

s L %
1ln (TZ) = constant + (SafT;2—2(arEn)2

where T is the total energy availeble for excitatlon of

fission fragments and 8p and a, are the level density

parameters for fission fragments and for the neutron

evaporation residual nucleus, respectively.

T is given by
T = 0,096 Z3/A% - 3.1 A§ + 22,6 + B_+ B

where Z, and A, are the charge and mass respectively of
the compound nucleus, En the incident neutron energy send
Bn the separation energy of a neutron from the nuclide

(2o suthni)e
The derivation of these expressions are discussed 1in

detail in Appendix II,
Values for Y  were obtained from varlous sources

(see Table 5.,13) and of/on,n' was taken to be the inverse
of the partial width ratio [ /[, celculated by Vandenboseh

and Huizengalu for 3 MeV neutron induced fission.
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5.4 Results and Discussion

The measured relative cumulative yields in the
3 MeV neutron induced fission of protactinium-231 are
recorded in Tables 5.1 - 5.9 and the absolute yields are
glven in Table 5.10. They are also plotted in Fig. 5.2

wlth the yields determined by Iyer et al.l for comparison,

after they were normalised, Normalisation was based on

the assumption that the total area under the curve should
be 200%. The necessary initial adjustment between the
values obtalned in the present and the earlier work wag
made through the relative yields for mass-99, In the
measurements where only zirconium-97 was separated as
reference, relative yields were converted using the
measuwred mass-99/mass-97 ratio, Mirror points were
considered to fit the curve best 1f a value of 3.5 was
taken for the average number of neutrons, v, emitted per

fission event., (The quantity v has not been reported in

the literature.)
It is seen from the Fig. 5.2 that the agreement

between the two sets of measurements is good and it may
be taken as an indication of the reliability of the recoil
method under the experimental conditions employed in the
present and the earliér2 measurements on protactinium-231,
The yield curve is highly asymmetric with a peak to trough
ratio of 100 and a peak width at half height of 1l; mass
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units., The maxima of the light and heavy peaks fall at
masses 91 and 138 with peak yields around 7.2%. In
Figs. 5.3, 5.4 and 5.5 the mass distribution from
protactinium is compared with those observed in neutron
induced fission in lighter and heavier nucleli for about
the same neutron bombarding energy.

The constancy of the position of the heavy peak and
the shift of the light peak towards higher mass numbers
with increasing mass of the fissioning nucleus can
generally be seen from the figures. However, it is not
easy to observe this between protactinium-231 and thorium-
232 probably because of the small difference in the masses
of the two fissioning nuclei,

The present data for protactinium-231 do not show the

existence of a third peak in the region of symmetric
fission. The smaller distance between the light and heavy
peaks compared with that of thorium-23%2 and actinium-227
would probably meke it difficult to observe a small peak
possibly present in this region.

A comparison of the symmetric fission yields in
fission induced by 3 and 14.8 MeV neutrons for a number
of fissioning systems (Table 5.11) shows that the increase
in the symmetric fission probability is higher for
protactinium-231 than it is for the others., The

probability of symmetric fisslon is a rapidly increasing



Fission yield (%)

i, « O

0.1l

I TTFTT

I | l ! I 1 |

I 1 11111

1 1 itid

I
80

~Flges BeSs

90 100 110 120 130 140 150

Mass-yield curves for 3 MeV neutron
induced fission of protactinium-231,
actinium-227 and thorium-23%2,
231Pa, ----227Ac (ref. 1),

_0_0—232Th (ref. l5>l




[
O

Fission yield (%)
|

(@]
e

rFT T

] | ] | | ] | ]

(NN

80 90 100 110 120 130 1,0 150
Mass number

Fig. 5.4. Mass yield curves for 3 MeV neutron
induced fission of protactinium-231,
uranium-233 and uranium-235,

231Pg, -+-+-2337 (ref, 16),
e 83 ST (e P o) )




| | | | | 1 l

1

L1111

~ 1.0
B -
o) C
—
q) b
o
>> b
g B
O
o
0] -
n
o
i
oye 188
|
80
Hige Beb,

90 100 110 120 130 140 150
Mass number

Mass-yield curves for 3 MeV neutron
induced fission of protactinium-231,
neptunium-237 and uranium-238,

231Pa’ _0_0_237Np (I.ef. 1)’
———-2387 {ref, 118 17).




*LT24A1909dsBa
¢ °J9Ja pue ZT*G STQBI WOJIJ USYBY) OJOM UOTSSTJ PeonpuUT uoJdineuU AN HT pur ¢ J0J BLE(

26T 06° 1z 89°9T 16°22 AT Cet6m E(°R)/N(D)
U + Ddece U + dN,ez T + flggez U + Nlggz 4 + Bd,¢cz T Ulzsz EERELE
SutuoTssId

*SWo]SAS OUTUO[SEST] SNOTJIBA

Jd0J Sol0doUs UcJalNou AOW Q°HL DUE ¢ 38 SPLoTX UOTSSTJ d14350uks Jo TUOS Taeddon

TL'G o1aeq



-66-

function of the nuclear excitation energy which would
be expected to be high at an energy just below that at
which additional neutron emission becomes probable, It
is then possible that where a high symmetric fission
probability is observed fission is taking place at such
“an excitation energy. The energies at which the
emission of one, two or more neutrons becomes probable
are known from a study of the variation of fission cross-
section with energy. For protactinium-231 no cross-
section measurements have been made for neutron energies
above 3 MeV, In the present study the fission cross-
section of protactinium-231 for 14.8 MeV neutrons was
measured and a value of 1l.43b was found. Since the
pPreviously measured value for 3 MeV neutrons is 1,12Db
additional neutron emission over the range of 3 to 15 MeV
does not seem probable,resulting in a high excitation
Energy .

The measured fission cross-sections for 14,8 MeV
neutron bombardment of protactinium-231 are given in

Teble 15,12,

Table 5,12 - The fission cross-section, Op of
Q44
protactinium-231 for 14.8 MeV neutrons
Exp, th 2 3 L
Op 1.75 1.19 1.h7 1.33
op(mean) 1.43 + 0,12




In experiments 1 and 3 the Pa, and in 2 and L
the U discs were stacked nearest the neutron source,
Although the distance between neighbouring protactinium-
231 and uranium-238 discs in the composite stack 1is
unlikely to exceed 100 microns there is evidence from
the results in the table that OPa1L reflects to some
extent which type of disc is placed nearest the neutron
source, However, variations thus produced in the
calculated cross-section are likely to be adequately
accounted for by taking the arithmetlic mean of the
separately determined values, The calculated standard
error, + 0,12, is likely to be overshadowed by the
potentially larger absolute error arlsing from insufficiently
accurate yield data particularly for YPa," YPaz and YU;'
The mean value, l.43, obtained may thereby be 1in error by
20 or 30% which makes it compareble with the value reported
recently by Drake and Nichols18 obtained by assuming that
the fission cross-section of protactinium-231 varies with
neutron energy in the same way as similar nuc! ldes,

In Fig. 5.6 log Fé/[% is plotted as a function of
(AOT/2)% for nuclides undergoing fission induced by
essentially 3 MeV neutrons. The data giving rise to those
used in Fig., 5.6 are given in Table 5,13, To enable a

3

comparison to bé made, the results obtained previously~ for



*£3asus IJurpdaequoq

Uodineu oy} 03 I9J9d T pue ¢ sidraosqng
*L£ToAT900dsSod UOTSSTJ POONPUT UOLINSU

AP HT puB ASH ¢ J0J ®B1ep qusssdaded |/ ‘()

&bam\ao<v gsutede pe3joTd ‘U /S| *9°¢ *I1g

< Oxr©
; \,Am\e Y)
g4 19 29 09 8g
| | | | [ I | T T T T
L \N.
N v ]
E Lzz |
¢-0T m m
hww B |
EEOT ) =
\
- \ ki
_ _ | | _ ! ! 1 | | |
b i)

2/

+-0T

¢-0T

«("WS)



-0T
9-0T
=0T
1-0T
3-0T
+-0T

s.0T

9T

£8000°0

Hmdooo 0

02¢l11TT
02é.1

8£000°0

L£000°0

9%1° 99 T8°9¢ f1°9
29°¢9 20°1¢ t°g
L8°64 Q0° 0% g°h
G9°29 92°¢¢ t°9
69°19 ll°G¢ 8°9S
98°09 ¢6°1e P e
90° L& G6° L2 1°G
zASH ASK >mm
g 5

' 20 6T
2(3°V)

