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ABSTRACT

The independent.yields of 135Xe, 133mXe and 133gXe
and the cumulative yilelds of 1351'and 1331 have been
measured for twenty-séven fissi§n‘systems, conslsting of
the targets 232Th, 238ﬁ, 235U and 233U with protoné of
energiesifrom 20 to 85 MeV. A radiochemical gas-sweeping
technique was used and the Xenon activities were measured
by a gamma spectrometer callbrated with a gas-phase beta
proportional counter. The experiments were designed
primarily for a study of precise isomeric yield ratios of
133Xe, but they also gave information on fission ylelds and
their variations in mass chains 133 and 135.

Because of the large uncertainty 1n<><III for 133mXe,
four possible values of this coefficient were used to report
the isomer ratios. It 1s suggested that the existing
experimental value of CKT is too low. For all the systems
studied, the value of the isomer ratio of 133Xe was
remarkably constant, within the experimental relative
uncertainty of 10-20%. It was concluded that the isomer
ratio is apparently independent of the spin and type of
the fission target. The present data suggest that the
isomer ratio is more weakly dependent on fission energy fthan

was generally thought.



Crude statistical computations were performed for
three spin-pair classes of isomers, (9/2, 1/2), (11/2, 3/2)
and (8,5). The theoretical results improved our un&er-
standing of the relative formation of isomers in fission
and allowed a more quantitative discussion and survey of
existing data.

For proton energies up to 55 MeV, charge distribution
was studied in the chains 133 and 135. A Gaussian charge
distribution curve was assumed in two methods used to
determine empirically, from relative yield data, the values
of ZP and fractional chain yields. One method, developed
here, uses the ratio of the cumulative yleld of a beta parent
to the independent yield of the daughter. The method proved
reliable for the pairs 1351/135Xe and 1331/l33Xe. It should
be useful in future work.

For 238U and 232Th, the variations with proton
energy of ZP for chains 133 and 135 showed the trends now
fairly well established for this mass region. However, a
considerably different behaviour was observed for 235U and
233y, The simplified CCR postulate was used to estimate
roughly total yields of fission neutrons, from the emplrical

ZP values,

Absolute cross sections, plotted as excitation



functions, were obtained from the irradiations of 232Th,
238U and 235U, by monitoring the proton beam with the
reactlon 650u(p,pn)640u.

Total chaln yields were determined from the absolute
and fractional yields 1n chains 133 and 1%5. They were
consistent with a flat mass distribution curve in this mass

region.
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1. INTRODUCTION

1.1 GENERAL

The main purpose of this thesis was to examine
the relati&e yilelds éf'the 1soﬁers of lBBXe formed in the
fission of several heavy elements‘by medium-energy protons,
The experiments were designed primarily for this purpose.
It was possible from thé same experiments to contribute
to the study of the charge distribution in flssion, and
to obtain fractlonal and absolute yields for the nuclides
of xenon and iodine, in the 1sobaric chains of mass, A,
equal to 133 and 135. From these yilelds, total chain
yields could be estimated for the two masses.

First, this Introduction outlines important
general references on fission; then in SECTION A it
reviews the study of flssion yields and their variations
wlth mass and charge; in SECTION B it surveys in some
detail the study of the relative formation of isomers in
fission; and finally 1t summarizes the purpose of this
study. Although SECTIONS A and B are complementary to
one another they have been written as self-contained
introductions to their respective topics, This was

achieved by allowling some repetition of subjects which
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were important to both sections.

A satisfactory comprehensive theory does not exist
for the complex process of fissibn; specific theoretical
aspects of fission pertinent to the present study will be
discussed in the appropfiate sections of this thesis,

There is a very large experimental and theoretical
literature on fission and this has been regularly collected
and surveyed (COR 51, WHI 52, SPE 53, GLE 54, HAL 59, HYD 60,
HYD 62, HYD 64, KAT 60, CRO 60, HUI 62).

Wheeler (WHE 56) outlined the development of
fission theories up to 1956 and Leachman (LEA 62) reviewed
fission mechanisms up to 1962. Swiatecki (SWI 65) has
surveyed recent contributions to fission theory. He stressed
the importance of the work of Nix and Swiatecki (NIX 65)
which made an 1mportanﬁ éontribution (discussed in Section
1B) to the theory of isomeric yield ratios in fission, and
could be extended to discuss the charge.distribution in
fission fragments. The one hundred diverse papers presented
at the recent I.A.E.A. Symposium on the Physlcs and
Chemistry of Fission (Salzburg, March 1965) showed the wide
interest that still exlists in this complex process. They
also illustrated that, although various theories and

empirical prescriptions can now account for the main
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features of some fission systems, many aspects of fission
are not well defined éxperimentally and remain a mystery

theoretically (NIX 65).,

1A, SECTION A
FISSION YIELDS AND THEIR VARIATIONS

1A.,1 NOMENCLATURE

The literature on fission yields contains
nomenclature which is qften ambiguous and confusing. In
this thesis an attempt has been made to avoid this
difficulty by uéing the followling definitions.

FISSION FRAGMENTS are formed in the act of
scission, FISSION PRODUCTS are formed after emission of
prompt neutrons from tﬁe fragments, either before or after
beta-decay from isobaric fission products.

Two types of fission product yilelds can be
measured, independent and cumulative., THE INDEPENDENT YIELD
of a flssion product nﬁclide is the«yieid of a nuclide which
is formed from fissionifragments of the same lsotopic chailn,
by the emission of 0, 1, 2 or more neutrons (neglecting any
charged particle emission from fragments). THE CUMULATIVE

YIELD of a fission product 1Sotope is the sum of the
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independent yields of that nuclide and of all the isobaric
fisslion products leading to that nuclide,

A careful distinetion must be made between two
types of charge distributlon.

(1) THE INITIAL CHARGE DISTRIBUTION will be used
to refer to the charge distribution of isobaric fragments;
obviously 1t 1s this distribution which shpws how the
nuclear charge divides itself between the two fragments at
scission.

(11) THE APPARENT CHARGE DISTRIBUTION will be used
to refer to the charge distribution of iéobaric fission
products; thls distribution shows how the independent
fission ylelds of isobaric fission products vary along an
isobaric chain,

Although some authors have reserved the term
"charge dispersion® (FRI 65) for the apparent charge
aistribution, and then used the term "charge distribution® to
refer only to the initial charge distribution, confusion is
caused by the many authors who use the term charge
distribution to describe either type of distribution. In
this thesis no distinction is made between the words,
distribution and dispersion, and the use of the latter word

is avoilded because of its occurrence in discussions of the
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corrections made to physical data in mass distribution
studies.

Consistent witn the nomenclature for charge
distribution, a careful distinction must be made between two .
types of mass digtribution.

| (1) THE INITIAL MASS DISTRIBUTION refers to the
mass distribution of the fragments, and obviously shows how
the mass divides at scission.

(11) THE FINAL MASS DISTRIBUTION refers to the
mass distribution of the fission products. It shows how the
total isobaric chain yield, the sum of the independent
ylelds in a chain, varies with the mass of the chain. The
word "final" may be used in this context since the decay of
fission products causes no change of mass number, A, except
in the relatively rare event of decay by delayed neutron
emisslon.

The adjectives "primary"™ and "secondary" have not

been used here to qualify fission ylelds because of their

ambiguous use in the literature.
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1A.2 MEASUREMENT OF FISSION YIELDS

The measuremeht of fission ylelds has made a large
contribution to the Study of the fission process since its
discovery (HAH 39). Most of the existing yleld data for
flssion products have come from numerous radiochemical and
mass spectrometric studies, but promiﬁing new physical
methods are being developed and have already given valuable
data for fission fragments as well as fission products. The
fission products in low-energy fission and many of those in
medium-energy fission are neutron-rich and therefore decay
by negative beta-particle emission along an isobaric chain
to the stable ilsobar. The early members of these chains are
many charge unlts from stablility and are so short-lived that
it 1s usually possible to measure only cumulative yields of
isobars near the stable end of a chain. However, independent
yields can be measured directly, for the few shlelded fission
products which have stable isobaric precursors, and
indirectly with sultable growth corrections, for those
fission products which are semi-shielded or quasi-shlelded
by relatively long-lived precursors. The fractional ylields
of some very short-lived fission products have been measured

by ingenious experimental techniques.
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1A.2.1 THE FISSION YIELDS OF XENON AND KRYPTON

This thesis 1s concerned with the fission yields
of Xenon isotopes formed in thé fission of heavy elements by
protons of medium-energy.

An important part of the existing fission yleld
data has been collected for the rare gases, krypton and
‘xenon. They are both formed in good yield in fission and
are particularly suifable for quick, efficient chemical
separation after or even during (APO 62, JAM 64) an
irradiation. They are very suitable for study by mass-~
spectrometry, It will be seen in this thesis that they have
made a considerabie contribution to the understanding of
chargerdistribution and it 1s of historic interest that in
an early gas-sweep experiment (DIL 51) they gave the first
experimental evidence for a distribution of initial nuclear
charge for fission products of a particular mass number,

There have been a large number of experimental
studies of krypton and xenon not only because of the
convenience wlth which they may be measured, but also
because of their importance industrially and in nuclear
reactor technology. No attempt is made to discuss the
technological aspects of radiocactive rare gases beyond the

very brief outline in the followlng paragraph.
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Rare gases formed in fission cause “"swelling"
(WEB 63) of uranium fuel materials and may thérefore rﬁpture
a fuel rod. They also cause a decrease in reactor efficiency
(FIC 59) due to the extremely high capture cross section of
6

125%e for thermal neutrons (=3 x 10° barns). Many systems
for testing fallures 1n reactor fuel elements depend on the
release of rare gas activities (KRI 61). Radioactive rare
gases are very sultable (WIL 57) for industrial uses (e.g.
static eliminators, leak detection, discharge initiators).
The most suitable are the relatively long-lived 13}Xe (5.3
days) and S5kr (10.6 years). These have a very low radio-
active toxliclty and no contamination hazard because they are
relatively inert gases, and have stable decay products.
85Kr is extracted on a large scale from uranium slugs after
their irradiation in a reactor. A standard source of 85Kr
was used in the present work to callibrate the gas-counting
equipment.

Bergstrom (BER 52) reviewed the studies of krypton
and xenon 1isomers, up to 1952. A monograph by Momyer
(MOM 60) has reviewed, up to 1960, the extensive radio-
chemistry of the rare gases, including techniques for

removal of these gases from fission targets, for separation

and purification of krypton and xenon, and for measuring the
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activity of their radioactive isotopes. Since then, many
rare gas techniques have been used (KOC 61, AUB 61, FEL 62,
KAP 61, STO;62, MCH 63, JAM 64, DOS 64). The experimental
work in this thesis was based 1afge1y on the method used by
Dostrovsky and Stoenner (DOS 62). More details are given iﬁ
the experimental Section 2.2.2, but the main steps which are
similar to those in many radlochemical studies of the rare
gases are summarized here.

(1) The rare gases are removed from the target.
This has been done by vacuum fusion (MCH 63) but more
commonly by chemical dissolution of the target followed by
sweeping with a non-radioactive gas (e.g. Ha, 02, 002, N2,
He). A measured amount of inactive krypton and xenon carrier
gas 13 usually injected into thlis sweep gas.

(11) The gases are purified, particularly from
halogens which are the beta-decay parents of krypton and
xenon.

(11i) They are adsorbed at low temperature on
activated charcoal (WEL 59) or other suitable material
(e.g. silica gel, molecular sieves).

(1v) Krypton and xenon are separated by gas-

chromatography (AUB 61, KOC 61).
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(v) The separated gases are purified, measured to
establish thelr recovery-yield; and then their activity is
determined,

Information about the cumulative yields of the
halogen parents can be obtalned in later gas-sweeps, by
“milking®™ the rare gas which has grown from the decay of
fhese parents.

Gas-sweeplng techniques cannot measure the yields
of vefy short-lived rare gases. Very lmportant data for the
fractional cumulative ylelds of short-lived krypton and
Xenon ﬁave been obtained by the emanation technique of Wahl
(WAH 58), which has been applied extensively to low-energy
neutron fission (WAH 62, WAH 65), recently to fission by
14 MeV-neutrons (WOL 65), and will probably be adapted for
fission by chargéd particles. In this technique, thé
fisslonable material was covered with, or was itself, a
stearate salt in an evacuated container lined with filter
paper. A mixture of fission products recoiled into the
stearate, but only the rare gases formed in fission, and
fission products that decay to them, emanated from the salt
into the container. After the emanated rare gases with short
half-lives had decayed, the container was opened, Then the

decay products on the liner, and the fission and decay
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products in the stearate, were assayed by standard radio-
chemical procedures. The interpretation of data from the
emanation method may be considerably influenced by
uncertainties in the half-lives for the short-lived rare
gases, These half-lives have been measured precisely by
special techniques (PAT 65).

The first fisslon product yields to be measured
wlth the mass spectrometer were those of the isotopes of
krypton and xenon formed in thermal neutron fission of 235y
(THO 47, FRI 58). Since then numerous fission product
yields have been measured using a combination of careful
chemistry and mass spectrometry. McHugh (MCH 63) has
collected a bibliography of about twenty of these
investigations. The technique was used mainly for low-
energy fission (FAR 62b), after long bombardments in a high
neutron flux. However, the high sensitivity work of Gordon
and Friedman (GOR 57), Chu (CHU 59) and later workers
(BLA 60, MCH 63) has shown that the technique can also give
preclse relative isotoplic abundances even for medium- and
high-energy fission. The yields obtained at these energles
are very low, because generally it is possible to use only a
relatively low flux and relatively short irradiations. In

practice the sensitivity of mass spectrometry is limited by
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natural contamination,‘for which corrections must be made.
The precise data of McHugh are of particular interest and
ére further discussed in other parts of this thesis.

As in radiochemical methods, it is usually
necessary in the design and 1hterpretation of mass spectro-
metric measurements of fission ylelds to have a good
knowledge of the half-lives and branching ratlos in the
appropriate beta-decay chain., However, mass spectrometric
techniques have the advantage that stable as well as radio-
actlive fission products can be measured and that some errors
inherent in all radiochemical methods are eliminated.

These errors occur in the determination of chemical yields
in often complex serles of separations, in the finer detaills
of the decay scheme, and in the efficiences of the activity
measurement. Furthérmore a main difficulty in radiochemical
methods has been the fesolution of complex decay curves,
though their analysis has been simplified by specially
designed computer programs and by spectrometry of X-rays;
gamnma-rays and beta-rays. Recently a powerful method has
been developed which avoids the resolution of complex decay
curves. First; aAparticular fission product element, for
example iodine (RUD 65), is separated chemically and then

fed to‘the ion source of an electromagnetic separator which
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prepares samples of individual isotopes for standard
activity measurements.

For proton-induced fission no fission ylelds have
previously been reported for the xenon lsotopes, 133Xe and
135xe, measured in this work. For the fission of 232Th by
protons, Pate, Foster and Yaffe (PAT 58a) used an independent
radiochemical method to obtailn the cumulative yields of 1331
and 1351. Their results will be compared with the corres-
ponding data from thls work.

For thermal neutron fission, the fission yleld of
135X¢ has been measured previously (HOA 51, BRO 53, KAT 53,
STO 62, BAY 61). For thermal neutron fission of 235U, the
independent fractional chain yield of 133Xe is very small
(0.1%) and only its cumulative yield has been measured
(MAC 50, KAT 53).

For some medium-energy fission systems (Table 1),
independent yields have been measured for 135Xe (ST0 62,

MCH 63) and 13JXe (STO 62). Cumulative ylelds were obtained
for their respective iodine parents (COL 61, STO 62, MCH 63).

For the fission of 238y by neutrons of energy

14.7 MeV, James, Martin and Silvester (JAM 64) measured the

cumulative yields of 17%Xe and 135xe.
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1A.3 VARIATION OF FISSION YIELDS

Importanﬁ characteristics of fission are the
distribution of fission fragmeﬁts and products with their
mass, A, and charge, Z. It 1s'not surprising that only a
partial description of these distributions has been obtained.
The measurement of each fission product yield is a major
research project.r It would be very difficult to measure the
vield of many of the approximately four hundred fission
products that have been identified, because of their very
low yields or because of inconvenient half-lives in their
beta~decay chains. These practical difficulties demonstrate
the importance of new physical methods for studying these
distributions., After presenting some general references
which discuss both types of distribution, separate discussions
are presented of mass distribution and then of charge
distribution. Although the cwo types of distribution are
intimately connected it is convenient and has been customary
to treat them separately, and in this order.

Hyde has comprehensively reviewed the studies of
these distributions for low-(HYD 60), medium-(HYD 62) and
high-(HYD 64) energy fission. Moreirecently, Wahl (WAH 65)
has surveyed these distributions for thermal neutron fission,

about which most is known, and discussed the effects of the
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type of fissioning nucleus and of the excitation energy, up
to about 20 MeV. For high-energy fission induced by protons,
Friedlander (FRI 65) recently surveyed the distributions,

with emphaslis on the (GeV region.
1A.3.1 MASS DISTRIBUTION

Only a small contribution can be made to the study
of this distribution from the present work, for the chains
of mass 133 and 135, for fission induced by medium-energy
protons. For this type of flsslon there have been only a
few measurements of mass distribution (TEW 52, JON 55,

STE 58) though about fifty other medium-energy studies of
mass yields have been listed by Hyde (HYD 60). PFig. 1

(STE 58) shows the mass distribution of the fisslon products
of 238U bombarded with protons of increasing energy. It
illustrates the well established trend with increasing
energy; the ylelds corresponding to symmetric and very
asymmetric fission increase.

The effect of target mass on the mass distribution
is not well known at medium-energy. However, the many data
(FOR 65, WAH 65) for different fissioning nuclei at low
energy, shown 1h Fig. 2, demonstrate the remarkable

constancy of the heavy peak, though the light peak moves to
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higher values of A with increasing target mass.

Mass distribution studies by radiochemical and
physical methods give not only fiésion yield data but also
give other information which is pertinent to the present
study. These other aspects of fission include fission
energetics, neutron emission and shell effects. Although
radiochemical and mass spectrometric methods have given most
of the existing data for the mass distribution of fiséion
products many of the future data will probably come from
improved physical methods, The latter have already been
extensively applied to low-energy fission and have been
shown to be applicable to medium-, medium-high- (KOW 64) and
very high- (FRI 65) energy fission. The newer physical
methods are briefl& surveyed here because of their rapid
advance and because they give much detalled information
about fission processes., Physical methods have some
advantages over radiochemical methods. The radiochemical
determination of a mass distribution for one fission system
involves a very long, tedious study of many elements; errors
in these ylelds can be large though the mass of the fission
product is known exactly. In pﬁysical measurements,
although the mass 1s not known exactly, one experiment can

give data for an entire mass distribution curve, This
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distribution can be obtained not only for the fission
products, but also for the fragments.

Terrell has comprehensively surveyed (TER 65) one
of the mosﬁ interesting aspects of these methodé; The
average number of neutrons emitted by individual fragment
masses can be determined by comparing (TER 62) initial and
final mass distribution curves, The results 6f these
comparisons are discussed later in this section.

