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MEMORANDUM

The work described in this thesis was carried out in the
Londonderry Laboratory for Radiochemistry, University of
Durham, between September 1961 and September- 1964 under

the supervision of Dr. S.J. Lyle, Lecturer in Radiochemistry.

This thesis contains the results of some original
research by the author; no part of the material offered
has previously been submitted by the candidate for a
degree in this, or any cher University. When use
has been made»of the results and conclusions of other
authors in relevant investigations, care has always been
taken to ensure.that the source of information is clearly
indicated, unless it is of such a general nature that

indication is impracticable,




The fission yields of ten nuclides (BéBr, glsr, 95y, gguoy

1O5RU§j112Pd, 115Ag, 1298b,'152Te and 14508) from thé
fissibn of 251Pa by 14 MeV neutrons have been determined
relative to the fission yieldrof 9VZP. The protacﬁinium
(és oxide) in thin uniform adherent layers (abOut 1 mg. cm °)
lightly covered with gold (about 0.5 mg. cm-z) was supported
en circular discs of platiﬁum foil (2 cm. diameter).
Recoiling fission products were collected in thin catcher
foils of various substances (aluminium, polystyrene or
coﬁper) the choice depending on the elements to be
recovéred. Preliminary experiments using target discé
prepared in a similar way from uranium-238 (oxide) showed

that good agreement is obtained between relative yields

measured by this method and by irradiation of bulk samples
of uranium.,

_ The relative yields from 251Pa have been corfected
té tdal chain yields by application of theegual charg?
displacement hypothesis and converted to absolute yields
by imposing the condition that the sum of the yields of all

the fission products must be 200%. The value of V was . .taken

to be 4.25; this was found to give a good fit of

reflected points on the mass yield curve.




When chain yields are plotted against mass number
a mass-yield curve is obtained showing three maxima at
mass numbers 93, 114 and 135. The yields at the maxima
are 6..80%, 2.48% and 6.80% and the pealp widths at half

height are 14, 17.5 and 14 mass units.
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1. Introduction

(a) General
Nuclear fission resembles several other notable scientific
diséoveries in that it was first observed in an éxperiment
performed with quite different objectives and the results
were at first misintérpreted. The discovery arose from in-
vestigations following a suggestion made by Fermi1 in 1934
that it should be possible to produce elements higher in
atomic number than uranium by bombarding this element with
neutrons. The formation of uranium isotopes decaying by
ﬁ--emission would give rise to transuranic elements, which,
it was thought, would resgmble manganese, technetium and
rﬂénium;x A numbef of investigations were made and it seemed
‘ét.first that the predictions of Fermi were being fulfilled

. but_the work of Hahn and Strassmann2 established that in
reality the uranium nucleus was being split and the observed
activities werevattributable to isotopes of lighter atoms
suéh as barium and strontium.

Other workers followed Hahn and Strassmann and a review
by Turner5 written in 1940 summarizes the early work dealing
with various theoretical and practical aspects. It had been
poiﬁted out that the splitting of a heavy atom into light
fragments would release a considerable amount of energy  and
interest soon turned to potential applications. It was also

discovered that neutrons were emitted during the process  thus
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suggesting the possibility of establishing a self-propagéting
system by means of a chain reaction. Because of the ]
military and poliﬁiéal interest of these discoveriés most of
the work was classified as secret in particular that of the
'Manhattan Project' which resulted in the production and use
of the first atomic bomb., Since the end of the 1939-1945

war @uch of this material has been released in the volumes

of the 'National Nuclear Energy Series'; those on the fission
products6 coﬁtain much radiochemical information;

In more recent years investigationé have continued into
many aspects of the process and the volume of literature is
now considerable. A number of reviews have been published
which include this later work, for example those of Halpernv,
W'alton8 and Hyde.9

(b) The Fission Process

The name fission was first suggested by Meitner and Frisch4
soon after the discovery of the process. Nuclear fission

is the Splifting of an atomic nucleus into at least two frag-
ments of comparable size accompanied by emission of gamma
rays, neutrons and, occasionally other light fragments. In
most fission events only two particles other than neutrons

are produced but_occasionally three are formed; the process
is then known as ternary fission. Three types of ternary
fission have been investigutea. The best established example

occurs when the third fragment is an <& particle with an energy
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of up to 29 Mev. It was first observed in 1943~ and is

said to occur with a frequency of 1 in every 400 binary
fission eventsm11 Another type arises from the nucleus
splitting into three fragmenfs,of comparable mass. This is
apparently very uncommon; one value for the frequency in

255U is 6.7 4+ 3.0 events in every

‘ neutrén induced fission of
12

106.binary“fissions. It has also been claimed that ternary

fission occurs in which the third particle is some light

fragment of low atomic number (L or 2) and of about 1 Mev in

energy, in up to 1¢ of fission15 events but the results have

been questioned.l4

In binary.fissibn the heavy fragménts so far observed
fall within thé range of mass. numbers 72 to 162. In each
fission the fragments formed may be of approximately equal
mass‘or one heavier and one lighter fragment may be produced.

The number of prompt neutrons emitted per fission is

238

between 2 and 5 (e.g. in the spontaneous fission of U there

are 2.4 neutrons per fission)15 so that the fission fragments
produced have approximately the same neutron to proton ratio
as the original nucleus; they are therefore well removed from
stability and decay by a chain of B emissions. The early
members of these fission fragment chains normalily have
extremely short half-lives and are not usually observed in
radiochemlcal work. The chains are frequently complex and

not all are yet known With,certainty.16 Some examples of
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decay chains are:- : ' 93
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In fission the prompt neutrons are emitted within a very

14

short time (less than 4 x 10 sec.17) of the moment of

scission of the nucleus.. About 1% of all the neutrons
emitted are, howeﬁer, those known as delayed neutrons.
. They are prdduced during the decay of the fission fragments
some of which are unstable to neutron emission. 8ix active
precursors of delayed neutron emitters have been identified
" with half-lives of 0.05 to 55 secs. A review of this topic
is given by Keepin and Wimett;18
Fission may be distinguished from spallation and
fragmentation which also lead to the breéking up of the
nucleus. In spallation reactions a number of nucleong are
emitted but the residual nucleus is normally within 10-12 mass

units of the target nucleus. In fragmentation processes the

nucleus splits into a number of large and small fragments.




Whén fission is induced by particles of low to
moderate energy it is usually considered to proceed by a

19 that is, the in-

mechanism of compound nucleus formation,
coming particle is captured by the nucleus and its energy is
distributed among all the nucleons. The nucleus produced

is excited to some energy determined by the energy of the
incoming particle and the binding energy released when it is
absorbed into the nucleus. This nucleus then decays'b& one
of a numﬁer of possible ways. It is assumed that the decay

of this compound nucleus is not influenced by its mode of

| formation. At higher energies of bombarding particles
fission is in competition with spallation reactions and neutron
emission and the compound nucleus mechanism may not be
applicable,.

From a consideration of atomic masses it may be shown
that all heavy nuclei are unstable with respect to division
into two equal parts.  For example, if 19454 was divided into
two, 97Y would be produced; this has a large neutron excess
and a chain of p'—decays would lead to the formation of stable
97Mo. The exact mass of two 97Mo atoms is 193.8738 amu
and that of a 194Pt atom is 194.0240 amu giving an energy
release for fission and B~ decay of about 140 lev. Despite
this large apparent instability neither plétinum nor most
of the heav& elements are spontaneously fissile. Spontaﬁeous

fission is observed with low probability in some nuclides, for




l . .
example the half-life is 2.7 x 10 7 yearszo for 255U, but

it is a common occurrence among the heaviest transuranic
elements such as 2o40e (half-life = 55 d.)21 It has been
shown that the barrier against fission is about 5-10 llev
rfor most heavy elements but it is apparent that vhen the
nucleus is sufficiently excited to overcome this barrier
the energy released is considerable. Nuclel are excited
above the barrier height by bombarding the target with
projectiles of appropriate energy. For examnle, the first
experiments were carried out by bombarding natural uranium

with slow neutrons when a neutron is captured by 255U t0

give 256U excited to about 6 Mev; this energy is sufficient
to overcome the barrier and allow fission to take place.
Fission has now been observed in elements as light as copper22
and has been induced by bowbardment with projectiles of
many energies and ranging from S =ways to ions derived

from substances such as carbon or nitrogen.

(c) Fission Yield

When fission takes place the atoms produced (norma.ly known

as fission fragments or fisslon products) show a considerable

range of mass numbers; elements from zinc to the heavier

lanthanides have been identified in fission fragments.
In order to express the fraction of fission events in which

nuclei of any mass number A are formed the term fission

yield is defined as a percentage, F, where




7 = (No. of product nuclei of mass number A) x 100
- (Total no. of fission events occuring)

Measurcd values of F represent either independent or cumula-

tive yiélds. The independent yield of -a particular nuclide
is the number of fission events which lead directly to that
nucli@e. Frequently, these yields are difficult to determine
since most nuclei are also formed by the decay of others
and'the half-lives of the first few members or a chain are
normally very short. FPor example, in_the'decay chain for
mass 93 the first two members have half-lives of 2 secs.
and 5.6 secs., respectively so that it would require special
techniques to measure the independent yields of the next
member of the chain, 7.9 min.gSSr. If the precursor of a
nuclide is long lived or stable, independent yields may be
determined and this has been done for a few nuclides (e.g.
140La25)° Most of the measured fission yields however,
are cumulative. The yield represents the total yield of a
given chain up to the nuclide on which the measurement is
made, that is, the sum of iis independent yield and the
independent yields of its precursors. For example, in the
g@ecay chain for mass 93, if the yield of the fourth member
(10.3 h. QBY) was measured about 80 minutes after the end

of an irradiation this would represent the cumulative yield

of the chain to this point.

1t would not, however, represent




the total yield of the chain as °°Y is followed by two more
isotopes. Normally the nuclide which is chosen for
measurement will not be the last in the éhain (since this
will be stable) and may be considerabiy removed from the
end of the chain. The total chain yield must therefore be
calculated and two hypotheses have been suggested which

" provide methodé:for doing this. One postulates that the
fission ffagments retain the same neutron to proton ratio

as the original nucleus (unchanged charge olistrj.bution)z4

and the other that the most probable charge for one fission

fragment and its complementary fragment lie an equal number
of units away from stability (equal charge displacement25).
The equal charge displacement approach may be expressed by

the relation:-

_ ” o . o
ZA - ZP = zA - ZP where ZA and ZA are the most stable
charges. of the complementary chains and ZP and Z; are the
most probable charges for the primary fission fragments of

mass number A and A .

Both have been applied to different types of fission with

the equal charge displacement hypothesis usually considered

to be the more appropriate for fission at low or moderate

energies,

Measurements of fission yields have been made by both

chemical and mass spectrometric techniques the results

frequently being complementary. Considerable accuracy may




be attained by the use of the mass spectrometer but it is
necessary to obtain enough material for the preparation of
sources and such methods are therefore only applicable where
a high flux of bombarding particles is available, or fission
products have been able to accumulate over an appreciable
time. Radiochemical methods, on the other hand, can be used
where amounts of material are low, but fFhey are less precise.
If fission yields are to be determined absolutely a
knowledge of two things is required. (a) The number of
atoms of the nuclide formed and (b) the number of fission
events occuring in the material. The first requirement may
be met by the use of mass spectrometry or the usual metnods
of absolute activity determination. The number of fission
events is more difficult to determine, Briefly, it may
be assesséd by simultaneously irradiating a sample of the
material in a fission counter or by comparison with the
yield from some other reaction (if the ratio of the cross
sections is accurately knovmn). A procedure often used is
to determine ail yields relative to one chain the yield of
which may be absolutely determined. Bven if this measure-
ment‘is not made the values may still be made absolute
since, assuming that each fission event gives rise to two

fragments, the sum of all chain yields must be 200%

(d) Mass Distribution in Fission

Wheh cumulative chain yields are plotted against mass numbers
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of chains the so-called mass-yield curves are produced.

Radiochemical investigations of fission are frequently
directed tgwards the determination of mass yleld curves and
they are now established for many fissioning systems. They
have also been determined by measurements of the kinetic
energy of the fission fragments éince this varies in a
similar way to fission yields. An example which‘has been

studied by this metnod is the fission of 255U26 with slow

neutrons.

When the mass-yield curves for fissioning systems
are compared a number of differences may be observed,
although many are of the same géneral form. The most
thoroughly investigated system has been 255U fissioning witn
neutrons in thermal eguilibrium with thelr surroundihgs
(therm%l neutrons)16 and this may be taken as a typical
distribution. For this system the curve is found to have
two peaks whicﬁ are cent?ed about light and heavy masses
of the fission fragments; the peaks are joined by a trough
in the médium mass region. That is, an asymmetric splitting
of the nucleus is occuring in most fissions with relatively
few fissions giving rise to symmetric splitting. The
ratio of yields on the peaks to those in the trough is
found to be 600 : 1.

The curve found under such conditions may be compared

with the curves for fission induced by neutrons of higher
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energies, that is, at higher excitation energies of the
fissioning nucleus, or with those found for spontaneous
fission, that is, at zero excitation energy of the fissioning
nucleus. For spontaneous fission two peaks are again
observed in the curve at light and heavy masses but these are
much narrower than for fission induced by thermal neutrons
and the yields of fission fragments from symmetric fission
have not so far been measurable. An example-is.the
spontanecus fission of 2420m.27 In the mass yield curves for
fission induced by neutrons of higher energy the peaks at
light and heavy masses are again found but the yield of
symmetric fission increases. For example, in thé fission
of 295y with 14 NMev neutrons the peak to trough ratio is
about 7 : 1. With increasing energy there is also an
increase in the yield of very asymetric fission which is
shown in a gradual widening of the two peaks in the curve.
The yields of moderately asymmetric fission have not been

)

observed to increase by more than 1 - 2% as the energy of

the bombarding particles increases,

At higher energies still, only one peak is observed
in the curve; this is centred about the symmetric fission
region but it 1s very broad and indicates that the yields
of symmetric and asymmetric fission are comparable, An
example of this type of distribution is found in the fission

of 258U with 150 Mev protons.28 ~ An example of mass-yield
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curves from one nuclide Tissioning with the same bombarding
particle at a range of energies is given in a series of

curves for the fission of 259Pu with deuterons of energies

from 9.2 to 23.4 Mev.zg The trends towards filling of the
trough and increase in the yields of very asymmetric fission as
the energy increases are again observed.

These trends have been taken to indicate that‘the pro-
bability of asymmetric fission is not strongly dependent on
the excitation energy of the fissioning nucleus waile fhe
probability of symmetric fission is a rapidly increasing
function of the excitation energy. Following this it has
been suggestedgw that syumetric and asymmetric fission
are manifestations of fundamentalily uifrerent tvoes of
nuclear reaction and that the observed mass-yield curves
represent the superposition of the characteristics of the
two modes. It is often rather difficult to interpret
the measured data as a function of excitation energy; this
arises since fission may take place either immediately
after the capture of an incident particle or only after the
emission of one or more neutrons from the compound nucleus.
Fission takes_place at a higher excitation energy before
neutron emission than after and many of the measurements which
have been made therefore represent average values for
nuclei fissioning at a range of excitation energies and

A study of the ratio of symmetric

o

compound masses.
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anc asymmetric fission in the proton ihduced fission of

252Th, 258U and 259Pu51 has been made which avoids these
complicétions. The target nuclei were bombarded with
protons of well defined energy in the range from 5 to 100 Ilev
and measurements made of the yields of 115Ag relative to
those of 159Ba. When these ratios, which represent the
ratio of symmetric to asymmetric fission, were plottéd against
proton energy a general ilncrease was observed with increasing

258U, and esgecially

energy. Superimposed on this for
2382 o . s _

for Th, were a number of discontinuities where the

symmetric fission yield fell only to rise again as the

energy was further increased. Thése occurred wnere emission

of one or more neutrons would be expected to take place before

fission, thus reducing the excitation energy of the
figsioning nucleus. Six discontinuities were observed for
thorium and five, rather less pronounced, for uranium, fone
were observed in the plutonium curve but this nuclide is

more highly fissionable than uranivw o thorium so that

there is . a smaller probability that neutron emission will

occur before fission has taken place. These results would

seem to support the view that the yield of symmetric
fission is dependent on the excitation energy of the
fissioning nucleus.

When investigations were carried out on elements

lighter than thorium the forms of the mass-yleld curves were
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found to be strikingly diffefent from those observed for
heavier elements. - The first study of this type of fission
was that of Fairhall on the fission of bisﬁuth with 15 and

22 Mev deuteréns.sz The curve obtained showed only one
maximum, in the region of symmetric fission. It was much
narrower than the single peak found in the high energy fission
of.heavier elements and indicated a rather low probability

for asymmetric division of the excited nucleus. This type

of curve has also been found for the fission of lead with

upto 42 Mev helium ions55 and for radium with 22 Lev deuterons.

For radium the peak is broader and there is a suggestion of
two small peaks in the asymmetric fission region. Some work
on the fission of lead with 41 Mev helium ions55 also suggests
the presence of a peak at light masses. The fission of radium
with neutrons56 has also been investigated (by a kinetic

energy technique) and it can be seen that as the energy

of the neutrons is increased from 4 to 12 Mev the fragment

energy distribution (and therefore the mass distribution)
changes from a distribution with two peaks (at light and
heavy masses) at the lower energies, to one with a single

peak, at higher.energies. When the fission of radium with

11 Mev protonsgo was investigated a distribution with three

peaks of equal height was observed. The peaks at light

and heavy masses were in a similar position to tnose found

for the fission of heavier elements and the peak in symmetric

i i imilar © i > observed
fission yields was similar to the single peak
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for bismuth fission.