"WIoM STUT,

U + Ndegz
u + dN,c:
U + flagz
U + Nsgez
U + flgce
U + Bdigz

U + Ylzgaz

Wegqaks
SUuTuGiSe L4




wfr 8=

14 MeV neutron induced fission are also plotted in
Fig, 5.6. It is seen that both sets fall on or near
parallel straight lines suggesting that the level density
parameter for symmetric fission products is essentially
independent of the bombarding energy in this range; a
result perhaps not unexpected if the parameter is
proportional to the nuclidic mass,

Protactinium-231 does not give parameters fitting
on or near the curve representing 3 MeV neutron induced
fission; the only exception found so far for which the
necessary data are available. (Insufficient data are
available at higher bombarding energy.) If the fission
cross-sections are accepted and f;/ [, read from the
curves °n,n' would have values around 7 and 11.,5b for
3 and 14 MeV neutron induced fission respectively which

are larger than that for the other heavy nuclides,
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CHAPTER_6

Fission Induced in Protactinium-231 by 14 MeV

Neutrons: Fine Structure in the Mass

Region 131-135

6.1 Introduction

Irregularities in the 131-135 mass region have
been studied in fission of protactinium-231 induced by
14,8 MeV neutrons. For this purpose the independent
yield of xenon in the mass-135 decay chain and cumulative
yields at various masses were determined; the latter were
based on iodine-131, =133 and -134 and xenon-133 and =135

measured radiochemically,

6.2 Separation Procedure

6.2(a) ZIodine
The method for the separation and purification
of iodine is given in Appendix I.
6.2(b) Xenon
The method first described by James, Martin and
Silvester1 and subsequently modified by Lyle and Sellars2
was used in the separation and purification of xenon.
The vacuum system employed for this purpose is shown in
Fig. 6.1

For the reasons discussed in Chapter 2,tin foils

were used to collect the fission products during the
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irradiations for xenon measurements, Any possibility
of diffusion of fission precduct xencon from catcher foils
was checked by carrying out the separation procedure

without melting the tin. No xenon activity was detected,

i The tin catcher foils were placed in the reaction
vessel immediately after the irradiation and the
vessel was attached to the vacuum system asg shown
in Fig. 6.1 (position I). It was then partially
evacuated to ensure a leak-proof connection and the
side arm S2 was pumped down to vacuum,

2 About 18 em of xenon carrier was measured from the
xenon reservoir by means of manometer M2 (T19 closed).
It was then transferred to the McLeod gauge and the
pressure of the gas contained within a well-defined
volume was determined by means of a cathetometer.
Xenon was then transferred to the dissolver vessel by
condensing it in 82 at -196°C, The transference was
assumed to be maximum when the pressure of the gas in
this section had fallen to about 5 x 10~3 torr. The
reaction vessel was detached and xenon was allowed to
diffuse into the main section of the vessel.

e After enough time was given to allow the iodine
precursors to decay appreciably, the tin foils were
melted by heating the vessel carefully. The vessel
was shaken over a period of about 30 minutes to
assist the exchange between carrier and radiocactive

Xenon,
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The vessel was connected to the vacuum system as
shown in Fig. 6.1 (position II) and the system was
partially evacuated above the taps T1 and T3, About
20 cc of air at NTP were allowed between T1 and T10
by opening T11 to atmosphere. The air was used to
flush the gases from the vessel through the cold
traps., Iodine was retained in the first two traps
which were held at -9OOC and xenon was condensed in
the third trap at -196°C.

The time of flushing the gases from the vessel was
taken as the time of separation of #enon isotopes
from thelr precursors.

B was pumped at -196°C after closing T4 to remove

the bulk of the air, then warmed to -9000 and xenon
was condensed at —19600 in S3, In the chromatography
section which contained 1 g of charcoal (60-80 mesh)
activated with zinc chloride and was previously out-
gassed for about 6 hours at BOOOC, xenon was adsorbed
at _2000 and krypton removed by a stream of hydrogen
(about 50 cc at NTP),

Xenon was desorbed at 200°C and condensed in side

arm S4 at —196OC passing through the titanium furnace
at about 900°C to remove remaining gaseous impurities.,
The titanium furnace consisted of a shallow silica
U-tube (15 em in length) packed with the titanium

granules held in position by plugs of copper gauze.
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Xenon was transferred to the McLeod gauge to be
measured and then condensed in S5 at -19600. Inactive
xenon and ethanol were admitted in guantities such
that their partial pressures within the counter were

5 em and 1 cm (Hg) respectively at room temperature.
(Ethanol was degassed by repeated freezing at —195OC
and pumping.)

Tin in the vessel was dissolved in concentrated
hydrochloric acid-aitric acid mixture in the presence
of 20 mg of molybdenum carrier and molybdenum was

separated as described in Appendix I,

6.2(c) Calibration of the gas Geiger-Counter

Previously3 calibrated gas counters were used

for cumulative yield measurements of xenon-133 and xenon-

135,

Since they eventually deteriorated, new gas counters

were calibrated and used,

For this purpose about 20 mg of Us;0g were irradiated

for 15 minutes in a flux of thermal neutrons i: B,E,P.O.,

Harwell, England. The sample was contained in a silica

tube (about 15 mm long, 3 mm in internal diameter) sealed

at both ends by copper foil bonded to the silica with

'Araldite',

The irradiated sample was placed in the dissolver

vessel as shown in Fig, 6.2, After carrier gas was

allowed into the system the, sample was dissolved by
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containing carriers,

Fig. 6.2, The reaction vessel,
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tilting the vessel. The separation of xenon was carried
out as described above,

From the remaining solution copper was removed as
copper(I) iodide after reduction with sulphur dioxide and

molybdenum was separated using the extraction method

(Appendix I).

The measured efficiencies of the gas counters for

xenon-133 and -135 are given in Table 6.1,

6.3 Treatment of Experimental Data and Evaluation of

Results

A least squares computer program developed
previously3 was used to resolve the decay curves provided
the number of components, half-lives and decay schemes are
known., The results were always checked by the graphical

method,

Calculation of the yields are discussed bhelow with
the assumptions made in connection with each nuclide. The
calculated fractional independent yields are given in

Table 6.2.

6.3(a) Iodine-131 (and iodine-133)

The decay chain for mass-131 is
30hrt'31mTe %?day‘3‘Xe
07 \N 02

/ 4
\

65sec '318n—>2%,0min '31Sb .19 _?.O6day131
24.,8min'31Te stable!3'Xe

N
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Table 6,2

Calculated fractional independent yields in

fission of;protactinium-231 induced by

Mass Charge

=

151

132

153

134

135

Z

L9
50
51
52
B3
54

L9
50
51
52

53
54

50
51
5P
53
54

51
52
53
54
55

51
52
5
54
55
56

1. MeV neutrons

The most
probable charge

Fractional
independent yield

Zp

5134

51.71

52,08

53515

53.52

o~V
® & o o o o
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N - ~JW OY

HWW
N M
® © o & o o
OWFWOoOMdH

N W N
® . & L ] L]
OF NN NOEOWO W H oW

NN
~NWOW OO N \v}
L] L]

W W
HWaENH  ~

The constant C and the number of neutrons emitted from

the heavy fragments (vH) were taken to be 2 in these

calculations.,
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8ince & degay curve contalined gll of the lodine
isotopes was considered to be difficult to resolve, the
samples were cooled for 3 days before starting the
separation to allow time for the decay of ilodine-134 and
=138,

The decay curves were then easily analysed for iodine-
131, =132 and -133 assuming that the contributions from
xenon-131m and -13%3m were negligible, The graphical
analysis of the decay curveé is outlined below,

About 24, hours after the separation of iodine the
decay curves contained only iodine-131 and -133 since at
the end of this period the contribution of iodine-132
(t% = 2,28 hr) was negligible. The observed activity at

the time t is then given by

=N t -A t N
e AO,31 = TLAAE AO133 A T133 . Kel33
I - %Xe133'%1133

Mge133 “Nisst “Me133t
e (G - e )
Nl1133

where A° is the activity at the time of precipitation of

the iodide and 7 1s the counting efficiency.
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The equation may be rearranged as shown below

~Nr133b
A(t) 20 xS e i %Xe133 Niat33
T4 5 T133

= + -
e~ Nr131t N 11315 Mge133-Niss Tpiss
1 "7\113313 "?‘Xe‘l:szt)
e - e
"7\1131t

€

A straight line of slope A§133 and intercept A§131
should be obtained when —:%i%%TE is plotted against the
expression in square brackets.