For palrs of coincident fragments, the velocities
have been measured by time-of-flight methods (MILF 62,

MIL 65, WHE 64) and the kinetic energies have'been measured
by solid state detectors (BRI 64, STE 65, THOGP 65). These
methods have falrly good mass resolﬁtion (~2 mass units)
though thils cannot be improved beyond the small lower limit
imposed by the recoil of prompt neutrons (TER 62). In these
accurate methods_the fragment #elocities, which are
essentially independent of neutron emlission from the
fragments, and the measured kinetlc energies were related
to mass distributions by the conservation of mass and
momentum., Mass distribution and prompt neutron data have
also been obtained using ionization chambers as fragment

detectors, but their mass resolution was poor (FRA 54,

APA 60).
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A wealth of physical data now exists for the
spontaneous fission of 2520f (TER 62, BOW 63, BOW 65, STE 65,
FRA 65, THOGP 65). 292¢f has been a very useful source of
fission for developing and calibrating physical methods
because it avoids the difficulties involved in measurements
performed inside a reactor or accelerator. The techniques
have also been applied to thermal neutron fission (MILF 62,
MIL 65, THOGS 65). No physical yield data are yet published
for medium-energy proton fission, but Whetstone and Britt
have used double-velocity time-of-flight (WHE 64) and
double-energy semiconductor (BRI 64) methods to measure the
coincldent fragment pairs in fission of 230Th, 232Th, 233U
induced by alpha particles of 22-3%0 MeV.

For 2520f and thermal neutron fission, Terrell
(TER 62) found that the prompt-neutron data which he derived
from mass distributions agfeed with those from other
methods. His neutron yields were obtained by comparing
final mass distributions, measured radiochemically, with
initial distributions measured in time-of-flight studles
with a correction for dispersion. Fig. 3 is taken from

Terrell!' s work on thermal neutron flssion of 235U

« It shows
initial and final mass distributions, with their well known

strong asymmetry, and also shows the derived number of
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FIGURE 3.

Initial and final mass distributions for
thermal-neutron-induced fission of 235U,
and the derived post-fission neutron
yields, vf, as a function of fragment
mass, Here, £ = H or L, for heavy or light
fragments. Shell edges are indicated (cf.

Fig. 2, p.17). (TER 65)
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neutrons emitted from individual fragment mass chains. The
latter function, ( vf/k), has the well known saw-tooth shape.
No neutron data could be obtained for the symmetric and very
asymmetric fission fragments formed in very low yield.
Whetstone et al. (BRI 64) in the studies described above for
medium-energy fission obtained no such structure in the
function, ( vf/h), when théy compared thelr purely physical
data for 1n1tié1 and final mass distributions. However, a
rather erratic structure was obtained when the same initial
mass distribution measured by the double-velocity method was
compared (WHE 64) with a final mass distribution measured
radiochemically.. The cause of this contradiction cannot be
decided until more reliable radlochemical data become
available. It is important to know if the structure does
peréist to higher energies in order to declde the importance
of shell effects at these energies. Unfortunately Terrell's
method to obtain the number of prompt neutrons as a function
of fragment mass becomés less accurate when the light and
heavy peaks of the mass distribution curve are not well
separated.

Results from the new physical techniques have been
precise enough to reveal a fine struéture in the mass and

kinetic energy distributions which suggest that particular
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fragment masses and charges may be strongly favoured in
fission. Similar structure in the mass distribution was
observed mass-spectrometrically (FAR 62, FAR 64), but this
was Interpreted to be caused mainly by structure in the
number of prompt neutrons as a function of mass. Fine
structure near masses 133 and 135 was suggested from a
radiochemical study by James et al. (JAM 64). However,
their conclusions may need revision (see Appendix B),
because of the results from the presént work on 133%e,

The physical techniques have allowed a re-
examinatioh of the so called energy deficit, This describes
a decrease (FRA 65, ARA 65) of total released Kinetic energy
for near symmetric fission, at low and medium energies
(WHE 64), below the expected energy calculated from the
Coulombic repulsion at the time of scission. This deficit
is probably associated with an increése in fragment
excitation energy which appears to be reflected in the
increase of neutron emissionvfor the symmetric mass region.

Most of the trends in mass distribution data have
been explained at least qualitatively in terms of two
different hypotheses about the mechanism of fission,

(1) The fragment-shell or fragment

deformation theory (TER 62, TER 65),
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(2) The two-mode hypothesis (BRI 64, FOR 65)
These hypotheses are now discussed and compared.
| (1) The simple fragment-shell or fragment-
deformation theory was suggested by the very low neutron
yields in low-energy fission for fragments corresponding to
magic numbers, in particular N = 50, Z = 50, The theory has
been developed by Terrell (TER 62) and essentially the same
ideas have been arrived at by many workers (TER 65).

The theory assumes that magic nuclides prefer
spherical shapes and therefore have a resistance to
deformation. A mechanism of low-energy fission is assumed
in which the fragments are deformed but cold at scission.
Their excitation energy after scission is therefore due
ﬁainly to the deformation energy at scission (FRA 65). Then,
if near-magic nuclides have little deformation at scission
they can have little excitatlion energy after scission and
will therefore emit almost no neutrons. Conversely non-
magic fragments will have conslderable deformation, and a
relatively large excitation energy and neutron yleld. The
stiffness of fragments with N = 50 or Z = 50 has been shown
to increase the fission barrier thus decreasing their yield.
This accounts for phenomena such as the presence of three

mass peaks for the fission of radium, and the single mass
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peak for the fission of bismuth, However, this reasoning
cannot be applied to fragments with N = 82, The shaded
areas in Fig. 2 show approximately the fragmeht masses that
are influenced by the closed shells, 2 = 50 and N = 82.
The remarkable constancy of the heavy peak with different
targets 1s obviously connected with these shells, and the
fragments with N = 82 appear to be strongly favoured in low-
energy fission. At higher energies insufficient evidence is
avallable to evaluate this hypothesis conclusively._ The
changes in neutron and fragment yields can be explained
qualitatively by assuming a decrease in the importance of
shell effects at higher energies. Although the theory
suggests that the deformation will be about the same at low
and high energles the fragments will be hot at scission
because of the extra exclitation energy of the fissioning
nucleus, In this case there will be two sources of the
post-scission excitation energy of the fragments, and there-
fore the effect of the stiffness of maglc fragments would be
less important.

(2) The two-mode hypothesis was also suggested to
explalin the mass distribution at low energy (BUR 51). The
hypothesis in its present form (LEV 61, HIC 62, EIS 63,

WHE 64, BRI 64, FOR 65) assumes that there are two distinct
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modes of fission, one producing predominantly aéymmetric
mass divisions and higher kinetic energy releases, and the
other producing predominantly symmetric mass divisions and
lower kinetic energy releases. The second mode becomes
increasingly important at higher'energies (SCH 54, PAP 61).
Ford and Leachman (FOR 65) have recently surveyed the
feasonably successful applications of this hypothesis to
analyze (FOR 60, LEV 61) mass and kinetic energy distri-
butions from low- and medium-energy fission (WHE 64, BRI 64).
Although the two hypotheses suggest basically
different fission mechan;sms they predict qualitatively
similar mass and kinetic energy distributions. It has been
suggested (WHE 64) that more detailed measurements of prompt
neutrons may help decide between the two mechanisms. However
the two hypotheses are not really independent (BRI 64).
Although the fragment-shell theory does not assume two
distinct modes, the asymmetric mode does show the character-
istics predicted by the fragment~-shell theory. The symmetric
mode shows the characteristics predlicted for a homogeneous
charged liquid drop (BOH 39, NIX 65) with no shell effects.
It will be seen in the next sectlion that reliable
absolute total chain ylelds facilitate the correlation of

independent yields of fission products.
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1A.3.2 CHARGE DISTRIBUTION

Numerous studies have been made of this‘
distribution, but it has not been defined as well as the
mass distribution, because of inherent theoretical and
experimental difficulties,

The charge distribution for a specific fission
system may be convenlently described in terms of two
functions.

FUNCTION (1), in an isobaric chain of mass A,
represents the nuclear charge frequency-distribution
function, or in the terms of nuclear chemlstry it represents
the independent yield as a function of the isobaric charge.
This function glves the shape of the isobaric charge
distribution curve about a most probable value, ZP’ which 1s
a statistical value and therefore not necessérily an integer.

FUNCTION (2) represents ZP as a function of A, the
mass of the isobaric chain.

Changes in the shape of FUNCTION (1) with A must
also be considered. |

A complete picture of charge distribution requires
a knowledge of FUNCTIONS (1) and (2) for many fission
systems, so that their dependence on both excitation energy

and target composition may be understood.
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Definitions have already been given (Section 1A.1)
to distinguish between the initial and the apparent charge
distribution. The latter distribution is that given by
radiochemical yield data, and there is at present no
satisfactory method to convert this to the initial charge
distribution. The complex nature of neutron emission from
the fragments would make it very difficult to perform this
conversion, even 1f the exact neutron parentage of every
fission product were known (GOR 65). However, it is the
division of nuclear charge in sclssion which is of major
theoretical interest in studles of charge distribution.
Since this 1s described by the initial charge distribution,
only its general characteristics can be obtained from the
apparent charge distribution measured experimentally. Even
the latter cannot be defined easily or directly because 1t
is very difficult to measure the independent ylelds of
several fission products in one isobaric chailn. In fact,
this has only been done fairly recently and then only for a
few suitable mass chains. Most studles of charge
distribution have had'only very limited data, for a few
different isobaric chains, which were correlated by various

methods.

These studies are quickly surveyed, Then the
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/

methods used to correlate their data are discussed in order
to introduce the method that will be used in this work, and
also to indicate the present state of knowledge on charge
distribution.

Table 1 summarizes the charge distribution studiles
for medium-energy flasion ﬁhich is of main interest in this
thesis, However, a few studies at high energy and many at
low energy have been very important in the slow, but steady,
elucidation of charge distribution. A representative
selection of these studies i1s glven in the Bibllography for
low-energy fission (GLE 51, PAP 53, PAP 55, STE 55, GRU 57,
WAH 58, APA 60, COR 61, MIL 62, WAH 62, FIE 63, WAH 65,

STﬁ 65), and high-energy fission (GOE 49, HIC 55, PORS 57,
BLA 60, FRI 63, KAU 63, HAG 64, FRI 65). At all energies
only a few fisslon products éould be measured in each study.
Many mass chalins have not been investigated.

In order to describe the complicated development
of the numerous methods used to correlate'the data from these
studies, the methods will be divided into two main types.

(A) POSTULATE CORRELATION METHOD. Thls uses a
postulated FUNCTION (2) to correlate the data and produces a
semi-empirical FUNCTION (1).

(B) EMPIRICAL CORRELATION METHOD., This uses an



TABLE 1

Survey of Charge Distribution Studies at Medium Energy

Projectile
Target and Ener§y Fisslion Products Studied Authors References
(Mev
238y d  19-190 Hicks and |
p 70-340 Gilbert HIC 55
50-380
2354 n 14 _(_131'134)1, 131, 132q, Wahl WAH 55
237Np o«  20-40 Gibson GIB 56
238U d 13.6 82Br, 86Rb, 13608, 13}"Te, Alexander and
Coryell ALE
22, . 132, 134, oryell o
2% e 14-45 Foreman FOR 58
232Th p 8-87 (130"135)1, 131, 132qe Pate, Foster
and Yaffe PAT 58a,b
238U o< 46 84, 86Rb, 150Pm, 154Eu, Chu
235, o 16 (131-136) o4 CHU 59




TABLE 1 (Continued)

Projectile
Target "and Energy Fisslon Products Studied Authors References
(MeV) .
232
3 Th p 13-82 720a, 8aBr', 112Ag, 14oLa Kjelberg,
: Taniguchi and
Yaffe KJE 61
238 82_ 130, 1 140, 142
U, Br, >0 351, La, Pr Colby and
’235U Cobble CoL 61
]
2% o< 20-40
232 1 1
Th, Py, 1351, 135,, 133, Storms STO 62
235U
»
238U ox;d 24,14
237 . '
. 9Np, o< 20-41 about 20 "isotopes’A = (83-115) | Powers POW 62
b x 22-32 and A = (131-159)
238U p 10-85 (130-138)08, 86Rb, (95'97)Nb Davies and

Yaffe

DAV 63

..'[g..



TABLE 1 (Continued)

. Projectile
Target and Energy Fission Products Studied Authors References
(MeV)

232

Th, about 12 nuclides A = (80-86), | McHugh MCH 63
235y o« 15-57 and A = (128-150)
232 -

> Th p 10-85 (130 138)38, 86Rb Benjamin BEN 65
232
%2 n 20-40 Dy, Byp, 1Hcs, 401, Nethaway -and
235, n 15 Levy NET 65
235, (89-95) ., (137-144)4, Wolfsberg WOL 65
238U n 14
2380 p 20-85 isotopes of Ba, Cs, Ce, La of Parikh PAR 66
A = (139-143)

2%2m, p 20-85 1337, 135y, 133ye, 135xe Forster This work
235U

£ ]
23E&L
233

..ag..
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empirical FUNCTION (1) to correlate the data and produces an
empirical FUNCTION (2).

More importance will be given to the method (B),
because it is essentially the method to be used for |
correlating the data in this thesis and for obtaining

empirical values of ZP.

(A) Postulate Correlation Method

This method was used exclusively until Wahl
introduced method (B) in 1958 (WAH 58). It has not been
used in the majority of more recent studies.

This method assumes that every isobaric chain has
the same smooth symmetfieal distribution curve, about the ZP
value characterlistic of each A. Then, using an abscissa
(z - ZP), the FUNCTION (1) for any A can be exactly super-
imposed and the fractional lndependent yields, fi’ for
fissién products of any A can be plotted on the same curve,
Thus, to plot the independent yield for a fission product it

18 necessary to know its value of 2 This value was taken

P.
from a postulated FUNCTION (2). The postulate was then
assessed by its abllity to correlate the data into a smooth
approximately Gaussian FUNCTION (1).

The main postulates and prescriptions will be

discussed only briefly since they have been exhaustively
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reviewed and assessed elsewhere, and because little use can
be made of them in this thesis. The postulates should
ideally be based on a mechanism of fission and neutron
emission, but it is disappointing that for the low-energy
data the most successful postulated FUNCTION (2) came from
the so called Equal Charge Displacement, ECD, prescription
which was first introduced by Glendenin, Coryell and Edwards
(GLE 51). This rule had no physlcal basis, but was an
ldealization of the observation that the most probablé chailn
lengths, (ZA - ZP), of complementary light, L, and heavy, H,
fission products were about the same, The ECD rule is
simply expressed,

Z -2Z = 2 -2
(A P)L -(A P)H g
where Z, 18 the hypothetically most stable charge of mass

chain A, and like Z_ 1s not necessarily an integer. Chu

P
(CHU 59) has shown how critically dependent the value of 2

P

is upon the choice of many possible ZA-functions, particularly
near shell edges. In drder to improve the correlation of the
low energy data,refinements were made to this arbitrary ECD
rule, (PAP 55, STE 55, GRU 57, CHU 59, COR 61, FIE 63) but
these modificatibns added little to the theoretical under-

standing of charge distribution. The FUNCTION (1).that was
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obtained did prove useful (WAH 58, COR 61) to initiate the
first empirical correlation methods, type (B), described
later,

Pate, Foster and Yaffe (PAT 58) used the postulate
correlation method indirectly, by plotting their yleld data
for iodine and tellurium lsotopes in the mass region 130-135
against the abscissa (ZA - Z). This plot 1s equivalent to
the (2 - 2Z,)-plot if 1t is assumed that in their small mass
region there is an equal rate of change of ZA and of ZP’
with respect to A. They chose a discontinuous ZA-function
(PAP 53) which gives ambiguous results in this mass region.
Correlated in this way,thelr data were best fitted by a
Gaussian FUNCTION (1) which is discussed later in other
parts of this}thesis.

Other postulates with a physical basls have been
devised and were first tested by using their FUNCTION (2) in
this Postulate Correlation Method. A brief survey is now
given of important existing postulates. ' Further under-
standing of charge distribution can only come from improved
nuclear data together with improved postulates., The
postulates can be classified lnto two types, depehding on

which fission mechanism they assume, (1) Rapid Division, or

(11) Slow Division (HIC 55).
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(1) Rapid Division Type of Postulate

It 1s assumed here that scission is too rapid for
the fragments, during their deformation, to undergo nucleon
rearrangement, or more specifically nuclear charge
polarization. The most probable initial fragments will
therefore have the same composition, (N/Z)-ratio, as the
fissioning nucleus, Thus, this postulafeahas been described
by the names Constant Charge Ratlio, CCR, or Unchanged Charge
Distribution, UCD, As the fission energy 1s increased the
Z P-FUNC‘I‘ION (2) moves towards higher charge values because
more neutrons, but few charged particles, are emitted. By
this postulate, FUNCTION (2) for fission products, FP, would
be given precisely by the formula,

(2 + 2 )
T PROJ
Ay o+ Appor = V)

for fission of a target, T, induced by a projectile, PROJ,

, (14.1)

‘ZP) FP ‘AFP * -if)

where Yy _ i1s the average number of prefission neutrons and 3;

pF
1s the average number of neutron emissions leading to the
fission product, FP. Goeckermann and Perlman (GOE 439) first
used this early (SUG 44) idea to correlate their data, for
the fission of bismuth with 190-MeV protons. However, they

employed a simplified approximate formula,



- 37 -

) (Zp + Zppog) ) (1A.2)

' “FP’
(Ap + Appios - v&otal

where Vrotal 18 the average total number of neutrons emitted

(ZP) . (A

in fission. Numerically formulae (14.1) and (1A.2) give
very similar results but it is often férgotten that they
represent different assumptions. It has been stated above
that (1A.1l) assumes that the ratio (Z/A) is the same for
comp;ementary fragments, of mass (AFP + ﬁ&) y and

(A + A -y_ - (A + ») ) However, formula (1A,2)

T "PROJ  DF FP
assumes that (Z/A) 1s the same for complementary fission

products, of mass (AFP)H and (AT + Agpor - Total (AFP) ).

Formulae (1A.1) and (1A.2) become identical if it is assumed

(GOE 49? that v

many studies, where formula (1A.2) has been used without a

» 3%, but this should not be assumed in

clear statement that it is only an approximation to the CCR
postulate. In fact the exact formula (1A.l) can rarely be
used because the values of ;} and ;;F are not well defined,
whereas there is a fairly good body of data for ;éotal which
makes it convenient to use formula (14.2). The latter
postulates a ZP-FUNCTION (2) for fission products which is
a straight line and this simple function willl be used for a

semiquantitative discussion of the results from the present

work.,
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The CCR postulate has been widely‘tested and used
(coL 61, GOE 49, HIC 55, CHU 59, POW 62, MCH 63, BEN 65) and
has met with limited succeés for medium- and high-energy
fission. It is obvious however from the above discussion
that the result of these tests is dependent on the prompt
neutron emission in flssion, which is poorly understood in
many fission systems. The CCR postulate glves a very simple
mechanism for fission and can only account for shell effects
that influence prompt neutron emlssion, but cannot account
for shell effects on the charge division itself. For low-
energy (WAH 65, WOL 65) and medium-energy (MCH 63) fission,
it has been observed té predict too low vaiues of.ZP for
light fission products, but too high values for heaﬁy

fission products.