Mass yield curves have also veen investigated for
the figsion of rhenium with helium ions of 31 to 44 h’ev.37
At 31 Wev the curve had three peaks and at 44 Iilev symmetric
fission was predominate. Rhenium is the lightest element
for which mass-yield curves have so far been determined;
in thic mass region the figsion cross-sections become very

low (of the order of microbarns) and amounts of fission

fragments are therefore very swall,

37 ., .
It has been suggested that comparison of all these

distributions showis that asymmetric fission is associated
with nuclei which have deformed shapes in the jlound

state. mhe heaviest nuclei are known to be highly deformed
and figsion is larsely asymmetric (at least at low and medium
energies) while in the region of lead and vismuta the nuclel
are stabilized in a spherical shape under tne influence

of the 82 proton and 126 neutroh shells and syunetric
fission is predominate. Tor lighter elements the ground

states are again deformed and fission is again largely:

asymmetric,

Mass distributions with three maxima have also

been observed in the fission of 255U with helium ions of

8 . A .
energies from 25 to 40 I.Eev;5 there is some indication of

a small peak in symmetrié fission yields in the fission

of thorium with pile neutron359 but this is less well

established.
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It has Pbeen shown that cumulative chain yields are not
necessarily smooth functions of mass, discontinuities
(fine structure) have been observed in the curves based
on &ass—spectrometric measurements, These are well estab-

lished for 255U wnere there is a small peak at mass 15440

with a complimentary peak at mass 1OO.41 The xenon
isotopes first investigated lie close to the 82 neutron shell
and 1t has therefore been considered that the high yield
might be accounted for by some preferential formation of
closed shells in fiséion.42 This could occur if there was
an inherent preference for the formation of closed shells

in the fisgsion act or if neutrons outside closed shells

were evaporating after fission had taken place, The second
alternative was proposed45 to account for the peak at mass
134 but when high yields were also found for isotopes such

as 99Mo which are removed from closed shells this seemed less
probable. Such nuclides are, however, complimentary

fragments to those occurring at about mass 134 and if there is

some preference for the formation of closed shells during
fission the complimentary particle would also be formed

in high yield, It has been claimed that high yields are

45
observed in the region of the 50 proton44 and 50 neutron

shells in the deuteron induced fission of uranium but the

yields are changing rapidly with mass in this region and the

effect is less pronounced. Fine structure has also been
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observed in the fission of 259Pu with thermal neutrons40

and in the spontaneous fission of 2420m.2’7

Another well established feature of the mass-yield
curves is that when the distribuﬁions for the various
fissile nuclides are compared the position of the maxibum
in yields of heavier fragments is found to remain almost
constant while that in yields of lighter fragments moves to
heavier masses as the mass of the fissioning nucleus
increases. This is found whenever asymmetric fission occurs

even though symmetric fission may be the predominant mode.

For «very heavy nuclei such aS'254Fm47 a slight shift of the

peak in heavy fragment yields to heavier masses has been

found.

Thig effect has been attributed to the infliuence of

8

4
the 82 neutron shell on the mass split.” Alternatively,

'if is suggested49 that the nucleus retains some of its
internal shells intact and that these pass to one of

the fission fragments together with half of the remaining

nucleons. One suggestion for 255U fission is that the

. . . 40 .
core which is preserved approximates to 20Ca in most

~

’ . . . 6._.
fissions with some asymmetric fission on 28Nl and some

' 49
symmetric fission on 120.

Severaiwétteﬁpts have been made to provide
theoretical explanations of the various features observed

_in the mass distributions and of other aspects of the fission




18.

process which have been studied. A number of theéce have
been based on the liquid drop model of the nucleus postulated
by Bohr and Wheeler in 1959.19 The nucleus is treated as
analagous to a charged drop of incompressible licuid and in
the application of the model to fission the energy changes
assoclated with various deformations are calculated. It

has been found that the im)lications of the model are ﬁot
easy to work out and it has been modified to take accéunt

of a number of different nuclear properties. For example,
modifications have been made to allow for the effects of
50,861

nuclear compressibility and charge distribution, and

52,5
also for possible dynamic effects. 803 As well as these

developments of the liquid drop model other explanations,
some of which have been mentiohed above, have peen based

on the shell theory of the nucleus. The role of shell
structure has been particularly emphasised in the work of
Fong.54 In his treatment it is assumed that the motion

of nuclear matter is very slow so that all the degrees of
freedom in the nucleus are in equilibrium uptil The moment
of scission. The distributions of mass and charge are then
determined by the number of states energetically available
at scission. None of these approaches appear to have yet

provided a complete account of the fission process; it may
be expected that as more experimental data of a refined

nature are accumulated a mechanism for the process may be

evolved accounting for the observations.
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(ii) Summary of fission studies relevant to the work
undertaken

It has been suggested54 that asymmetric division is dying out
as a mode of fission among nuclides with mass numbers less

than about 232. This sugrestion is based mainly on

observations on the fission of 226Ra induced by deuterons,54

a4
protonszo heliums’ ions and Y —rays;55 assuming complete

capture of the incident particle to form a compound nucleus

" the fissioning species will be 228Ac,~227Ac, 250Th and 226Ra

respectively. For actinium compound nuclei the probability
of symmetric fission is high. = When radium is bombarded
with 22 Mev deuterons the mass-yield curve has a maximum

in the symmetric fission region and subsidiary peaks in the
asymmetric region; with 14.5 Mev deuterons there are three
maxima of which that in the symmetric fission region is
rather higher and broader than the other two, while with 11
Mev protons three méxima of approximately equal height and
width are observed. The probability of symmetric fission
increases with the excitation energy of the compound nucleus

but it is equal to or 'greater than the probability of
asymmetric fission at each energy.

there thorium compound nuclei are formed the

probability of asymmetric fission is the greater, tIhen

rédium is bombarded with 23.5 Mev helium ions the mass-yield

curve has maxima at light and heavy masses with a small peak
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in the symmetric fission region, this is more pronounced Vith
31 Mev helium ions and at 43 ilev the curve has one broad
maximum indicating approximately equal probabiliﬁy for all
mass divisions. Agaih the probability of symmetric fission
increases with energy.

In the photofission of radium (with 23 iiev breasstrahl-
ung)55 the mass-yield curve is similar to that observed
with 11 llev protons, A numver of distributions have also
been determined for radium bombardment with neutrons of
3 to 21 Mev56 where the fissioning species will again bé
radium nuclii. Here the distribﬁtion is found to change
from mainly asymmetric at 3 liev to larjely symmetric at
energies above 8 Liev,

It appears that, for comparable excitation energies,
the probability of symmetric fission is greater Tor raciwm
and actinium than for thorium. mhe fission cross section
represents a smaller proportion of tae total cross section
for radium and actinium than it does for thorium and it
is possible that as thevfission cross-section falls
asymmetric fission is being suppressed.

There the fission of thorium has been investigated
using neutron bombardments of thorium itself the if57’58’59

mass-yield distributions have usually resembled those

observed for elements such as uranium, but it has been
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suggested that a peak in symmetric fission yields is
observed with pile neutrons%o A mass-yield distribution
has also been determined for the fission of thorium with
9.5 lLiev deuterons6o vhere the compound nucleus will be
234Pa; this also has the form observed for uranium at
moderate excitation energy.

Actinium and protactinium have not been investigated
directly but only as compound nucleli formed in the bombardment
of other nuclei. The longest lived protactinium isotope
(251Pa, half-life = 3.25 x 104y61) has been separvated from
uranium wastes in gram amouhts62 and a radiochemical
investigation of the mass disfribution should be feasible,
provided that some técbnique can be used which will
minimise the hazards associated with the handling of high
A-activities and allow complete recovery of the scarce target
material.IumgglPa lies between thorium, and actinium and
radium, with their different types of mass-yield
distribution; it may be more promising than thorium for a
search for a definite increase in yields from symmetric
fission.

The normal technique used for fission studies on
materials such as uranium or thorium is to irradiate gram
amounts of the material, dissolve it in an ajpropriate

solvent in the presence of inactive carrier solutions and
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separate a number of fission products from this solution.
If such a method was applied to_protactinium it would require
lengthy treatment of the‘irradiated material to recover
the protactinium and to ensure decontamination of the
fission products; all the separations would have to be
carried out in a glove box.

| A& method which has been used for some investigations
is that of colleétion of the fission fragments as they

recoil out of a sealed source. This was used, for example,

63

in some qualitative work on uranium and thorium and, more

recently, in investigations of the mass-yield distributions

50,54 %2 1n this

in the fission of radium and bismuth.
method the target material is permanently mounted and
sealed with some thin covering; fission fragments are
collected in a covering Toil of some suitable material; it
eliminates the necd For decontamination of the fission
fragments from macro-amounts of the targét material which
is preserved in a form suitable for immediate re-use.

The method appears suitable for use with any scarce or
highly active material provided that this can be suitably
mounted.

There are, however, a number of uncertainties in the

method which must be considered. These arise because the

‘fission products are emitted with different energies, and,




23,

in some cases, different angular Gistributions. The mgsé
probable energy of the heavy fragments 1s about 55 - 65 liev
and of the light fragments about 90 - 95 Mev; the losses
by absorption in»the target and covering material will be
greater for fragments with lower energies and therefore there
will be an apparent drop in the yields of heavy fragments
compared with the yields of light fragments

If the fission fragments are emitted with different
angular distributions discrepancies will again be found
in the yields since there will be greater losses by
absorption of those fragments which are emitted at about 90°
to the incoming particles. It has been shown for thorium
fission64 (induced by 22 Mev protons) that the degree of
anisotropy is greatest for fragments produced in asymmetric
figsion,that is, that these fragments have the greatest

probability of being emitted along the beam of incoming
particles, while for symmetric fission the distribution is
more nearly isotropic. This situation gould lead to

apparently low yields of symmetric fission in a recoil

method.

The range of the fission fragments will also have an

effect in determining the thickness of deposit which can
be tolerated before the amount'bf activity ocollected becomes

too low for reliable measurement.  The range of fission
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. . . . . -2 65
fragments in uranium and uranium oxide is about 10 mg. cm

and if it can be assumed that this is similar for other
systems it would seem reasonable to restrict-the talcizness
to about 1-2 mg. em™ .  This will meaﬁ that amounts of
material wnich can be irradiated may pe rather limited.

In order to investisate some of the various sources
of uncertainty in the use of a recoil method preliminary

. . . 238 s s
experiments were carried out using U. This 1s easy to

handle, has a reasonable cross-section for fission induced
65,067

by 14 Mev neutronsgdtne mass yield Cistribution is known;

. N - 23
the measurements were then extended to ;Pa.
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CHAPTZR 2

Experimental Procedure and Apparatus

(a) Outline of investigations

Targets of uranium suitable for the collection of the fission
fragments by recoll .were prepared and irradiations were
carried out using these targets and, simultaneously, a
sample of about 1 gram of uranium oxide or hydrated uranyl

nitrate. Various nuclidew vere separated and their

fission yields determined relative to that of 159Ba. The

values obtained from the prepared targets were compared
with those from the oxide or nitrate samples. In a few

ingtances a bulk sample was not irradiasted and the values

of the relative yields were compared with published values;6o’07

yields were determined for 97Zr, 99Mo, 1O5Ru, and 115Ag.

Several different materials were used as foils to collect

the fission fragments and the yieldé determined using these

were compared.

Targets of protactinium wére then preparea and tnese

. : R . -9
weré used in investigations. of the yields (relative to ~ Zr)

: 1 1 29 132
or ®5e, Msr, %Oy, o, 1%, MPpa, ag, Fep, re

and 14508. (The reasons for the cholce of reference

elements is discussed below).

After irradiation of the targets and catcher foils
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the catcher foils were withdrawn, dissolved in an
appropriate solvent in the presence of inactive carrier
solutions and a number of fission fragments (isotopic with

the carriers) were separated. The separation procedures

used in measurements on uranium were taken from published

methbds;68 with protactinium, however, it was found that
some active material was removed from the targets on to the
catcher foils and a number of modifications were necegsary
to prevent contamination of the fission product sources.

| When the nuclides to be separated had been surified
they were mounted as solid sources for counting under a gas-
flow, end-window, @B -proportional counter, The counters
used were callbrated usingvhigh specific activity
solutions the absolute activities of which were determined
by,4nﬁ counting. The counting rates of a range of solid
sources of known weight counted under the end-window counter
were then compared with the disintegration rates found by

calculation from the measurements using the 47 counter.

(v) Preparation of Uranium Deposits

Two methods, electrolytic deposition on gold and evapora-

tion of an drganic solution on platinum, were applied

successfully to the preparation of suitable urgnium deposits.
A few attempts were made to enclose finely ground USOB

between thin filwms but it‘was not found possible to make
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films which were at once sufficiently strong to allow
repeated use of the samples and which had sufficiently
thin containing walls to allow the escape of the fission
fragments.

In the electrolytic method69 the deposits were
prepared on one side of each of 24 gold discs, 2 cm. in
diamgter and 2.7 mg. cm.—z in thickness, A solution 0.2H
in ammonium oxalate and 0.02M in uranyl nitrate was
adjusted to pH 8 with ammonia and electrolysed at 80°C at
6 volts with a current density of 0.03 amps. cm?z of the
'electrode. Flectrolysis was continued until a thickness
of about 1.5 mg. cm."? was built up; this was generally
after about £-2 hour. Deposition was on the cathode and
one side was coated with black wax to preven:t any deposit
on the vack of the electrode. A olatinum wire was used
as the ancde. The deposit formed is stated to De U02;
it appeared quite adherent and was black and shiny, but was
rather uneven. The total weight of uranium deposited was
72 mg.

‘if was necessary to apply some cover to these

deposits and this was done by the evaporation of gold

' . . 70 .
from a heated tungsten filament under vacuum. lhe
2

thickness of the gold deposit was about 0.5 mg. cm.

it formed a smooth, adherent deposit.
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The deposits prepared by the evaporation of en-
s L1 i . . -
organic solution appcecared to be more uniform and to be
more resistant to handling. A solution of uranyl nitrate
in ethanol (50 mg. ml.‘l) to winich a & solution of
cellulose acetate in ethyl acetate was added vwas diluted
vith acetone. The final »roportions,. by volume, of

uranium solution: cellulose acetate solution: acetone vere

1
-

1:1%:1

N

«  The mixture was pa;nted on toAplatinum sneet in
a thin layer and left to cdry; the deposit vas tuen neated
to drive off all tue organic material and convert the
uranium to oxide. Any lcoose frasments weré removed by

rubbing vith tissue.. This procedure was repeated until
P2

the thickness wés aﬁout 1 mg. cm. The platinum was
coated on both sideszand tien cut into discs 2 cn.

in diameter; the discs were then covered with a layer of
evaporated gold 0.5 wr. cm._g thick,. Twenty eight Gliscs

were prepared siving a total weight of deposit of 168 mg.

(c) Preparation of Protactinium deposits

The preliminary investigations of a number of methods were
carried out using either tantalum ormiobium as substitutes

since these are rather similar in chemistry to protactinium.

(i) Sublimation of halides

gamples of TaBr5 and NbCl5 were prepared in an atmosphere

of dry, oxygen-free nitrogen; the tantalum pentabromide by
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passing bromine vapour over heated tantalum metal, and

fhe niobium pentachloride by passing chlofine.saturated with
carbon tetrachloride over heated niobium pentoxide.. After
a sample had been prepared it was sublimed along the

tube in a ﬁitrogen atuwosphere and attempts were made to
obtain,a deprit on a piece of platinum in a cooled part

of the apparatus. Only a small amount of any gi#en

éample could be dollected on the platinum. The apparatus
was then opened to the air when the halide wgs immediately
hydrolysed to an oxide or basic chloride. Further halide
was then sublimed on to fhe platinum and a thickness of

1 mg. cm‘."2 was built up. The deposits were loose and
powdery and considerable waste of the halide always occurred.
It did not therefore appear to be a particularly encourasing

approach for preparing satisfactory protactinium deposits.

(ii) Electrolysis of an Agueous Solution

It is claimed72 that deposits of protactinium are prepared

by the electrolysis of a fluoride solufion to give thicknesses
of up to 0.1 mg. cm;_z. The sclutions used contained 0.06
mg. ml.—l, of protactinium and were 1§ in NaF; the pH

was 5,§ and electrolysis wés’carrisd out at 1.5 volts with

a current density of 15-20 mA.cm."2 of the electrode for

12 hours.

This was repeated using a tantalum solution but
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visible deposits were not obtained..

(iii) Electrolysis of Qrganic Solutiong

Two methods for the electrolysis of organic solﬁtions wvere
attempted. Deposits of protactinium have been prepared

on carbon anodes by the electrolysis of a di-iso~propyl
ketone solution at 100-1000volts. The current'ﬁas gradually
increased to 2 mA. but was not permitted to exceed this
vaiue and de@osition was 80% complete in 10-20 minutes.