The initial activity of iodine-132 can then Dbe
determined after subtracting calculated contributions for
iodine-13%1 and -133 from the observed activity readings
by extrapolating these residual activity values to the time
of separation of ilodine.

For purposes of calculation the ratio of the
independent yield of tellurium-13im to that of tellurium-131
was assumed to be the same as it is for the thermal fission
of uranium-235; the latter was found6 to be 1.8, Using
the fractional independent yields given in Table 6.2, 25%
of the cumulative yield of iodine-131 was assumed to be

formed through 30 hr tellurium-13im, 75% through 24,8 min

tellurium-131 and directly as iodine-131.
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6.3(b) Iodine-133

The decay chain for mass-133 is set out below,

F2pin 122 e 2.3day, 1 330Xe
7 7
772 702u
39sec 1339n —>2,67min ! 33Sb\ e 0.8 hr 1 33T—>5,27 dgy 1>Xe>stable 133Cs
\og 976

\

1245 min 33 Te

The graphical analyses of the decay curves have keen
discussed above (see 6.3(a)).

It was shown by Strom et al? that the independent
yvields of tellurium-133 and -133m were about the same in
the thermal fission of uranium-235, This was assumed to
be also the case in the 1L MeV neutron induced fission of
protactinium-231, It was shown by calculation that the
cumulative yield of iodine-133 is not strongly dependent
on this ratio, For example, the change in the cumulative
yield of xenon-133 was only 1% when 1t was assumed that
all of the independent yield of tellurium-133 belongs to
52 min tellurium-133m.

From the fractional independent yields given in
Teble 6,2 the apparent independent yield of iodine-133
(this includes the iodine-133 formed independently in
fission and through the 12.45 min tellurium-133) and the
amount formed through- 52 min tellurium-133m were found to

be L42% and 58% of its cumulative yield respectively.
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603(0) Todine-1 _')_H;

The decay chain for mass-13L4 is

~20sec! 348n—> <1,5sec'3+Sb—>U3mint34+Te—>52,8min' 3¢I—->stable! 34Xe

Todine was isolated after a short irradiation and a
short cooling period (1-1.5 hours) so that the activity
of iodine-131 and iodine-132 were negligible, The decay
curves were then analysed for iodine-13L4, -135 and -133
ignoring the contributions from xenon-133m and -13Em,
Because of the difficulties encountered3 during resolution
of the decay data the computed activity for iodine-13L4 was
estimated to be about 10% uncertain, For the same reason
the activities obtained for iodine-133 and -135 from
measurements primarily intended to give iodine-134 were
not used in the cumulative yield calculations for these
massesj separate irradiations were carried out,

The fission yield of iodine-134 was calculated
assuming that 62% of its cumulative yield formed independently

and 38% was produced from its precursors,

6.3(d) ZXenon-133

The decay chain for mass-133 has already been
discussed (see 6.3(b)).
The separation of xenon was performed about 20 hours
after the end of the irradiation. The decay curves showed
only the presence of xenon-133 and xenon-135 and they were

always easily resolved,
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The assumptions made in obtaining the cumulative and
independent formation of iodine-133 were those discussed
above. The independent yield of xenon-133 was teken to be
3% assuming that xenon-133 had the same independent yield.
The amount of xenon-133 formed through xenon-133m was shown
to be negligible,

5

Independent yields measured by Strom et al, were used

in calculating the counting efficiencies of the gas counters,

6.3(e) Xenon-135
The decay chain for mass-135 is set out below,

15,.7min' 350Xe

27
l.9sec‘358b—>29;55ec’35Te—>6.75hr'35f/ 2,0 106yr 134Cs

stable '3¢Ba
9.16hr!'35Xe

The fraction of cumulative yield of xenon-135
(including xenon-13%5m) which was formed independently of
the precursors was measured for 148 MeV neutron induced
fission of protactinium-231. For this purpose two xenon
extractions were performed from each irradiated sample,
the first immediately after ﬁhe irradiation and. the second
about 24 hours after the first separation.

The number of xenon-135 (and -135m) atoms recovered
from the first extraction is given by

—%Xet' N

N, =K.I, e | & SXee + Db m (SI e

-7\It'_ "7‘Xet')

e
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K, I, Y and.8 have already been defined in Chapter 3.
a and b are the fractions of the cumulative yield of
xenon-135 (and -135m) formed independently and from
precursors respectively. t' is the time between the end
of the irradiation and the first extraction,

The number of atoms of xenon—135‘(and -135m), N,,
recovered from the second extraction 1s derived only
from iodine-135, N, is given by

-}\ _7\I.b' _7\ .tﬂ
I 1
N, = K‘I'Y][e b —.——7\){3'7‘1 SI e (e

"

K e'%Xet )
where t" is the time between the two separations.,

Since a + b = 1 and N,/N, is the ratio of the
absolute activities measured experimentally, a and b can
be obtained from the two equations given above,

The values found for a and b were used in the
calculation of the cumulative yield of xenon-135. The
expériments carried out for cumulative yield measurements
were the same as those for xenon-133,

For calibration measurements independent yields were
calculated taking C = 0.9 and the number of'prompt neutrons
emitted with the heavy fragment, vy to be 0.8, vy Was

obtained using the empirical formula given by Wahl et a1.8

vg = 0.5317 + 0.062 (AH - 143)

where vV is the' average number of neutrons emitted in fission.
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6.4. Results and Discussion

It was shown in Chapter 5 that mass yields for 3 MeV
neutron induced fission of protactinium-231 obtained by the
reccil method were in good agreement with those measured
directly., For xenon measurements, tin was used as catcher
material and the foils were melted instead of being
subjected to the usual aqueous dissolution as a first step
in the separation of xenon from the other fission products.,
The recoil method was therefore tested using tin as
catcher substance, For this purpose cumulative yields of
xenon-133 and xenon-135 were measured for fission of
uranium-238 induced by 14.8 MeV neutrons using the
modified recoil method and the results were compared with
those obtained by the more conventional procedureg. It is
seen from Table 6.3 that the values obtained by the recoil
method are in satisfactory agreement with those obtained
earlier from a bulk sample of irradiated uranium salt,

The ability of the tin to retain xenon was also
demonstrated as discussed earlier. (see 6,2(b)).

The average number of neutrons emitted in 14.8 MeV
neutron induced fission of protaétinium-231 was previously1o
estimated to be 4,25, It was assumed that the variation of
the number of neutrons emitted rer fragment with the
initial fragment mass shows the same trend as that observed

for a number of ‘other fissioning systems11. In support of



Table 6.3

Relative yields for xenon-13%3 and -13%35 in

14 MeV neutron induced fission of

uranium-238

Recoil ‘method Direct method
Y133/Y99 Y135/Y99 Y133/Y99 Y135/Y99
1.229 1.253
0.967 0.982 1.19 + 0,03 1,26 + 0.02
1.149 1,158

Mean 1,11+0,08 1,13+0,08

*
The mean value for 5 measurements made by SellarsB.
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thls 1t has been found that the form of the

distribution of neutrons as a function of mass is the
same for fission induced by thermal and Ffission spectrum
neutrons, The distribution is such that v, tovy v

and at the masses under consideration VI, is only slightly
greater than Vg ¢ The number of neutrons emitted from
heavy fragments (VH) was therefore taken to be 2 in the
present work for the masses of interest.

The fractional independent yields of the members of
the mass-135 chain were calculated using several values
for the empirical constant, C (see Chapter 3). Calculated
and measured values for a and b (Table 6.4) were in better
agreement when C was taken to be 2. It has been suggested
by Strom et al? that C 1s strongly dependent on the mass
number of the chain. They obtained 1.10, 0,74 and 0.57
for C for the mass chains 131, 132 and 133 respectively,
in the thermal neutron induced fission of uranium-235,
Because of the lack of measured independent yield data for
protactinium-231, it was not possible to estimate C for
masses below 135; C = 2 was therefore used to calculate
independent yields for all the other masses. However, the
variations in the total chain yields were very small when
C was taken to be either 0.9 or 3 (Table 6.5).