(11) Slow Division Type of Postulate

It is assumed here that filssion is an equilibrium
type of process in which the nucleons have enough time to
rearrange before scission. There is no simple method to
determine the most probable initial fragment resulting from
such an equilibrium configuration in the fissioning nucleus.

The Minimum Potential Energy, MPE, postulate has

been the most successful of these Slow Division postulates.
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It proposes that the sum of the nuclear potential energy and
Coulombic repulsion energy is minimized by the above
nucleonic rearrangement. Present (PRE 47) first introduced
the MPE postulate and modificatlions have been used by
several workers (FON 56, BLA 60, COR 61, MIL 62, MCH 63,

ARM 65). The ZP-FUNC'I‘ION (2) from this postulate is
strongiy dependent on the mass formula used. Coryell ét al.
(COR 61) have gone so far as to suggest that a good

empirical Z_-FUNCTION (2), obtained by methods described

P
later, may be used to judge the reliabllity of a semi~
empirical mass formula by use of the MPE postﬁlate. The MPE
postulate 1s not used in this thesis but in the future will
probably provide a good picture of charge distribution when
better data and nuclear parameters become available (MCH 63).
It is interesting that the ECD rule has been given a degree
of physical significance by its agreement in certain cases

(HAL 59, BLA 60, COR 61) with the MPE rule.

(B) Empirical Correlation Method

This is a more powerful method than method (A) and
is used to correlate the data in this thesis and in most
recent studies,

It is assumed, as in method (A), that every

i{sobaric chaln has the same smooth symmetrical distribution
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curve, FUNCTION (1). Two types of abscissa have been used
for this function, (2 - ZP) and (N/Z). According to which
of these two plots was used, these methods are now discussed
and are further compared in the Discussion.

(1) The (Z - ZP)~Plot of Empirical FUNCTION (1)

Although there was considerable uncertainty in the
values of ZP from the postulates used in correlation method
(A) the various interpretations of the ECD postulate did
give essentially the same FUNCTION (1). This curve was used
by Wahl (WAH 58), and later by Coryell et al., (COR 61), to
determine ZP empirically, for short-lived krypton and xenon
isotopes and other fission products whose fractional ylelds
were available. The method involves simply reading the
value of (2 - ZP) corresponding to a measured fractional
independent or cumulative yield from the assumed curve for
FUNCTION (1). The first empirical FUNCTION (2) which was
obtained in this way suggested a smooth funetion, and not a
discontinuous one as had been suggested by earllier workers
(PAP 55). Much work has since been done to improve this
empirical Z,-FUNCTION (2).

The first development was the use of a more

precise FUNCTION (1). This was determined from data alone
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for more than one fractional yleld in a given isobaric chain
(WAH 62) and not from the Postulate Correlation Method (4).
Wahl and coworkers used the emanation method already |
described (Section 1A.2.1) for the measurement of these
fractional yields for thermal neutron fission. Up to 1965,
they had determined three fractional yields in the mass
chains 92, 93, 140, 141 and in addition had determined two
fractional yields in the chains 91, 94; 95, 139, 142 and 143,
These data were best fitted by a Gaussian FUNCTION (1),

where an isobarlic independent fractlonal yield,

£(2) =_21 exp (-(2 - Z,) 2 /0 . (14.3)

Jem

Here C defines the width of the curve and normalizes the
area under the curve to approximately unity. From the
evidence for the ten mass chains given above, the precise
mean value of C was 0.86 + 0,04 (WAH 65). Fig. 4 compares
Gaussian curves, with C = 0,94 (WAH 62) and C = 1.20

(STO 62), with the FUNCTION (1) obtalned in the early ECD
studies (GLE 51, PAP 55). It had beenhguggested for man&
years that the FUNCTION (1) should be Gaussian., The ECD
curve is approximately Gaussian (C 1.43)Aexcept when

1Z - ZP|>2’ when it falls off more steeply.
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0 0.5 _ 1.0 1.5 2.0

(Z "ZP)

FIG.4 (STO 62) FUNCTION (1) from ECD Compared with Two Gaussian
Functions (Equation (1A,3),with C = 0.94 and 1.20 ).
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Using the more precise Gaussian FUNCTION (1), new

curves for empirical 2,-FUNCTION (2) have been recently

P
discussed for thermal neutron fission of 252y (WaH 65,
STRO 65) and of 222y and 2%y (WoL 65).

| For fission induced by 14-MeV neutrons, Wolfsberg
(WOL 65) obtained similarly a Gaussian FUNCTION (1) with
C = 0.86 + 0,15. It therefore appears that this fﬁnction
can be aésumed for many low-energy fission systems.

This thesls is concerned with fission excitation
energies above 20 MeV. McHugh (MCH 63) has made a most
precise analysis of charge distributioh in medium-energy
fission, for the initial "compound nucleus¥ 2360, by
measuring the relative abundances of a number of nuclides
(Table 1), with high-sensitivity mass spectrometry., For the
isobarlic chain 135 he was able to measure the yleld of
iodine, xenon and cesium. These data allowed him to
construet an empirical FUNCTION (1). Fig. 5 shows the
Gaussian curves he fitted to some of his fractional yield
data. The lodine fractional cumulative ylelds were fitted
to an integrated Gaussian curve (Fig. 5). Identical curves
fitted his yield data for chain 136 in which he measured the

fractional ylelds of only xenon and cesium. Blann (BLA 60)

reported essentially the same Gaussian FUNCTION (1) for
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FIQURE 5, (MCH 63) The Gaussian charge distribution

curves which were fitted by McHugh to his
fractional yield data for the chain 135.
The lodine fractional cumulative ylelds

were fitted to an integrated curve,
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fission of 197Au with 12 lons of 112 MeV,

All these results indicate that the same FUNCTION
(1) is applicable through a rather wide range of excitation
energies (at least from 6 - 40 MeV). Earlier work in this
laboratory (PAT 58a, DAV 63, BEN 65) has shown a similar
invariance of ﬁhis function up to excitation energies of
about 35 MeV for proton-induced fission of 232Th and 238U.
However, the widths of FUNCTION (1) could not be very
precisely determined in theée radiochemical studies. It
‘now appears from McHugh's results that they were probably
too wide. There 1s an interesting parallel here with the
history of charge distribution at low energy,in which the
earlier curves for FUNCTION (1) were also shown to be too
wide, as more precise data evolved. More recent radlo-
chemical work in this laboratory by Parikh (PAR 66)
(Table 1) has given further evidence for a narrower curve,

In this thesis and in the work of Storms (STO 62)
and of Nethaway and Levy (NET 65) not enough radiochemical
yield data were available to construct an empirical
FUNCTION (1). This function was therefore assumed to be
Gaussian and represented by formula (14.3). Although in
these studies not enough mass chains were investigated to

construct a ZP-FUNCTION (2), the data were useful to show
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interesting trends with excitation energy and, in the
present work, also to compare charge distributions for
différent targets, Nethaway and Levy used a curve with

C = 0.86., Their data were in good agreement to those for
identical fission systems (Table 1) studied by McHugh.
Storms made a study closely parallei to the present work
(Table 1). His data like those in this thesis consisted of
one independent yield for xenon and one cumulative yield for
iodine in the chains 133 and 135. The empirlcal method he
used to obtain the valué of ZP for these chains 1s very
similar to that used in thls thesis. He used a curve with
C = 1.20 as suggested by Coryell for medium-energy fission
systems. However a serious error in his measurements for

the chain 133, which was revealed by the present work,

demands that his conclusions be revised (see Appendix B).
(11) The (N/Z)-Plot of Empirical FUNCTION (1)

This method waé first used for the correlation of
high energy data (FRI 63). The methods described above
could not be used at these energies because of the wide mass
and energy spectra for the fissioning nuclei (FRI 65), which

make it very unlikely that FUNCTION (1) can be represented
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by a Gausslan or any other symmetric function. Above about
50 MeV this argument favours the (N/Z)-plot method, but
below this energy 1t now appears that where applicable the
(z - ZP)—plot method, assuming a Gaussian function, is more
systematic and precise., Only the latter method has been
used in this thesis,

Three previous studies of charge distribution in
this laboratory (DAV 63, BEN 65, PAR 66) (Table 1) have
correlated their.data with an empirical FUNCTION (1) on an
(N/Z)-plot. Their absolute cross sections were plotted
against the (N/Z) of the fission product and a symmetric
curve was manually adjusted to pass through the points
representing the independent yields, while the area under
the curve fitted the cumulative yield data. The following
two assumptions in this method restrict it (HAG 64) to the
relatively small mass range used in the above three studies
(Table 1).

The first assumption is neceséary because the
absolute cross sections are plotted,and not the fractional
yields as in other charge distribution studieé. Therefore,
to be able to superimpose the curves representing FUNCTION
(1) for any value of A, the total chain yield must be assumed

to be the same for these values of A, Thls can only be true
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when the masses of the fission products are very close and
if the total chain yields fall on a truly flat part of the
mass distribution curve., Although the fission products in
these studies weré near the apparently flat heavy wing of
the mass distribution curve no precise information is
avallable on this curve for proton-induced fission. For the
fission of 27°Th with alpha-particles of 44 MeV a precise
mass yleld curve in this mass region (MCH 63) has a fairly
steep drop above about A = 136, However, the change in
total chain yield for the small mass ranges in the three
previous studies is probably within the experimental error
of 20~3%0% in their cross secﬁions. The (N/Z)-plot method
could be more reliable if it could use fractional yields,
obtained from absolute cross sections by using absolute mass
distributions which are more precise than those presently
avallable. |

The second assumption like the first 1s necessary
because fission products of dlifferent mass chalns are plotted
on the same curve., It is assumed in most correlation methods
that the shape of FUNCTION (1) is the same for different

values of A, but here it must also be assumed that (N/Z)P’

the most probable value of (N/Z) for a given mass chaln, has

the same value for different mass chains. The latter
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assumption 1s a good approximation for a narrow range of A
values (HAG 64), |

All the empirical methods to obtain FUNCTION (2)
do not require a ZA-function and therefore avoid difficulties
with possible discontinuities in this function at shell
edges,

Before summarizing the present state of knowledge
on Charge Distribution, which has been largely a result of
the correlations outlined above under methods (A) and (B),
some new physical methods to study this subject are
considered.

Charge Distribution Studied by New Physical Methods

Physical methods to obtaln information on charge
distribution are only referred to briefly here, because they
are still at an early stage of their development and so far
have been applied only to spontaneous and thermal neutron
fission. They involve the resolution of the flssion
fragments ﬁith respect to both their A and Z.

One basic method involves separation of the
fission product with a mass separator (EWA 65) and then
determination of the average length of the beta-chain,

(ZA - ZP)Q This determination 1s made either indirectly by

measuring the énergy of the beta particles, (ARM 64, ARM 65)
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or directly by counting the number of beta particles from
specific fragments. The counting has been done electronic-
ally (ARM 64, SPE 65) and even directly by laboriously
counting under a microscope the number of beta tracks
(KON 65) in a nuclear emulsion,

The other basic method 1s more complex but has
proved fairly reliable (GLE 65) and will probably become a
powerful tool in collecting data on charge division in
fisslon. It involves the measurement of the energy of K
x-rays in coincidence with fisslon fragment palrs. The
masses of the fragments are determined, as described earlier,
from thelr kinetic energies obtalned using a palr of semi-
conductor detectors. Careful investigation (GLE 65,
THOGP 65, BOW 65) of these K x-rays has shown that they
originate from K-vacancles resulting from internal converslion
after fission. This origin introduces uncertailnties
(THOGP 65) into the interpretation of the yields of K x-rays.
However, these x-rays have been found (GLE 65) to
characterize the atomic number, 2, of the fission products
and therefore to give a rellable representation of the
charge distribution.

For spontaneous and low-energy fission, these

physical methods have given preliminary results (ARM 65,
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ARM 64, BOW 65, GLE 65, KON 65, WAH 65) different to the
FUNCTION (2) obtained by empirical methods or with existing
postulates.

Summary of Present Knowledge on Charge Distribution

Slow progress has been made in the studies surveyed
above, but charge distribution has still not been generally
defined and explalned satisfactorily.

FUNCTION (1) has been well established in only a
few mass chains for low- and medium-enepgy fission. It is
possible that the shape of this curve 1s a function (GOR 65,
STR 65) of the mass of the isobaric chain, but because of
the lack of experimental evidence 1t 1s usually assumed that
the shape 18 the same for all masses.

In many correlationsrthe yields of certain fission
products indicated that there are perturbations to the
smooth symmetrical FUNCTION (1) for certaln mass chains.
There are stlill insufficient precise data to confirm these
perturbations. Explanations have been given (GRU 57, PAP 53,
" PAP 55, COL 61, WAH 65) in terms of the shell effects on
charge division and on neutron emission. For medium-energy
fission, the precise data of McHugh (MCH 63) for the chains
135 and 136 gave no evidence for such effects though the
136

formation of these chains involves the nuclides Xe and
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1351, both with the closed shell of 82 neutrons. It has
also been suggested that perturbations may be caused by a
preference in the charge division for fragments with even Z
and even N (THOV 64, FRA 65, FER 65). A lack of information
about nuclearvisomers and the ratio of isomeric yields in
fission, to be discussed in detail later in this thesis, has
contributed to some apparent perturbations.

Above about 50 MeV, as the excitation energy
increases FUNCTION (1) broadens, loses its symmetry (PAT 58,
HAG 64, KAU 63, FRI 65), and 1s probably more dependent on
A (HAG 64). Qualitatively this may be understood by the
wlder distributions of the number of neutrons emltted before
and after the fission process, which glves rise to a greater
variety of filssloning nuclides and fragment parents.

There have been numerous comparisons of FUNCTION
(2) obtained from postulates, from the empirical correlation
method, and from new physical methods., All these comparisons
are strongly dependent on the reliabllity of data deseribing
neutron emission and fission yields. They do not therefore
provide a good test of the postulated mechanisms for charge
division in fission (MCH 63). For thermal neutron fission

of 235y, Pig. 6 (WAH 65) compares the Z_-FUNCTION (2)

P
obtained empirically, for the mass chains indicated by the



R i D

80 90 100 110

FIGURB 6, (WAH 65) Comparison of empirical and postulated
ZP-FUNGTION (2) for products from thermal
neutron fission of 235U, The broken lines
represent an empirical function derived from
the data points of Wahl et al. The continuous
lines are for the simple CCR postulate., The

average charge bands, ZAV » are from a physical

method (ARM 64),
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polnts, and the function obtained by the simplified CCR rule
represented by equation (1A.2) with i&otal= 2.4, Results
from a physical method (ARM 64) are also included in this
figure. These physical data are averaged over a few mass
chains because of the poor mass resolution of the method.

Fig. 7 replots the same empirical FUNCTION (2) of
Wahl et al. on an expanded chaﬁge scale (ZP - 0.44) and
compares it with the empirical function (MCH 63), for the
same initial "compound nucleus" 236U, but at an excitation
energy of about 40 MeV. The function (ZP - 0.4A) (COR 61)
changes little with}A, because (dZP/HA)asO.h, and it clearly
indicates any structure in FUNCTION (2). These two figures
1llustrate most of the following important features known
about FUNCTION (2).

(1) There are no data for symmetric and very
asymmetric fission. These fission products have extremely
low ylelds at low energy, but could be measured at medium
energy and thls should be one of the purposes of future
research.

(11) The value of (2 postulated by the

P)FP
approximate CCR rule (1A.2) is too low for light fragments
and too high for heavy fragments. This shows that the value

of (N/’Z)P 1s not the same for complementary fragments
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(HAG 64), and that 1t is higher for the heavy fragments.

(11i) Recent work (STR 65, TRO 64) has shown that
the closed shell, Z = 50, does not have as strong an
influence on FUNCTION (2) for low-energy fission as was
earlier suggested, by Wahl et al. (WAH 58, WAH 62). Strom
et al. have therefore revised the empirical plot of Wahl
in this mass region. In these plots different coordinates
were used from those in Figs. 6 and 7, in an attempt to
represent FUNCTION (2) for the fission fragments though
using data for the fission products. This approximate
conversion had short-comings but the plot conveniently
showed shell edges and predicted where they could probably
affect the initial charge division. Thelr expanded charge
ordinate was (Z, - A.(Z2;/A;)), where F referred to the
fissioning nucleus and Af, which was used also as the
absclissa, represented the approximate average mass of the
fission fragment, assumed equal to (AFP-+ y%). They used
Terrell's (TER 62) sawtooth function for %.

(iv) The structure in FUNCTION (2) between
A = 128-136 for low-energy fission apparently disappears
at medium energy (Fig. 7).
(v) Fig. 8 (MCH 63) shows the increase of ZP with

" 236

excitation energy of the initial "ecompound nucleus U, for
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many mass chains. Similar resulté have been obtained by
other workers (NET 65). Fig. 9 shows another method of
plotting similar data (PAT 58a, DAV 63, BEN 65, PAR 66)
previously obtained in this laboratory. In these studies
the value of the most probable chain length (ZA - ZP) was
obtained by using an early (COR 53, PAP 53) ZA-function.
Above about 20 MeV the steady rate of change of ZP with
energy has been assumed by McHugh to be due not to any
change in the charge division itself, but to a steady
increase in the total number of neutrons emitted.

The data from the present work will be plotted
similarly and compared with the data in Figs. 8 and 9.

(vi) Attempts have been made to predict FUNCTION
(2) for différent types of fission from the function
established for thermal neutron fission of 235U, by
accounting for the effect of changing the charge, mass and
excltation energy of the fission system from the reference
values 92, 236 and 6.5 MeV, respectively (KAP 61, COR 61,
STO 62, WOL 65). The success of these methods was limited
by the difficulty, now familiar in studies of charge
distribution,‘that there are insufficlent data for neutron
emission and fission ylelds. This is particularly true in

the energy regioh from about 8-18 MeV which is most important
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FIGURE 9.

The most probable chain length, i.e. the dis-
placement of the most probable charge ZP from beta
stability ZA’ as a function of the energy of
protons inducing fisslion in
(a) 232m /
—4&— Pate, Foster and Yaffe (PAT 58a)

—&O— Benjamin (BEN 65)

—O— Parikh (PAR 66)

—@— Davies and Yaffe (DAV 63)
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in the construction and testing of these methods. A further
weakness of these simple calculations 1s that they cannot
account for the unsystematic differences that now appear to
exist between low- and medium-energy fission (STO 62, MCH 63,
NET 65). The assumptions in these formulae have been shown
to be increasingly less successful as the excltation energy
increases (STO 62, NET 65). It was unfortunate that although
a small error due to an lncorrect sign in the formula of
Coryell et al. (COR 61) was found and reported in 1962

(STO 62), the uncorrected formula was still used in later
work (HIC 62, WEA 63, WOL 65).