A solution of niobium was prepared. and extracted into
di-iso-butyl ketone, The organic phase was then electroly-
sed under the above conditions, but with the use of
platinum electrodes, for.16-17 hours. Depbsits vere
obtained but the'maximum thickness was 0.1 mg. cm. °.

| The second method & has been used to prepare
deposits of meials such as silver, plafinum, uranium and a

number of lanthanides. . A solution of a salt is prepared

in 3N acid to give‘é concentration of 10 mg. ml.

About 25—250 }Ll of this solution is then added to about 10 ml.
of 1so—prouyl aloohol ané electrolysed at 50- 2000 volts

(the requlred voltage varies for the diffe rent substances).

Deposition is on the cathode and is complete in about

35 minutes.

‘A solution- of niobium was prepared in strong hydro-

‘ . ) . - 1
chloric acid to give a concentration of abou?b 5 mg. ml.




31le

and treated as above. Thick white deposits were obtained
which were apparently largely organic since on heating
most of the material volatilised and a smooth white
deposit remained., On repeated treatment a devosit of
about 0,5 mg.'cm.—g was'prepared on a platingm eiectrdde;
the deposit appeared to be adherent and could be easily
covered with evaporated gold. The method was rather
slow, however, and presumably con:idér*ble losses of
material could take place during the volgilisation of the

organic residue.

(iv) Bvaporation of QOrranic Solutions
The method71 which had been used for the preparation of
the uvuranium samples was tried out using a solution of
niobium-pentachloride in alcohol and satisfactory deposits
were obdained.

It appeared that the most promising methnods for
use with protactinium were those of electrolysing a
solution mixed with iso-propyl alcohol or evaporating
an organic solution, Ih the first method the deposit would
be expected to be thick and powdery before heating and
losses of material might be considerable. It wasltherefore

decidéd to attempt the evaporation method (iv).

(v) The Preparation of Pa deposits

The deposits were mounted on platinum discs 2 cm. in diameter
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and 0.002'" thick. The discs were cut out before coating
and tuen cleaned, heated to a duil red heat and weighed.

The vwhole of the procgdure of preparing the
protactiniﬁm deposits was carried out in a glove box.

The protactinium (which was made;available by UKAEA) was
supplied as protactinium (V) chloride. This was soluble

in absolute alcohol and avsolution containing about 50 mg.
ml.,"1 was made up in a dry vessel. Acetone and a 3%

solution of cellulose acetate in amyl acetate were then

added to give the proportions of protactinium solution:acetone:
cellulose solution of 1:i%:1%.  When the solution had

been prepared no further precautions were taken to exclude
'wéter; such solutions were kept for several days without

any apparent decomposition.

The solution was then applied to the platinum discs
using a gless fibre brush (to reduce the amount of material
retained by the brush); after treatment the discs were
left to dry and then heated to dull red heat in a furnace
for several minutes, They were then left to cool and
rubbed with tissue to remove any loose fragments. 1t was
hoped that if the discs were allowed to dry the protactinium
halide would be hydrolysed before heating and losses Dby

vokmlllsatlon would be reduced. Lach coat applied in this

manner gave a thlcknesc of anprox1mately 0.03 mg. cm. 7
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30 to 35 coats were applied to both sides of 24 Giscs giving
X ‘ -2 - ..

an average thickness of 1 mg. cim. and a total weignt of

deposit of 147 mg. (126 mg. of protactinium assuming a

formula of Pas0; for the deposit).

The deposit wvas applied in thin layers and therefore
interference colours could be observed at Tirst, dince
these alter as tihe thiciness is increased it ias »ossible
to make some check on the uniformity of the ceposit. Waen
tiiise had reached its Full thickness the colours could no
longer be seen and the degosit wvas vinite and sauiny. It
appeared to be quite adherent since vigorous rubvilg or
prolonged heating had no detectadle e’fect on the weizant
of the aiscs. ‘"he deposits wvere covered with a layer
of evaporated gold 0.5 mg. cn.”® as described Tor the

yranium Giccs.

(d) -The Neutron Generator.

The neutrons are produced by the reaction:-

; a
2H + 5H = He 4+ 1n + 17.6 Lev.

1 _ 1 e 0
vhich has a high, broad resonance ror deuterons of 100 kev
striking a thin tritium target. In this laboratory a
suitavle peam of dguterons is produced by a Cockcroft-ialton

linear accelerator.75 During operation the beam current \

varies from about 5Q—180 J amps. the energy of the deuterons

being about 160 kev; the neutron flux produced is of the
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order of 109n/sec.

mhis beam of dueterons impinges on a target of
tritium adsorbed onto a titanium or zirconium foil
suvported on a 2.5 cn. diameter covper foll wiich is
fixed to the copper tarset block with Toods metal. mhe
targets, which afe described by Wilson and Bvans,76 are
obtained from UKAZA and eéch contains about 3 curies of
tritiun,. During irradiation the heat dissipated in the
ﬁarget is about 25 watts; the target is therefore vater
cooled to reduce the loss of itritium by heating of the
taréet. The target assembly is illustrated in Fig. 1;
it is sited in the middle of the target chauber in oraer to
reduce the flux of neutrons of degraded energy procuced
by scattering from the walls etc.

The energj of the neutrons produced varies someunat
with the angle of emission and with the energy of the

deuterons. It has been stated that the energy of the
deuterons is about 160 kev but when the beam strikes
the target energy will be lost so thatrin fact deuterons
of energies from O to 160 kev will pe present. The
excitation function of the reaction,  shows that 805 of

the neutrons are produced by deuterons of energy from

80-130 kev. when neutron energy is nlotted as a function

of angle of emission for deuteron energies of 80, 100

and 140 kev. (Fig. 2) it is found that, assuming an angle
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subtended at the target of 900, the vaviation of neutron
energy is from 14.1 to 14.9 Lev. This gives an average
energy of 14.5 4+ 0.4 Liev, that is, with a.variation of 4
If the irradiations can be carried out so that the angle
subtended-at the target is small, the energy spread can
be reduced but to do this the sample for irradiation
must be placed several centimetres from the target and
therefore the flux is much reduced.

During irradiation of a given target the flux
fails continuously, probably because of the loss of
tritium. Devosits of decomposed oil from the diffusion
pumps may also form on the target at fimes, altinough
a cooling device is included to reduce this. As the

targets age there will be some accumulation of deuterium
and therefore the production of low energy neutrons from
bA+ D reaction becomes possible. These have been showmn
to introduce an error of not more ﬁhan 2% in work on
uranium fission.

The neutron flux varies throughout an irradiation
and is monitored using a plastic scintillator. Allowanc
is made for the flux variation in the calculation of

the relative yields. (see Chapter 3)

(e) Arrangements for Irradiation.

35.

the

e

For irradiation the prepared uranium or protactinium discs

L 3
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were interleaved with catcher Tolls (nd placeu i. a
holder. For the measurements on uranium; circular catcher
foils (2 cm. diameter) were used and the Giscs and Toils
were.held in a round »olythene container with a'closely
fitting »nolythene plunger. This was strapped to the
target block of the accelerator with elastic bands. When
protactinium was to be used other arrangements uere
necessary because of its high 'k —activity. Tne Giscs
were alvays kept in a glove box except during thé
actual irradiation. Refore removal taey were inverleaved
with square catcher foils (2 cm. sguare) in a brass holcer

e This was then sealed into two polythene vazs
and taken from the glove box when it was placed in a third
bag. The assembly was then checked for d -activity
using a Burndept monitor Type BN 110 Lz IITI with an &\ -p.ope
Type TN III Ik IT operating at 1.4 Kv., and fixed to the
target block of the accekrator.

After irradiation the packet was returned to the

glove box, opened, and the catchers removed for separation

of the fission brocducts.

(f) Preparation of golid Ssources.

If solid sources are to be counted it is convenient that
the final form used for precipitation and source prepara-

tion should also be suitable for the gravimetric determina-
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tion of the chemical yiéld. ‘It is also necessary to use
a standard mounting technique for all sources to allow
relative measurements to Dbe made;

Sources were mounted on glass fibre discs (\/hatman
GF/A); which before use were washed with water, alcohol
and ether (in that order)and dried in a vacuum dessicator.
This was evacuated for one minute, air admitted and then
evacuated for 5 minutes. The disc was then moﬁnted on
an aluminium planchet and weighed to'the nearest 0.01 mg. using
a Stanton semi-micro balance (Model LiCIA). These discs
were found to give constant weighings over a period of
several days even if kept in the ailr.,

To prepare a source the weighed disc was placed

on a sintered polythene disc, having a diameter slightly
greatér than that of the disc, which was-located in the
base of a filter stick. The top of the stick had an
internal diameter about %" less than the diameter of the
disc and was hé}d in place with a clip. Filtration
of a slurry of the source material then gave a clearly
defined area which was reproducible for'any source.
The sources were washed, dried and weighed as described
for the mounts. The balancé weights were accurate to
+ 6.05 mg. and the source weights were usually between
5 and 40 mg.. The chemical yield, assuming that the

composition of the precipitate is accurately known, could
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therefore be determined with an accuracy of about M%.

(&) Counting Eguipment.

The solid sources were all counted under a gas-flow, end-
window, B -proportional counter. The zas was a standard
mixture of 90% argon and 10% methane; Defore use it was
dried by passing through a series of tubes containing
silica gel and magnesium perchlorate. It then passed
through a glass wool filter to remove any dust and then to
a reducing valve and flovmeter. The pas vas supplied to
the counters at about atmossheric pressure ané at an
approximately constant flow rate: (small chenges in the
flow rate could be shown to have no effect on the counting
rate of a given source).'

Thile measurements on uranium were in Dprogress
the counter shown in Fig. 3 was used. This had a window
made from several layers of very thin VYIS plastic riim
gijing a final thickness of about BO)ugrm.ch.~2 T:is vas
coated on the inside with a thin layer of evaporated gold
to. ensure that a uniform field was oreserved inside the
counter. The central wire was a loop of constantin wvire
(O.QOl" in diameter) soldered into a nickel tube vhich in
tufn,passed into a insulated plug. The main vody of the
counter was of polished bréss.

This type of counter gave a plateau 200-300 volts

long with the optimum opefating voltége at about 1.8 Kkv.
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This changed slightly over a period of time and-tﬁe
plateau was therefore re-determined at intervals. Opera-
ting at this voltage and enclosed in a lead castleAthe
counter zave & back—ground counting rate of 10-15 com.

The efficiency was frequently checked by counting a
standard radium-D.E-F source the count rate of which
alwéys fell within the expected statistical limits. ' The
electronics and gas system assoclated with this counter
are shown in block diégram form in fig. &.  The amélifiefv

and scaler settings are given below:-

Amplifier —  Type 1008
Differentiation time 0.4 /Lsecs{
Inteération time 0.4 M secs.
Attenuation 10 db.
Scaler , Type 10094

Paraiysis time o 80 M secs.
Discriminator bias 15 volts.

This counter was also used to investigate the presence of
A contamination in sources prepared from protactinium.
For this purpose the paralysis time.of the scaler was
increased to lbOO/A gecs, and the counter was operated at
1 kv. The counter was not calibrated as it was only

used in measurements to compare yields from uranium foils
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and bulk uranium samples.

For some of the measurements on protactinium 1ow—
background counters were used. The end-window countefs
were esséntially the same as the type described above
except in shape. One is illustrated in fig.$ . The
windows were prepared from 1 mg. cm_z Mylar_film'which
has the advantage of veing wuch more robust than VYNS and
of allowing up to three counters to be operated’in series
,ffom the same gas supply withoutlloss of éfficiency. The
vwindows wvere prepared by heating.the brass window support
and stretching a piece of film over it. when the correct
temperature was used the film stuck firmly and gave a
smooth window, They vere coated with gold in the same
way as the VYNS windovs. These counters were operated
under a shield of Geiger counters (Twentieth Century
Electronics Type G24). The arrangement is illustrated
in fig. ‘6. The electronics assoclated with these counters
is. shown in block diagram Fform in fig. T. Since an
anti—coincidence‘circuit is included, pulses from the
proportional counter coincident with those from the
Geigers’are not recorced. This serves 1o reduce conitribpu-
tion of cosmic rays, or active substances in The
surrounding material to the background counting rate. ~he
amplifiers used were Dased on the design or Chase and

Higiﬂbotham78 for a general purpose linear -pulse amplifier
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with good stanility, short-rise time aﬁd 500G overload
charact8ristics. The dead time was acjusteda to 1.8 wmsecs.
since some AL —activity was expected to be present in tae
sources; with the shoriter dead times often used for
nroportional counting the large pulses produced by « -particles
‘can Qverload the awplifiers. The nreamplifiers vere
mounted directly on the body of the counter to reduce
logsses due to stray capacitances of »nlugs ané leads. ith
the anti-coincidence shield overating and the counters
enclosed in a lead castle, the backgroind count rate vas
5-6 cpm. If the anti-coincidence ~yas not operated tae
background was 10-15 cpm as in a normal-proportional
éounter. mhe plateaus obtained were again about 200 vclts
long and the operating voltage was about 1.8 kv.

mhe counters wefe operated in conjunction with an
automatic recording device which allowed the decay curves
to be more adcurately plotted. For counting, wilcn was
always contiﬁded until the activity was too low to measure,
or until a constant long-lived background was reached, the
prepared sources on rilter discs in alumiﬁium plancnets
were mounted on aluminium trays waich were then olaced
in the counter stand. Thesé stands were accurateliy
assembled so that all stands were equiQalent.

The counters vere calibrated as descrived in

section (k) using a 4 W -counter for absolute activity
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determination. - This counter is a gas-flow, B -proportion-
al counter but it is designed for use in measuring
disintegration rates. The source is mounted on a very
thin support and placed inside the sensitive volumelof

the counter.- A 4 ¥ A proportional counter is shown

in fig. 9. The source mount is prepared from VYHS film
(thickness about 10-15 PG cm—z) which is wmounted on an
aluminium ring 2.6.cm. in diameter and coated on one

side with about 5 /g. cm-2 of gold to render it conducting..
~To prepare a source a crop of insulin solution (containing
about 1 mg./10 ml. hydrochloric acid) is spread over the

- central area of the film and:dried. The insulin
encourages spreading of the active aqueous solution wvhich
is then placed on the mount and prevents uneven deposi-
tion of the source on drying; This method pf source
prepération is fully deécribed by Pate and Yaffe.79

The electronics associated with the 41 -counter

were those used with the first type of end-window counter

which have been illustrated in fig. &

(h) Choice of Reference Element. .

In most of the measurements on uranium samples Ba was
selected as the reference element, This occurs in high
yield and was conveniently separated from other fission

samples and from the fission Ffragments collected in the

catcher foils.




4 7 counter
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With protactinium, however, this nuclide could
not be used. It was to be expected that some protactinium
and daughter products (see fig., 10) would be transferred
from the prepared samples to the catcher foils; one such
daughter is 225Ra with a half-life of 11.2 days. T™his,

and its short lived daughters, would follow the barium

and methods for separéting radium and barium could not be

carried out in the time available (the half-life of 159Ba

is 83 min.) Some other nuclide had therefore to be
selected, It is desirable that the reference nuclide should
be one which occups in high yield in fission and which is'
readily separated from other fission fragments ancd, for

this method, catcher foil material. The half-life should
be long enough to allow time for a careful separation |

but short .enough to allow the decay to be followed for a
number.of half-lives. It is also desirable that exchange

| between carrier and active species should be easily obtained.
9VZr (t%_: 17 h.) fulfills these conditions, the measured

activity also being increased by the presence of 97Nb

(tz = 72 min. ). The only uncertainty appeared to be in
z :
obtaining exchange in the presence of large amounts of

catcher material but this would apply to almost any species.

(i) A -contamination in sourceg from Protactinium.

The prepared protactinium samples were interleaved with
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aluminium foils and left for a few hours in the holder
to be used for irradintions. The aluminium was then
removed and counted with the end-window proportional
counter set for d\-counting as described in section (g).
The activity on each side of each foil was found to be
about 104 cpm;- when the experiment was repeated using
polystyrene foils similar results were obtained.

In the preparation of the discs each had been
separately coated and therefore some of the protactinium
would have been deposited on the edges which might not
have been covered by the gold. The distribution of the
activity was therefore investigated using several
aluminium foils which had been in contact with discs
for some time. These were placed in contact with

photographic plates (Ilford K2 emulsion) wrapped in

black paper and left for about two days. The plates

were then developed in ID I9 developer solution and fixed.
The.autoradiographs showed that about 50-75% of the blackening
was distributed in a ring corresponding to the perishery

of the protactinium disc, although patches of vlackening

were found over the whole area which had been covered

by the aluminium foil. The edges of the discs were

sealed by painting on a'dilute solution of polystyrene in

benzene; it was estimated that the thickness applied
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was less than 0.005 mg. cm.”° and the range of Ffission
fragments in organic material is about 3 mg.cm_z. hen
aluminium foils which had been in contact with these discs
were autoradiographed as descrived above the plates
showed much less vlackening tian before and the averaje
counting rate on eacii side of the aluminium foils uas
reduced to about 4000 cpm. After several months of use
of the Pa sarples this had fallen to about 1000 cHm,

A number of experiments wvere carried out on the
contamination of the separated fission products by
protactinium. A solution of 255Pa vas availeble and
since this has a characteristic samma spectrum (pealks
at 0.11 and 0.31 Iiev.) the chemical »rocectures to ve
used could e checked by adding a knovwn activity of
protactinium to inactive carrier solutioas, caryrying out
the separation ana counting the protaciinium
activity again. Counting wvas done in a well—type oI (i
gcintillation couniers - Tests were made on the procscure
for all the Ffission frazments to ve separated and for
Pr, S, Y, i0o, Ru, Pd, AL end Te cecontamination vuas

> é9.9ﬁ. when moGifications were introduced into
the'procedﬁres for Zr, Sb anc Ce decontamination wvas

again » 99.9%. The procedures used, and modifications

. .. N o A
introduced are outlined in Chapter 4 and Zivén 1n detail

in the appendiif. A .
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vinen the same procedures uere carricd out using
inactive carrier and foils wnica had been in contact
with the Drotactinium samples, but not irradiated, some
sources again showed and background. (In a numver
227

of instances the most orobable contaminant vas ™ (tai=

2

18.58d)). Procedures were finally; worked out wiaich
reduced the background to less than 10 copm above the

normal counter background for all the elements investiga-

ted.