The measured cumulative fission yields for xenon-133,
-135, iodine-131, -133 and -134, relative to molybdenum-99

are recorded in Tables 6,6 - 6,8, The total and absolute
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Table 6.5

Comparison of the total chain yields caleculated

using various values for C

Total chain yield

Mass C =0.,9 C = 2 C =3

131 130k +10,02 1.05 + 0,02 1.08 + 0,02
133 {I) 1.70 + 0,03 1.79 + 0.03 1.84 + 0,03
133 (Xe) 2.06 + 0,07 1.93 + 0.07 2,00 + 0,07
134 2.64 + 0.05 2.86 + 0,06 2,89 + 0.05

The number of neutrons emitted from heavy fragments (vH)

was taken to be 2, in this mass regiocn,



OT°0+08°T /[O°0+6°T  uBsj
129°T M86°T  2Gh'C THETC L62¢ TONTE CTH'E W TIE 9°6G  T°99
¢e8° T TO8°T 8W9°Z 09%°g G252 ™h&9°2 L19°2 G6°62 0°09 1°G9
616° T 800°2 [96°2 9/8°z ohg ez tHl6°z hE6*z G°62 0°h9  2°TL
Mmmnm%mmmm, OHes SXsgy Isci ©OXsccs Leg %mwfawmﬂwamm.
SATlE1oY sOL X § Jdoqunon

¢ | -UOUSX pUB (¢ | -UCUSX J0J SPLoIA UOISSTJ SALIjE[NUny

9*g eTasl

*saeTTeS £q psanseay

%
LT T 69266 SicTe HEST - BiLEhs T gl CE T
16" 8GR OISl 262 §8F LSIT" § 028I*MG0t3e 2
16°85  T0°/G ITT 080T 02T  Lh°6T o
Of___ 53X ONce, O9Xer: OXeg, (549) UNE



*duTpotr Jo uoT3elrdiooad pus uoljeaedss 93} UssM]9Q SWTI} dU3 ST 9

TOUTPOT Jo UOT3BaedSS 89U} DUBR UOTEBIPBAIT JO DUS OYJ USOMDq W} 8yl ST ,3

| €0°0¥89°T 20"OFHO"T  UeeN

2L ST TR eR05T 022 fT  G91°*h 66T°W lg2*ht  6°0¢ 1H°G¢ ¢*8c ofi*le o0O1°/lL
069°T 686°0 Gzl ¢6T° L ghie*/. 2t1e°l 0°ce G°G¢ 0°62 1G6°2. TE£°*°99
G£9°T 800°T  892°W% 902°% [fe°h /gz2*h  G°IE 2°G¢  0°9Z 19°6) HE°6/
CEON T L) ONT 99¢°tT €62 1 09¢°T 0l2°T z2 2% 1°G¢ 6°T¢ 19°/9 19°9z
Tcec Iict Olles Teeh Slmwier Iig: Ollg e Ice Tic Ol T
DLIoTK = (5)XouaTdTije (%) _£asa0051
SATIIBIoY s0T S J27Unon TeoTuayn

¢hee 916 9%t  19°¢
8T9T  06L  ¢€¢ 0G°T
86T  Of6 M og°¢
BTHT 4 892t st vt {¥geso
T R D

¢¢ |—9UTDOT DUE |C|-oUIPOT d0J SDLOTX UOTSSTJ SATIo[UND

79 sTqeg

gh* el
8C°0L
¢g8°0L
96 1L



H0°0+h8 T U®aH

SA

668°T QGG° L Gl6°C 169°G IrEL ey T6°9% “Ifrg/ ¢lT o7l 0L°0 ¢6°0 ¢
9¢g8° T L0%*9 gotr*s  16z°¢ ¢ z¢ g G¢ €0°09  LzZ°6L 89T 159 8GY0 " WogaT 2
OEEST STZ*9 2IT*G Tkg°h ge°zg ey 6£°09 6£°9L 992 2,48 l9°0 G T L
DISTA OWyer Ivcr =dyg oﬁm\wb 13g1 \mﬂ. - T oEmm< A:p.fvaiwnrc« (8aU) AmMQV uny
T3BI9Y OUSTOTII® %) AJISACOSd , 3 )

5 +0T X 8 (2 J23Unon ' TBOTWSY) : .

¢ | —9UTPOT J0J SPLoLk UCTISSTJ SATIBTNUND

g*g otqaeg

~



8£°0 + 08°9 2T°0 ¥ 21°2 8118 0I'0 ¥ 08°T GeT
61°0 + 91°6 90°0 T 98°2 ¢ 119 0°0 ¥ fg°t et
220 ¥ 6T°9 L0°0 ¥ ¢6°T 00T lo°0 ¥ ¢6°T (°X) ¢¢1
0T°0 + f/°G €0°0 * 6L°T L°¢6 €0°0 * 89°T (I) €¢I
2¢°0 F lg°¢ 20°0 ¥ GO°T 8°86 20°0 + ho°T T¢T
(%) MMMMMwMWmﬂo PTIST4A UTBUD TBI04 UTBYO w oumwwwmmwom sSself

PIo1X Doansesan

leg-UMTUT}OBI0dd JO UO[SSTJ Doonpuf UOdINoU ASW g T 40J ©3%D PLOTA

6°9 ordel



-8l -

chair yields are gilven in Table 6.9, They are also
plotted in Fig, 6.3 with the previouslyqo measured yields
for masses-132 and -143. Absolute yields were obtained
using the previously1o reported value (3,21%) for the
absolute yield of molybdenum-99, The measured absolute
yield at mass-134 is considered to be less accurate than
those at the other masses, because of the uncertainty in
the computed activity of iodine-13L4 and the large
correction applied to give the total chain yield, However,
it is rather unlikely that the absolute value given in
Table 6.9 is in error by more than 15 or 20%. The
cumulative yileld for mass-132 was re-measured to check
the previously reported Value1o. The agreement was found

to be satisfactory as it is seen from Table G 10%

Table 6,10

Comparison of the relative yield of iodine-132 with

that measured previously

Y.1 32/Y99
Present work Previous WOPk*
1.54
.57 1.52 + 0,08
1.50

Mean 1.47 + 0.05

%
The mean value for 3 measurements,
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The results show the presence of a peak at mass-13l.
At low and moderate neutron energies fine structure
appears to be at mass-i13L in the mass region 131-135 for
the fissioning systems studied, suggesting that the
position of the peak is not (perhaps strongly) dependent
on the nature of the fisslioning nuclide. On the other
hand, it is seen from Fig., 6.4 (where the yields relative
to that of mass-131 are plotted against the mass number,
for 1L MeV neutron induced fission for several fissioning
nuclides) that the prominence of the fine structure is
affected by the nature of the fissioning system.
According to the data shown in FPig., 6,4 for a given atomic
number fine structure seems to become greater as the mass
of the fissioning nuclide increases., The same trend is
Observed in the thermal neutron induced fission of

6

urenium-233"2 - uranium-235'® and plutonium-23917 -

0
plu‘tOnium-ZLm10 pairs, But for 1L MeV neutron induced

fission, target nuclides with different atomic numbers
give rise to a prominence of fine structure which seems to
: . A . g : 1
increase with decreasing atomic number, Thorium-229 9,

. 16 . 17 g = s ey | I Y 1
uranium-235 -, plutonium-239 show the same trend for the
thermal neutron induced fission, However, the presence

~ . : 18
of a more pronounced fine structure in plutonium~2141

(2 = 94) than in uranium-23315 (Z = 92) and about the same
. 5 8
degree of structure in the uranium-23510 - plutonium—ﬂm10

and uranium—23315 - plutonium-23917 rairs suggest that
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Fig. 6,4, Cunmulative yields relative to that of
mass-131 in 14 MeV neutron induced fission.
@, thorium-232 (ref, 12),
©, protactinium-231 (this work),
X , uranium-238 (ref. 9),
A, uranium-238 (ref, 13),
+, uranium-235 (ref. 14).
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perhaps a combined effect of mass and atomic number of the

fissioning system is responsible for the trend observed in

Fig. 6.4,
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CHAPTER 7

General Discussion and Further Succestions

In the course of the study presented in this thesis,
experiments were carried out to obtain more information
about the fission process. The half-lives of fission
products and the decay data for the mass chains have
already been studied to a great extent because of their
necessity in fission yield measurements. However, there
are still some uncertainties in the half-lives of some
products. Since tin-129 was one of them, an attempt was
made to establish on a firmer basis the half-lives of
tin-129 isomers, With a reliable knowledge of the half-
lives the work could then be extended with suitable
refinement of method to the measurement of the branching
and yileld ratios of these isomers, The latter may be
related to some properties of the compound nucleusl.