There are at present no very reliable methods to
predict the majority of unmeasured independent fission yields
in other than thermal neutron fission. Perhaps the more
detalled empirical models devised recently (GOR 65, FER 65)
to predict independent ylelds of fission products for
thermal neutron fission 235U will provide the basis of more
successful methods to correlate FUNCTION (2) for various
types of fission and to predict their fissibn yields. The
data from thls research contribute to the knowledge on
charge distribution. In particular they show the effect on
Z_ of different fission targets and energles. The present

P .
data alone are not extensive enough to improve FUNCTIONS
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(1) and (2). The purpose of the present work is outlined
later in Section 1AB.

Finally 1t 1s recalled here that all the above data
were for the apparent charge distribution. Little reliable
information 1s yet available on the initial charge distribution.
1A.4 DISTRIBUTIONS OF ISOTOPIC MASS AND OF ISOTONIC CHARGE

Another 1nteresting method of correlating fission
product yields has been used (TAL 63, MCH 63, BLA 60). The
independent ylelds of the isotopes of one element are plotted
agalnst the lsotopic masses, This has been called an element
excltation function, but a more descriptive name is isotopic
mass distribution. The wide Gaussian nature of this
distribution for the elements ¥, Cs, Xe and I for medium
energy (MCH 63) has been shown to be a consequence of the
Gaussian charge distribution and the total chain ylelds which
are approxlimately constant over the mass ranges of the
isotopes of these elements. This type of distribution 1s
difficult to obtain and 1s at present not very useful except
perhaps to check (WAH 65) that elements with complementary
values of Z should have equal total isotopic "chain" yields,
if charged particle emission in fission is neglected.

A rarely used method of correlating fission ylelds

is the isotonic charge distribution (TAL 63).
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1B. INTRODUCTION

SECTION B
ISOMERIC YIELD RATIOS IN FISSION

1B.1 GENERAL

This section of the Introduction surveys in some
detall the relative formation of isomers in fission, and
introduces the simple theoretical methods to be used in this
thesis to discuss the isomeric yield ratios from this and
other flssion studies.

At present only crude theoretical calculations can
be made to interpret the experimental ratios of independent
yields of the two isomers of a fisslon product. These
calculations are based on the moderately successful
statistical model formalism introduced by Vandenbosch and
Huizenga (HUI 60, VAN 60), and used with only minor
modifications (VON 64, DUD 65, VAN 65) by numerous other
workers (BIS 64a, BIS 64b, SAC 66), to study the angular
momentum disposition in many spallation reactions with
isomeric products. Studies of fission isomer ratios are
limited by the very small number of 1lsomeric fission products
whose independent yield ratios can be measured precisely with

existing techniques. Nevertheless the measurement of these
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1someric fission yleld ratios does provide one of the few
methods of obtalning information on the angular momentum of
the fission fragments. These studlies also make 1t possible
to predict unknown, and often unmeasureable flssion isomer
ratios, which are frequently needed to interpret radio-

chemical fission data.

1B.2 FACTORS DETERMINING THE FISSION ISOMER RATIO
The formation of l1lsomers 1s an even more complex
process in fission than in spallation. The factors that
determine the fisslon isomer ratio are :
(1) The spin distribution of the compound nucleus
(2) The spin changes following the emission of
pre-fission neutrons
(3) The orbital angular momentum between the two
| fragments
(4) The disposition of angular momentum between
the two fragments immedlately after scission
(5) The orientation of the spins of complementary
fragments
(6) The modification of the initial spin
distribution of the fragments by the neutron-
and gamma ray- de-excitation process

(7) The effective spin-pair for the isomeric species.
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Calculations can be made for factors (1) and (2) since the
formation of the compound nucleus and the emission of
neutrons can be considered as part of a spallation reaction.
However these results do not help in the calculation of the
isomer ratio because factors (3), (4) and (5) are not under-
stood. The theoretical interpretations of fiséion isomer
ratios therefore have not attempted to deal with all of the
above factors but have started by giving tﬁe initial
fragments an assumed spin distribution and then treating
factor (6) in a similar way to the de-excitation of a compound
nucleus in a spallation isgmer ratio calculation. These
simple theoretical interpretations are discussed during the
following systematic review of the factors listed above.

1B.2.Factor (1) THE SPIN DISTRIBUTION OF THE

COMPOUND NUCLEUS

The normalized initial distribution of the compound
nucleus spin, JC’ can be computed with Part 1 of the FORTRAN
program of Hafner, Hulzenga and Vandenbosch (HAF 62), which
will be referred to as the HHV program. The latter was based
(VAN 60) on the statistical model and took the vectorial sum
of the target spin, the intrinsic spin of the projectile, and

the orbital angular momentum brought in by the projectile.
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The summation results in a varlety of compound nucleus spin
states whose statistical distribution was computed. The
input data required for this program include a set of
transmission coefficlents for the projectile of a particular
energy. These coefficients have not been given extensively
for heavy nuclides. However, Feshbach et al. (FES 53,
BLA 52) used a square-well nuclear potential for calculating
some of these transmission coefficients for protons of energy
up to about 25 MeV, With these coefficlents, the spin
distribution df the lnitial compound nucleus has been
computed for the cases in Table 20(a). In this table the
distributions are characterized by thelr root mean square
angular momentum,j:Ei' and these will be discussed in
Section 4B, '
As the proton energy 1is increased above 25 MeV the
spin of the compound nucleus is expected to increase.
However, as the compound nucleus mechanism (BOD 62) becomes
less important and as more direct reaction occurs with
individual nucleons (SER 47, TOB 61) less angular momentum
is transferred to the target by the proton. At the higher
energies considerable angular momentum will be removed by
a pre-fission cascade of particles. In spallation studies

many isomer ratios (SAH 65) remain almost constant above
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about 50 MeV, It was concluded that direct interactions
predominate above this energy, and that the spin distribution
of the residual nucleil resulting from the cascade process is
nearly independent of bombarding energy above about 50 MeV,

Although an increase 1ln the angular momentum of
the compound nucleus 1s produced by an increase in the energy
of the projectile or an increase in the spin of the target,
the spin of the initial fragment may not increase very much,
because of changes in other factors in the complex fission
mechanism. Very few lsomer ratio data previously measured
are reliable enough and cover a wide enough energy range to
test the energy dependence of the fission isomer ratio.

1B.2.Factor (2) THE SPIN CHANGES FOLLOWING EMISSION

OF PRE-FISSION NEUTRONS

The modifications to the qompound nucleus spin
distribution by evaporation of pre-fission neutrons has been
computed by Benjamin (BEN 65) using Part 2 of the same HHV
program (HAF 62). This part of the program is used also for
the neutron emission calculations for the fission fragments,
to be described later., He showed that the change of spin per
neutron-emission was very small for compound nuclel with mean
spin of about 5. Table 20 (a) shows that this spin corresponds

to a compound nucleus excitation energy of about 20 MeV,
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It 1s 8ti1ll not clear how, as the fission energy 1is
increased, the increased total neutron yield is divided
between pre-fission and post-fission emission. It is
difficult to estimate the number of neutrons in a pre-
fission cascade at higher energies. There is evidence that
the number of pre-fission neutrons evaporated (VAN 58,

BRI 64, HUI 62) for a particular target should be about the
same in medium-energy fission over a range of energles. The
ratio of widths, l;/’g, has been found to be nearly
independent of energy up to about 85 MeV (LIN 60, BRU 62),
1B.2.Factor (3) THE ORBITAL ANGULAR MOMENTUM
BETWEEN COMPLEMENTARY FRAGMENTS

The orbital angular momentum between complementary
fragments appears to be small in low- and medium-energy
fission. A measure of this orbital angular momentum is
glven by the anisotropy of fission fragments (HUI 62,

BLU 65) which has been measured in many angular distribution
studies (HAL 58, CHA 62, VIO 65). The anisotropy was found
to be very small for 22-MeV proton-induced fission of 232'l‘h,
233y, 235y and238U (COH 55). However when the fissioning

nucleus has a very high spin, (20-40 units) as in heavy-ion-
induced fission, Sikkeland and Choppin (SIK 65) concluded

that a large fraction of this spin is carried off as orbital

angular momentum of the fragments.
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1B.2.Factor (4) THE DISPOSITION OF ANGULAR MOMENTUM
BETWEEN COMPLEMENTARY FRAGMENTS
It is not known how the angular momentum 1s disposed
between complementary fragments in the act of scission.
However, estimates of the mean fragment spins have been made
both experimentally, from studies of the prompt gamma rays
from fission, and theoreﬁically in calculations with simple
electrostatic and mechanical models, and recently in more
detail using a simplified liquid-drop theory of flssion
(NIX 65). Very little was known about the distribution
function for this spin until Nix and Swiatecki (NIX 65)
recently predicted‘not only the most probable value of the
fragment angular momentum but also the distribution of the
spin about this value.
Warhanek and Vandenbosch (WAR 64) had no information
available on the distribution of the initial fragment spin,

J They tentatively suggested a distribution given by the

1.
formula,

N(7,) = (20, +1) exp ( - 33, +0m),  (1B.)

where B is a free parameter which characterlzes the
distribution and has a physical significance which is given
below. This distribution has the same functional form as the

angular momentum distribution of the nuclear level density.
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The procedure in previous fission isomer ratio calculations
has been to use formula (1B.1l) and to vary B until the
experimental isomer ratio was reproduced by the detailed
calculations of the de-excitation process described later in
Section 1B.2,.6. The value of B obtained was then taken to
approximate closely the root mean square angular momentum,
j;%?, of the initial fragment spin distribution. This
estimate of the mean spin of a few specific initial fragments
i1s probably the most useful information that has come from
isomer ratio studies (Section 4B, Table 21). Nelther these
studies nor any other known experimental method can yet
determine the shape of the distribution function of the
fragment spin.

The fragment spins estimated by the isomer ratio
method contaln large uncertainties, but so do the spins
estimated by the other exper;mental and theoretlical methods
outlined below.

The anisotropy observed in angular distribution
studies of gamma rays in low-energy fission (STR 60, BLI 63,
HOF 64, KAP 64, PET 65, GRA 65, SKA 65) has been interpreted
to indicate that the initial fragments contain about 8 units
of angular momentum preferentially oriented perpendicular to

the fission axis. This orientation of spin 1s consistent
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with the mechanism where electrostatic forces induce a torque
between the deformed scissioning fragments. Hoffman (HOF 64)
used this electrostatic model to perform simple torque
calculations and found that 5-6 units of angular momentum
could reasonably be induced in a fragment. Strutinski
(STR 60) had performed similar calculations but obtained
higher spins. Lower spins were calculated by Sikkeland and
Choppin (SIK 65) from a simple mechanical model (COH 63),
but they neglected the repulsive Coulomb forces,

Maier-Leibnitz, Armbruster, and Specht (LEI 65a)
have recently surveyed prompt gamma ray studies from low-
energy filssion. They‘concluded that the fragments have a
spin of about 8-10. Johansson (JOH 64, JOH 65) arrived at
the same conclusion from the multiplicity bf the gamma
cascade.

Whereas the gamma ray studies give an estimate
of the spin averaged for all the fragments, the isomer ratio
studles give the spin of a specific initial fragment. The
latter studies can therefore be used to investigate the
dependence of the initial spin on the fragment mass. There
are only limited data avallable for this investigation and
these will be discussed with the 1>>Xe data from the present

study, in Section 4B, The fragment spin has been predicted
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to be appreciably lower for symmetric fission than for
asymmetric fission (POR 57, HOF 64, SIK 65), This prediction
was not restricted to low-energy fission. A4 similar mass
dependence of the fragment spin was suggested by Johansson
(JOH 64) to explain the measured mass dependence of the total
gamma-cascade energy, but these measurements have been made
only at low energies (LEI 65a, LEI 65b).

Nix and Swiateckl have suggested that it may be
possible to obtain the degree of nuclear viscosity from
accurate information about fragment spins. For only one
example, have they calculated thelr formulae predicting the
fragment spin distribution (NIX 65). They used the “compound
nucleus” 2é§At, whilch would be forméd in the fission of 20981
by 65-MeV alpha particles. For this system they plotted the
probabillity distribution of the angular momentum of an
individual fragment for the three cases:

(1) If the torque from Coulomb repulsion were zero,

(11) If the fragments were non-viscous, -

(111) If the fragments were infinitely viscous,
The maximum of these three distributions corresponded to the
spins 8.5, 10 and 15 respectively. The relatively large
difference between cases (11) and (iii) suggest that it may

be possible to decide between them if accurate spin data can

be obtained.
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Thelr model is particularly useful for discussing
fission of elements lighter than Rn. No attempt has yet
been made by us or by other workers to use their spin
distribution formula for the assumed initial fragment spin
distribution. Their distribution could be used to interpret
the isomer ratib data for fission of 2°9mi (HAG 63, HAG 65),
but 1t is unlikely that the existing data are reliable enough
to give any information on the nuclear viscosity.

1B.2,Factor (5) THE ORIENTATION OF COMPLEMENTARY
FRAGMENT SPINS

Very little is known about the orientation between
the spins of complementary initial fragments. Although this
orientation is given by the formulae of Nix and Swiatecki
they have not yet given examples of thelr results. Aan
indication of this orientation may be obtained from isomer
ratio studles by the construction of a simple spin vector
triangle with sides equal to the calculated mean spin of the
fissioning nucleus, the fragment spin estimated from the
experimental isomer ratio, and the assumed spin of the
complementary fragment, This simple treatment neglects the
small fraction of the spin that appears as orbital angular
momentum between the fragments (see Section 1B.2 above),
Sarantites (SAR 65) used this méthod with his data for the

isomers of lBlTe for the following two fission systems.
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Estimated mean | Estimated mean | Assumed spin
Fission spin of the spin of the of the
system 236U "compound Te fission complementary
nucleus" fragment fragment
23
b) 232Th+e ~1 +
() %3 Mev 3 7+ 2 7

A palr of complementary fragments was assumed to have about
the same mean spins. Despite the fairly large uncertainties
in the estimated fragment spins he was able to conclude that
the spins of the two fragments in system (b) do not line up
as nearly antiparallel as in the case of system (a).

It has been shown that a fissioning system of low
angular momentum can give rise to fragments of high spin;
and this has been explained simply by assuming a suitable
orientation of the complementary fragment spins In the

simple vector triangle (WAR 64, SAR 65).

1B.2.Factor (6) MODIFICATION OF THE SPIN -
DISTRIBUTION OF INITIAL FRAGMENTS

In fission lsomer ratio studies most attention has
been given to the process of de-excitation of the initial
fission fragment. The spin distributions throughout the

process have been calculated with the widely used statistical
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model formalism of Huizenga and Vandenbosch. This process
is even more complex than the de-excitation of the compound
nucleus in a spallation reaction, and there are many
uncertainties in the input data.

There are three stages in the detalled calculations.
The first two account for the modification of an assumed
initial fragment spin distribution by Nn neutron emissions
followed by (N&- 1) gamma ray emissions. The final stage
splits the last spin distribution calculated in stage two,
between the two isomeric states. This third stage is based
on the rather poor assumption that the last gamma ray emitted
may have any multipolarity so that a state can decay to the
isomer with the nearest spin.

A full description of the theory has been given
elsewhere (HUI 60, VAN 60, BIS 61, VON 64, DUD 65), and
FORTRAN programs (HAF 62) for the computation of the first
two stages are contained in Parts 2 and 3 of the report on
the HHV program (HAF 62). The third stage is relatively
simple and is described later in Section 4B.

1B.2.6.1 Stage 1, Neutron Emission from the Fission Fragment

Part 2 of the above FORTRAN program was used Nn
times with a different set of input data for each of the

‘Nn neutron emissions. The following data were used.
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(a) The input spin distribution for the first
neutron emission was the assumed spin distribution of the
initial fragment, represented by equation (1B.l), but for
- the subsequent stages was the output distribution from the
previous step.

(b) The set of transmission coefficients,

and with

Te(ﬁh), for neutrons of average kinetic energy, ﬁh,

angular momentum €, have been taken from the curves of Feld
et al. (FEL 51), using a nuclear radius parameter, r = 1.5fm.
The ca1¢u1ations have been shown to be insensitive to small
changes in E (VAN 60, BIS 61, BIS 64b, SAR 65) and it has
been found satiéfactory to use an average value, rather than
to use a more complex treatment to account for the energy
spectra of emitted neutrons (TER 65).

(¢) The spin cutoff factor, O , characterizes the
spin distribution of the density of nuclear levels available
in the residual fragment for each de~excitation step. This

density of levels P(J) is given by the formula, (ERI 60,BOD 62)

PU) o« (27 +1) exo (- (7 + 12/ 202) . (1B.2)
In the”de-excitation calculatioﬁs this density is sampled by
each neutron and each gamma ray emission. There 1s very
little experimental information on the value of o7, especlally

for nuclides of mass A>60, but spallation isomer ratio
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studies (VAN 60, BIS 64a, VAN 65) have given a value of

b +1 for medium welght elements up to A=200. These values
were used in most filssion isomer ratio calculations, but,
Warhanek and Vandenbosch used an emergy dependent ocgiven by
the formula (ERI 59),

o ? - 9.8 /0P , (1B.3)

where t represents the thermodynamic temperature, and.ﬂR
represents the rigld-body moment of inertia. They have
pointed out that the o values were too high (VON 64, BIS 6l4a,
VAN 65) when the rigid-body moment of inertia was used. |
They partly corrected for this using the so called Shifted
Fermi Gas model (VON 64). A pairing energy was subtracted
from the excitation energy, U, equal to 2.2 MeV for even-even
fragments and 1.1 MeV for odd-even fragments. This corrected
excitation energy, U", above the shifted ground state, was
introduced into formula (1B.3) through the definition,

U" = at? - ¢, Unfortunately they gave no details of the g
values they obtained nor the fragment excitation energiles
they used to calculate them. We estimate that,with a level
density parameter, a, equal to A/8 and a nuclear radius
parameter, ro, equal to 1.2 fm,the values of o are about

6, 7 and 8 for fragments of mass about 135 with excitation

energies of 10, 20 and 30 MeV, respectively. For these
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energies the simple formula, U = ata, with'no pairing

correctlon gives nearly the same values.

1B.2.6.2 Stage 2, The Gamma Ray Cascade from
the Fission Fragment

The spin distribution after Nn neutron emissions
was then modified by a cascade of N& gamma rays. Part 3 of
the HHV program was used (N} - 1) times with the following
input data.

(a) The input spin distribution for the first
gamma ray emission was the output spin distribution following

Nn neutron emissions, but for the subsequent stages was the
output distribution from the previous step.

(b) The spin cutoff factor, 0, has been discussed
above.