(i) Catcher Foil Liaterials Used.

It 1s necessary for the material to e used for catcher
foils to e availavle as smooth foils of thickness
greater than the range of fission fragments in that
material, The thickness suould not, however, be much in
excess of this value for as the thickness of the samdple
irradiated increases the attenuation of the neutron veam
increases; excess catcher material may also complicate the
chemical separation of the fission fragments.

The materials winich were used as catcher foils
were aluminium (thickness = 7 mg. cm._z), volystyrene

2). In their

30

(13 mg. cm.—z) and copper (44 mg. cm.”
investigation of radium fission Jensen and Fairhall
used aluminium foils and they state that exchange between

added carrier and the active species 1s incomplete unless

the solution of aluminium with carriers is refluxed for half
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an hour with.a mixture of either hydrochloric and nitric
acids or sulphuric and perchloric acids or sodium
hydroxide and sodium hypochlorite. For aluminium the
foils were dissolved in one of these mixtures. For
polystyrene the foils vere dissclved in benzene in the
presence of carrier solutions. In some experiments this
‘mixture was shaken with strong acid for a few minutes
but it was found.that the relative yields did not agree
with the values found when aluminium was used; it was
thought that exchange might be incomplete, Some Getermina-
tioné were then madé ﬁhéré the mixture of carriers and
the benzene solution of the cétcher foils was shaken with
thé addition of hydrochloric and hydrofluoric acics.

Shaking was continued for twenty minutes and results

in agreement with those from aluminium foils were then
obtained. The procedure was rather inconvenient, however,
and the zirconium chemical yields were reduced from
50- 4055 to 30-40%.

A few irradiations were carried out using copper

foils and these were dissolved in concentrated nitric acid

and refluxed.'
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(k) Calibration of the end=window counters

The end-window counters were calibrated for counting 9lsr

93y, 97Zr', 99Mo;‘1298b and 143ce using solutions of these
nuclides of high specific activity. The absolute

activity (in dpm/mg) of each solution was found by the use

of a 4T proportional counter (described in section ()

of this chapter); any correctiOn’required té give the true
disintegration rate from the counting rate in this counter

is given in chapter 4 under the nuclide concerned, golid
sources of the chemical form used for counting in the relative
yield determinations were then brepared from a known volume

of standard cgrrier solution to which a known amount of the
active solution had been added; The sources prepared Were
weighed and counted; decay curves were plotted for all
sources to allow the subtraction of long-lived components.

The absolute disintegration rates were calculated for these
sources at a known time and the efficiency of the counters found
by comparison with the observed coupting rate at the same time.
Graphs were then plotted of tine efficiency of the counter
against source weight; these are also given in chapter 4,

The solutions used for 918?, 95Y, 972?, and 1298b
were obtained from uranium dioxide irradiated in a reactor

' >
for one day in a thermal neutron flux of 1012n cm. S l.

These were separated using the methods given in the appendix

but reduced for working with 1 mg. of carrier. B0 was
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obtained by a similar irradiation of molybdenum oxide and

99Mp. separated from it by dry distillation. 4%ge was
produced by the -irradiation of a sample of cerous oxide.

83 105 112

For the remaining nuclides (that is, ~°Br, Ru, Ag,
113 132 , . . ~
Ag and Te) the efficiencies were calculated using the
method of Bayhurst and Prestwood.BO In this procedure

solufions of a number of nuclides which decay by the emmission of
one p“group are standardised (in the present case by 41w
counting) and a range of solid sources prepared, " The
efficiency is then calculated as sbove and graphs of
efficiency against source weight plotted. The average

B energy of each nuclide is calculated using the known
maximum energy and a series of'graphs given in the original
paper.BO. Curves are plotted, for a number of sample
weights, of counter efficiency against average f? energy
and the efficiency of any nuclide for which the maximmnﬁ
energy is known can then be found. For nuclides emitting
more then one p group the efficiency is found for each
group and a weighted mean éalculated; this requires a
knowledge of the abundance of the various groups. It is also

necessary to know the shape of the spectrum since a

correction must be made for any first forbidden transitions.

Measurements'were made using 45Ca, 185W, 9OY, 91Y, 22Na,

24Na and 42K; two of the curves of effi&iency against average
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energy (for 5mg . and.SOmg. source weight) are shown in fig. 11
and the curves of efficiency against source weight calculated
for the various nuclides are given in the appropriate

sectiohs of chapter 4. Calculations were made of the
efficiencies_for those nuclides for which experimental measure-

ments had also been made; the agreement was found to be
within 2-3%.
The efficiency of the counter could also be

calculated for nuclides intransient equilibrium.

A A
1—> 2 —53 (stable). (1 and 2 are nuclides in transient
equilibrium).
The appropriate effieciency factor (Th) of the parent

in such a system is given by

U I, + Ip where I, and I, are
/ _ the obsérved cGunting
Ai rates of 1 and 2 and A
is the absolute activi%y
of 1.
? t
M 18t T ohe
e )y T Aq since ) = * " ana?
e V=g il
. . * are the efficiencies for
, , A2 ’ 1 and 2 akone.
= D1+ N2 T
/ Al
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S D= )y +7)’2 ( /\_2:_}‘—1)

! /
v 1 and v 2 were found in theusual way from the curves of

efficlency against energy.
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CHAPTER 3

Méasurement‘of Relative Yields from the Fission of Uranium

In order to check the validity of the methods developed,

before commencing work on protactinium, measurements were
1

made on the relative yields of 97Zr and 15Ag in the fission

of 258U with 14 Mev neutrons using 159]351 as the reference

element. During the course of the investigations of
relative yields from protactinium a few determinations

were also made of the relative yields from uranium of lo5Ru

and 99Mo, using 97Zr as the reference element.

In this chapter an outline of the general method of
treatment of the radiochemical data is given together with
the chemical methods used in, and results obtained from,
the measurements on uranium fission. The applicability of
the methods used in investigations of the fission of

protactinium is also discussed.

(a) General Treatment of Results.

When solid sources were separated the decay was followed to
enable the curves to be resolved, giving the decay of the
nuclide of interest. These activities were then extrapo-
lated back to the activity at the end of the irradiation.

The count rates so obtained were corrected for the chemical

yields of the species and compared with the similarly corrected
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“activity of the reference nuclide. gcorrections were
made for the presence of any daughter activities and also
for the variations in the neutron flux during the irradia-

tion. This was done as follows: -
consider an irradiation of duration T, and assume

that a fission fragment is isolated at time t' after the

end of the irradiation.

R

It is also assumed that the precursors of this nuclide (1)

are short lived compared with T and t!'.

Nuclide 1 is produced throughout the irradiation at
an irregular rate R(t) where R is some function of t. 1In

the interval dt the number of nuclei produced will be:-
.These*nuclei will then decay exponentially and at t' the

number remaining will be

aw, (') = R(t) e MO+ (7)) 4y,

= é‘x‘t'.R(t) e” k4(T-t).dt.
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The total number of nuclei of nuclide 1 present at time

t! will'therefore be

. t=T
Ny (') = € Mt J R(t)e” Ap(T-%) 45,
| 20 |
Now,  R(t) = B. o.v,.9(t)

where, B some constant for the particular irradiation

o fission cpross-section.

Y, = fission‘yield Qf nuclide 1.

@(t) = neutron flux.
But the variation in'@(t) is proportional to the variation
in I(ﬁ) the neutron monitor reading.
Then R(t) = B.O‘.Yl.I(t)/-r) | where? = efficiency of

the monitor.
t="7

B.S.Y, o= A1t f I(t)e‘)‘l(T't).dt.

'y) t=0

When :the time intervals taken are much shorter than the

O (8)

il

half-life of the species concerned the integral may be

replaced by the summation
t=T - -
S 1 o L (s4)
=0 '

which may be evaluated from a knowledge of the monitor

readings.

When the yield of nuclide 1 is compared with the yield

of the reference nuclide r (for which similar expeessions

may be deduced)
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o . '_ L1
Ny Yy oM ¢S,

. . - - '
r Tp, e~ AT .S,

‘From the decay curves values,Ai and Ag (the activities of
1 and r at the end of the irradiation) are read off. At
this point t' = t" = O, and since A = cA N (where c is

the detection coefficient for a nuclide)

CoNq-Tqe8y

CP.A r.Ypr.Sp

o

It is assumed in the above that the precursors of the
fission product under consideration have negligible half-
lives with respect to that of the daughter. If this is

not the case the treatment must becmodified.
Considering the chain (short) —1—89% (stable)
1 Ag

ASSuming 2 are formed only from 1 the number of nuclei of

2 present at t' is

. T et
No(t') = n A}‘l e‘Al‘t." .tf(; R(t) e'Al(T't).dt—A
o= Ag - - 1=
gt I R(t)e”\z(T‘t)‘dt)
t=0

and, on replacing integrals by summations,

) ha A

(e— xlt" Sj._ (3_-A 21}'
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If t' is long compared with the half-life of 1 this becomes

Mp(t1) = Br@Yy g <S50 Mgt

1). AT A1
. o) N, t!
S. Ny = S8—— = Beg.Y A
o =W 1. 1_ .8y
| ¥ AT e

On conversion to_activity at the end of the irradiation and

comparison with the reference nuclide activity this becomes

A:]- _ Cl.Yl.Sl. )1. . Al

This eXpression 'is required for a discussion of the results

from 159Ba.

It can be seen that in the expressions for the rela-
tive acfivities the.factor c appears; this is the effieiency'
of the counter fqr the nuclide under consideration and is
compouﬁ@ed from'various corrections for scattering, self-
absorption, back—scattering and any other losses as well
as for the intrinsic efficiency.of the counter itseif.

These are-ignored in the present measurements since the
aim.was to compare relative yields determined under different

conditions but where the counting technigues were identical,

(p) Relative Yields of Nuclides Investigated.

Phe reason for the choice of 159Ba and.gvzr as reference

elements has been discussed prefiously (Chapter 2, section h );
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in this section an account is given of the separation of
three nuclides from irradiated uranium samples and of

the relative yields measured.

(1) Barium

83m 159Ba was separated from almost all the irradiations.

The decay scheme for mass 139 is:-

_ 138
M X
2.08 1591‘31”17m e+ :
”RE$41S 139 139 139 159 a

Xe —9.,5m _ Cs—82m Ba—> stable

Since barium is formed by the decay of 9.5m cesium the
chemical separation was never begun un}il ninety minutes
after the end of_the irradiation to allow the parent

species to decay. The half-1ife of the parent is not
negligible With respect to that of the daughter and therefore
a correction must be made to allow for the decay of the
parent. The modified expression for the relative yield has

been set out in the previous section. For this decay chain

the factor

A= 2 g _ Sty 85-9.5 _ 0,8882
' A 1 t . 85

The barium was separated by the method recommended by Sunderman

which consists of a series of precipitations of Bac%zHZO ffom

HCl-ether reagent.. (The procedure, together with the

preparation of the carrier solution used)is given in full

in the appendix).
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The sources prepared decayed to a low-level, long-
: ) the 4(&3 CoPyes
1ived,back—ground activity butawere always readily resolved

to give the cowponent with the expected 83m half-life.

The results obtained from catcher foils and oxide

‘samples are given in Tables 1 and 2.

(2) Zirconium

o7 X - . C
Zr was separated in almost every irradiation. - The decay

chain for this mass is:-
a7

_ : 4b 4 60s myb
g7 l o7
17.0nh VA 97 //ﬂstable Mo
XS 75m O Wb
The activity of a zirconium source first increases as 97Nb
grows in and then decays with the expected 17h. half-life of
97Zr. Any long lived background was always very small,
In the expression for the relative yield a correction was
- made to the zirconium count rate to allow for the
7 o7

contribution of ° Nb to the count rate: 60s mNb which

decays entirely to 97Nb could be neglected.

If 97Zr = 1 and 97Nb = 2, then, at transient equilibrium,

A

L Ao- A1 - 0.8619 - 0.04078 _  gorg (assuming

Ay Mg 0.5619 equal detec-
tion coeffi-
cients)

A, (1+1/0.9276)- 2.0784,

The observed activity, A = A1 + A2

‘o.o .A.l = A/200r78




Run Ioobs. Iocorr. erlo

10
11
12
13
14
15
16
17
18
19
20
el

Py

480
490
480
425
210
365
285
175
140
70
112
100
198
50
335
4150
2300

1400

690

1100
2800

2200

TABLE &%

889

.685
1010
840
462
539
469
237
177

88

150

130
6518
190
1020
7559
42560
3104
880
1433
35845

43560

4

35.886

2.11

4.27
50. 50
25.01
34.22
22.85
12.85
19.72
14.55
29.45
11.21

a7.42
21.00

107.7
74.13
49.66
45.18
22.42
59.87
65.12

206.9

%
53.946
71,497
47.532
50,5656
45.444
67f669
60.708
73.934
79.3035
79.353
74T928
77,000
38.216
26f287
32.826
567550
654.121
457064
78.575
76;785

83.721

50.463

foil

Al
Al
Al
Al
Al
-Al
Al
psS
Ps

PS

PS

PS
Al
Cu
Cu
Al
Al
Al
ZPS
PS

PS5

cu0

Direction of
collection ®

F

W oW W W W o ok

5 > B <5 S B o)




TABLE 1 (continued)

o) 0 4 . Directionof
Run I obs. I corr. Sp x 10 % foil collection
23 1550 3003 55,69 51.617 cuo b
24 1450 5472 358.9 26.501  C.NO, -

* P-fission fragments collected in the
forward direction only -

B~-fission fragments collected in the backward
direction only.

139

Results of measurements on Ba (using catcher foils).
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RN

13
15
17
18
19
20
21
24
20

I

TABLE 2

o]
obs.

7800

1400

- 4200

5150
3040 .
1820
7400
6000
5050
1250

2300

. 8300

10000

+ 125000

12000

O
cor

11443
8331
9283
6910 .
4727
'4149
11600
10488
9331
2212
Y414
6902
18063
26427

24145

139

Results of measurements on

r. Sr x 10

35,89

4.27
50. 80
54.22
22?85
47 .42
107.7
74.12
49.66
45.18
22.42
59387
65.12
558?9

297.0

%

68.166
16,805
45.245
74,530
66.426
43.871
65f800
57,213
54,121
56.46%2
40.160
76,786
55,558
47,327

49.69

Ba (using oxide or nitrate

samples).
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Zirconium Was.firsﬁ precipitated as the hydroxide and puri-
fied‘using the;prq?edgre of ﬁahn and skomieczyf?2 which
ponsists qf a ppeéipitatign of the zirconium with mandelic
acid followed by LaFé scavenges, a series of barium
fluorozircona@e precipitations and a zirconium hydroxide
precipitation. A final precipitation Qf‘the Zr as tetra-
mandelate was used to prepare the source. The procedure.

is given in detail in the appendix, togéther with the

preparation and standardisation of the carrier solutioﬁ.

The results obtained from the various irradiations .

are given in Tables 3 and 4.

(3) silver

5.3h 115Ag was separated; the decay chain for this mass is:—

1.om LW

: ' \0 Ag :

115, =7 | N 113

l.4m Pd 115 //astable cd
S35 5,50 &g :

The samples were left for 14 minutes before the separations

were carried out to allow the decay of 1l.4m Pd and 1.2m Ag

to 5.3h T1%g.

Siiver was first precipitated as the chloride and then

&1
purified by a sequence of precipitations with benzotriazole,

and as chloride,interspersed with iron-scavengesm Finally

the silver was precipitated as the hydrated oxide and then




TABLE &

o 0 4 4 . Dir.

Run Iobs. Icorr. Sx10 Srx10 % foil 8011. Zr/Ba
1 88 214  48.54 35,89 41.029 Al P 1.10
2 120 151 2.62 2.11 79.456 Al F 1.17
3 92 215 - 5.3% 4427 42.813 Al F 1.13
4 62 199  62.84 50.50 31.167 Al F 1.14
5 40 116  31.37 23,01 34,505 Al B 1.21
6 62 123  44.11 34,22 . 50.247 Al B 1.17
7 38 171 28.82 '92.85 £2.239 Al B 1.10
8 22 34  19.06 12.85 64.367 PS B 0.64
9 32 50  23.77 19.72 64.595 PS B 1.54

10 18 29  22.77 14.55 61.798 PS - 1.31

11 20 30  35.29 29.45 67.260 PS F 1.15

12m 24 35  14.13 11.21 72,250 PS F 0.96

13 62 105 58.25 47.42 59.040 Al F 1.09

14 23 44 26,72 21.00 52.296 Cu F 1.20

15 140 202  135.7 107.7  69.193 Cu F 1.04

16 900 1356 86,01 74.13 66.360 Al = 1.05

17 520 784  58.21 49.66 66.310 Al < 1.00

19 145 192 28.30 22.42 75.360 PS £  1.14

20 176 270  46.42 59.87 64.580 DS E 1.07

21 550 668  75.07 65.12 82,305 PS = 1.14

22 405 983 280.1 206.9 41,215 Cu§ < 1.10

23 385 613 69.90 55.69 62.800 Cu = 1.07

Measurements of the relative yield of 97ZP (using catcher foils).