Since the measured quantity is far removed from the
primary process, information of mechanistic value obtained
from cumulative mass-yield curves is rather limited.
However, they may be used to estimate the number of neutrons
emitted from each fragment, provided the prompt mass-yield
distribution is known and to look for correlations between
the nature of the fissioning system and the fission process,
The difficulties encountered in measurements of cumulative

yields in 3 MeV neutron induced fission of protactinium-231
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were due to very high activity of the fissioning nucleus
and daughters compared to the activity obtained for
individual fission products. Nevertheless, it has been
shown that consistent and reproducible relative yields

can be obtained leading to a rough estimate for the

average number of neutrons emitted per fission and a set
of absolute cumulative fission yields. Accurate and
detailed data (i.e. neutrons associated with individual
fission fragments) in this field can only be got using more
advanced techniques than those available at present,

As discussed in Chapter 1, for target nuclides having
even numbers of neutrons, a plot of the fission cross-
section against neutron energy shows the presence of some
steps on the curve, These have been explained as arising
from changes in neutron re-emission in competition with
fission, According to the data2 avallable, such a step is
present at a bombarding neutron energy of about 0.85 MeV
for protactinium-231, Then the fission cross-section
increases very slowly with increasing neutron energy.
There 1s a total lack of published cross-section data in
the neutron energy range 3 to.14,.,8 MeV, The value found in
the preéent work for 14.8 MeV neutron bombardment suggests
that the presence of a step in this energy range is rather
unlikely. However, if the cross-section of protactinium-

231 varies with, neutron energy in the same way as that of
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uranium-238, then it is not unreasonable to expect a
small step; this could of course only be proved by doing
measurements over a range of neutron energies.

The measured fission cross-section of protactinium-
231 was used to estimate the neutron emission
probability <On,n') from the compound nucleus following
bombardment by 14.8 MeV neutrons., On,n' obtained this
way is much higher than those for neighbouring heavy
nuclides; the same is also true for 3 MeV neutron induced
fission. If the ratio of the partial widths for fission
and neutron emission from the compound nucleus (r}/r;)
calculated by Vandenbosch and Huizenga3 and symmetric
fission yield (YS) measured in the present work (see
Chapter 5) are used to evaluate r;/f;, then protactinium-
231 gives a point far removed from the curve to which data
for other fissioning systems may be fitted (see Fig. 5.6).
This may be due to a failure of the method to adequately
account for the properties of protactinium-231 system,
unless the measured symmetric fission yield is in error by
a large factor, If the behaviour of protactinium-231 is
considered to be an exceptionAfor reasons which are not
immediately cbvious, then the curve given in Fig. 5.6 may
be of some value in obtaining information for F;/ r; for
the other fissioning nuclides. More elaborate expressionsu

can be used for the nuclear level density in the derivation
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of the expression for ré/r; (see Appendix II). This
would, however, mean the introduction of other parameters,
(e.g. angular momentum of the excited nucleus and nuclear
temperature) adding to the problem of integration and
arrangement of the final expression in a form in which it
could be tested using experimental data, The introduction
of additional parameters if at all possible in the present
circumstances, may in any case only tend to obscure the
physical significance of the results of tests of the
derived expression. Modifications therefore were not
attempted. Efforts were however made using the combined
data for 3 and 14 MeV neutron induced fission to obtain a
value for the nuclear level density bparameter; they were
unsuccessful because of the approximations and neglect of
céftain terms made in deriving the expression used to
relate fg/f; with the parameter.,

A study of the fine structure in the mass-yield curve
provides another source of information on the nature of
the fission process. Several suggestions have been made
to explain the irregularities observed in mass-yield
distributions in the fission of various heavy nuclides.,
According to Wiles5 there is a structural preference in
fission for isotopes with closed shells, so that fine
structure may result, at least in part, by the favouring
of fragments with 82 neutrons. If this is sc, any

irregularity in the yield of these species must appear
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symmetrically in the complementary fragments, The fact
that there was a peak at mass complementary to mass-13L4
in thermal fission of uranium—2356 supported this
hypothesis, Fine structure was also observed at masses
complementary to mass-141 in fission of uranium—2337,
uranium—2358, plutonium-2399 induced by thermal neutrons.
Farrar and Tomlinson1o and Terrell11 proposed that
most of the fine structure in the cumulative mass
distribution results from the neutron yield changing
slowly as a function of mass of the primary fragments.
The absence of a peak complementary to that observed at

/ and plutonium-

mass-134 in thermal fission of uranium-233
2399 was taken as evidence for this explanation, However,
the work done by Thomas and Vandenbosch12 suggests that

the fine structure in the mass distribution before and

after neutron emission has the same origin; this was
confirmed by the more recent work of Andritsopoulos13.

Since the yield measurements made in the present work
to establish the fine structure for fission of protactinium-
231 induced by 1L.8 MeV neutrons were confined only to the
mass region 131-135, it is difficult to show that the
pregent data support any of the suggestions made above.
Yield measurements on the light mass peak conld provide us

useful information for a discussion of the origin of the

fine structure,
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In Chapter 6 an attempt was made to find a
correlation between fine structure and charge and mass
of the fissioning nuclide. Because of the very limited
available data this could not be achieved with any
certainty. To draw any firm conclusion requires a
knowledge of experimentally determined independent yields,
the number of neutrons emitted from each fragment and
measurements on a larger range of fissile nuclides
(especially with higher atomic and mass number than that
of uranium). It is doubtful whether all these experiments
are technically feasible at present for fissioning systems

leading to satisfactory tests of the ideas.
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Appendix I

Chemical Procedures

All carrier solutions used contained Jrngemlale off

the element of interest,

e Bromine

Carrier Solution

Potassium bromide was dried and an accurately

weighed amount of it was dissolved in water,

Separation Procedure

Separation and purification of bromine was
performed by using the method of Glendeninl as modified
by Ramaniah®,

] The catcher foils were dissolved in the
minimum amount of concentrated sodium hydroxide and
refluxed for about 30 minutes in the presence of a reducing
agent, The solution was cooled in ice and cautiously
acidified with diluted nitric acid without allowing the
temperature to rise., Bromide was oxidised to bromine by
adding a few drops of saturated ceric sulphate solution
and the element extracted into carbon tetrachloride.

2, The carbon tetréchloride extract was
transferred to another separatory funnel and bromine back

extracted into water to which a few drops of a saturated

solution of sulphur dioxide had been added. 2 ml of iodide
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(~ 5 mg ml™') carrier were added to the acidified aqueous
phase and iodide oxidised with O.1 M sodium nitrite and
extracted into carbon tetrachloride. The extraction was
repeated once more,

3% The bromide was oxidised to bromine with
permanganate, extracted into carbon tetrachloride and
back—éktracted into water containing a little saturated
sulphur dioxide., The aqueous phase was boililed to expel
sulphur dioxide and bromide was then precipitated as

silver bromide.

2% Strontium

Carrier Solution

Strontium nitrate was dissolved in water and
standardised by precipitation as strontium carbonate,

Separation Procedure

Strontium was separated by the procedure
recommended by Sunderman- .

e An acid solution of the catcher foilswas
made alkaline with strong sodium hydroxide solution and
a little solid sodium carbonate added to complete the
precipitation of strontium as'carbonate. This precipitate
was dissolved in the minimum volume of dilute nitric acid,

the solution cooled in ice and strontium reprecipitated by

the addition of 20 ml of fuming nitric acid.



~08-

2 The strontium nitrate was dissolved in
the minimum amount of water and reprecipitated by adding
15 ml of fuming nitric acid to the cooled solution. This
precipitate was dissolved in water, 1 ml of iron carrier
added and ferric hydroxide precipitated with 6 M ammonium

hydroxide.

3% 2 ml of barium carrier were added to the
supernate. The solution was neutralised with 6 M nitric
acid and buffered by the addition of 1 ml of 6 M acetic
acid and 2 ml of 6 M ammonium acetate. Barium chromate
was precipitated by the addition of 1 ml of 1.5 M sodium
chromate and heating to bolling. The precipitate was
discarded, more barium carrier added and barium chromate
again precipitated.

L, 2 ml of concentrated ammonia were added to
the supernate and strontium carbonate was precipitated by
the addition of saturated sodium carbonate solution. The

precipitate was washed with water and ethanol.

L Zirconium

Carrier Solution

Zirconium carrier was prepared by dissolving
zirconyl nitrate in 5 M nitric acid and the solution
was standardised gravimetrically by the precipitation of

i

zirconium tetramandelate™,
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Separation Procedure

The separation proccedure used was essentially
that of Hahn and Skomiewmy~, but it was modified for this
protactinium work by including an extraction of
protactinium from a concentrated hydrochloric acid
solution with di-isobutyl ketone to reduce the
contamination,

1., A solution prepared from the catcher foils
was made alkaline with sodium hydroxide and zirconium
hydroxide precipitated. The precipitate was dissolved in
5 M hydrochloric acid and 10 ml of a 15% solution of
mandelic acid added. The solution was heated for about
20 minutes at 80-9OOC for complete precipitation of
zirconium tetramandelate. The precipitate was transferred
to a polythene centrifuge tube and dissolved by the
addition of 1 ml of 20 M hydrofluoric acid,

2. 0.5 ml of lanthanum carrier (containing
10 mg ml~of lanthanum) were added, and the precipitate of
lanthanum fluoride centrifuged down. The lanthanum
fluoride precipitation step was repeated.