(¢) The multipolarity of the gamma ray, €, was
usually assumed to be one, but gquadrupole radlation has been
introduced in some spallation studies (VAN 65, SAC 66), and
Hagebo (HAG 65) has used one quadrupole gamma ray in the
gamma cascade calculation for the fission fragment 1201n.
Petrov (PET 65) has questioned Hoffman's (HOF 64) conclusion,
from stﬁdies of gamma ray angular distribution, that a

fraction of the prompt gamma ray transitions in fisslon are

quadrupole. Warhanek and Vandenbosch argued that this
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fraction of the gamma rays consists of forced gquadrupole
transitions, from only those fragments with the highest spins
which cannot be dissipated by dipole radiation. However,
Maier-Leibnitz et al. (LEI 65a) interpreted several experi-
ments, 1ncluding those of Hoffman, by assumiﬁg quadrupole
gamma-transifions from fission fragments with a high spin of
about 10, Johansson (JOH 64) concluded that a cascade of
E2-tranéitions de-excites the fragment after neutron emission;
only vibrational states of the quadrupole type have life-times
short enough to explain the results of his experiments in
which most of the gamma-quanta were found to be emitted

within 10~1! seconds after fission.

1B.2.6.3 Cholce of Input Parameters for stages (1) and (2)

Table 2 summarizes the input parameters used 1n
previous fission isomer calculations.

Since the values of the parameters Nn,cr, En’
%y(ﬁﬁ)’ Nk, and € all contain uncertainties, even for low-
enérgy fission, and, since these parameters change with
energy, the question arises as to whether the calculations
can still be useful. Sarantiﬁes (SAR 65) has claimed that

despite the complexities and uncertainties of the calculations

a meaningful estimate of the average spin of the primary




TABLE 2 Input Parameters Used in Prevlious Filssion Fragment De-excitation Calculations

Fission Reaction Input Parameters
Isomeric Target ProJj. EProJ. . Comment s Ref.
Speciles (MeV) N, ¥ GE
238 232 J, not formula
Np o Ué Th »  20-160 1 4 3,4, | (1B.1), assumed H‘G‘G
b, Bi for initial >
fragment
238 232 a a. one quadru-
1171, U, ~Thn p 20-160 3 4 3 Pole transition|HAG
Bi used 65
131 b b. neutron-
1 Te 235y n thermal |0,1,2,3 3 3,4 | parentage cal-
( 357e) culated by
: Monte Carlo
method SAR
232 65
< Th 3 33 2 3 3,4
134 233 c ¢. Used formula
Cs U & <16 2, (1) 2,(3) -~ |T1B.3). Higho wgﬁ
values
232 BEN
- p  20-85 | 1,2 5,4 4,5 &5

_62‘_
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fragment may be obtained, His conclusions, however, were
based on caleculations for the fission of 257y with thermal
neutrons. For this system,more theoretical and experimental
information 1s available than for any other fission system
(HYb 62, HUI 62, GOR 65, FER 65, FRA 65), and his fission
isomer ratio calculations.were the most detailed that have
yet been attempted. Unfortunately, only one suitable isomer
pair, 131mTe/&3lgTe, has been studied successfully in thermal
neutron flssion. There were uncertainties even in the input
parameters for Saréntites' calculations, but these un-
certainties are magnified at higher energies for which most
of the fission lsomer ratlio data have been obtained. The
difficulties in estimating Nn and ﬂ} in fission are made
obvious by the following considerations.

(1) The energetics of the de-excitation of
flssion fragments are not well defined experimentally nor
theoretically. Sarantites was able to estimate N , En and
“& from the results of the Monte Carlo calculations on
prompt neutron emission and the calculation of the enérgy
balance in thermal neutron flission, recently described by
Gordon and Aras (GOR 65). He performed calculations for
three Nn values (0, 1 and 2) and, using the calculated

neutron parentage of his isomeric fission product, took a
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welghted average of these three results to obtain a final
value for the isomer ratio. Gordon and Aras, however,
expressed doubts concerning thelr assumptions in the
calculation of individual fragment excitation energles,

As the fission energy increases, an estimation of
how the energy of the fissioning nucleus is divided between
complementary fragments is even more difficult and is
complicated by the energy removed in pre-fission neutron
emission (BRI 64). It is known that the average kinetic
energy of the fission fragments does not change appreciably
with increase of fission energy (HUI 62, HYD 62).

(1i1) Even if the fragment excitation energles
(HYD 62) were known, the values of Nn and NJ cannot be
calculated satisfactorily from energy considerations alone
without a knowledge of the angular momentum dependent
competition between neutron and gamma ray emissions (GRO 61,
GRO 62, MOL 62,' CHO 63, WAR 64, JOH 64, THO 64). This is
briefly discussed below.

(111) The recent survey by Maier-Lelbnitz et al.
(LEI 65a) showed that prompt gamma ray emission from fission
fragments is more complex than had been predicted, and
differs from gamma ray emission in spallation product de-

excltation. A fission fragment de-excites by a larger number
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of smaller energy steps than does a nucleus after neutron
capture. It is therefore doubtful whether formulae used to
calculate the multiplicity of the gamma cascade in spallation
(DUD 65) are applicable to fission fragments. However,
Sarantites did use such a relationship, given by Strutinski
et al. (GRO 60), to calculate the average number of gamma
rays emitted,

N, = [aE /(1)) . (1B.4)
Here the level density parameter, a, was taken to be
a/13 MeV-1, ana E, was taken to be the residual excitation
energy af'ter the maximum number of energetically possible
neutron emissions. Formula (1B.4) gave an ﬁ; value of about
3, for an E = 4 MeV and multipolarity € = 1. The
statistical model predictions of N} are lower than the
measured average values of 4-5, for low-energy fission.
The competition between gamma and neutron emission provides
an explanation (JOH 64, WAR 64) for the discrepancy in the
predicted and measured N*. The high s8pin of the fragments
and the low E& available for gamma emisslon allow this
process to compete successfully with neutron emission. The
effectlive E* is therefore higher than would be expected if

neutron emission always took place when energetically

possible. The inecrease in EJ has been estimated to be about
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1.5 MeV for a fragment of spin 8 (WAR 64), and about 2.0 MeV
for a fragment of spin 10 (JOH 64). Warhanek and Vandenbosch
argued that the fragments of very high spin are responsible
for the high observed mu;tiplicities, since they probably
emit a very large number of quanta. For this reason they
used a value of N; lower than the experimental value.

(1v) In low-energy fission, fragment shell-effects
are well known in prompt neutron studies (TER 65, APA 62,
APA 64) (cf. Section 1A.3.1 and Fig. 3) and more recently
have been found in prompt gamma ray studies (MIL 58, LEI 65a,
LEI 65b, JOH 64). The curves for both Nn and NJ , as a
function of the mass of the fragment, have a saw-tooth shape.

The total gamma ray energy was found to be at a
minimum in the fragment mass region A = 128-134; these
fragments involving closed shells have been found to emit a
smaller number of quanta of higher energy than average.
There is no evidence available to decide whether shell
effects on NJ are as lmportant at higher fission energies,
At medium energies, there is evidence (MCH 63, BRI 64) that
the value of Nn for the fragments from symmetric fission is
no longer lower than that for the asymmetric fragments, but

there is some evidence to the contrary. Hagebo assumed that

shell effects are still present in medium-energy proton
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fission. For one such fission system, he used Nn = 3 for the

rragment *201n (HAG 65), but N_ =1 for the fragment YONb
(HAG 63). However, he used q* = 4 in both cases.
The best method to estimate Nn and %f is to use the

avallable experimental values, but to take into account the
above considerations. Terrell (TER 65) recently reviewed the
many experimental data for Nn at low energy. There are fewer
data for Nn for medium-energy fission (MCH 63, BRI 64, WHE 64),
and they are for fisslon induced by medium-energy helium-ions.
It is not known how the number of neutrons emitted from
individual fragments lncreases with increasing fission energy,
but reasonable assumptions can be made (WOL 65) up to about
40 MeV. Below this energy, i1t has been established that the
total average number of prompt neutrons, Y)'T, (FRA 65,' BAT 65)
and its rate of lncrease with energy, were similar for a wide
range of fissioning systems (POW 62, MAT 65). The rate of
increase was nearly constant and had a value of about
0.13-0.16 neutrons per MeV. From these studies it is
reasonable to éssume that on the average only about one
neutron is emitted from a low-energy fission fragment, and
that a change iIn fission energy of at least 15 MeV 1s needed
to change Nn by one unit. Only an approximate estimate of

an average Nn can be obtained because of many unknown factors
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in the de-excltation process leading to a specific isomeric
nuclide, and because even at low energies this nuclide has
several neutron parents (SAR 65). |

The data for qr, which are for low-energy fission
only, have been surveyed recently (LEI 65a). From the
observed value of q’, it is difficult to estimate a
meaningful q* for the gamma cascade model because of the
possibility, discussed above, that the fragments of highest
spin may have gamma cascades with a higher multiplicity than
the average. There are no available data for q* for medium-

energy fission and it has been assumed that =3+ 1.

v

The effect of the uncertainties in the input data
on the results of the isomer ratio calculations 1s assessed
in Section 4B,

1B.2.Factor (7) THE EFFECTIVE SPIN-PAIR OF

THE ISOMERIC SPECIES

Generally, two nuclear isomers have spins separated
by several units (up to 5) of angular momentum, but have a
difference in energy of only a few hundred kev, The éhell
model of the nucleus glves a good explanation of nuclear
isomerism and the spins of isomer pairs. The comprehenslve

review of nuclear isomerism by Alburger (ALB 57) contains an

account of this explanation.
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Segré and Helmholz (SEG 49) suggested the first
method of predicting the isomer ratio in nuclear reactions,
but this method has proved incorrect, They suggested that,
if the excitation energy were high enough to allow population
of many levels, the isomeric yield ratio would reach a
limiting value equal to the ratio of the statistical welghts
of the isomeric states, (2Jhigh + 1)/(2J1°w + 1). It has
been shown (LEV 53, VAN 65) that no such limit exists. The
process of isomer formation is too complex, particularly in
fission, to beexplained by the spins of the isomeric states
alone. However, the isomer-pair spins are very important in
the final stage (cf. Section 4B) of the fragment de-
excltation calculation. Qualitatively it may be predicted
that an isomeric pair with low spins will have a higher isomer
ratio than a pair with higher spins. The fission studies of
independent isomeric yileld ratios surveyed in Table 3 have
therefore been divided into classes of isomer-pair spins,
or spin-pair classes. Table 3 shows that.the best available
studles fall into only three spin-pair classes:

Class 1 (9/2, 1/2); Class 2 (11/2, 3/2); Class 3 (8, (5), 4).
During this thesls isomer pairs will be discussed with
reference to these three classes, The number of fission

isomer data is very small compared to the numerous data that



TABLE 3 Classlification and Summary of the Main Studies of Fission Isomer Ratlos

Spin- Isomer | Isomeric Specles Target Projectile,| Isobaric Parent, | Ref,
Pair Spin-Pair Half-| (I = O) (I #0) Energy Half-
Class H,L Life (MeV) Life
Pnp 8 gggg' 238y, 232y, [208p), 209p; p 20-160 | Pzr 654, HgG
1 9/2,1/2 n . 2
117+. & |H[38m. | 2 23 209 _ 117agq{m) 3.1lh HAG
m§ (820 38y, 232y, (209p4 p 20-160 caég) el
238y, 232y, o< 33
d 18 SAR
131 5
3 Te 1ls 235U n Thermal 131Sb 19.4m, —
& e 233,235, 239
U, Pu| n Thermal] 63
2 11/2,3/2 133, m |H| 53m. 2380,232'1'11 o 33 153 an
e lL|12.5m] a 18 Sb e 65
133, m |H|2.3d. | 238, 23 233, 23 _ 133 This
3Xe e |tl5.34. U, 2Th 2u, Sy p 29 85 T 20.8h, work
2
38'U 233U,2350 =< 27,42 WAR
237
m |8| 2.9h. 23jgp é 21 both isobaric 64
3 8,(5),4 | *P*cs § 16 neighbours
238U p 25-80 are stable DAV
g |4 2.1y. 553 ' 63
Th p 20-85 ng
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have been obtained from isomeric spailation products (WIN 62,
SAC 66). A few other fission data are available, as well as
those referred to in Table 3.

Many studies have been made on the isomer pair
115ma3 and 1198¢d with the spins 11/2 and 1/2 but these isomer
ratios are not for independent ylelds, because of the short-
1lived betaAparents'll5mAg (21 seconds) and 1153Ag (21 minutes).
The relative yield of 115Ag to 1150d decreases with
1ncfeasing fission energy and the measured ratios fof
moderately high energy fission are mainly for independently-
formed 115¢d (HIC 55, POR 57, BAI 59, TIL 63b, SIK 65).
Nevertheless, over the range of medium energles considered
in this thesis the 115Cd data probably reflect the change of
the isobaric charge dispersion with energy as well as any
change in the isomer ratio. H&ller and Andersson (HAL 61)
measured independent isomer ratios for SOmBr (I = 5) and
BOgBr (I = 1,(2)), but these isomers have very low fission
ylelds and could only be measured for fission induced by
protons above 70 MeV in energy.

The effective isomer-pair spins to be used in
stage 3 of‘the lsomer ratio calculation are not always the
spins of the lsomeric states, If between the two lsomeric

states an energy level exists, usually with an intermediate
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spin, then the effective lsomer-palr spins for the
calculation are those of the metastable state and this
intermediate level (HUI 60, VAN 60, STR 65)., More difficult
situations could arise. For example (HUI 60), if a state

of intermediate spin had an energy just above the metastable
state and decayed by a crossover transition to the ground
state the isomer ratio would be low and the calculations
could not easily account for thils type of decay scheme., It
1s 1mportant in isomer ratio calculations that the decay
scheme for an isomeric nuclide be well known because of the

large perturbations that may be caused by unknown levels.

1B.3 SUITABILITY OF THE ISOMERS OF 133Xe FOR THIS STUDY

The xenon lsotopes of odd mass number, A, are
situated in the so called "island" of isomeric nuclides with
odd A, just before the closed neutron shell, N = 82 (BER 52,
ALB 57). The isomeric pair 1°7™e and 12%Bxe 1s very
suitable for medium-energy proton-induced fission studies,
for the following reasons.

(a) 13%%e 18 formed in good yield, though the
gamma ray activity of 133mXe is fairly low.

(b) The beta parent, 1331, has a reasonably long

half-life, 20.8 hours, so that only small corrections are
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needed to account for the decay of 132; by a 98% branching
(NDS) to 1338xe,

(¢) The half-lives of 1230xe (2.3 days) and
132%8%e (5.3 days) are very convenient.

(d) Xenon can be easily and quickly isolated from
the fission target and other products. The only impurity
1s krypton which gives no long-lived activities, and can be
separated almost quantitatively from xenon.

(e) The Spins of 133Mxe (I = 11/2) and 15%&xe
(I = 3/2) are known and no other interfering levels have
been reported for 133Xe. -

Unfortunately the absolute values of the experi-
mental lsomer ratlos depend strongly upon the lnternal
conversion coefficient of the M4 transition between the
isomers of 133Xe (ef. Section 485. However, the results
for the isomeric ylelds of 133Xe are very suitable for
relative studles of the lsomer ratio over a fairly w%de
range of flssion energy, for four targets of three different

spins,
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1AB., INTRODUCTION

PURPOSE OF THE PRESENT WORK

In the present work the independent yields of
135%e, 133 and 13%8Xe and the cumulative yields of 1391
and 1331 have been measured from fission of 232Th, 233U,
233y and 238U induced by protons of 20-85 MeV. A radio-
chemical gas-sweeping‘technique was used and the activity
of the separated xenon samples was measured by a gamma
spectrometer calibrated with a gas-phase beta proportional
counter,

The relative independent ylelds of the 133Xe
isomer-pair, the lsomer ratio, of spin-palr class 2, were
obtained. Simple statistical model calculations have been
made of the type described above in Section 1B. The
compound nucleus spin distributlion has been computed up to
30 MeV. Most of the calculations have been for the de-
excltation of the fragments leading to three spin-pair
classes of isomers. The results of these calculations have
been used as a framework for the discussion of the data from
this and other studles of the isomer ratio in fission, and
in an assessment of the theoretical and experimental aspects
of these studies,

Up to about 50 MeV, the relative ylelds of iodine
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and xenon have been used to obtain empirically fractional
ylelds and values of ZP for the mass chains 133 and 135.
These data have been used to investigate the effect of
target composition and excitation energy on the value of 2

P
for the apparent charge distribution of these mass chailns.

The ZP data for different fission systems were compared
seml-quantitatively using the simplified CCR rule.
233U
Except for the fission of » absolute cross
sections were obtained from most of the lrradiations, by
measuring the proton flux wlth the monitor reaction

65Cu(p,pn)640u

. These data gave excitation functions and
total chain yields. The present results were compared to

related medium-energy studlies of fission yilelds.
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2. EXPERIMENTAL

2.0 OUTLINE OF EXPERIMENTAL PROCEDURE

Twenty-eight experiments ére reported in this
thesis, Four different types of heavy metal targets were
used, 232Th, 238U, 235U and 233'0 . The procedure in an
individual experiment is briefly summarized in the following
paragraph and is described in detail in subsequent sections.

A heavy metal target was bombarded with protons and
then qulckly removed to the Chemistry laboratory. There 1t
was dissolved and a gas-sweeping technique and subsequent
adsorption gas chromatography were used to extract the xenon
fission products from the target material and other fission
products. After about thirty hours, a similar extraction
and separation produced a second sample of xenon which was
formed purely by precursor decay. The activity of the xenon
samples was measured with a gamma spectrometer., The
efficiencies of these measurements were determined relative
to a gas-phase beta proportional counter which was
calibrated in this work. In most of the experiments the
proton beam was monitored by simultaneously irradiating a
similar copper target. The copper was dissolved, about one
day after a bombardment, was separated on an lon-exchange

resin, and 1ts activity measured on the gamma spectrometer,
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2.1 IRRADIATIONS AND TARGET ASSEMBLY

The internal circulating beam of protons in the
MeGill Synchrocyclotron was used for the irradiations. The
target was held in a simple aluminlum clamp which was screwed
to the end of a probe and inserted to a certain distance from
the centre of the cyclotron. The revised curve of Kirkaldy
(KIR 54) gave the distance for a required proton energy.

For the targets and energles used in this work the degradation
in the proton energy (STE 59) was within the energy spread

(+ 2 MeV.) of the proton beam, and was therefore neglected.
The intensity of the beam was 0.5-1.0 micro amp. It was
monitored with the reaction 65cu(p,pn) 640u for the entire
energy range, 20-85 MeV. (cf. Appendix A.2). Table 6
summarizes the 28 irradiations in this work and shows that

the times of bombardment, to’ were from 5-25 minutes.

The target material for all of the irradiations of
233y (and'for one of 238U, R16) was finely powdered uranium
oxide ( 5-12 mg) wrapped in aluminium foll of surface
density 5.5 mg/bmz. These runs were not monitored.

Table 4 describes the target foils used for 232

235U and 238

Th,

U and the monitor foil of "spec-pure" copper.



TABLE 4, Description of Target and Monitor Foils
(cf. Table A2, Appendix A)

Target Isotope  Surface Density (SD) Isotopic abundance

(mg/em?) %
232Th 80.8 100
238U 46.4 99
235U 104.0 ol
Seu 45.9 31.9

The target was assembled as follows.

(a) Fig. 10(a) shows the target foll contained in
an aluminium foil (5.5 mg/bma) envelope placed beside a
copper monltor foll of similar size.