Ran  p2
1 2000
3 1025
4 1590
é 1500
7 820

13 830

15 1520

16 1500

17 1380

19 940

20 1500

Measurements

I
obg.

2800

1900

2331
1865
1092
100%
2396
2039
1846
1283
2024

of the relative yield of‘97zr (using.samples

TABLE 4

Sa
x10

48.85
5.51
62.84
44.11
28,82
58.25
135.7

86.01

58,21,

28. 30

46.4%2

Sp
X 104‘

35.89

4.27
50. 50
34.21
22.85
47 .42
107.7.
74,13
49.66

22.42

39,87 -

%
70.339
53.815
68.203
80.417

75,117

82.9567-

63,427
73.555
74,734
734280

74,132

Zr/Ba
1.20
1.21
1,35
1.35
1,25
1,30
1,09

1.1%

1.10 .

1.17

1.17

of oxide or nitrate).
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mounted for counting as the iodate. This procedure, and
the preparation of the carrier solution are described in
the appendix,

The results for the yield of silver relative to

barium are given in Tables 5 and 6.

.TABLE &
rRun IO 7° @ srx10® g x 10% foils Ag/Ba
obs. - “corr, .
18 25 44 25.810 45;18 54,77 Al 0.11
24 50 216 23.228 3568.9 524,77 C.NO5 0.14
25 88 261 33.736 297..0 365.0 C.NO5 0.18
26 5y 442 11,7640 114.8 109.3 Al 0.17%
. o7
¥ Measured relative to 7r
Measurements of the relative yield of 115Ag (using catcher -
foils).
TARLE 6
0 o ' 4 Y
Run Iops,  Icorr. % Sr x 10 § x 10 Ag/Ba
18 81 130 62.274 . 45.18 54.77 0.21
24 1020 18641 66.241 358.9 024, 7 O.17
26 730 1011 72.160 297.0 365.0 0.15

Measurements of the relative yield of 115Ag (using uranyl
nitrate samples).
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(4) Ruthenium, and Molybdenum
Two determinations of the yield of 1O5Ru and one of 99Mo
were made relative to 97zr. Aluminium catcher foils were
used and a sample of oxide or nitrate was not irradiated,
These experiments were performed to test the chemical
procedures used in the protactinium work and the results are

reported in Chapter 4.

(c) Discussion

the prepaved foils . ' 97
Using ,twenty three determinations of the yield of ZY yeve wmade
relative to that of 159Ba; e preserct uRaRdwn Bowesds in

eleven of the experiments a sample of uranium oxide or
uranyl nitrate was irradiated at the same time and the
relative yield of 97Zr again determined. The following are

the average values for these relative yields:-

szr/lsgBa (foils) = 1.11 4 0.16 (23 determinations)

;!

9vzr/159Ba (oxide) = 1.20 ¢ 0.09 (11 determinations)

The yield of 97Zr relative to 159Ba has been previously found

to be 1.21 + 0.07 and the measurements on oxide samples give
a value, with a low standard deviation, which is in reasonable

agreement with this; the recoil experiments, however, give

an average value which has a large standard deviation and

which is about 6% lower- than the published value.
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Some possible sources'éf error in the use of a recgil
method havé been mentioned in Chapter 1. Diécrepancies
arising from differences in range in the fragments would
be eXpected'tQ lead to a high value for this ratio since
it has been demonstrated65 that the range of the light
fragments ié greater than the range of the heavier fragments
in a number of fissioning systems. It would therefore
seem that, while this effect must exist, it is not the
cause of the difference between the values.

64’85’84.that the

It has also been observed
degree of anisotropy is different for the different fission
pféducts in the fission of thorium, and a number of uranium
isotopes, with 22 Mev protons. If it is assumed that the
distributions of individual fission fragments are similar
for neutron induced fission the greatest degrée of anisotropy
may belexpected for nuclides produced in asymmetric fission.

7 139

This is the case for 0 Zr and Ba but they are near

complementary fragments and therefore this effect might Dbe
expected to cancel.

Any nuclides with half-lives similar to those of the
fission.products investigated which aré préduced by activation
of the materials used in the pgepared samplés or catcher foils
and carried through the separation procedures could also

give rise to discrepancies. The only species produced in this
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way which have half-lives comparable with those:being
measured are 18 hour 197pt and 19 hour 194Ir (formed by
several possible reactions on gold or platinum) or 15.4 hour
_24Na (from aluminium). These, however, could only be
confused with 17 hour 97Zr and in this case would give rise

to high, rather than low, values for the relative yields.

A further possibility conéidered is that exchange
Tetween the.carrier solutions and the fission fragments
pbroduced is incomplete. As a check experiments vere carried
out using several different materials for catcher foils,

The values for the relative yields of 972r were: ~

Al foils (10 determinations) 1.11 4 0.06
Cu foils ( 3 determinations) 1.10 ¢+ 0.07 -

Polystyrene foils ( 8 determinations) 1.128 ¢ 0.24

It can be seen that the error in the values found using
polystyrene foils is considerably greater than in the values
found using copper or aluminium which suggests that in this
case exchange is indeed incomplete a conclusion also indicated
by some eiperiments carried out using the protactinium

discs and aluminium foils where the value for the relgtive
yield of 115Ag was about twice that obtained using

polystyrene for collection of the fragments. (These

If the values

experiments are described in Cliapter 4).
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found from irradiations using polystyrene foils are

neglected the average relative yield value is:-

Mor /3%, (foils) = 1.11 4 0.06 (13 determinations)

The standard deviation is now reduced and although the value
is still low comparéd with that published, it is more
nearly comparable with that determined using bulk samples
irradiated under the same conditions as the prepared target
discs. - (In neither case were any corrections made for
counter efficiencies and therefore exact agréement with

the corrected, published figures is not to be expected).

When the average values for the relative yields
measured using the prepared target discs is divided by that
measured using bulk samples,

- 159Ba(fOils) = 0.92 & 0.12
zr/~°’Ba(oxide)

97ZP/159

9

Thus, any discrepancy falls within the standard deviation

of the values.

4

A further observation may be made on these values
since the first set of prepared targets allowed collection
of the fission fragments from one side only and the ratio

of forward to backward recoils can therefore be calculated,
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Backwards 1.16 4 0.04 (3 determinations)
Forwards 1.13 & 0.03 (5 determinations)

Backwards/forwards = 1.03 ¢ 0.07

‘These values are in agreement, as would be expected from

the recorded data on the anisotropic distribution of

fission fragments..64

A few determinations were also made of the yield of

110Ag‘relative to 159Ba; the values do not show any marked

discrepancy.
118 /1% a(f0ils) = 0.14 & 0.04 (3 determinations)

115Ag/159Bé (oxide) = 0.18 4 0.03 (3 determinations)

This would indicate that differences in anisotropic
distribution have little effeet on the observed ratios

for if the degree of anisotropy of the fission fragments is
_,similar tb‘those observed in the proton induced fission

of uranium, then in a ratio such as silver to barium where

one fragment is formed in symmetric fission and one in

asymmetric, the difference in anisotropy would be greatest.

It therefore appears that a recoil method gives

reasonably satisfactory results in the determination of

" fisgsion yields for 258U. If it is then applied to

protactinium for which values of the fission yields are not

known it is necessary to assume that for the two systems
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the factors just discussed carry equal weight.

Halpern85 has reviewed the investigations which have
been made into the angular distributions of fission fragments;
he concludes that the degree of anisotropy decfeases as the
value of Zz/A of the target nuclei increases. It has been
suggested85 that this trend is merely fortuitious bﬁt it
appears to hold for nuclides from 226Ra to 159Pu. For 258u,
72 /A = '35.56 and for ~°ipa, z°/A = 35.85; this would
indicate that the expected degree of anisotropy would be less
for 25lPa than for 258U. The angular distributdons of the
individual fissien fragments have been meaepred for the proton
induced fission of 252Th,64 and a number ofiuraniuﬁ
isotopes,84 and found to have a rether similar deeendence on
mass number for each nuclide. If this may be assumed to
apply to neutron induced fission over a similar range of
mass of the fissioning nucleus it could appear that the

distributions of the fragments would not be greatly

different for the fission of 251Pa and 258U.

The ranges of fission fragments have also been

measured65 for a number of fissioning systems and found to

be similar.
It would therefore seem that discrepancies imtroduced

by the use of a recoil method should not be greatly different




for protactinium and uranium. Results in fair agreement
with those fbund using the technique of irradiation .of
bulk samples have been obtained for 258U; it therefore
seems reasonable to apply this method to an investigation

of relative yields from the fission of 251Pa.

6'7.
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CHAPTER -4

Measurements of relative yields from the fission
of protactinium

In fission a wide range of nuclides are produced but the
number which can be measured by radiochemic,l methods is

" .

limited. Measurements cannot be made when the level of
activity is low; this may arise because the fission yield
is low, or because the half-life of the specific nuclide is
long. In the present work about 150 mg. of protactinium was
irradiated in a flux of about 109n/sec. and isotopes with
half-lifes greater than 3 days were not separated for the
purpose of measurement. A further restriction on the
selection of nuclides for measurement is that in some chains

the decay schemes are complex,l6 or not known with certainty.

These chains predominate in the symmetric fission region.

The arrangements for irradiation, source preparation
‘and counting have been described in Chapter 2, and the treatment
of the results outlined in Chapter 3. It was also necessary
to make éorrections for the efficiency of the counters for

the various nuclides selected; - the methods used are
described in Chapter 2.

A 1list of nuclides on which measurements have been

made is given in table 7 together with the values used for

the half-lifes. The compilation of Katcoff16 wés used as a
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source of information on decay chains withYeference where
applicable to the Nuclear Data Sheets ?ﬁ for more recent

information on specific nuclides,

When the relative yields had been calculated they

were corrected to total chain yields and a mass-yield curve

plotted. These calculations are discussed in Chapter 6.
TABLE 7
Mass No. Nuclides measured.
84 51.6 minute Spr
o1 9.7 hour 9lsr
93 10.3 hour 93Y
o7 17 hour °'zr
99 67 hour 99Mo
105 | 4,45 hour 1O5Ru
112 21 hour 112Pd/5.2 hour 112£g
113 5.3 hour llsAg
129 4.6 hour 129sb/’72minute 129Te
132 77 hour T°%Te/2.3 hour 10T
143 55 nour “*ge.
Nuclides measgured in the investigation of the fission of
251Pa with 14 MeV neutrons,
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Measurements of Relative Yields

(1) gzirconsium (Reference element)

The decay chain for mass 97 has been given in Chapter Si(pagé
58 ).  Other zirconium species are either longer or shorter
lived (1.1 x 10% %%zr, 65 ®%zr ana 30s “Pzr) and would

Q7

not be confused with Zre

zirconium was separated from each irradiation carried
out and the decay éur%es showed the initial increase as
97Nb grew in followed by the expected 17h decay of zirconium,
sometimes a long lived background activity was observed bjt

this was small and the curves were easily resolved.

The chemical procedure used was essentially that of

Hahn and Skomieczmy82 which was outlined in Chapter 3 but tests

with 255?& tracer showed that decontamination was only about

50% if the procedure was used without modification. This
was increased to better than 99% by the inclusion of an
extraction of a concentrated hydrochloric acid solution of
the zirconium fraction with di-isobutyl ketone. TV/O

extractions gave 99.9% decontamination; the loss of

zipconium incurred was not greater than 10%. gince zirconium

was separated from all irradiations aluminium, copper and

polystyrene foils were used; from aluminium or copper

it was first precipitated as hydroxide with the addition

of excess sodium or ammonium hydroxide. From polystyrene the

ide

solution used to extract the active species contained fluor
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(see under silver page 84 ) and the zirconium was first
precipitated as barium zirconyl fluoride.

The chemical procedure used and the preparation and
standardisation of the carrier solution are described in the

appendix.n

Calibration of the endfwindow counter for 972r.

A solution of high specific sctivity 972? (about'106dpm/mg
of zirconium) was separated from a sample of uranium
irradiated in a nuclear reactor and the efficienay for a

number of source weights determined as described in

i

Chapter 2, section (k). _
In order fo nalculate the absolute activity of 97Zr

from the observed count rate of the 4T sources it was necessary

to make corrections for the presence of 60 s.97mNb and

7em. w0, VM decays by § -emission witH 1.5% conversion;

“» these conversion eleetrons will be counted in the 47

N

counter though not with the end-window counter, The efficiency
of the 47T counter for § rays will be about 1% and therefore

the observed counting rate must be divided by 1.025 to

carrect for the presence of 97mNb. The correction for the

presence of 97Nb has been calculated in Chapter 3; it is

nedessary to divide the observed counting rate by 2.078.

A curve of efficiency-against count rate is given in
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fige 12 and the results of measurements on 97Zr are shown
in table 8 where IO corr. is the activity of the zirconium
‘at the end of the irradiation (I®obs.) after correction for
counter efficiency ('9 ) and chemical yield. Sﬁf values
were calculated from the neutron monitor readings taken
throughout the irradiation. 1%orr. and Syp were used in

calculations of the relative yields of other nuclides.

(2) Bromine

32 minute 84Br was the nuclide measured; the decay chain

for mass number 84 is

6.,0min 84 Br
stable 8%Kr

84 /!

3.,3m e —» 32 min 84Br

2.4 hour 85Br was always observed in the decay of the sources
but the relative yield of this nuclide was not calculated since

an appreciable proportion is produced by the decay of 25

The decay curves observed could always be

readily resolved and the initial activity of 84Br measured.

minute 8586.

Any long lived background was always low.

Bromine was separated from irradiations where aluminium

# A 6 minute isotope of bromine has been observeglgnd was
previously attributed to 84Rr; recent work suggests,

however, that it should perhaps be assigned to Br. A
six minute species would not have been observed in the

present work.
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Run foil
1 Al
2 Al
3 Al
4 PS
5 PS
6 Al
7 Al

8 Al
9 Al
10 Al

11 Al

12 - Al

13~ Al

14 Al

15 Cu

16 Cu

17 Cu

18 Al

19 Al

20 Al

21 Al

22 Al

25 Al

26 A1

27 Al

28 Al

Al

29

TABLE 8

97

Results for the reference nuclide - 17h, ~ zZr

source wt.

mg.

40.82
42,40

36,37
27,90

15.82"

31.13
39413

44,49

17 [ ] '54.‘

39.28

20.66

7 .30
34,49
36.00
16.78
17.98
10,70
- 31.40
26,73
353,86
14.957
26497
23430
6,65
50.23
13.70

Ted2

Chemical
yield %

55.7%
9'7.88
49,65
39.63
22.42
44,11
55.45

63.04

24.85
55,66

29.28
10. 34
48.87.
51.01
25,78
20.48
15.16
44,49
3'7.88
53.06
22.83
42.26
36.561
10.90
78.71
22.45
12.00

Y

0.63%
0.631
0.634
0.638
0.636
0.527
0.632
0.525

0.631

0.525
0.636
0.632
0.929
0.636
0,532
0.5285
0.525
0.5830
0.636

- 0,631

0. 827
0.529
0.625
0.630
0.630
0.635
0.640
0.630
0.630
0,635

o) 0 6
I obs. I corr, 5 x 10
1220 3470 1.636

640 1752 1.029

860 2701 1.506

410 1633 1.670

275 1929 1.332

740 35183 1.154
3300 9431 .3.522
2750
1200 3060 1.232
1025

550 34.80 1.548
1275 3545 1.276
1025

540 2900 1.380

157 2854 1.115

370 1441 0.850

285 1064 0,731

2b5 2022 0.909

255 1572 0.859

168 - 2087 0.892

560 2388 1.360

880 4392 1,997

235 709 1,071

41 285 1.289

510 1916 1,449
1850 7980 5.659

670 10047 6.7210
2700 5445 3.659

730 5161 3,786

860 11.286 11.955
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catcher foils were used; these were first dissolved in

the minimum of concenprated caustic soda and the solution
cooled in an ice-~bath. It was next cmutiously acidified
with hydrochloric and nitric acid without allowing the
temperature to rise. In one irradiation bromine was
extracted into carbon tetrachloride after oxidation with 1M
potassium permanganate but in the others it was separated
by the distillation method of Sattizahn.87 The bromine was
then purified using the method of Glendenin88 as modified by
Ramaniah®? (tésts with 255Pa solution showed that
decontamination was » 99.9%) which involves the addition of
iOdine carrier and its extraction into carbon tetrachloride
followed by further oxidations and extractions of bromine
with a final préqipitation df silvef bromide for yield
determination and counting. The procedure is given in

full in the appendix together with details of the preparation

of the carrier solution used.