3. 1 ml of barium solution (20 mg ml~')was
added to the solution from step 2 and the precipitate
which formed was slurried with 2 ml of water, 2 ml of
saturated boric acid and 2 ml of concentrated nitric acid

to effect its solution., The zirconium was then re-
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precipitated by the addition of 1 ml of barium solution
and 1 ml of hydrofluoric acid.

AT The dissolution and precipitation were
repeated as in step 3 .

54 The precipitate was dissolved in 2 ml of
water, 2 ml of saturated boric acid and 2 ml of 6 M hydro-
chloric acid and zirconium hydroxide precipitated by the
addition of 5 M sodium hydroxide,

6. The hydroxide precipitate was washed with
water, dissolved in concentrated hydrochloric acid with
the addition of the minimum of water and transferred to
a separatory funnel with more acid. An equal volume of
di-isobutyl ketone (previously equilibrated with
concentrated hydrochloric acid) was added, the funnel was
shaken for 5 minutes and the organic phase was discarded;
a fresh portion of di-isobutyl ketone was added and the
extraction was repeated,

| Tre The aqueous phase was heated to expel the
remaining di-isobutyl ketone and zirconium precipitated
by the addition of 5 M sodium hydroxide.

8. The zirconium hydroxide was washed with
water and dissolved using 3 ml of concentrated hydrochloric
acid and 3 ml of water, The solution was transferred to a
glass tube, heated on the water bath and 10 ml of 15%

mandelic acid solution added; heating was continued for
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20 minutes to complete the precipitation of zirconium
tetramandelate. The precipitate was mounted on a filter
disc and washed successively with a 5% solution of

mandelic acid in 2% hydrochloric acid and ethanol,

L, Molybdenum

Carrier Solution

Ammonium molybdate was dissolved in water with
the addition of dilute hydrochloric acid and sodium
bromate, and standardised by precipitation of molybdenum
8-hydroxyquinolate by the method described by Voge16.

Separation Procedure

The separation procedure was based on the
extraction method given by Maeck et a1.7. The precipi-
tation method8 was used to separate the molybdenum in the
work described in Chapter L4 and where the catcher material

was tin,.

Extraction Method

1% To 2-4 M acid solution prepared from the
catcher foils and containing 10 mg of molybdenum carrier,
30 ml of ethyl acetate and 5 ml of a-benzoin oxime (4% in
95% ethyl alcohol) were added; The a-benzoin oxime complex
of molybdenum was extracted into ethyl acetate by shaking

for about 2 minutes.



2., The organic phase was washed with 1 M
hydrochloric acid and the aqueous phase was discarded.
Molybdenum was back-extracted into 15 ml of 4 N ammonium
hydroxide. The aqueous phase was transferred to another
separatory funnel and acidified by the addition of 10 ml
of 10 M hydrochloriczacid.

3 Extraction and back-extraction of
molybdenum were repeated,

s 1 ml of iron carrier was added to the
aqueous solution and ferric hydroxide was precipitated,

B The supernate was made Just acid to methyl
red with 5 N sulphuric acid, 5 ml of 2 M ammonium acetate
was added and the solution heated to 9OOC. Molybdenum was
precipitated by the addition of a slight excess of a 3%
solution of 8-hydroxyquinoline; heating was continued until
the precipitate coagulated. It was mounted, washed with
hot water and ethanol.

Precipitation Method

1. An acid solution of the catcher foils was
adjusted to 1-2 M in acid and 5 ml of 4% alcoholic
solution of ag-benzoinoxime was added. Precipitation was
complete on standing for about 10 minutes. . The precipitate
was centrifuged, washed with water and dissolved in 3 ml
of fuming nitric acid. It was then diluted to 25 ml,

excess acidity was removed by the addition of 1 to 2 ml
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of concentrated ammonia and molybdenum was precipitated
by the addition of 5 ml of a~-benzoinoxime solution.

2. The dissolution and precipitation of
molybdenum were repeated after which the final precipitate
was dissolved in 3 ml of fuming nitric acid and boiled
with 3 ml of 60% perchloric acid. After cooling the
golution was diluted to 10 ml with water and 1 ml of iron
carrier added; ferric hydroxide was precipitated by the
addition of concentrated ammonia,

B As in step 5 of the extraction method,

D% Ruthenium

Carrier Solution

Ruthenium trichloride was dissolved in 1 M
hydrochloric acid to give a solution of about 5 mg ml~!
and this solution was used as standard in the colorimetric9
determination of the amount of ruthenium in fission product

sources,

Separation Procedurelo

1, To a weakly acid solution prepared from the
catcher foils a few drops of saturated cerium(IV)sulphate
were added to ensure isotopic exchange and ruthenium was
precipitated by passing hydrogen sulphide into the

solution.,
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Dy The sulphide precipitate was transferred
to a distillation apparatus by using 5 N sulphuric acid,
lg of sodium bismuthate was added and ruthenium tetroxide
was separated by distillation in a stream of nitrogen,
The product was collected in 10 ml of ice-cold, freshly
prepared 12 M sodium hydroxide., Distillation was
continued until 1 to 2 ml of liquid had passed over., The
ruthenate solution was scavenged by the addition of 1 ml
ofidronscarrier,

3 The supernate was diluted to 25 ml and
made just acid., 1 ml of freshly prepared 6 M sodium
hydroxide and 5 ml of ethanol were added and ruthenium
dioxide precipitated by boiling. The precipitate was
slurried with about 10 ml of water and boiled after the
addition of 1 ml of 6 M sodium hydroxide., It was then

filtered, washed with hot-water and ethanol,

6.  Silver

Carrier Solution

Dry silver nitrate was weighed and dissolved

in water.

Separation Procedure

5 g
The method given by Sunderman'l was used for

the separation of silver with some modifications.



~105-

e Silver chloride was precipitated by the
addition of hydrochloric acid to a nitric acid solution
of catcher foils or by the dilution of a hydrochloric
acid solution. The precipitate was dissolved in 2 ml of
concentrated ammonia, diluted to 10 ml and scavenged with
1 ml of iron cerrier.

)

5 ml of a LO% sclution of EDTA in ammonia
were added to the solution and silver was precipitated
with 1 ml of a 2.5% ammoniacal solution of benzotriazole
and left for 5 minutes at room temperature,

Be The precipitate was dissolved in 1 ml of
concentrated nitric acid and the solution diluted to 20 ml.
Silver chloride was precipitated by the addition of 1 ml
of 1 M hydrochloric acid, It was warmed to coagulate the
precipitate.

Iy, Steps 1 and 2 were repeated,

5 The precipitate was dissolved in 1 ml of
concentrated nitric acid. After dilution the solution
was made just alkaline with 6 M sodium hydroxide and
3 drops added in excess to complete the precipitation of
silver oxide. The precipitate was dissolved in 4 drops
of concentrated sulphuric acid and the solution was
evaporated to dryness,

6. The residue was dissolved in 20 ml of
distilled water and 1 ml of 2 M iodic acid was added to

precipitate silver iodate,
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T3 Silver ilodate was dissolved in 4 drops
of concentrated ammonia and iodate re-precipitated by the
addition of 3 drops of concentrated sulphuric acid and
diluting the solution to 10 ml with water. The

precipitate was washed with water and ethanol,

T Antimony

Carrier Solution

Antimony trichloride was dissolved in 3 M
hydrochloric acid and the solution standardised Dby
precipitating antimony as the n-propyl gallatelz.

Separation Procedure

The method given by Pappasl3 was used with some

modifications for the separation of antimony.

AL An acid solution of the catcher foils was
boiled with bromine to ensure isotopic exchange and
antimony(III)sulphide was precipitated by passing hydrogen
sulphide into a hot solution 1 to 2 M in acid. The
precipitate was dissolved in 2 ml of 0,5 M potassium
hydroxide and the solution was scavenged twice with ferric
hydroxide., Antimony(III)sulphide was recovered by acid-
ifying the solution. |

2% The precipitate was dissolved in 5 ml1 of
concentrated hydrochloric acid and hydrogen sulphide was
removed by evaporation., The solution was diluted until

% Medntaeid, a few drops of tellurium carrier were added



=072

and tellurium metal was precipitated from the hot
solution with the aid of hydrazine and sulphur dioxide.