(b) Fig. 10(b) shows these metals clamped in the
aluminium target holder. They were pressed between two
aluminium plates in a vise, cut wlth scissors along dotted
line AB, and again pressed. This ensured that the leading
edges of the monitor and target foils were aligned and close
together,

(¢) PFig. 10(c) shows a plan view of the target
assembly screwed on to the probe. The proton beam first

strikes the copper foil.
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FIGURE 10,

Target assembly
(a) and (b) before irradiation,
(e) during irradiation,

(d) after irradiation.
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(d) Fig. 10(d) shows where the irradiated foils
were sheared, along CD. This was done as soon as posslble
after a hurried journey from the cyclotron to the Chemistry
1aboratory; The cut target and aluﬁinium catcher foil were
immediately introduced into the gas-sweeping apparatus as
described later. The copper foil was put aside for one day.

The products of nuclear reactions could be lost from
the target materlial by recoil, by diffusion and by further
nuclear reaction. The last-mentioned may be neglected in the
present work. The recoll losses for the spallation reaction
of copper may also be neglected here. Recolling fission
products were held in the aluminium catcher foil which was
thicker than the range ( ~3 mg/bma) (ARA 65) of the fission
products, xenon and iodine, in aluminium.

Diffusion losses of xenon from the target material
have been examined elsewhere (GRA 60, STO 62, MCH 63) and
found to be very small for foll targets but significant for
powder targets., No absolute measurements of cross section
were made with powdered targets of uranium oxide, and the
measured isomeric yleld ratio of 133Xe would not be affected
by a diffusion loss. This loss may have a small effect on
the relative yields of iodine and xenon. This effect should

be apparent in the two results for the fission of 238U with
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75-MeV protons, which was studied with a target of uranium
foil (irradiation number R11l) and uranium oxide (R16).

Tables 9 and 17 give the ratios Riif and Ri;? for
these two experiments which give no evidence for a
significantly larger diffusion loss from the powdered oxide
target.

Diffusion losses could have been completely avoided
by sealing the wrapped target in a quartz tube (KAT 53).
This technique was not used here because it would introduce
monitoring difficulties and probably lengthen the first
separation time, tl.

The method of using the aluminium envelope for the
target foll was chosen for several reasons given below,
This method was preferred to a method previously used in
which three simlilar target folls were irradlated, but only
the central foil was used.

(1) Obviously the present method saved valuable
target material (particularly important for foils of 2-°y)
and also reduced the level of radiation during the early
stages of an experiment.

(11) The monitor and target foils could more

conveniently be pressed together for cutting and be kept

close together during the bombardment. Thls was extremely
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important 1f the two folls were to receive the same number
of protons, because most of the protons hit the foils over
a small area close to the leading edge of the target
(Fig. 10(c).).

(1ii) The aluminium envelope delayed the initial
releaserf xenon from the target foll when acid was first
introduced 1lnto the dissolver, and therefore avolded loss

of rare gas before the dissolver was resealed,

2.2 CHEMICAL SEPARATIONS AND YIELDS

2.2.1 COPPER

After about twenty-four hours the coﬁper foll was
weighed and then dissolved in a mixture (1:1) of hydrogen
peroxide and concentrated hydrochloric acid, evaporated to
dryness and redissolved in a minimum of conec. HCl. This
solution was then passed through an anion-exchange resin
(Dowex-1X8, mesh size 100-200) in a column of length 10 cm
and diameter 1 cm. The copper was separated (KRA 53) from
other spallation products by preferentially eluting nickel,
manganese and cobalt with 4M HCl until the colour band of
copper reached the bottom of the column. The coﬁper was
then eluted with 1.5M HCl while iron and zinc remained on
the column. All but the head and tail of the copper eluate

was collected, evaporated to dryness and made up to
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approximately 2 ml in a glass vial, of standard dimensions
and with a screw top, for measurement of gamma radiation.
The fraction of the copper foll in the gamma sample, the
chemical yleld Ybu’ was determined after the activity had
decayed. The 2 ml counting solution was made up to 10 ml
and aliquots were titrated with EDTA (the disodium salt of
ethylene~-diamine tetra-acetic acid), using a murexide

indicator (WEL 58).

2.2.2 XENON

The techniques in this radiochemical study of xenon
were essentially those used by Dostrovsky and Stoenner
(DOS 62) and have been briefly outlined in the Introduction.
Fig. 11 schematically summarizes the technliques used and
shows that they fall into three parts. It wiil be convenlent
to glve the detalls of the apparatus during a systematic
descriptlion of these three parts of the experiment. Two gas-
sweeps were made, sweeps (a) and (b).

2.2.2.1 Gas-Sweep (a)

Part 1. Extraction of Xenon and Krypton

In order to minimize the growth of xenon from
iodine precursors the rare gases were separated from the
target and other fission products as quickly as possible

after the bombardment, while stlill permitting a complete
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FIGURE 11.

The Experimental Study of Fission Product Xenon,

Divided into Three Parts.
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extraction from the target and catcher folls. Fig. 11,
part 1, is a simplification of Fig. 12 which schematically
describes part 1 of the experiment in detail. Most of the
apparatus was constructed from simple pyrex glass components
common to any vacuum apparatus and will not be described in
detail here,

Helium (MATH) from a cylinder was passed at a
controlled rate through the following components (from right
to left in the figures).

(1) Flow-rate meter. A commercial (MANO) flowmeter

consisting of a glass tube with a spherical stalnless steel
float measured flow rates up to about 100 ¢.c. per min.

(11) Carrier gas injection system. The flow of

helium could be diverted through a standard volume (12.2 +
0.1 ¢.c.) which could be connected to a manometer and a
reservoir containing a carrier gas mixture of spec-pure
(MATH) xenon and krypton (73:27). The standard volume was
calibrated with mercury.

In order to inject carriér gas into the helium
stream, the standard volume was evacuated and filled with
carrier gas at a pressure of a few centimeters of mercury
measured with a mercury manometer. The maﬁometer and

reservolir were sealed off and then the helium was allowed
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to sweep the known amount of carrier gas through thé dlssolver.
The carrier gas facilitated the handling of the unﬁeasurably
small volume of radioactive xenon and krypton formed in the
irradiation.

The present technique could be used (DOS 62) with
no carrier gas, but then recovery yields cannot be measured
and the separation of xenon from krypton cannot be easily
controlled.

(111) Dissolver and halogen trap. The helium flowed

through tap T, into this unit consisting of two simple
bubblers, each attached to a small (100 ml) flask with a
ground glass Joint at the neck, and to a funnel for
introducing liquids.

Before an irradiation the vacuum in this unit was
tested and then a few pellets of KOH with about half its
weight of KHSO3 were put into the flask of the halogen trap.
After the ifradiation the cut folls of the target and
aluminium catcher were quickly put into the dissolver flask,
and the unit evacuated before helium was passed through the
system, Water was then introduced into the halogen trap and
the funnel closed. A cold acid mixture (about 20 ml of a
(1:2) mixture of conc. HNO3 and conc. HCl, with about 1 ec.c.

of 6M HBr) was then quickly added to the dissolver and the
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funnel closed. During the addition of the acid the loss of
rare gas must have been very small because the initial
attack of the foils was slow. Storms (STO 62) suggested
that in his work this loss was an important source of error.
However, this was not the case In the present work, because
of the fast 1ntrodudtion of cold acld, and because the
aluminium wrapping 1lnitlally 1nhibitedkthe release of xenon.
As soon as the acid had been introduced and the funnel closed
the dissolution was accelerated by heating the dissolver with
an alr-blower. At the same time the carrier gas was injected
into the helium stream. With a helium flow rate of about
80 c.c./minute, all the metal dissolved in less than five
minutes; Halogens that were swept out of the dissolver
were held in the alkaline reducing solution ln the halogen
trap, or in the next unit.

The dissolver flask was surrounded by lead sheetlng
to reduce the radiation hazard during the early stages of
the separation.

(iv) Drier and purifier. Acid fumes and halogens

remaining in the helium stream were retained in this unit
by solid KOH and Ca0, and water vapour was removed by
anhydrous magnesium perchlorate., Other non-inert gases

were removed from the stream by passing the gases through
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a quartz tube containing oil-free titanium sponge at 800°C
and copper oxide powder at 50000. The dried and purified

inert gases left this unlt through tap T2.

(v) Adsorption column and thermal conductivity

cell. The xenon and krypton were now loaded on to the
adsorption column cooled in liquid alr. The column was a
U-tube of pyrex glass tubing (diameter 0.5 em and length

12 cm) containing activated charcoal (Columbia, grade I,
40-60 mesh) held in position between two sintered glass
discs. A stalnless steel thermal conductivity cell, T.C.C.,
(GOW) in a simple bridge circult, indicated on a recorder
(TEX) the loading of the xenon and krypton on to the column.
A'cold trap similar to that used for the adsorption column
was used to purify the helium at the beginning of the flow
system, and another was used as a safety trap at the end of
the system. The time, tl, from the end of bombardment to
the end of this sweep (a) was usually less than half an hour

(Table 6), At the end of sweep (a) the taps T. and T. were

1 2
closed and the helium stream diverted through taps T3 and
T4 during part 2 of the experiment.

Part 2. Separation of Xenon from Krypton

There was no further need for fast procedures in

'parts 2 and 3 which took about one hour each,
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Fig. 11, part 2, is a simplification of Fig. 13
which schematically describes part 2 of the experiment in
detall. This figure also includes a table giving the
temperatures and helium flow rates used for the fractional
desorption of first the krypton and then the xenon from the
column., The separate fractions were collected on activated
charcoal in cold traps 1 and 2,and the unloading was
indicated on the recorder. A water bath was used to heat
the column to 40°C and a small electric furnace was used
to heat it to 120°C. The desorption of krypton was continued
for 10-15 minutes and the xenon desorption was continued for
a further 45 minutes. Then, trap 2 was maintained at liquid
alr temperature and evacuated for ten minutes to remove
helium. Thls evacuation was shown to cause no measurable
loss of xenon,

A mechanical forepump (WELC) and a mercury
diffusion pump were used in the vacuum apparatus. A tilting
McLeod gauge was used to check the vacuum which could be
held at less than one micron in most parts of the apparatus.
The stalnless steel thermal conductivity cell was not
designed for high vacuum work and this part of the system
.could be reduced to only about five microns, but was quite

suitable for working with helium at a pressure just above
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one atmosphere. This slight excess of pressure (2-3 cm of
mercury) in the helium carrier gas was maintained by a
manostat at the beginning of the flow system. A saféty valve
at the end of the flow system contalned a minimum of mercury.
Pressure~-stopcocks (SCIE) were used in the flow system,
because of the excess pressure.
Part 3. Preparation of Xenon Sample

Fig. 11, part 3, gives a simple description of this
 part of the experiment. Trap 2 was heated to 120-150°C and
the desorbed xenon was pumped with an automatic Toepler
mercury-pump (DELM) to a quartz furnace for purification
over oil~free titanium sponge at 800-90000. The pumping
was continued for 45 minutes and the gas kept in the hot
furnace for about 15 minutes, After the xenon had cooled
it was transferred with a Toepler pump to a gas burette for
measurement of its fractional recovery, or chemical yield,
which was usually about 95%. To prepare a xenon sample for
gamma spectrometry the xenon wés condensed into a pyrex
glass vial cooled in liquid air., These vials were of
standard dimensions (ef. Fig. Bl(b), in Appendix B). The
cooled vial was sealed and removed with a blow torch. The

pressure of the residual gas was always found to be very

small.
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Appendix B describes the preparation of xenon
samples for beta activity measurements in a gas-phase

proportional counter.,

After about thirty hours a similar experiment was
made in which a second sweep (b) was taken to prepare a
sample of xenon formed purely from decay of iodine precursors.
Part 1 was repeated with the exception of the dissolving
procedure. Taps Tl and T, were reopened and for about 45
minutes helium was bubbled at 80 c.c./minute through the
dissolver and halogen traps, both warmed with the air blower.
The time, ta, was taken from the end of sweep (a) to the end
of sweep (b). Parts 2 and 3 were then repeated as in sweep

(a).

2.2.2.3 Miscellaneous Experimental Details

Some further particulars of the experiment are now
described. When the apparatus was not in use the four traps
containing activated charcoal were kept under vacuum and at
a temperature of about 12000 in order to avoid any adsorption
of gas on the charcoal. Before a gas-sweep the apparatus was
preconditioned as follows. The vacuum in the apparatus was

tested and helium passed through the flow system for about
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one hour with the initial and final traps cooled in liquid
air, and with the electric furnaces in the purifier unit
turned on., After a complete experiment, at the end of a
sweep (b), the dissolver, halogen trap, purifier and drier
units were dismantled, and thoroughly cleaned and de-
contaminated with conc. HNOB' The chemicals in the drier
and purifier were replaced, the taps and joints were
regreased, and the units were then refitted into the main
apparatus.

The gas techniques were tested previously by
Dostrovsky and Stoenner (DOS 62). In the present work the
high efficiency of the xenon separation was confirmed by two
methods.

(1) Two xenon fractions were found by mass
spectrometric analysis to contain only 1-2% of krypton.

(1ii) No xenon activity was detected in a krypton
fraction from sweep (a). This sample was prepared in a
sealed vial and gamma-counted only a few hours after
bombardment. The 249-kev gamma ray of 1358Xe was not detected
though this had a very intense activity in the xenon fractions

from sweep (a).
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2.3 RADIATION MEASUREMENT

The activity of the xenon and copper samples was
measured by scintillation spectrometry. The phosphor was
a crystal (3" x 3") (HARS) of sodium iodide activated with
thallium iodide ( 0.1%), hermetically sealed in an
aluminium can. This crystal had a resolution of about 12%
for gamma rays with an energy of 0.5 MeV. Optically coupled
to the crystal was a photomultiplier tube whose output was
passed through a pre~amplifier (HAMN) to a multichannel
analyser (RIDL). The stored data were printed in digital
form (HEWL), and also obtained graphically on an X-Y plotter
(MOSE). The latter had its Y-axis related to the count rate
and its X-axlis related to the channel number, or energy of
the incident gamma ray. Lead, lined with iron and luclte,
shielded the crystal and photomultiplier in order to reduce
the natural background. Although the dead-time of the
analyser was relatlvely high no correction was necessary for
this because the samples were always measured on "live-time",

The above method of measuring gamma radiation is
in common use and therefore its principles are only briefly
described here, with reference to the type of gamma spectra
obtained in this study. By the Photoelectric Effect a photon

of gamma radiation may be completely absorbed by an atomic
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electron in the NaI(T1I). This electron causes ilonization
in the phosphor, with accompanying flashes of light which
have an intensity proportional to the energy of the initilal
electron. If this were the only effect occurring a gamma
spectra would contain a simple photopeak with some
statistical broadening caused in the photomultiplier tube,
where the light flashes are converted proportionally into
electrical pulses. However, other well-known phenomena,
Compton Scattering and “Back-scattering", produce in the
spectra an irregular tail at energies bélow the photopeak
energy. Palr Production need not be considered here since
the spectra in this work contained no gamma rays with energy
greater than 1.02 MeV, These complex phenomena often cause
conslderable difficulty in the analysis of gamma spectra.
Fortunately in the present work the photopeaks, character-
istic of xenon and copper, were fairly simple and the
background could rather easily be drawn intuitively (cf.
Section 3.1).

Appendix B describes the equipment and method used
to measure rare gas activities by beta proportional counting.
In this research, measurement of beta activities was useful
only to calibrate the gamma spectrometric method, described

above, used to measure the activity of xenon produced in
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fission. Appendix B explains why the gamma and not the
beta activity of this xenon was measured and considers
probable errors in some previous fisslon studies of xenon

where the beta activity was measured.



- 115 -

3., TREATMENT OF DATA
FROM THE ACTIVITY MEASUREMENTS

3.1 ANALYSIS OF SPECTRA AND DECAY CURVES

The spectra observed for the copper samples and for
the xenon samples from sweeps (a) and (b) are now described
with the methods used to analyse them. The photopeaks were
identified with an energy-calibration curve which was obtained
from photopeaks of known energies in the spectra of several
long-11Ved standardrsources. The decay curves obtained from

these spectra are described,

3.1.1 COPPER
Fig. 14 shows an example of the simple gamma ray

640u with the dotted curved line intuitively drawn

spectrum of
as the background. The area of the 5ll-kev photopeak, above
the dotted line, was divided by the time of measurement to
give a counting rate. This rate was divided by two to account
for the two 5ll-kev gamma rays resulting from each positron
annihilation. A seml-logarithmic plot of this rate against
time gave a decay curve with a half-life of 12.8 + 0.1 hours.

The count rate at the end of bombardment, 00(64 , was
Cu

obtained by back-extrapolation of this curve, At medium

61

energies the reaction 630u (p,p2n) produced ~~Cu (3.3 hours)
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which also gives a 5l1l-kev annihilation-gamma ray. This
activity was therefore allowed to decay for about 30 hours

o4

before the activity of ~'Cu was measured.

3.1.2 XENON

Sample from Sweep (a)

Table 5 gives the xenon isotopes that contributed
to the gamma spectra in the present study. Fig. 17 shows
simplified decay schemes for 133Xe and 135gXe, which were the
two most important isotopes of xenon in this study. Fig. 15
describes typical spectra for a xenon gas sample from sweep
(a). Counting rates and decay curves were obtained from these
spectra. The intensity of the gamma rays of 135Xe was 80 much
higher than that of the highly converted gamma rays of T2-TXe
that the sample from sweep (a) was placed on a high shelf,
(shelf 7) above the NaI(T1lI) crystal, during the first day in
which measurements were taken every two hours, but was placed
on the lowest shelf (shelf 0) for the remaining measurements.
These were taken twice a day for seven days andvthen daily
for a further four weeks. Fig. 16 shows a typical decay curve
for the first several days taken from spectra of the type
shown in Fig. 15(1) and (ii). In this decay curve the
ordinate, C', is the count rate divided by the efficiency of

the shelf used. The components with half-lives of 9.2 hours
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TABLE 5

XENON SPECIES CONTRIBUTING TO THE GAMMA SPECTRA IN
THE PRESENT STUDY (NDS)

Xenon Half- | Gamma ray Ky X g An approx.estimate
specles 1ife energy — of chain yield (%)*
(MeV) _ I for 30-MeV protons
+233U +238U
W
133Mye  2.3d .233 Lo+ 1.4 2,2 45 15
1
2By 5.3d .080 1.5+ 0.2 5
1358x. g9.2n .250 .054 6.5 50 45
(.610) - -
151mye 12.0d .164 29 > (20) (3)
129my.  8.0d .196 10 2 (5) (0.1)
1278ve 36.0d 173 .13 - (0.6) -
. 205 .09 -
(.278) .01 -

the sum of the yields of both isomers are gilven

**  experimental value which may be too low (cf. Section 4)
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FIG. 15 Typical gamma ray spectra for a xenon sample from
sweep (a). Dashed lines indicate estimated background.
(1) 10 hours after bombardment,the 249-kev peak is
due to 135gXe, with a small contribution from
133mXe.
(11) 6 days after bombardment, the 233-kev peak is
due to 133mXe.
(11i) 20 days after bombardment, the 80-kev peak is
due to 1338Xe.
There is a 30-kev x-ray peak in all these spectra,
These three spectra were taken from experiment R1l

(238U + 75-MeV protons).
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FIGURE 16.