Calibration of the end-window counter

The efficiencyAdf the end window counter for a number of
source weights was calculated from the Bayhurst curves80

as described in Chapter 2, section (k); a graph of
efficiency is given in fig. 13 and the results of the relative

yield measurements in table 9.
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(3) sStrentium
9.7h 918r was the only strontium isotope suitable for

measurement. The decay chain for this mass 1is

= 5171,

° ~ 0y,
91 91 ¢ l -3

Rb —s 9.7h “lgr
N 58a° Ly

89Sr and 28.0y 9osr) were

1OS'9lKr-—+ 72s

Longer~lived, Sr isotopes (50.5d
not detected. strontium was separated by the procedure
recommended by Sunderman.81 It was usually separated from
aluminiﬁm catcher foils dissolved in a mixture of hydrochloric
and nitric acids and first precipitated as the carbonate
after neutralisatid£ of the solution and addition of excess
NaOH to re-dissolve aluminium. - The strontium thus isolated
was purified from other fission products, except barium,

by precipitation with fuming nitric acid and scavenging

an agueous solution twicelwith ferric hydroxide. Barium
carrier was then added and two precipitations of barium
chromate carried out. The strontium was mounted for

yield determination and counting as the oxalate. A

description of the chemical procedure and of the preparation

and standardisation of the carrier solution is given in the

appendix.

Tests with 255Pa solution showed that by following

this procedure decontamination was > 99.9%; decay curves
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obtained for samples from irradiated target material,
however, showed a low level of long-lived activity which

could always be readily resolved from the 9.7 hr. component.

Counting was never begun until about 24 hours after
the end of the irradiation to allow for the decay of 2.7 hour

923r and its daughter 3.6 hour 92Y.

Calibration of the end-window counter.

A solution of high specific activity (about 106 dpm/mg. of stfon—
tium) was obtained from reactor irradiated uranium using
the separation procedure outlined above,reduced for working
with 1 mg. of added carrier, This solution was standard-
ised Dby 4TTP . proportional counting and a range of solid
sources of strontium oxalate prepared for counting under the
end-window counter. In the calculation of the absolute
activity of the solution from the observed count rate in the
49r sources i£ va.s nécessary to allow for the nresence
51 min. gle which decays by internal transition with 5%
conversion and is produced in 60% of the strontium
disintegrations.

In the solia and 47 sources a considérable contribu~
tion from longer lived species was observed; this would be
expected since a one day irradiation at high flux would

lead to the formation of appreciable amounts of long lived

strontium isotopes. The curves could, however, be resolved
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to obtaiqxthe component activity due to 9lsr. Calculations
of effi;iencies were also made by the method of Bayhurst

and Prestwood;BO a graph of efficiency against source weight
combining the two sets of values is given in fig. 14. The
results of thebrelative yield determinations are shown in
table 10.

(4) Yttrium

Of the isotopes of yttrium formed in fission only 10.3 hour

95Y was sulitable for measuremerit. The deeay chain for this

mass is:-

2.05 %%r — 5.65 %%Rp — 7.90°sr — 10.50°%y ——
' 93m
12y Nb
5
1.1x106y952r'5>//”
stablegng.

Time was allowed for the decay of 7.9 min. 9OSr before beginning

the chemical separation which was carried out by the method

of Kleinberg.go Tests with 255Pa tracer showed that
decontémination from protactinium was > 99.9% but when the
proceduré was carried out in the presence of catcher foils
which had been in contact with the protactinium discs, but
not irradiated, some A -activity was found in the final

SOUrCeES., The introduction of ceric lodate scavenges

reduced this to a low level.

vitrium separated from aluminium foils was first

precipitated as the hydroxide after the addition of excess
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caustic soda to an acid solution of the catcher foils. A
number of yttrium fluoride precipitations were then cafried
out in the presence of zirconium hold-back carriep aﬁd»
the yttrium re-precipitated as the hydroxide. It was then
extracted twice from concentrated nitric acid solution with
T.B.P. and scavenged with ceric iodate. After further
hydroxide precipitations it was mounted for counting as
yttrium oxalate.  The procedure used and the
method of preparation and standardisation of the carrier

solution are given in the appendix,

The stoichiometry of yttrium oxalate has been

questioned91 and the chemical yield was therefore determined
by dissolving the oxalate in dilute hydrochloric acid,
adding excess EDTA and back titrating with zinc solution

at pH 10 using Eriochrome Black T as indicator.

counting of the sources was not ‘begun until 24 to 30
hours after preparation to allow time for the decay of
3.6 hour 92Y and its parent 2.7 hour ggsr. Sources thus
treated decayed to a low back-ground of long lived activity
and the curves were readily resolved to give a component

with the expected 10.3 hour half-life.

calibration of the End-window Counter.

A solution of 95Y with a specific activity of about'106 dpm/mg.

yttrium was prepared from a sample of uranium irradiated in a
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nﬁclear reactor and the efficiency of the end=window counter
determined for a number of weights of solid source as
describeé& in Chapter 2, section k. A graph of efficiency
against source weight is shown in fig. 15 and the results

of the relative yield measurements for 95Y are given in

table 411.

(5) Molybdenum

99Mo'with a half-life of 67 hours was separated. The decay

chain for this mass is
‘ 99m

99 99 ' }’6 on o 99
35s” "Zr — 2.,4m ~Nb — 67h i stable ““Ry.
53\ lxlo v 9Tc

Molybdenum was separated from both aluminium and copper catcher
foils; 1t was first precipitated from a solution 1 to 2M

in acid with A -benzoinoxime and the purification was
completed using the method of Scadden.95 The A —benéoinoxime
complex was dissolved in fumingvnitric acid, the solution
diluted, partially neutralised with ammonia and A-benzoinoxime
adaed to re-precipitate the mo}ybdenum. ihe precipitate was

agaiﬁ dissolved in fuming nitric acid and destroyed by wet
oxidation 6n the addition of perthoric acid and heating.
After scavenging with ferric hydroxide,the molybdenum was
precibitéted fdr counting and yiéid‘défermination with 8-

hydroxyquinoline.
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Tests with 255Pa showed the decontamination achieved

in this procedure was ) 99.9% and the decay of the fission
preduct sources could be-resolved to give a compdnent
‘With.the expected 67 hour hslf-life, Counting was always
99

delayed to allow 6 hour °~"Tc to reach equilibrium

with the parent,

A description of the chemical procedure and of the
pfeparation and standardisation of the carrier solution are

given in the appendix.

calibration of the End-window Counter.

A solution of 99Mo was obtained and 4 T and solid sources

prepared as described in Chapter 2. 99mTc was allowed to come

to equilibrium and the disintegration rate of the %0

was found from the degay of the 4 mrsources by the method of
Freiling and Bunney94; ~the efficiency for various weights

of source was then calculated. These values are shown

in fig. 16 and the results of the relative yield measurements

for 99Mo are given in table 12. One determination was made

of the yield of 99Mo relative to 97Zr using the uranium
foils (table 13); the value found was 1.12 which compares
wlth the previously measured value of 1.09 4 0.04.

(6) Ruthenium

Reiative yields of 4.45 hour 1O5Ru which occurs in the decay

‘chain
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38510%Mpy

< 2m105M'o —> 9mlo5Tc - 4.45h105Ru/ L / stable 105pg

56hlo5Rh

were determined. The irradiated material was always

1ef£ for 90 minutes before beginning the separation of
ruthenium to allow time for the decay of 9 minute 105Tc.
Ruthenium was separated95 from aluminium catcher foils
which were dissolved in concentrated caustic soda

and sodium hypochlorite. After refluxing, the solution
was acidified with hydrochloric acid and boiled again. A
few drops of ceric sulphate solution were then added to
promote the exchange of active ruthenium with the added
carrier and ruthenium was precipitated with hydrogen sulphide.
The precipitate was then mixed with dilute sulphuric acid,
sodium bismuthate added and RuO, distilled into sodium
hydroxide, The distillate was scavenged with ferric
hydroxide and ruthenium precipitated for counting and yield
determination as the dioxide,

- Tests with 255Pa showed that, provided the iron scaven-

ging step was included, decontamination was satisfactory

and the decay curves of fission product -

ruthenium were subsequently found to be readily resolved.

A description of the chemical procedure used and of

the preparation and standardisation of the carrier are given

in the appendix.
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‘Two irradiations were carried out using the uranium
targets and the yield of ruthenium determined relative to
that of zirconium. The results are recorded in table 13;
it can be seen that the average value is 0.423 4+ 0.029 which
is comparable with the previously measured value of 0.443 +
0.033. This indicates that the procedure used should also

give satisfactory results with protactinium,

Calibration of the End-window Counter

The efficiency of the end window counter for different weights
of &ource was calculated by the method of Bayhurst and
PrestwoodSO as described in Chapterlz, section k. These

values are plotted against source weight in fig. 16e, and

the values of the relative yield of 1O5Ru are given in table

14.

gilver from Palladium

Some attempts were made to determine the relative yields

of 1OgPd and 112Pd by resolution of the decay curves obtained
from-palladium samples but this could not be done
unambiguously with the counting rates obtained. The yield

of mass 112 can, however, be determined by milking 3.2 hour

112Ag from palladium. The decay chain for this mass is:i-

112
21n 11%q4 — 5,20 112ag _, stavle P0a

Palladium was separated from aluminium catcher foils using the
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method of Glendenin,96 It was first precipitated with
dimethylgloxime from a solution 1-2M in acid and the complex
was then destroyed by heating with concentrated nitric acid.
Iron (IIT) hydroxide and siiver iodide scavenges

followed and palla@iﬁm was Tinally re-precipitated with
dimethylgloiime fof the determination of thé chemical yield.,
This precipitation was carried out at a known time, the
precipitate again dissolved in nitric acid, silver

carrier added and the solution left for some hours to
accumulate 112Ag. Silver was then precipitated, as the
chloride, at a known tiﬁe and scavenged several times with
iron;‘ it was then re-precipitated and counted. Occasionally
some long lived activity was found in thése sources but

thé décay curves could be remolved to give a component with
the expected half-life of 3.2 hours. Palladium was
ré4preqipitated after removal of the silver, weighed, dissolved
and again left for the growth of silver, The milking was
continued until the activity in the silver sources became

too low for measurement.

Descriptions of the chemical procedures used and
of the preparation and standardisation of the carriers
are piven in the appendiX.

In the calculation of the relative yield of 1129d the

activity at the end of the irradiation was found by calculating
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the activity at the times of removal of silver and plotting
a decay curve for palladium. The silver was rarely left to
attain equilibrium with the palladium but the appropriate
correction has been applied.

It 112Pd = i, llgAg = 2, t = time for growth of
gilver, 12 = activity of silver at thé time of milking
and IO1 = activity of palladium before silver appeared
(that is, at the time of the previous separation), then,

Io 1 Ao ;A1 1 tt
1 2 Az (e— )\lt_e"/\g )

The values of 1° were corrected for the chemical yields. of

silver and palladium, and for the efficiency of the counter

11 112

for 2Ag and- a’ decay-eurve for Pd was constructed.

Calibration of the End-window Counter

The efficiency of the end-window counter for 112Ag was
calculated by the method of Bayhurst and Prestwoodao as

described in Chapter 2, section k; a graph of efficiency

against source weight is shown in fig. 17 and the results

of the relative yield measurements of 112Pd are given in

table 15,

(7) silver

5.3 hour 115Ag was separated. The decay chain for this mass

About 15 minutes

has been given in Chépter 3, page 59 .
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was allowed for the decay of 1.4 minute l15Pd and 1.2

minute 115mAg before the-separation was begun, 'Tests with
255Pa showed that the decontamination achieved in the

method used (which has been outlined in Chapter 3) was ) 99.9%
and the fission product sources were always readily resolved

to give the component with the expected half-life of 5.3 hours.

The chemical separation procedure and the preparation
and standardisation of the carrier are given in the

appendix.

The first few determination of the relative yield
of this nuclide wére carried out using polystyrene catcher
foils; these were then dissolved in benzene in the presence
of strong acid and carrier solutions and the mixture shaken
for a few minutes. Concordant results were obtained for
the relative yields but when the measurements were repeated
usiné aluminium foils the value of the relative yield was
found to be halfvthe previoué value, This suggested that
the procedure used with the polystyrene foils was not
providing complete;eﬁchange between the carriers and active
species. When the experiments on polystyrene were
repeated and the carriers and benzene solution of the
foils shaken for 10 minutes in the presence of strong
nitric acid and 'for 10 minutes after the addition of

hydrofliioric acid to make the concentrations about 4N in this

ing aluminium

[

acid values in agreement with those found us
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catchers were then obtained. These results are given in

table 16.

Calibration of the End-window Counter

The efficiency of the end window counter for sources of

115Ag was calculated by the method of Bayhurst and Prestwood

as described in chapter 2, section (k); the values

80

obtained are plotted against source weight in fig. 18.
(8) Antimony

1293b, which was a half-life of 4.6 hours, was separated;

it is an isobar in the chain
' 25&3'57 d_129mTe
4,6h 1298b //a1.7.x 107y 12914—9 stable 129Xe.
e i

aZ?* 72 mylng
The element was separated from bothAéopper and aluminium
catcher foilé,and since it forms a volatile hydride and
considerable evolution of hydrogen takes place during the
diésolution of aluminium this was always carried out by the
use of caustic soda. After boiling fpr some time the
solution was acidified with a mixturé of sulphuric.
and perchloric acids (in theipresence of hydrochloric acid
some antimony might be lost as volatile chloride). | When
copper foils were used these were dissolved in nitric acid.

®ither solution was then boiled with a few drops of bromine to
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ensure oxidation of antimony to Sb(v) . When using aluminium
the solution was madeﬂl—ZM in acid and antimony precipitated
as the sulphide; from copper foils it was first
precipitated by the addition of ammonia, separated, re~
dissolved in dilute acid and precipitated as the

sulphide. The subsequent procedure was the same for both
copper and aluminium foils, The sulphide precipitate

was dissolved in 0.86M potassium hydroxide, scavenged

with iron and re—précipitated on addition of apid. It Has
next dissolved in coﬁcentrated hydrochloric acid and
purified by the method97 which is given in the appendix
together with the method of preparation and standardisation
of the carrier solution. Antimony was finally precipitated
as the element for counting.

Tests with 255Pa showed that the initial iron
scavenge was necessary; decontamination‘was then > 99{9% -
The decay curves observed for the fission product sources
showed some long-lived background activity which could,
however, be resolved from the 4.6 hour component. Counting

was not begun until about 5 hours after the preparation of the

source to gllow 72 minute 129Te to come to equilibrium with

the parent.

Calibration of the End-window Counter

The counter was calibrated using a solution of antimony
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(105 dpm/mg) obtgined from a sample of reactor irradiated
uranium by the procedure used in preparation of the fission
product sources reduced for working with 1 mg of carrier.

The efficiency was then calculated as described in Chapter 2,
section (k). Decay curves obtained for both the 4T and
solid sources showed the presence of long—lived_activities but
resolution for 4.6h 1293b was always possible. The observed
counting rates of the 4T sources were corrected for the
presence of 72m 129Te which is formed in 64¢ of the antimony
disintegrations. Some calculations of the efficiéncy were

80

also made using the method of Bayhurst and Prestwood and

a curve of efficiency against source weight (showing points
obtained by both methods) is given in fig. 19. The results

129

of the relative yield measurements of Sb ere given in

Table 17.

(9) Tellurium

Measurements were made of the relative yield of 152Te which

is a member of the decay chain;

2 132

5.om %%sn —s o, 1m 1%%gp —s 77n 1%%1e —s 2.30n T9F7

stable 152Xe.

The irradiated material was left for sbout 20 minutes to

ensure decay of 2.2m Sn and 2.1m Sb. Tellurium was

separateng from aluminium catcher foils which vere dissolved

in acid, boiled for a short time with a little 1l potassium
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permanganate to promote exchange, the excess permanganate

= destroyed with hydrogen peroxide and the tellurium

PR

carried down on ferric hydroxide. It was then purified
by a series of precipitations in the elemental
form interspersed with scavenges by ferric hydroxide

precipitations and mounted for counting and yield determina-

tion as the element.

Tests with 235Pa showed that decontamination was

satisfactory, but when sources were prepared from
irradiated catcher foils they were found to be contaminated

with an activity of approximately 20 hours half-life. This
124 194I

r

was attributéd to 19 hour 194Ir (produced by Pt (n,p)

or 197Au (n,4 ) l94Ir) and 18 hour 197Pt (produced by 197Au(n,p)

t

197Pt);; the gamma spectrum indicated most contribution
from ;94Ir. Wthen the procedure was carried out in the
presence of rhodium carrier this contamination was reduced
to a tolerable level.

A description of the procedure used, and of the
preparation and standardisation of the carrier solution used
are given in the appendiX.

Counting was not begun until about 24 hours after

’ ‘ 152

the preparation of the source to allow time for I to

grow into eguilibrium.
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Calibration of the BEnd-window Counter

The éfficienc& of the end-window counter for different
source weights was calculated by'the method of Bgyhurst

and PréstwoodBO as described in chapter 2, section k using
the expression for species in transient equilibrium. These
values are shown plotted against source weight in fig. 20 |

and the values of the relative yield of 132Te are given

in table 18,

(10) Cerium

' 143 . . .

33 hour Ce was separated. The decay chain for this mass

is:=

143 143

14 Ba —» 18m La ™

143

157" Xe —> (short 3)Cs) — 13s

’ 1
33h 14506 —» 13.7d _45PP-—3 stable 145Nd.