3. The solution was boiled to expel sulphur
dioxide and antimony was re-precipitated by hydrogen
sulphide;

L. The precipitate was dissolved in 10 ml
of 8 M hydrochloric acid., After boiling off hydrogen
sulphide the solution was transferred to a separatory
funnel and antimony was extracted into a mixture of 5 ml
of benzene, 5 ml of isoproyl ether and a few drops of
bromine, Extraction was complete when the organic phase
remained brown., The organic phase was washed with 8 M
hydrochloric acid.

52 Antimony was back-extracted into 10 ml of
8 M hydrochloric acid containing a little hydrazine hydro-

chloride. Back-extraction was complete when the organic

phase was colourless.

%
6. Antimony was precipitated as antimony(III)-
sulphide from the aqueous solution by ammonium thio-

Y

cyanate ",

*The final precipitation of antimony described in the
work contained in Chapter 4 was performed with hydrogen

sulphide.
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8. Cerium

Carrier Solution

Cerium(III) nitrate was dissolved in water and
the solution standardisedl5 by precipitating cerous
oxalate and igniting it to cerium dioxide at 80000.

Separation Procedure

A modified form of the method given by Hicks
and Nervik16 was used for the separation and purification
of *eerium,.

15 Catcher foils were dissolved in the
smallest amount of concentrated hydrochloric acid in the
presence of cerium(III) and zirconium carriers and diluted
until about 2 M in acid. The solution was boiled with
6-8 drops of saturated sodium bromate followed by 5 ml of
6% hydroxylamine hydrochloride. Cerium and zirconium were
precipitated by the addition of concentrated sodium
hydroxide solution.

2. The precipitate was dissolved in dilute
hydrochloric acid and cerium was precipitated with hydro-
fluoric acid, The cerium(III)fluoride was washed with water,

3 The cerium fluoride was taken into a solution
consisting of 3 ml concentrated nitric acid and 3 ml of
saturated boric acid. The solution was made 44 M in nitric
acid and digested with a few drops of 1 M potassium nitrite

to ensure that all cerium was in the cerium(III) state.
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L. The solution was transferred to a
separatory funnel with 10 ml of 4 M nitric acid and
extracted twice (5 minutes shaking each time) with 20 ml
of 0.1 M HDEHP in carbon tetrachloride. Organic phases
were discarded and the aqueous phase was washed with 10 ml
of carbon tetrachloride. Cerium(III) was precipitated
with ammonia and the hydroxﬁéWashed with water,

B The precipitate was dissolved in 2 ml of
concentrated nitric acid and L ml of 1 M potassium bromate
warming to ensure that cerium was present as cerium(IV).
10 m1 of 4 M nitric acid were added and cerium was
extracted by shaking for 5 minutes with 10 ml of 0,3 M
HDEHP in petroleum ether. The organic phase was washed
three times with 10 ml of 4 M nitric acid and once with
10 m1 of 0,5 M nitric acid.

6% Cerium was back-extracted by shaking with
10 ml1 of 5 M hydrochloric acid containing sulphur dioxide
until the organic phase was colcurless. The aqueous phase
was filtered and cerium was precipitated with ammonia.

T The precipitate was dissolved in diluted
hydrochloric acid and diluted to 20 ml with water,
Cerium(III)oxalate was precipitated by the addition of
10 ml of saturated oxalic acid and the mixture was warmed
for 10 minutes, The precipitate was filtered and washed
with ethanol and ether. Cerium contents of the precipitates

were determined afterwards by titrating with EDTA17.
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9. Praseodymium

Carrier Solution

Praseodymium oxide was dissolved in the

minimum of hydrochloric acid and standardised by

titration with EDTA using xylenol orange as indicatorl7.

Separation Procedurel5

Separation of praseodymium was carried out in
two stages: (a) separation of the rare earths as a group
from other fission products, and (b) ion-exchange
separation of praseodymium from the purified rare earths.

(a) Separation of Rare Earths

L. Catcher foils were dissolved in
concentrated hydrochloric acid in the presence of
praseodymium, cerium(III) and zirconium carriers. Rare
earths were precipitated by the addition of concentrated
sodium hydroxide.

2% The precipitate was dissolved in
dilﬁte hydrochloric acid and rare earth fluorides were
precipitated by digesting with 2 ml of hydroflucric acid
for a few minutes,

o1 The precipitate, previously centrifuged
and washed with water, was dissolved in 3 ml of concentrated
nitric acid and 3 ml of saturated boric acid, diluted to

15 ml and the fluoride precipitation was repeated.



o

L, The precipitate was again dissolved
in nitric acid, boric acid mixture and the rare earths
precipitated with ammonia,

B4 The precipitate was dissolved in
I ml of concentrated hydrochleric acid and the solution
was passed through an anion-exchange column (10 cm x 6 mm)
containing De-Acidite FF, previously equilibrated with
concentrated hydrochloric acid. The centrifuge tube was
rinsed with 3 ml of concentrated hydrochloric acid and the
wash solution was passed through the column. The column
was finally washed with 2 ml of concentrated hydrochloric
acid, All of the eluant and wash solutions were collected.,

Bis The solution from step £ was made
alkaline with ammonia and rare earth hydroxides were
precipitated,

T e The precipitate was dissolved in 5 ml
of concentrated nitric acid. 3 ml of saturated potassium
bromate solution was added and the solution warmed,
Cerium(IV) was extracted twice with 10 ml of 0.3 M HDEHP
in petroleum ether. The agqueous phase was washed with
petroleum ether,

8. Rare eafth hydroxides were
re-precipitated from the aqueous phase, The precipitate
was dissolved in 1 ml of concentrated nitric acid, 1 ml of
saturated potassium bromate was added, The solution was

warmed and thén cooled in ice, diluted to 15 ml and
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cerium(IV) was precipitated with 20 ml of 0.35 M iodic
acid. One drop of cerium(IV) was added to help the
scavenging action. The precipitate was centrifuged and
discarded.

9. Rare earths were precipitated as hydroxide
and washed. The precipitate was dissolved in 1 ml of
concentrated hydrochloric acid and diluted to 10 ml,

1 ml of resin was added, digested for 10 minutes and the
resin was put on to the top of the ion exchange column

which was previously heated to 9OOC°

(b) Ion-exchange Separation of Praseodymium

from other Rare Earths

A gradient elution method was used to
separate praseodymium from the other rare earths,

Resin

Bio-Rad resin AG 50W-X8 capacity
5.1 meq/dry resin, wet mesh (U.S. Std) range 230-400,
moisture content 50% was used. It was washed with 6 M
ammonium thiocyanate until the red ferric thiocyanate
colour was no longer observed in the effluent. It was
then washed with distilled water, 6 M hydrochloric acid
and with sufficient distilled water to free it from
chloride, Finally, it was converted into the ammonium
form with 1 M ammonium lactate solution of pH 3.2 and

stored under distilled water until loaded into the column.
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Eluant
Two sclutions of 1 M lactic acid, one at

pH 3.2 and the other at 7.0 were used in the elution,

ot

The solution of high pH was allowed ftc drip into the low
pH solution at a rate which will give the desired increase
in pH per unit time. Before using the acid for the
preparation of solutions it was refluxed for 3 hours in
0.1 M hydrochloric acid to ensure the hydrolysis of any
anhydride present in the acid. ©pH's of the solution were
adjusted to 3,2 and 7.0 with concentrated ammonia,

- Apparatus

A schematic diagram of the apparatus used

is shown in Fig. 1. The lon exchange column was 60 cm long
and 7 mm in internal diameter; it was surrounded by a glass
tube 7 cm in internal diameter serving as a water jacket
for uniformly heating the column. An electrothermal
heating tape was wound round the outer jacket tube, the
temperature of which was controlled by means of a
simmerstat within + 3%.

The eluting system concsisted of two 500 ml flasks
fitfed one above the other, The lower flask contained the
solution of lower pH and the upper one that having the
higher pH., To attain the required flow rate of eluant, a
positive pressure controlled with a pressure regulator, was

applied to the flasks. The eluting solution was pre-heated
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Fig. 1. Ion-exchange column apparatus,
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by passing 1t through a glass tube ¢f 2 mm internal
diameter fitted inside the reservoir,

Elution Procedure

Lactic acid solution%of PH 3.2 was passed
through the column from step 9 at a rate of L4 drops min—?
for one hour. Then the lactic acid solution of pH 7.0
was slowly added (8 drops min—') %o the lactic acid in the
lower flask, 30 drops of eluant were collected in each
fraction., The praseodymium break-through occurred about
7 hours after the elution was started and it was located
by precipitation using saturated oxalic acid éolution.
The middle praseodymium fractions were mixed., 10 ml of
saturated oxalic acid were added and the mixture digested
for about 10 minutes. The precipitate was filtered and
washed with ethanol and ether. After having finished the
counting the praseodymium contents of the sources were

determined by titration with EDTA17.