A typilcal two-component decay curve, for a
xenon sample from sweep (a). It was obtained
from the composite photopeak due to the 233-
and 249-kev gamma rays, shown in Figs. 15(1)

and (i1).
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and 2,3 days were resolved by hand. The resolution becomes
increésingly difficult at low energies where the activity
of the 2.3 day-component is very weak because of the rapid
decrease of the fission yield of 133Xe,below about 35 MeV,
It was therefore necessary to use counting periods of a few
hours and to subtract large natural backgrounds from the
spectra, The activity of l33mXe could have been increased
by longer bombardments for 1owrenergies, but this would also
increase the growth error in 133@Xe.

Table 7 gives the counting rate at the end of
bombardment, Co, for 133mXe and Table 6 gives the Ca, at the
end of sweep (a), for 155Xe.

When most of the 172Mxe (2.3 days) had decayed to
the ground state after 12-15 days, spectra of the type shown
in Fig. 15(1i1) gave a simple decay curve with a half-life
of 5.3 days. Table 7 gives the counting rates c® fdr 1338Xe.

The yield of more neutron-deficlent Xenon isotopes
increases as the ratio (N/Z) of the target decreases and as
the energy of the protons increases., Table 5 contains a
rough estimate of the relative ylelds of these isotopes for
30-MeV protons with 233U and 238U. This estimate was made
with the results for charge distribution at 30 MeV described

later and with the assumption that ZP'changes linearly with
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A, in the mass reglon 127-135. The gamma rays of 131mXe and
129mXe are hlghly converted and 127Xe is formed in relaﬁively
low yleld. These activities interfere significantly only
above about 70 MeV for 235y, and above about 30 MeV for 237y,
Where necessary, a correction was made for this interfering
activity by an approximate graphlical extrapolation of the
long-lived tail in the decay curve. This method was
consldered satisfactory, even for the worst case of 233U with
T70-MeV protons, in which the correction to the peak of the
gamma ray of 133mXe was as much as 25%. No such interference
ocecurred in the samples of decay-product xenon from the

second gas-sweep (b).

Sample from Sweep (b)

As expected from the isobaric charge distribution
and the decay chalins in Fig. 17 a considerable amount of 135Xe
and 1338Xe, formed from decay of their iodine parents, was
found in the xenon sample from sweep (b), but a negligible
amount of 133mXe was detected. The lack of 127™e confirmed
that the extraction of xenon was essentially complete in
sweep (a). The spectra were similar to those in Fig. 15(1)
for the first few days and the 249-kev photopeak gave a one-
component decay curve with a half-life of 9.2 hours. The

80-kev peak gave a decay curve with a half-life of 5.3 days
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FIGURE 17.

Simplified Decay Schemes of 133Xe and 135gXe,
and

Decay Chains for A = 133 and A = 135 (NDS).
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without any perturbation due to growth from l33mXe. Tables
6 and 7 give the count rates, Cb, obtained at the end of

sweep (b) from these simple decay curves,

3.2 CALCULATION OF RELATIVE AND ABSOLUTE CROSS SECTIONS
Apﬁendix A describes the procedures and equations
to calculate cross sections from the counting rates obtalned
from the above spectra. All the cross sections reported were
computed with a simple FORTRAN program based on the equations
in Appendix A. The input parameters for this program are
contained in various tables., The symbols represen#ing the

input parameters are redefined here,

Co, Ca, Cb = gamma activitlies at the end of bombardment,
sweep (a) and sweep (b), respectively.
Ya, Yb = Drecovered fraction of xenon carrier gas in
sample from sweeps (a) and (b).
YCu = fraction of copper monitor foil in the
2-ml sample.
to = time of bombardment.
tl = time from end of bombardment to the end
of sweep (a).
t, = time between the ends of sweeps (a)

and (b).
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Table 6 gives the parameters for the computation

of the independent cross section of 13SXe, and of the

cumulative cross section of 135I. It gives ¢® and Cb together

1’ t2, Y2 and YP for the 28 irradiations

performed., Table 7 gives the parameters for the computation

with values for to, t

of the indepéndent cross sections of 133mXe and 1338Xe, and
of the cumulative yield of 1331. It gives ¢® for lBBmXe,

and C® and ¢° for 1328ye. Table 8 gives the values used for
the monitor cross section; YCu’ and (co)/(eff) for 640u.
Tables Al and A2 and Fig. 17 contain other necessary constants

for the input data.

3.3 ERRORS

The determination of the formation cross sections
of 135Xe, 1351, l33mXe, ljnge 1331 involved many errors
eithef originating in this research or existing in published
material used in the calculations. These errors are discussed,
as far as possible in the order 1ln which they were introduced
during an experiment and its interpretation. A serious source
of error could result from poor alignment of the leading edges
of the folls of copper and the heavy metal, Although
precautions were taken an uncertainty as high as 10-15% could

be introduced in unfavourable experiments., The error in the
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measurement of surface density, (SD), of the foils was of
the order of + 1%. For the monitor cross sections (MEG 62)
it was difficult to estimate the error beyond that given
in Meghir's measurements, + 10%. The uncertainty in the
mean energy of the proton beam probably introduced little
error, but the energy spread of the beam, + 2 MeV, would
lead to errors where the slopes of the excitation functions
were not similar for the monitor reaction and the reaction
investigated.

The extraction of xenon from the target and catcher
foils was éssumed to be quanﬁitative and the loss of decay
product xenon in sweep (b) was assumed to be very small.

The error in the chemical yield of copper was only

3%. The xenon ylelds were estimated to have an error of

I+

+ 7% due to errors 1n the composition, volumes and pressures
of the carrier gas. In some early experiments with 238U
(R8-R10) the xenon sample was not well purified and the yleld
errors here were probably as high as + 12%.

The error in the photopeak area, due to uncertainty
in drawing the background, should not be large for the well-

64

defined photopeaks due to - Cu and the xenon isotopes. For

the xenon peaks this error was largely eliminated during the

determination of their efficiency (Appendix B). For 640u
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and '%°Ye this error was estimated to be + 3%, and for

1328xe and 133 to be + 6%. The photopeak efficiency,

(eff), for o4

Cu had an error of + 10% (GRA 61). For the
xenon isotopes the same error, + 10%, was given to the
efficiencies determined here,

The decay curve analysis introduced errors of + 2%
for O%cu and 1%e, of + 5% for 1538xe, and as high as 12%
for 133Me when this activity was very low.

The above random errors were combined by taking the
square root of the sum of their squares, This total random
error in the absolute cross sections was estimated to be from
20-30%.

In this thesis, ZP values and isomer ratios were
obtalned from relative cross sectlons in which many of the
above errors were eliminated. These yleld ratios were
estimated to have a total random error of 10-20%.

A few other sources of error summarized briefly
below are discussed further in appropriate sections of the
thesis.

The growth correction for 133gXe and 135Xe caused
various errors depending on the fission system studied
(Section 4A.1).

In a few experiments there was an additional error
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in the analysis of the photopeak due to 133mXe, caused by
interference from activities due to more neutron-deficient
isotopes of xenon (Section 3.1.2).

The most lmportant systematlc error in this research

was due to the large uncertainty 1ln the value ofcﬁr for the

internal transition between the lsomers of 133xe, This

affects the reported cross sections (Section 4A.1) and has

a large effect on the isomer ratios (Section 4B.1).
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Summary of Irradiations and Data
for Activities of 135Xe

Counting Rates
Xenon at End of | at End of
Yields Sweep (a) | Sweep (b)
Exp. p [% ' P2 ¥ | ¥ [(c®a07?) | (cPx1072)
No. (MeV)|hr, hr. hr. c.p.m. C.p.m,
232,
™6 30 |.20 .50 26.87 0.97 0.97 4400 1225
T3 4o (.20 .50 26.27 0.90 0.97 3840 770
T4 52 |.18 .45 30.50 0.97 0.90 3560 377
T1 65 |.17 .50 29.83 0.73 0.97 1820 341
™ 75 |[.17 .50 26,70 0.82 0.97 1690 370
T2 8 |[.20 .50 31.50 0.96 0.93 2310 282
238U
R10 15 |.42 .62 30.00 0.93 0.72 400.0 207 .0
R15 17 |.42 .55 28.55 0.84 0.70 1763 776.1
R4 20 |.33 .50 28.97 0.97 0.86 1333 382.1
R18 30 |.17 .37 29.68 0.97 0.97 3300 700.0
R8 ho |,17 .73 26.25 0.73 0.97 1462 248.8
R17 57 |.l12 .50 30,50 0.62 .0.97 598.0 86.0
R9 65 |.17 .55 28.92 0.97 0.84 1806 234.8
R11 75 |.17 .62 28.30 0.92 0.9% 1103 209.0
*R16 75 |.25 .40 35.25 0.97 0.97 3225 441,8
Rl2 85 |.20 .63 30.30 0.95 0.97 1129 197.0
235
E1I0 20 |.17 .33 51.93 0.98 0.98 5450 151
E9 25 |.17 .33 25.85 0.97 0.98 6810 824
ET7 3% |.17 .50 27.95 0.95 0.95 3000 325
E5 45 | .13 .50 28.85 0.97 0.70 2705 225
E3 55 |.08 .60 27.03 0.88 0.97 1343 250
E8 70 | .13 .50 26.13 0.95 0.97 2280 b7
E4 85 |.13 .57 55.00 0.95 0.93 2340 60.0
233U
*U5 20 |.17 .34 55.03 0.97 0.84 2070 16.9
*UlY 30 | .17 .37 49.43 0.97 0.97 3010 62.2
*U3 ho |.15 .42 51.88 0.97 0.97 545,0 10.7
*l 55 |.2e 55 - 097 - 1600 -
*U2 70 | .18 .50 50.78 0.97 0.97 990.0 20.7

* The target material was powdered uranium oxide
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TABLE 7. Data for Activities of T57™Xe and 13%8xe
: ) ' a b
(?able 6 gives to’tl’te’y ,Y")
132my 1338ye

Exp. E (c®x1072) | (c®k1072) (cPx1072)
No. (MeV) C.p.m. C.p.m. c.p.m,
232Th “ '

T6. 30 148 575 1520
T3 40 247 962 1290
T4 52 382 1440 9lo
1 65 252 oho 760
T5 75 258 940 622
T2 85 360 1300 640
238U

R10 15 6.60 29,46 269,.1
R15 17 35.0 146,2 935.0
R14 20 31.0 141.5 547.5
R18 20 152 575.0 1310
R8 4o 110 438.5 464 .0
R17 57 75.7 273.0 182.0
R9 65 230 881.6 440.8
R11 75 153 545.2 366.6
*R16 75 Qi 1578 1260
‘R12 85 158 598.6 399.0
235U ‘

E10 20 355 1430 1980
E9 25 615 2400 1710
E7 35 425 1550 770
E5 45 439 1660 517
E3 55 240 860 460
E8 70 4ou 1450 710
E4 85 390 1440 780
233U
*U5 20 287 1095 450
*yl 30 530 2060 965
*U3 42 116 425 157
*U1 55 310 1165 -
*y2 70 180 685 260

* The target material was powdered uranium oxide
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TABLE 8. Monitoring Data, Including Activities of 6401.1
Approx.wt.
Exp. P t".:; 0;4* YCu (C°)/(eff) of Cu Target
No. (MeV) Hr, mb. Co.pom. mg
232, |
T6 30 .20 | 390 A6 33320 59
T3 40 .20 | 270 .57 23080 16
T4 52 .18 | 205 .70 19490 17
T1 65 A7 | 173 .90 18970 13
5 75 .17 | 150 .50 8205 17
T2 85 .20 | 140 94 19490 11
238U
R15 17 W42 |(100) .32 16300 9
R14 20 .33 | (240) .93 36100 19
R8 4o 17 | 250 .33 9100 21
R17 57 .12 | 190 .86 6666 3
R9 65 17 | 170 .27 4700 23
R1l 75 .17 | 150 .27 3800 28
R12 85 .20 | 140 .59 6800 13
235,
E10 20 .17 | (240) .70 29610 17
E9 25 .17 | 488 .29 18720 14
ET7 35 17 | 310 .59 14100 4
E5 45 13 [ 235 .91 12560 6
E3 55 .08 | 195 .89 6564 11
E8 70 .13 | 160 .63 9359 5
E4 85 13 | 140 .95 10510 9
* The cross sections ¢, for the formation of 64011,

were taken from the work of Meghir (MEG 63).

M
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4, RESULTS AND DISCUSSION

In the Introduction it was indicated that this
research gave information mainly about the isomeric yield
ratlos of 133Xe, but that the same experiments enabléd one
to obtain fission yields and to study their variations in
the mass chains 133 and 135.

It is convenient to divide the rest of this thesis
into two sectlons,

SECTION A, FISSION YIELDS AND THEIR VARIATIONS,

SECTION B. ISOMERIC YIELD RATIOS IN FISSION.
Inevitably thls division gilves rise to some duplication, but

provides a clearer picture of these topics.
4A., SECTION A
FISSION YIELDS AND THEIR VARIATIONS

4A.1 ABSOLUTE AND RELATIVE CROSS SECTIONS

Table 9 gives the cross sections for the 135 chain
computed from the data for the fission of 232Th, 238U, 235U
and 233U. For the irradiations which were not monltored the

cross sections are given relative to the cumulative

formation cross section of 1351, Y(experiment number). In
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TABLE 9. Cross Sections for the Independent Formation
of 135Xe and the cumulative formation of 1351

Exp. E Independent o.(mb)’1353§_ Cumulative | pl35
No. (Mev) [ Uncorrected] Corrected |g(mb),:>°1 c/1
232
T6 30 21.1 20.3 23.3 1.15
Ts 40 24,9 24,0 17.9 0.75
™  52.5 23.6 23,0 12.9 0.56
TL 65 17.9 17.3 11.7 0.68
™ 75 16.5 15.9 12.0 0.75
T2 85 14.2 13.7 9.1 0.66
238U
R1I0 15 0.32 YR10 25 ¥RI0 45 o410 5 gy
Rli 17.5 6.5 ((5 6)* 21;.8;: g.gg
R14 20 13.3 12 19.1 .
R18 30 1.03 Y8 99 le8 1.0 8 101
RS 42 28.9 27.8 14 .4 0.52
R17 57.5 37.0 36,2 16.4 0.45
R9 65 28.6 27.5 12.0 o.gz
R11 75 20.2 19.2 16.1 0.
R16 75 1.16 Y0 1112 ¥R16 T10 vR16 4igg
R12 85 22.8 21.6 18.6 0.86
235U
E1I0 20 21.5 21.1 10.7 0.51
E9 25 36.6 36.0 16.7 0.46
E7 35 28.2 27.5 12.8 0.47
E5 45 32.7 31.9 16,6 0.52
E3 55 28.0 26.8 19.0 0.71
E8 70 17.8 17.2 12.2 0.71
E4 85 21.6 20.8 12.6 0.61
233U
Us 20 4,77 gi 474 Uﬁ 1.0 Ygz 0.21
Ut 0 3,16 Y U3 3.13 Y2 1.0 o 0.32
Uz k2.5 2.83 Y 7 2.79 Y 1.0 ¥, 2 0.36
Ul 55 5.01 ¥ no sweep b, (1.0 Y ) -
U2 70 2.86 YU2 0.81 YU2 1.0 Y02 0,36

¥ Very large uncertainty in cr(640u) at this energy
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order to obtain independent yields for 135Xe, corrections
were made for the decay of 135I during the times to and tl’
as discussed in Appendix A. This correction was always
relatively small, as is shown in Table 9 which gives both
the corrected and uncorrected independent c¢ross sections of
135Xe. Fig. 18 shows the cumulative cross sections of 1351
and the corrected independent cross sections of 135Xe,
plotted as excitation functions. Obviously the results for
the unmonitored irradiations could not be plotted in this
form.
FPor all four targets, Fig. 19 shows the ratio,
Ri?? of the cumulative yield of 1351 to the corrected
independent yield of 135X . This ratio was used to obtain
empirical values of ZP by a method developed in this research
and to be discussed later. In the calculations for the 135‘
chain, the isomer 1°°™Xe (15 minutes) was not considered. )
Table 10 gives the cross sectlons computed from
the data for the more complex 133 chain. As in Table 9 the
cross sections for the unmonitored irradiations are given
relative to the cumulative yield of 1351, Y(experiment number).
The independent cross section for 133mXe required no growth

correction for the very small fraction (branching ratio = .02)

of the 1331 which decayed to 133mXe. The 1338Xe yield had to
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FIGURE 18.

Excitation functions for the cumulative formation
of 1351, and the independent formation of 135Xe
(corrected for growth from the decay of 1351).
fhese were obtained in the present work on the

proton-induced fission of,

(a) 232pp
(b) 238y
(c) 235y

Included in (a), the filled triangles are the
cumulative cross sections of 1351 reported

previously by Pate, Foster and Yaffe (PAT 58a).
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FIGURE 19.