The cerium was separated from copper and aluminium foils
and was first precipitated as the hydroxide after boiling
the solution with a little saturated sodium bromate
followed by hydroxylamine to promote exchange. The

procedure used for further purification of cerium was

that of Hunter and Perkins.99 The hydroxide was dissolved

in hydrochloric acid and a number of precipitations of cerous
fluorid& carried out; two precipitations of ceric iodate
and a zirconium iodate scavenge followed. Cerium was then

precipitated as ceric hydroxide, reduced to the cerous
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state and precipitated as cerous hydroxide which was dissolved
in dilute acid and the cerium thewprecipitated for yield
determination and counting as the oxalate. The separation

was not begun until about three hours after the irradiation

143
t6 allow for the decay of 18m. La.

Tests with 255Pa soiution showed that three cerous
fluoride precipitations were necessary to give 99.9%%
decontamination from protéctihium; sources prepared from
fission products decayed to a loag-lived background activity,

but this could always be resolved from the 33 hour component.

The chemical procedure used and the preparation

and standardisation of the carrier solution are given

in the appendix.

calibration of the End-window Counter

A sample of reactor irradiatéd cerous oxide was dissolved

to give a solution in which the specific activity of

14506 was about 1O5 dpm/mg. golid and 47 sources were
prepared and the efficiency calculated as before. The |
decay curves showed a congiderable contribution from

33 day 14106 which could, however, be easily resolved to
give the initial activity of T*°Ce.
A graph of efficiency against source weight ischown

-in fig. 21 and the results of the relative yield measurements

are given in table 19.
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fission induced at moderate excitation energiles. Wahlloz

has measured independent yields for 2-5»5U in which fission

was induced by 14 Mev neutrons, and Alexander and Corye1156

252Th caused to fission by

have considered the‘case of
bombardment with 13.6 Meﬁ deuterons and by neutrons with

an energy spread of up to 19 Mev.

When fission is induced by particles of 20-30 Mev,
however, it seems that the observea charge distribution 1is
intermediate between the equal charge displacement
and unchanged charge distribution hypotheses; this was
' found, for example, in an investigationlo5 of the yields from

259Pu bombarded with 20 Mev deuterons, 257Np with 31 Mev

deuterons,ZSSU with 23 Mev deuterons and 257Np with 46 Mev

helium ions.,

When thorium is bombarded with deuterons the compound
nucleus formed will be 254Pa and since Alexander and Coryell56
have found that the equal charge displacement hypothesis gives
reasonable agreement with their measurements of independent

yields it seems that this hypothesis may also be used 1o

calculate independent yields from the neutron induced fission
of 251Pa.
The equal charge displacement hypothesis may be

written as
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where 7, and ZAT are the most stable charges of complementary
figsion product chains and ZP and ZP* are the most probable
charges for the primary fission fragments A and A=, The

sum of the primary charges ZP and Z; must equal the charge

of the fissioning nucleus Zg,_

-

and the complementary fission product masses are related by

E2 -
A+ A = Af— v
where Af is the mass of the fissioning nucleus and v is the

average number of neutrons emitted per fission.

#
A\

The most probable charge of a fission product of mass

number A is then

_ 1 ®
zP_zA 2(ZA+ ZA zf)

Zp can be calculated if ?A and Vv are known. In the present
calculations the value of v was taken to be 4.25; this is
abvalue chosen from a consideration of measurements made

for neighbouring nuclides induced to fission by 14 }ev neutrons

since direct measurements have not been made. These

values are given in table 20.

Glendenin, Coryell anc Edward825 calculated their

values for ZA using the Bohr-Wheeler mass equation19 which,

4 there-~

however, does not account for shell effects. Pappas,

fore modified the method of estimating ZA and based his




TABLE 20

Number of prompt neutrons emitted in the fission of various

nuclides.

Nuclide V. ref.
232Th 4.6 116
233U 4.4 , 117
235U 4.5 117
238U 4.5 118
239

Pu 4.7 117
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calculations on the treatment of/S stability made by

Coryell.105 The 7 curves show discontinuities at
shell edges. FTor mass numbers near shell edges two
possible values for ZA therefore exist and Steinberg and

Glendeninloo suggested that the average value should be

used.

It has been suggested101 that a correction should be

made for shell effects on ZP. Various features of the
resulting functions, however, have not been found to agree
106

with the empirical ZP function determined by Wahl.

The values of Pappale4 have been used in the

present calculations'and, after the determination of Z—ZP,
the independent yields of the last members of the chains
were found from a charge distribution curve107 which is
similar to that of Gglendenin, Coryell and Edward325 but has
been modified to include more recent data. The calculations

are given in table 21.

The correction of the measured values of the

relative yields to total chain yields is given in table 22.

(b) Discussion

The measurement of the relative yields of a number.of
nuclides from the 14 MeV neutron induced fission of 51Pa

has been described in previous chapters; in the first




84 -

91

93

97

99

105

112

113

129

132

- 143

" Nuclides

measured

31.6m

84Br

9.7h

91Sr

10.3h
93

17h

97Zr

67h

99Mo

4 .,45h

105Ru

21h

112Pd

7
H

113

4.6h

129Sb

77h

132Te

. 33h

l&SCe

Z A

36,6 143.75
40,2 136.75
41.0 134.75

~

42,6 130.75

43,4 128475
45.7 122.7?
48;5i 115,75
48.9 114.75
33.6 98.75
54.5 95,75

59.9 84,75

54,2

53.75

51.4

50.0

49.6

43.3

42 .07

36.9

TABLE 21

97.2 37.1

96.6  38.2

96.8 39.7

96.9 40,45

97.1 42,65

98.5 44,75

98.5 45,15

96.9 50465

96.57

96.8 37.0

51.70

35

38

39

40

42

44

46

a7

51

52

58

Calculated values of Z--ZP and independent vields of the successors.

Average of two values.

1.30

0.9

0.8

0.3

1.35

1.85

0.35

0.30

1.00

I.Y.
SUCCessors

0.8x10"3

~

1.5x10
)

1.3x10
-2

2.3%xF0

2.3x10”7

1x10™t

n

3x10°~

9x10"4

,2xlO"3

-0
3.2x10° "~

1.5x10~%
-2

ox10

%1072

1x10™t

"'3)(10-.3

-2
1x10~

%

measured

99,72 .
98,49
97.68

89.70

99.91
99.80
99.68
99.99
90.80
89.70

99.00



Mass
no.

84
9

93

105
112
113
129
132

143

TABLE 22

Correction of measured yields to total chain yields

*
Measured yield

0.650 + 0.022
1,30 + 0.07

1.55 + 0.06

1.00

0.749 + 0.034
0.305 # 0.019
0.479 + 0;035
0.575 + 0.017
0.136 + 0.007
1.14 + 0.06

0.782 + 0.031

% chéin

99.72
98.49
97.68
89.70

99.91

99.68
99.99
90.80

89.70

Total chain
yield

0.652 + 0.022
1.33 + 0.07
1.59 + 0.06
1.12

0.749 + 0.034
0.306 + 0.019
0.481 + 0.035
0.575 + 0.017
0.150 + 0.007
1.27 + 0.06

0.790 + 0.031

No. of

observations

* The errors quoted are expressed as standard errors of the means.
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half of this chapter the correction of these yields
to total chain yields was discussed. Corrected, relative

yields are converted to absolute yields assuming that the

sum of all yields is 200%. A list of these normalised values

is given in table 23 and plotted against mass number in
fig. 22. If each fission gives rise to two fragments

. and a number of neutrons only, and if the number of
neutrons emitted is known, the masses of fragments
complementéry to those measured may be found and plotted
on the mass-yield curve as ‘'mirror points'.  The number
of neutrons emitted has been assumed to be 4.25 as

discussed in the first half of this chapter.

Fig. 22 shows that the mass~yield curve for
protactinium has two maxima in the yields of light and
heavy fragments, as is usual in this mass region, but that
a third maximum appears in the region of near symmetric
fission.

The distribution may be compared with those
observed for other fissioning systems. The mass-yield
curve is plotted again in figs. 23 and 24 where it is
compared with those for.the.fission of thorium induced by

56,60 and with those for the

14 MeV neutron induced fission of 252Th59 and 258U.66.’67

deuterons of two energies

In table 24 these, and several other, distributions are

again comparead.



TABLE 25

Absolute Mass-yields for the fission of 251Pa with
14 MeV neutrons.

Mass Absolute yield
No. %o
8 2.78 4 0.16
o1 4.97 4 0.40
93 ' 6.80 4 0.6
97 4.92
99 ' 3.21. 4+ 0.28
105 1,33 4 0.12
112 2.05 4 0.26
113 2.48 4 0.15
129 0.64 4 0.09
132 4.97 4 0.26

143 3.38 0.20

|+
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Fig.22. The mass-yield curve for the fission of

protactinium with 14 MeV neutrons.
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TABLE 24

Fissioning Peak Height
system ~ Light Heavy

220p, . 11Mev 87 135

p's

B0dpg 93 135

14 MeV nls

252Th +

14 MeV nls 91 137 .4

252Th +

9.5 Mev d's o2 138

v252Th +

13.6 Mev d's 92 137

255U .

14 Mev n's 95 135

'258U + o

14 MeV n's Q9 136

257N +

14 MgV“n's; 95 137

Asymm:
symm.

6.7

4,6

5.2

Peak width

at

half-height

15, 17, 15

14, 17.5,14

12.5
15
12

16

16

vield parameters for the fisgion of various nuclides.

Ref.

30

69

60

56

16

66,67

108
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For all systems it is found that the position-
of the maximum in heavy fragment yields is constant within
3 mass units while that in light fragment yields shifts

226Ra with protbns to 95 for 237

from mass 87 for NP with
neutrons, That is, as the mass of the fissioning
nucleus increases the maximum yield of the light fragment

from asymmetric fission shifts to heavier masses.,

According to the compound nucleus model the
fissioning species in the neutron induced fission of

protactinium will be 2°Fpa, for “°°Th with neutrons 2°oTh,

and for thorium with deuterons 254Pa. It might therefore

be expected that the. light fragment yields from 14 ieV neutron
induced fissiondprotactinium would reach a maximum at

1ighter mééses.than is observed for any of the thorium

systems illuétrated. it is found, however, that the

maXimum is in a similar position to that for the deuteronv
induced fission of thorium and has moved about 2 mass-units

to héaview.» masses compared with the neutron inducea fission

of thorium. The position of the maxXimum in heavy fragment
yields is in approximately the same position as that'for
other systems.

A third maximum in yields from symmetric fission
has previously been observed for radium bombarded

30 23%

with deuteron354 and protons, h with helium ions58
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rhenium with helium ions57 and for 252Th with reactor

neutronssg'whereithe maximum, if any, is =mall. gome
indications of a small peak have also been found in

- symmetric fission yields in the neutron induced fission
232Th 109

or 239y and the helium ion induced fission of .
Where a definite peak has been observed it is found that
i+ resembles the narrow single peak of the mass-yield
distributions from lighter elements such as bismuth52 rather
than the broad distribution found for the heavy elements at
| high excitation energies. A comparison with radium fission
indicates that this is also the case for 251Pa.‘ A further
similarity between these distributions is that the peak
in symmetric fission yields is about 2 mass-units broader
than those in‘asymmetric'fiésion‘yields.

The peak wigth of 15 mass-units found for asymmetric

fission of 291pa is similar to that observed for other
nuclides (14-17 mass units) except for thorium. A
number of investigations of thorium fission ha%e indicated
that the peaks are unusually narrow56’59 (although this

has been questioned).eo The extra width of the peaks
means that the yields of more asymmetric fission are
similar for the neutron induced fission of both 251Pa and

2520y,

The presence and position of the third peak are




98.

indiéated by measurements of the relative yields of loSRu,

129

112Pd and 115Ag. (The yield of sb indicates the position

of the troughs between the peaksJ These all lie on the
lighter mass side of the peak, and, unfortunately

nuclides in the other side (mass 114-128) fall in a region
of isomerism and braching decay. The chains are not

élways known with certainty and none of the nuclides appeared
suitable for measurement. The exact width of the peak
therefore depends on the value chosen for the averase

number of neutrons emitted. A value greater or less tuan
4,25 by abouf 0.5 mass units, however, gives a noticeably

poorer fit on a smooth curve,

wmine structure has been observed. for & number

of systemsg7’4o’4l’46 but no indication was found of such

an effect in the present measurements.

It appears that the probability.of symmetric

figsion is a rapidly increasing function of'the excitation
energy of the nucleus.51 (for example in fig. 23 the symmetric
fission yields. are higher for fission induced by 13.6 liev
deuterons than by 9.5 MeV deuterons). It may, therefore,

be that in systems where a distinct third peak appears

the excitation energy has been particulérly enhanced for
.some.reason. Excitation energy will be high at an energy

just below that at which neutron emigsion becomes probable.
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(The onset of n emission has been found to correlate

with rises and falls~in symmetric fission probability for a
number of.nuclidesjgl)g It is then possible, that where a
‘high symmetpic fission probability is observed, figsion

is taking place at such an excitation energy. “The onset

of the emission of one, two or more neutrons is normally
known from a study of the variation of fission cross-section
with energy; for a number of nuclides this increases in
definite steps where the emission of each successive neutron
becomes energetically possible. Unfortuﬁately, published
measurements of the fission cross-section of 231Pa do not
extend above 5MeV (1.1 barns. at this energy)llo, the most
:recent covering only the energy range of 1.5-1500 kev.lll
gome rough calgulations were made by a comparison of
activities of one or two nuclides isolated from similar
irradiations of the uranium and protactinium éamples and

it appears thatithe two cross-sections are somewha% similar
(1.3 barns for 258U110). If this is so, it would appear
that additional neutrbn‘emission over the energy range of

% to 15 MeV is a rather improbablé process for protactinium,
The excitation energy therefore remains high, enhancirng

the probability of symmetric fission,.

'This can also provide a qualitative explanation
for the position of the maximum in light fragment yields.

If neutron emission 1is improbable at this energy for
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231Pa, but not for other elements (which show steps in
the crossisection curve) then it is possible that fission
in 251Pa is taking place before neutron emission while
for these cther nuclides figsion is following neutron

emission. If so the fissioning nucleus may have a higher

231 252

mass for Pa than for Th and therefore the maximum in

yields of light fragments would be found at heavier masses

for 251Pa.

It is impossible to draw firm conclusions in the
absence of infofmation on the relative probabilities of |
fission and neutron emission in this system but it is on
these lines that explanations of symmetric fission probabilities

have been advanced for other systems. One such discussion

59

has covered the mass region 226-240. If determinations

were made of the fission and total cross—sections at

energies above 3 MeV more prescise interpretation of

the various features of the mass distribution misht become

possible,
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APPENDIX:

Chemical Procedures .

All carrier solutions‘used contained 5 mg. ml.—l of the

element of interest.

(1) Zirconium

Carrier solution -

Zirconyl nitrate was dissolved in 1 M nitric acid and the

solution standardised by titration with EDTA using xylenol |

orange as indicator.l15

Separation Procedure

(a) From uranium

(1) A solution of catcher foils was made alkaline

and zirconium hydroxide precipitated, The precipitate

was dissolved.in 5M hydrochloric acid and 10 ml. of a 15%
solution of mandelic acid added. ATter ensuring complete
precipitation by heating on the water bath for 10—20 minutes
the precipitate was slurried in 2 ml., of water and transferred

to a polythene test tube where it was dissolved by the

addition of 1 ml. of 20 M HF.

(2) 0.5 ml. of lanthanum carrier were added, the

precipitate of lanthanum fluoride centrifuged down and the

process repeated finally discarding the precipitates.

(3) 1 ml. of barium solution (20 mg. ml.;lj was added to the
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solution from step 2 and the prééipitate which formed was
slurried with 2 ml. of water, 2 ml., saturated boric acid
and 2 ml. of conéentrated‘nitric acid to effect its solution. .
The zirconium was then re“precipitated by the addition of

0.5 ml. of barium solution and 0.25 ml., of HF.

(4)  The dissolution and precipitation were repeated as

in step (3).

(5) The precipitate Was‘dissolved in 2 ml.:of water, 2 ml.
of saturated boric:aéid and 2 ml., of 6M hydrochloric acid and
zirconium hydroxide precipitated by the addition of B5M sodium
hydroxide.

(6) ‘The ziréonium hydroxide was washed with water and
dissolved usiﬁg %2 ml. of concentrated hydrochloric acid

and 3 ml, of watef. The solution was transferred to

a glass test tube, heated on the water bath and 10 ml. of 15%
mandelic acid solution added; heatlng was continued for

20 minutes.to complete ﬁhe precipitation of zirconium
tetramandelate. ThlS pr601pltate Was mounted on a fllter
disc and washed successively with a 5% solutlon of mandelic

acid in 29% hydrochlorlc a01d, ethanol and ether.
(b) From protactinium
(1) to'(5)' AS for uranium.

(6) The hydroxide precipitate was washed with water,
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dissolved in concentrated hydrochloric acid with the

addition of the minimum of water and transferred to a
éeparating funnel with more acid., An equal volume of diiso
butyl ketone (previously equilibrated with concentrated
hydrochloric acid) was added, the funnel shaken for 3-4
minutes and the organic phase discarded; a fresh portion

of DIRK was added and the extraction repeated.

(7) The aqueous phase was heated to expel the remaining
DIBK and zirconium precipitated by the addition of &M
sodium hydroxide. - The precipitate was washed with Water,
dissolved in hydrochloric acid and zirconium tetramandelate

precipitated as described above.