*Elution was started with 100 ml of lactic acid

solution of pH 3.2.
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10, Iodine

Carrier Solution

Iodine carrier was prepared by dissolving a

weighed amount of dried potassium iodide in water,

Separation Procedure

The separation method which was based on that
described by MeinkelB is given below,

l., The aluminium catcher foils were dissolved
in the minimum amount of concentrated hydrochloric acid
in the presence of iodine and molybdenum carriers and a
reducing agent in a flask fitted with a reflux condenser.

2. The solution was made alkaline by the
addition of sodium hydroxide. Excess alkali was added to
dissolve aluminium hydroxide. Iodide was oxidised to
periodate by boiling the solution with 2 ml of hypochlorite
solution (2.5% w/v active chlorine). 5 ml of carbon tetra-
chloride were added to the cooled solution which was then
acidified with concentrated nitric acid., 2 ml of 1M hydroxy-
lamine hydrochloride were then added and the iodine was
extracted into carbon tetrachloride,

The time of extraction was taken as the time of
separation of iodine isotopes from their precursors.

3. The carbon tetrachloride layer was shaken
with 5 ml of water containing sulphur dioxide until both

phases were colourless,



~116-

L., 1 ml of 6M mnitric acid and a few drops of
1M sodium nitrite were added to the aguecus phase and
iodine was extracted into 5 ml of carbon tetrachloride,

5. Steps 3 and L were repeated and iodine was

extracted as iodide into 5 ml of water containing sulphur

dioxide.,

6. The aqueous solution was boiled to remove
excess sulphur dioxide and icdide was precipitated by the
addition of palladium(II) chloride solution. The
precipitate was filtered, washed with water and methanol

and dried at 120°C.

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

Precursors,



=107

References

1a L.BE. Glendenin, R.R. Edwards and H. Gest,
'Radiochemical Studies: The Fission Products
N.K.B.S., Diviilv Vol 29, «pLwllist (1951,

f

2. M.V. Ramaniah, Ph.D. Thesis (Washington University,

1956) .
3. D.N, Sunderman, Report AECU-3159 (1956).

4. R. Belcher, A, Sykes and J,C. Tatlow, Anal,
Chim., Acta, 10(1), 34 (1954).

5. R.B, Hahn and R.F,. Skomieczmy, Nucleonics,
(2), 56 (1956).

61 A.I. Vogel, Quantitative Inorganic Analysis, p.508,
(Longmans, Green and Co., London, 1961).

7. W.J. Maeck, M.,E., Kussy and J.E. Rein, Anal, Chem.,
33(2), 237 (1961).

8. E.M. Scadden, Nucleonics, 14(2), 59 (1956).
O aypa BeDoy Bnell, C. T 8nellsand Cy A, (Bdell,
Colorimetric Methods of Analysis, Vol, ITIA, P.451,
(D. Van Nostrand Company, Inc, 1959).
10. R.P. Larsen, L.E. Ross and G. Kesser, ANL-5810 (1957).
11. D.N. Sunderman, Report AECU-3159 (1956).
12, A.D. Wilson and D.T. Lewis, The Analyst, 88, 585 (1963).
13, A.C. Pappas, Report AECU-2806 (1953).
14, J. Morandat and C, Duval, Anal, Chim. Acta, L, 498 (1950).
15, P.C. Stevenson and W.,E, Nervik, The Radiochemistry of
~the Rare Earths, Scandium, Yttrium and Actinium',
'NAS-NS 3020 (1961).
16, H.G. Hicks and W.E. Nervik, Report UCRL-1L258 (1965).
17. MdL M, Rahman, Ph.,D, Thegls (Durham University, 1965) .

18, W.W. Meinke, Report AECD-2738 (1949).



~118~

APPENDIX II

Derivation of the Ratio of the Partial Width

for Symmetric Fission to that for Neutron

Re-emission ([;ZJ;)

The energy release in symmetric division of a
nucleus (ZO,AO) can be obtained as a function of Z, and Al
using the semi-empirical mass formula (S.E.M.F.). Taking
thorium-230 as datum1 and ignoring the effect of closed
shells, the following expression is found for the energy
available for symmetric fission, in addition to the initial

excitation energy of the compound nucleus.
ha % -§yg2 /0 %
[ag(1-2 )AO - a,(1-273)22/A % + 22,6] MeV (1)

where agy and a, are the coefficients of the 'surface' and
'Coulomb' terms in the S.E.M.F. The 22,6 is a correction
term which comes from a comparison of the energy released
calculated using the S.E.M.F., with that obtained from the
atomic mass excesses given by Everling et al.2 Taking the
values3 -13.1 MeV and -0.585 MeV for 45 and a, respectively
the total available energy fo: neutron induced fission is

found to be

[0.217 zg/Aai - 3.1 A5% + 22,6 + BE: Bn] MeV (2)

where En is the incident neutron energy and Bn is the

binding energy of neutron.
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It has been shown by Terr'ellLL that the average total
kinetic energy of the two fragments is given by the
relation,

Ep = 0.121 Zoa/Aai MeV
which is obtained from a plot of EK against ZOE/A6§ for a
range of fissioning nuclides. The difference between this
and the total energy gives the average excitation energy,

T, to be shared between the two fragments,

T = [0.096 Z_2/A - 3. Ao% + 22,6 + E_+ B_] NeV

(3)

From the statistical model of the nucleus5 the ratio of
the partial widths for symmetric fission and neutron re-

emission is obtained as

E 2 '—.E:

B (L)

LEn EQ,(E,-E)dE

where (E) is the level density of the appropriate nucleus
with excitation energy E and K is an energy dependent
factor; but it has been shown6 that this dependence is
unimportant compared to that of the remaining terms.

In the absence of shell effects, the level density

of a nucleus 1is expressed by

Q(E) = C & VAE

where C and a are functions of the mass number.



Using this expression for level density in eq. (4)

(5)

ﬂ

/ [arE + eNag(T-E) 45
/ ar.(Ep—E)dE

is obtained for the ratio of partial widths,

The numerator cannct be integrated exactly. The
values of the integrand fall away rapidly from & maximum
value with changing E so that the integral 1s determined
essentially by integration in the neighbourhood of the
maximum of the integrand (at E = T/2). The integration

is given below in detail.

T 2NapE + 2Wap(T-E)
¢é dE

I/
o

Putting
£(E) = 2/agE + 2a,(T-E)
= 2Va (VB + NT-E)
£(E) = 2~faf(7§1‘ - ;ﬁé‘—ﬁ)

f(E) =

1
(o]
-
=
ny
[0}
o]
=

i
29
(8) = Vo (5F - =y



-121~

Taylor's e.pansion gives

o B (R_m /032 o
£(B) =~ £(0/2) + (B-1/2)£t (1/2) + ~BE=LE8 pr(n/2) + ...,
T .- AE=T/2)% 1y (2% | 1(2y3)
= Ll-\faf'\/—2 + 5 JGI(QME/\T’ - 2<T') YRR
= T (BE-T/2)2 [ (2vF
= LM/-afNQ e 2 Aorg:f‘_o(T/
o)
ol Na..
w1 -EE(e/m)E
= e /2 e dE9
I
=P
Na .
; £ (2v%
2 = =
putting a 5 (T)
NB8a,T foo r s s
I1 = € f[ eaE pfﬁaEdE—ﬁé’E
o0 -0
NBa..
Ty . 1_~f77' Rl )
a4
—7(-%)%
272

The integration of the denominator which can easily

be solved using the reduction formula, gives

2N5_ER
XY 3 e Y EA 5
I = ZaP(En = 2ap) > 2a., = (ZEn' N 57 ) (7)

Since the first term in the above expression is very small
compared with the second, it can be neglected. The ratio

of the partial widths is then
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P J8afT
= = K’ —e—v—— (8)
E& 32 aPEn
or
JE - ; 4 . g \
TR = 1n K' + (8a,T)? - 2(alE)= (9)

[n

K' depends on T and En’ but its variation was neglected

in comparison with that of the exponential terms.
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