(2) Barium.

Carrier Solution

A weighed amount of dried barium carbonate was dissolved

in the minimum volume of dilute hydrochloric acid and made up

to the appropriate volume with water.

geparation Procedure

(1) An acid solution of the catcher foils was made alkaline
and solid sodium carbonate added to ensure the precipitation
of barium carbonate. The precipitate was vashed free of

Sodium carbonate, dissolved in the minimum volume of oM
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hydrochloric acid and cooled in ice. 20 ml. of a 5:1 mixture
of concentrated hydrochloric acid and ether was added,

the solution vigorously stirred and left for a few minutes

to complete the precipitation., .

(2) The barium chloride precipitate was dissolved in the
minimum volume of water and re-precipitated with hydrochloric
acid and ether.

(3) sStep 2 was repeated and the precipitate collected on a

filter disc. It was washed suceessively with ethanol,

4% in aqueous hydrochloric acid and then ether before

drying under vacuum,

(3) Bromine

carrier solution

Dry potassium bromide was weighed out and dissolved in

water.

Separation Procedure

(1) An alkaline solution of the catcher foils was cooled

in ice and cautiously acidified with hydrochloric and

nitric acids without allowing the temperature to rise.

After the addition of 6-8 drops of saturated ceric sulphate
solution the bromine was either distilled,in a current of
nitrogen into feffous sulphate solution or extracted directly

into carpon. tetrachloride. If distillation was used the
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solution in the receiver was acidified and bpomine ektracted
into carbon tetrachloride after. oxidation with a few drops

of saturated potassium permahganate solution.

(2) Thé carbon tetrachloride extract was transferred to a
clean separating funnel and the bromine back extracted into
water to which had been added -a few drops of a saturated
solutioﬁ of sulphur dioxide. 2 ml. of iodine carrier were
added to the acidified aqueous phase and iodine oxidised
by the addition of 0.1 I sodium nitrite before extraction

into carbon tetrachloride. The extraction was repeated

once more.

¢

(3) The bromine was oxidised with permanganate, extracted
iﬂtoLCarbon!tetrachloride and back-extracted into water
"éGontaining a little saturate@ sulphur dioxide solution.
The aqueous phase was boiled to drive off excess sulphur
dioxide and bromine precipitated as silver bromide. This
‘preg;p}taﬁe'was collected and Wéshed with water, ethanol

and ether.

(4) Strontium

Carrier solution

Strontlum nltrate was dlssolved in water and standardised by
the pr601p1tat10n of strontlum oxalate by the method used

for the preparatlon of the flSSlon product sources.

L3



geparation Procedure

(1) An acid solution of the catcher foils was made alkaline
with strong-sodium hydroxide solution and a little solid
sodium carbonate added to complete precipitation of
strontium as carbonate. This precipitate was dissolved

in the minimum volume of_dilute nitric acid, the solution
cooled in ice and strontium reprecivitated by the addition

of 20 ml. of fuming nitric acid.

(2) The strontium nitrate was dissolved in the minimum volume
of water and reprecipitated by the addition of 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 by the addition of 6M ammonia.

(3) 2 ml. of barium carrier were added to the supernate,
the solution neutralised with 6M nitric acid and buffered by
the addition of 1 ml. of 6M acetic acid and 2 ml. of 6M
ammonium acetate, Rarium chromate was precinitated by the
addition of 1 ml. of 1.5 M sodium chromate and heating to
‘boiling. Thig precipitate was discarded, more barium

carrier added and barium chromate again precipitated.

(4)':2'm1.'of concentrated ammonia were added to the
supernate the solution heated almost to boiling and strontium

oxalate preeipitated from hot solution by the addition of

saturated ammonium oxalate solution. The oxalate was

collected on a filter disc and washed with hot water, ethanol
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and- ether,.
(5) Yttrium

Carrier solution

Yttrium nitrate was dissolved in water and standardised by

titration with EDTA using xylenol orange as indicator.114

Separation Procedure

(1) An acid solution of the catcher foils was made alkaline
‘with sodium hydroxide solution when yttrium hydroxide

was precipitated. The precipitate was dissolved in 6M

nitric acid, 2 ml. of cerium (III) carrier added and hydroxides

precipitated by the addition of 6M ammonia.,

(2) ,The hydroxide precipitate was dissolvedw6lj nitric acid,
diluted to 10 ml. with water, i ml. zirconium carricr added
and the solution fransferred to a polythene test tube. It
was made 4N in HF and the supernate discarded. The
precipitate was washed with 10 ml. of 41 HEF dissolved in

o ml. of saturated boric acid with the aid of 2 ml.

of coﬁcentrated nitric acid and the sclution diluted to 10 ml.
one dl. of zirconium carrier was added and yttrium and

cerium fluorides precipitated by the addition of HF.

(5) The fluorides were dissolved as in the previous step
and the solut101 made alkaline with concentrated ammonia.

The oreoipitated hydrox1de° were dissolved in 50 ml. of

concentrated nitric acid, tpansferred to a separating funnel
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and shaken for 5 minutes with 10 wl. of T ,B.P. reagent
(60% (v/v) tri-n“butyl phosphate in petroleum ether
equilibfated with concentrated nitric acid). The aqueous
phase was discardededthe T B P. washed twice by snaking
for 2 minutes with 50 ml., of concentrated nitric acid.
Yttrium and cerium were back extracted by successive treat-

ment with three portions each of 10 ml. of water.

(4) The agueous phase was made alkaline with 6M ammonia

to precipitate the hydroxides and the remainder of step 3
repeated. The hydroxide precipitase 7as then dicsvlived

in-l ml. of concentrated nitric acid, 2 drops of 40% HBrand

2 ml. of 15% sodium bromate, On dilution to 20 ml.

with water and cooling in ice ceric iodate was precipitated by
the addition of 0.35 M iodic acid; the precivitate. was
discarded following a suitable time interval (10 minutes)

to ensure completeness of precipitation,

(6) Yttrium hydroxide was precipitated from the supernate with
6M ammonia, the precipitate was dissolved in 2 ml, of
6M hydrochloric acid, the solution diluted to 10 ml. with

water, transferred to a clean test tube and the hydroxide

repfecipitated by the addition of 6N ammonia.

(6) The hydroxide was dissolved in 2 ml. of 6 hydrochloric
acid, diluted with water to 10 mli. and yttrium oxalate
precipitated by the addition of saturated ammonium oxalate

and boiling the mixture for 10 minutes. The precipitate
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was mounted on a filter disc and washed with water, ethanol

and ether.
(6) Molybdenum

Carrier solution

Ammonium molybdate was dissolved in water, with the
addition of hydrochloric acid and sodium bromate; the
solution was standardised by precipitation of molybdenum

oxinate by the method used for the preparation of the

fission product sources.

Separation Procedure

(1) An acid solution of the catcher foils was adjusted to

122K in acid and 5 ml. of a 29 alcoholic solution of

d ~benzoinoxime added; molybdenum precipitation wés complete

on standing for about 10 minutes. After washing with 30 ml.

of water the precipitate was dissolved in 3 ml. of

fuming nitriolacid and dilute with water to 25 ml. Molybdenum
was then reprecipitated after the addition of 1 to 2 ml,

of concentrated ammonia and 5 ml. of o ~benzoinoxime solution.

(2) The dissolution and precipitation of molybdenum was
repeated after which the final precipitate was dissolved

in 3 ml. of fuming nitric acid and boiled with 3 ml. of

609 perchloric acid. After cooling the solution was

diluted to 10 ml. with water and 1 ml. of iron carrier added;

ferric hydroxide was precipitated by the addition of
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concentrated ammonia.

(3) The supernate was made just acid to methyl red

with 5N sulphuric acid, 5 ml. of 2M ammonium acetatec
added and the solution heated to 900. Molybdenum was
precipitated by the addition of a slight excess of a 3%
solution of 8=hydroxyguinoline; heating was continued
until the precipitate coagulated. It was mounted, washed

with hot water, ethanol and ether.

(7) Ruthenium

Carrier solution

Ruthenium chloride was dissolved in 1 M hydrochloric acid
and standardised by the precipitation of ruthenium dioxide
by the method used in the preparation of tue Tission

broduct sources.

Separation Procedure

(1) An alkaline solution of the catcher foils was just
acidified, 6-8 drops of saturated ceric sulphate
solution added, the mixture boiled to promote exchange

and ruthenium precipitated by the addition of hydrogen
sulphide.

(2) The sulphide precipitate was slurried with 5N sulphuric
acid, the suspension transferred to a distillation

apparatus with the addition of more sulphuric acid. one

g. of sodium bismuthate was added and ruthenium tetroxide
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separated by distillation in a stream of nitrogen,collecting
the product in 10 ml, of iceécold,‘freshly prepared 12H

sodium hydroxide: Distillation was continued until 1 to 2 ml.
of liquid had »assed ofer; The ruthenate solution was

scavenged by the addition of 1 ml. of iron carrier.

(3) The supernate was transferred to a beaker, diluted to
25 ml. and made just aéid. . One . ml, of freshly prepared
6 M sodium hydroxide was next added fellowed by 5 ml.
ethanol, and ruthenium dioxide precipitated by boiling.
Thé preéipitate was slurried with about 10 ml. of water
and boiled after the addition of 1 ml. of 6lf sodium
hydroxide. ft was next filtered, washed with hot water,

ethanol and ether and mounted for counting.

(8) palladium-gilver

Carrier solutions

(a) pPalladium . Palladium chloride was dissolved in 1i
hydrochloric acid and the solution standardised by the
precipitation'of palladium bisdimethyigloxime as described

in the preparation of the fission product sources.
(b) silver. Dried silver nitrate was weighed and dissolved

in wgter.

gSeparation Procedure

(1) An'acid solution of the catcher foils was adjusted to 3
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to 4M in acid and palladium precipitated by the addition of 2.5
ml, of a 1% alcoholic solution of dimethylglioxime. After
setting aside for 5 minutes the precipitate was transferrec
to a besker, dissolved in hot concentrated nitric acid |

and diluted to 10 ml. with water.

(2) 1 ml. of iron carrier was added and ferric hydroxide
precipitated by the addition of concentrated ammonia.
gilver iodede was then precipitated by adding 1 ml. of
gsilver Carrief and potassium'iodide solution; botn

precipitates were discarde@.aﬁd the scavenges repeated.

(3) The supernate was acidified with hydrochloric acid
and palladium precipitated by the addition of 2.5 ml. of
dimethylgloxime solution. Tne precipitate was filtered,

washed. with water,-ethanol and ether and dried.

(4) The weighed palladium precipitate was transferred to a
beaker and dissolved in hot concentrated nitric acid. 2 ml.
of silver carrier were added, the sclution diluted to 10 ml.
with water and left for a known time.,  Silver was then
pfecipitated by the addition of one drop of 6if

hydrochloric acid and the supernate set aside for the
recovery of palladium.,

(5) silver chloride was dissolved in 324 drops of concentrated

'tﬁéAéoiﬁfion diluted to 5 ml. with water and two

ammonia,
rom this solution.

portions of ferric hydroxide precipitated f
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These precipitates were discarded. and the supernate
acidified with ©M nitric acid; on the addition of one drop
of 6M hydrochloric acid silver chloride was precipitated.

It was mounted and washed with water, ethanol and ether.

(6) Palladium dimethylgléxime was precipitated, from the
supernate from step (4) and collected as described in step 3.
Silver was 'milked! from the palladium as déscribed above

at intervals until made impracticable by the decay of the

lgtter.
(9) ‘Silver

Carrier solution

Dried silver nitrate was weighed and dissolved in water,

Separation Procedure

(1) Silver chloride was precipitated by the addition of
hydrochleoric acid to a nitric acid solution of catcher foils
or by the dilution of a hydrochloric acid solution,

It was dissolved in 3-4 drops of'concentrated ammonia,

5 ml. of a 40% solution of EDTA added and silver precipitated
with 1 ml. of\a 2.5% ammoniacal solution of benzotriazole.
‘After 1eéving for about 5 minutes the precipitate was

dissolved in 1 ml. of concentrated nitric acid and diluted to

20 ml..

(2) silver Wés precipitated from this solution by the addition
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of 1 drop of 6M hydrochloric acid and the silver chloride
dissolved in ammonia. gilver was next re-precipitated
with benzotriazole and the precipitate dissolved in

nitric acid.

(3) After dilution the solution was made just alkaline with
6M ammonia and 3 drops added in excess to compléte the
precipitation of silver oxide. This precipitate was
dissolved in 4 drops of concentrated sulphuric acid and
evaporated to dryness. After cooling the residue was
dissolved in 20 ml. of water and 1 ml, of 2M iodic acid

added to precipitate silver lodate.

(4) The precipitate was dissolved in 4 drops of concentrated
ammonia and the 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 wasned

with water, ethanol and ether, dried and mounted for

counting.

(10) Antimony

carrier sclution

Antimony trichloride was dissolved in hydrbchloric acid

and the solution standardised by titration with potassium

permanganate.
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Separation Procedure

(1) An acid solution of the catcher foils.was boiled with
bromine to oxidise antimony to antimony (V) and ensure
exchange; antimony was precipitate d‘by Passing hydrogen
" sulphide into a hot solution 1 to 2 M in acid. The

' sulphide precipitate was dissolved in 2 ml. of 0.5M
potassium hydroxide solution and scavenged twice by the
precipitation of ferric hydroxide; the sulphide

was re-precipitated by acidifying the solution.

(2) The precipitate was dissolved in & ml. of concentrated
hydrochloric acid by bdiling until the volume was reduced
to 1 to 2 ml, After dilution to 10 ml. with concentrated
hydroéhloric acid the solution was transferred to.a
sebarating Tunnel together with 10 ml. of benzene, 1 ml,

of iso propyi ether (equilibrated with concentrated hydro-
chloric écid) and 1 drop of bromine. The mixture was
shaken for 10 seconds (@uring which time the organic phase
remained brown showing that oxidation to antimony (V)

was comﬁiéte)‘and the organic phase washed with 1 ml. of 9M
hydrochloric acid. Antimony was then back extracted into
10 ml. of 0.5 M hydrochloric acid containing a little

solid hydrazine hydrochloride when both phases became
colburléss,' The agueous phase was washed with 25 ml. of

iso propyl ether following the addition of solid potassium

thiocyanate,
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chloric acid. After dilution to about 3M in acid tellurium
was re-precipitated with hydrazine hydrate and sulphur
dioxide.

(3) The treatment with nitric and hydrochloric acids vas
repeated the resulting solution diluted to 5 ml. with water
and enough‘sodium hydroxide added to precipitate

telluric acid and jus£ retdissolve it followed by 10 drops
in excess. Two iron (III) scavenges were performed

and the supernate acidified. Tellurium was precivitated

as described in step (1) and the treatment with nitric &nd

hydrochloric acids described in step 2 repeated.

(4) The precipitation of tellurium was repeated and the

pfeci@itate filtered, washed and dried for counting in the

usual way.

(12) Cerium

Carrier solution

cerium (III) nitraté was dissolved in water andthe solution
standardised by the precipitation of cerous oxalate by the

method used for the preparation of the fission product

sources.

'Separation‘Procedure

(1) An- a01d solution of the catcher foils was boiled with

68 drops of saturated sodium bromate followed by 5 mi, of
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6% ﬁydroXylamine hydrochloride. on the addition of
concentrated.sodium hydroxide cerium was precipitated;

this precipitate was dissolved in 6M hydrochloric acid, .
transferred to a polythene test tube, lanthanum and zirconium
carrier added and the mixed,flﬁorides precipitated by the
addition of HF. |

(2) The fluoride preciéitate was washed with 16 ml. of
water and dissolved in 1 ml, of saturated boric acid
and 1 to 2 ml. of concentrated nitric acid, zirconium
carrier was again added and fluorides re-precipitated,

dissolved and again precipitated.

(5) The fluoride precipitate was then dissolved as before,
gransferred to a glass test tube, 2 ml. of 15% sodium
bromate solution added, the solution cooled in ice,
diluted to 15 ml, and ceric iodate precipitated by the
addition of 20 ml, of 0.4M ilodic acid. Precipitation was
complete after about 10 minutes when the ilodate was
dissolved -in a mixture consisting of 5 drops of 100 volume
hydrogen peroiide, 122 ml. of concentrated nitric acid
and 2 drops of 40% hydrobromic acid. After adding 2 ml.
of Sodipm‘bromate and diluting to 20 ml. ceric lodate

was peépreqipitgteds

(4) The precipitate was again dissolved in a mixture of

hydrogen peroxide, nitric acid and hydrobromic acid. 2 ml.
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of zirconium carrier were addéd and zirconium iodate
precipitated by adding 20 ml, of iodic acid to the
cooled solution. The supernate was made alkaline by
the addition of pellets of sodium hydroxide when ceric
hydroxide was precipitated. one ml. of concentrated
h&drochloric acid was added followed by 15 ml. of water
and the precipitate was dissmlved by passing in sulphur
dioxide. The solution was then heated to boiling and

cerous hydroxide precipitated by the addition of 6y ammonia,

(5) The precipitate was dissolved in 1 ml. of 6N hydrochioric
acid, diluted to 10 ml., with water, heated almost to

boiling and.cerium precipitated as the Qxalate by the
addition of 15 ml. of saturated oxalic acid. After

heating for 10 minutes the oxalate was filtered, washed

successively with water, ethanol and ether and dried for

counting,
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