The dependence of the relative formation of 1351
and 135Xe upon proton energy. Thls is expressed

in the form,

Rr135 (cumulative yield of 1351)

c/1 (independent yield of 132Xe, corrected)
These ratios were measured in the present work on

the proton-induced fission of,

(a) 232Tn
(v) 2%y
() 2Pu

(@) 2%y
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TABLE 10,

Cross Sectlions for the Cumulative Formation of 133I

and independent formation of lB}mXe and 133g3(e

"Independent™ o (mb),

E Cum, Indep. Uncorr, "over- Uncorr. "over-
p o (mb), o (mb), corr,. ™ corr."
No. (MeV) 1331 133mXe 1338Xe 133$x6- 133m+8Xe 133m+SXe
30 | 38.9 2.7 3.1 .7 5.8 5.4
4o | 41.6 6.1 6.9 .2 13.0 12,3
52 | 33.4 9,7 0.1 .6 19.7 19.2
65 | 28.3 9.4 9.6 .1 19.0 18.5
75 | 27.2 9.6 9.1 .6 12.7 18.2
85 | 19.9 8.4 7.8 5 16,2 15.9
15 | 1.38 YRIO| 020 ¥*IO 031 ¥YRO  (Lo03 ¥MO)* 051 ¥ (.023 YHL0)¥
17 gal.ig* 0.5 0.7 0.2 1.§ gg.gg:
20 |(31.4)% 1.2 1.9 1.4 3, .
Zo 2.27 yR18 8.182 yR18 .é9l yR18 .;66 yR18 .373 yR18 17.%48 yR18
2 3 » . 1 9 » . 17 L] -
57 | 35.8 17.8 6.4 .8 3,2 33,6
65 40.2 13.2 5.2 .; ?S'g ?g'é
75 33o 10 . 9 . . . . )
75 | “2.13 ¥®’18| T0.613 ¥R16| o.su0 YR 0,513 YR16 1,15 yR16 1 1p yRIO
85 | 9.1 12.0 2.7 .9 24,7 23,9

- €T -




TABLE 10. (Continued)

"Independent" o (mb),
E Cum, Indep. Uncorr. "Over- Uncorr, "Over-

Exp, P o (mb), o (mb), _corr.® corr,"
No. (Mev) 133, 133m, 1338y, 1338y, 133mbgy,  133me,
. -

35U

E10 20 | 32.8 5.4 6.6 6.3 12.0 11.7

E9 25 | 49.5 12,8 14,5 14.0 27.2 26.7

ET 35 | 37.5 15.2 14.5 13.8 29.7 29,0

E5 45 | 44,2 20,2 21,2 20.5 43 .4 40.7

E3 55 | 45.7 18.9 17.1 16.2 36,0 35.1

E8 70 | 29.2 12,0 10,9 10.4 22.9 22.4

E4 85 | 30.4 13.6 13,4 12.8 27.0 26.5

233U

if;] Us U5 Us U5 Us

Us 20 5,00 Y 2.55 Y 2.74 Y 2.68 Y 5,29 Y 5.23 Y
us 30 | k.0 YUH | 2.1k Ygu 2,l42 Ygu 2,36 Ygu 4.56 Y%” 4,50 Ygu
us 42 | 3.42Y93 | 2,3 YV 2,22 YUI 2,17 vY2 4,52 y93 4,7 Y93
Ul 55 6.57 YUl 3,68 YUl 3.80 YY1  no sweep bd 7.48 YUl -

U2 70 3,15 yU2 1.98 yU2 2,11 YU2 2,06 YU2 4,09 YU2 4,04 yU2
%*

*

The simple growth correction is not satisfactory at this energy

(614

Very large uncertainty in o (~ 'Cu) at this energy

-gg'[_
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be corrected for growth from the decay of lodine during the
time to and tl’ as discussed in Appendix A. Tables 10 and
11 give the cross sections for 1°8Ye and 133%otaly, yotn
uncorrected and corrected by the simplified method which is
shown in Appendix A to overcorrect slightlgr%he precursor
decay. Figs. 20 and 21 show these results for 133Xe, but

133totaly, are both the uncorrected and over-

only for
corrected ylelds shown. The latter results show that the
growth corrections were within the experimental error for

the energy range 20-85 MeV. Therefore, a more complex
correction method was not consldered necessary here. However,

a complex treatment of the 133 chain was developed for use
in a rather exact reiteration method to obtain empirical
values of Z, (cf. Section 4A.2.3). Possibly it will be of
use in future’work at lower energiles.

The cross sections of 133mXe, and therefore of
133gXe and 133t°t31Xe, were very dependent upon the value of
X used in treating the data from measurements of the gamma
activity of 133mXe. For the internal conversion coefficient,

s of the M4 transition of energy 233 kev between the

isomers of 133Xe, Rose's (ROS 58) theoretical value of 6.7
ismuch higher than the only reported (BER 54) experimental

value of 4.4 + 1.4, The cross section of 133totalye yasg
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FIGURE 20.

Excitation functions for the cumulative formation
of 1331 and the independent formation of 133mXe,
1338xe, and 133t0%alye .  Thnese were obtained from

23r“"'l‘h. The cross

the proton-induced fission of
sections were plotted as follows,
—— over-corrected" independent, 1728Xe
—— independent, 132mye

—O0— uncorrected

independent, 133tot alXe

—@——  "over-corrected"
The above data were obtained with o<K=4.4 (o<T=6.3) .
-—@-—-  "over-corrected" independent

133%0tal yo  yitn o<, =6.4 (e¢ =9.3).

 —— cumulative ceross sections of 1331
(this did not involve the value of o(K).
Included in this figure the fillled trlangles are the

cumulative cross sections of 133]: reported previously

by Pate, Foster and Yaffe (PAT 58a).
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FIGURE 21.

Excitation functions for the cumulative formation
of 1331 and the independent formation of 133mXe,
1333Xe and 133t°t31Xe. These were obtalned from
the proton-induced fission of,

(a) 2Py

(b) 2%y
The cross sections for 133Xe were obtained with

o<y = 4.4 (o<T = 6,3), and were plotted as follows,

—8—  "over-corrected" independent, +J28Xe
. independent, 133mXe
 ® uncorrected
independent, 133t°talXe

—— "over-corrected”
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therefore computed for<xK = 4,4, and also for three other
possible higher values, 5.0, 5.7, and 6.4. Using the value

Of'(“K/BEM) in Pable 5, these values of % corresponded to

values of Kp = 6.3, 7.3, 8.3 and 9.3, respectively. Table 11
gives these cross sections and, for fission of 232'I'h, Fig. 20
shows the extreme values for ok = 4,4 and 6.4, The correct
value of the cross section for'133Xe probably falls between
these extremes. The uncertainty 1n.ak introduced only a
fairly small error in the absolute cross sections and this
error was smaller than the experimental error of 20-30%

(ef. Section 3.3). Similarly this uncertainty introduced

only fairly small errors in the ratio R+33 Fig. 22 shows

c/1°
these ratios. All the solid lines are for dk = 4.4 and,
for 232Th, the dotted line 1s for<§K = 6.4,

A brief discussion of the excitation functions is
now given. The positions of the maximum in the xenon
excltation functions will be discussed further with respect

to the empirical ZP values in Section 4A.4.

Only two of the fifteen excitationbfunctions
presented here have been previously reported. By a totally
different measurement method, using solid lodide sources,
Pate, Foster and Yaffe (PAT 58) determined the cumulative

yields of 2731 ana *7°I for the fission of 272Th with
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TABLE 11. (Continued)

133mt-g .
o (mb), Xe using ?__‘KJ__(ﬁr)_-
Ep 5.0, (7.3) 5.7, (8. 6.4, (9.3)
No. (MeV) Uncorr. Over-corr.” Uncorr, Over-corr. Uncorr. Wover-corr,"
20 | 11.5 11.1 10,9 10.5 10.3 10.0
25 | 66.1 64.7 62.7 61.3 59.3 57.9
35 | 28.1 27 4 26.5 25.8 24.8 24,2
45 | 39.3 38.6 37.2 36.4 35.0 4.3
55 | 4.0 33.1 32.0 31.0 30,0 29.1
70 | 21.6 21.1 20.4 19.9 19.1 18.6
85 | 25.6 25.0 24,1 23.6 22.7 22.1
20 | 5.02 Y92 4,96 YU2 4.75 Y99 4.69 YYD 4,48 YU 4,42 Y9
20 | 4.33 Y4 4,28 yU4 4,11 Y4 4,05 U4 3,88 YU4 3,83 YU4
ho | 4,27 YU3 4,23 yU3 4,04 YU3 3,98 YU3 3,79 YYD 3,74 YU3
55 | 7.08 YY1  (6.97 YU 6.71 YY1 (6.58 YUY 6.31 YUl (5.12 YUY)
70 | 3.88 yU2 3,82 YU2 3,67 YU2 3,62 YU2 3,46 yU2 3,41 YU2

—.'717'[ ™
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FIGURE 22,

The dependence of the relative formation of 1331
and 133Xe upon proton energy. This is expressed

in the form,

r133 _ (cumulative yield of 1331)

c/1

(independent yield of 133%e s "overcorrected")
These ratios were obtained from the proton-induced

fission of,

(a) 232mn
(v) 23y
(¢) 235y
(a) 237
The data for +22Xe were obtained using <. = 4.4

K
(o<T = 6.3). In Fig.22(a), the data were plotted

also for <><K = 6,4 (<>(rIl = 9,3),

O for o<, = 4.4
-———— for o<, = 6.4
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10-85-MeV protons. Their excitation functions are plotted
as the dashed lines in Figs. 18(a) and 21(a). Meghir

(MEG 62) has related the monitor reactions used by Pate et
al., and In the present work. He showed that at proton
energies of 26 MeV and between 55-85 MeV there was little
systematic error between the monitor cross sectlion used

in these two studies. Therefore, for these energies the
excitation functions can be directly compared for 1351,

in Fig. 18(a), and for ;331, in Fig. 21(a). The present
values were slightly higher for 135I and conslderably higher
for 1331. The compared excitation functions show a similar
decrease wiﬁh energy. .The previous results were obtalned
after a difficult resolﬁtion of beta decay curves. The
present results for 1331 were obtained from a simple decay
curve of half-life 5.3 days measured for the xenon sample
from sweep (b). Probably the present results are therefore
more reliable. Indirect confirmation of the relative
accuracy of the 1331 and 1351 yields in this work will be
demonstrated later in this theslis by the internal

consistency of the empirical Z2_ values for the chains 133

P
and 13%5.

The maln conclusions in this thesis were drawn from
the relative ylelds whlch were obtained with better accuracy

than the above absolute yields.
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4A.2 DETERMINATION OF EMPIRICAL ZP VALUES

The data avallable for this study of charge
distribution were independent yields of xenon and cumulative
ylelds of lodine for two different chains, 133 and 135.
Sets of these four ylelds were available for fission of
four targets with protons of energy 20-85 MeV,

These data were insufficient to construct an
empirical FUNCTION (1), which in Section 1A.3.2 was defined
as the isobaric charge distribution curve about a most

probable charge, ZP' However, the Introduction showed that

the function is falrly well defined for medium-energy
fission products in this mass reglon. Assuming a sultable
FUNCTION (1), empirical ZP values and corresponding
fractional chaln ylelds were obtained from the above data.
The empirical FUNCTION (1) from previous studies
using the (N/2)-plot method might have been used for 238y
(DAV 63, PAR 66) and 232qy, (BEN 65). However, these
functlions were plotted for absolute cross sections, and
systematic errors in the present and previous studies would

seriously influence the determined values for 2 There is

P.
still uncertalnty about the width of these curves, and no
curves exist for the fission of 233U and 235U with protons.

The Gaussian FUNCTION (1) from the (2 - ZP)-plot
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method (Section 1A.3.2) was chosen here because it allowed
a more systematic analysis of the data for all four targets.
The method also allowed a systematic study of the effect of
the width of FUNCTION (1) on the empirical Z, values.

The present data could not be put directly in the
form of fractional ylelds which must be used in the method
of Wahl (WAH 62) and others (WOL 65). Therefore two
modifications of their method were used here. Method (1)
has been developed in this thesls, but the more complex
method (2) is similar to that used by Storms (STO 62).

Both of these methods used a Gaussian FUNCTION (1) given

by equation (1A.3).

4A.2.1 USE OF A GAUSSIAN FUNCTION (1)

FUNCTION (1) is a narrow discrete frequency
distribution wlth only a few grouping units, each separated
by one charge unit. Statistlcally it is only a crude
approximation to represent such a distribution with a
continuous function, as given by equation (1A.3). Wahl et
al. (WAH 62) and Wolfsberg (WOL 65) have obtalned fractional
cumulative yields for a fission product of charge Z' by
integrating this continuous function between 2 = (2' + 0.5)
and Z =00, In this work and that of Storms it was

considered a good enough approximation simply to add the
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discrete fractional yields calculated for Z = 2', (2' - 1),
(20 - 2), (2' - 3) and (2' - 4) in order to obtain this
fractional cumulative yield. When the latter yield was
added to the fractional yields calculated for Z = (2' + 1)
to (2' + 4) the éum was always found to approximate unity,
within less than 0,001, for the C values used in the
present computations.

The choice of C in equation (1A.3%) was made from
the functions previously used., These have been introduced
in Section 1A.3.2 and are further discussed here,

Figs. 23(b) and (c) show the full width at half
maximum, FWHM, of FUNCTION (1) obtained empirically in
previous studies. When the functions that were plotted
originally on an (N/Z)-plot (DAV 63, BEN 65, PAR 66) were re-
plotted on a (2 - ZP)-plot they closely approximated Gaussian
functions, as represented by equation (1A.3). Their values
of C in this equation can be readily obtained from their
FWHM, in charge units, by using Fig. 23(a). This figure
shows the FWHM of FUNCTION (1) (equation (1A.3)) with
values of C from 0.8 to 1.9. Using Fig. 23(a), an ordinate
(C) corresponding to the ordinate (FWHM) was constructed in
Figs. 23(b) and (c¢). This ordinate shows directly the}C

values for empirical FUNCTION (1) used in previous studies.
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FIGURE 23

(a) Full width at half maximum, FWHM, of the Gaussian
function given by equation (1A.3), for various
C values.,

(b) FWHM of FUNCTION (1) from previous studies of

charge distribution in the fission of 238U with

protons,
00— Davies and Yaffe (DAV 63)
—O——  Parikh (PAR 66)

(¢) FWHM of FUNCTION (1) from previous studies of the

flssion of 232

Th with protons,
—O0——  Pate, Foster and Yaffe (PAT 58a)
—O—— BenJamin (BEN 65)
Shown for comparison in (b) and (c¢) are the FWHM used
in other medium-energy fission systems (c¢f. Table 1,
Section 1A.3.2),
————  Storms (STO 62)
—————————- McHugh (MCH 63)
In (b) and (e¢), the alternative ordinates, FWHM and C,

were related through the function shown in (a).
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Between 20-50 MeV the width of FUNCTION (1) does not change
appreciably and probably the best estimate,of C is
1.20 + 0.25. Above 50 MeV, FUNCTION (1) broadens and
possibly loses its symmetry. These poorly defined changes
would introduce large uncertainties in the empirical value
of Z,. Therefore no attempt was made to extract Z, values
from the present data for those experiments with bombarding
energy greater than about 50 MeV.

4A,2,2 METHOD (1). TO DETERMINE EMPIRICAL

VALUES OF ZP

It was shown in the Introduction (Section 1A.3.2)
that generally the value of ZP for an i1sobaric chailn
increases as the fission energy increases. This means that
with increase in energy the charge distribution shifts
towards more stable lsobars. Consequenély there will be a
decrease in the ratio, represented as Rﬁ/&’ of the cumulative
yleld of a negative-beta parent to the independent yield of
its daughter, in a chain of mass A. For example, the
independent yileld of 133Xe is very low for thermal fission,
whlle the cumulative yleld of its beta parent 133I is
approximately equal to the total yield of chain 133.
However for medium-energy fisslon the independent yield of

132%e is a considerable fraction of the chaln yield and of
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course the fractional cumulative yield of 1331 is

correspondingly lower. In this example the value of Ré?%

would be of the order of 10° at low energy, but at medium

energy would be of the order of 100.

In this work the quantitative relationship between

the yleld ratio Rg and Z_ was investigated and used as the

/1 P

basis of this empirical method, method (1), to determine the

value of ZP for chain A, and the fractional yields of the

chain members. Assuming that the charge distribution curve,
FUNCTION (1), is a Gaussian function represented by equation
(1A.3) it was possible to construct the following expression

A
for Rc/&

of the daughter isobar, and therefore (2' - 1) was the

as a function of (2' - ZP)’ where Z' was the charge

charge of the beta parent.

rA _ (cumulative yield of beta parent)

c/1
(independent yield of daughter)
Z =(2 -6) |
Y em (-(z, - 2%/ ¢)
Z =(2'-1)
=1 - . (4a.1)

exp (-(2 - 2)%/ ¢C)

Using this equation, a simple FORTRAN program computed the

theoretical ratio Ri/ for values of (2! - ZP) from + 3.00

1
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to - 3.00, in steps of 0.05 charge units. The whole
computation was made for thirteen C values from 0.7 to 1.9.
Fig. 24 shows some of these computed functions.
Now, if Rﬁ 1 1s known experimentally for a palr of adjacent
isobars (e.g. 133I/133Xe), the corresponding value of
(2 - ZP)’ for the daughter isobar, may be read from one of
the functions for a particular C value.
Fig. 24 also demonstrates the dependence of ZP
on the value of C which is used to define FUNCTION (1).

When the daughter nuclide has (2' - ZPhs+ 0.7 the empirical

value of ZP is shown to be almost independent of C.

For the isobaric pairs -2°I/'3%Xe and 1391/1%e,
the yleld ratilos R;;f andRé?? were obtained in this work
with less experimental error than the absolute ylelds which
would be used in an (N/Z)-plot method to determine empirical
ZP values., Only at energies below 20 MeV would the ratio
R;;f contaln large errors and requlre a more complex growth
correction. Although method (1) was satisfactory for nearly
all the data a more complex method (2) was developed and is
reported here for possible use in later work at lower

energy. Method (2) also served to check the results from

method (1).
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FIGURE 24,

A
' .
Theoretical Rc/i versus (2 ZP), from
equation (4A.1) with values of C = 0.7,

0.9, 1.2, 1.5 and 1.9.
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4A.2,3 METHOD (2). TO DETERMINE EMPIRICAL
2, VALUES FOR CHAINS 133 AND 135

This method also}assumed a Gaussian FUNCTION (1).
The measured gamma activities for 133Xe or 135Xe, from éweeps
(a) and (b), were used as the input data for a FORTRAN
program which fitted these directly with a value of ZP'
The program was based essentially on a method used by Storms
(STO 62). Appendix C gives further details of the FORTRAN
program which was based on & simple reiteration method
outlined here, for A = 133,

Bateman equations were used to give a lengthy

expression (cf., Appendix C, equation C.3) for the activity,

02338 » from sweep (b) and another expression (cf. Appendix C,
Xe
equation C.2) for C° from sweep (a). A Gaussian

133g
Xe
FUNCTION (1) was assumed to relate the fractional yields of

the isobars of mass 133, so that the above two simultaneous
equations had only two unknowns. These unknowns were ZP
and Y which was proportional to the total chain yield. To
solve for ZP’ the value of (2 - ZP) for 133Xe was first set
equal to + 2.0 and the value of Y calculated from the first
expression (C.3). This value of Y was substituted in the
second expression (C.2) to give a fractional yileld, XENEW,
for 133Xe. XENEW was lower than the fractional yield, XEOLD,

obtained by substituting the originally assumed (z - ZP) in
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the Gaussian FUNCTION (1). Therefore stepwise iterations
were made with (2 - ZP) decreasing in steps of 0.1, and
finally in steps of 0.0l, until a value of ZP was obtained
which produced nearly the same values for XENEW and XEOLD,
This was taken to be the best empirical ZP value for chain
133. The procedure was repeated for a Gaussian FUNCTION (1)
with C = 0.95, 1.20 and 1.45.

Although this method was designed for chain 133
it was tested by writing a similar FORTRAN program for the
“simpler chain 135. The ZP values obtained were checked with
those determined by method (1) for A = 135, and showed

excellent agreement.

4A.3 EMPIRICAL 2, VALUES FOR CHAINS 133 AND 135
| Table 12 gives the values of (2 - ZP) obtained
from the data for chains 133 and 135, from method (2) with
the three values of C, 0.95, 1.20 and 1.45. For C = 1,20,
the table also gives the corresponding values obtained from
method (1). The latter values were read from Fig. 24 using
the experimental values of R271 given in Table 12 (cf. Tables
9 and 17).

For proton energies of 20-57 MeV, there was very

good agreement between Z_  values obtained by the two

P
independent methods. The simple direct method (1) was’



®

TABLE 12, Empirical Values of (z-zP) for Chains 133 and 135, from Methods (2) and (1)

(2 - 2,) from METHOD 2 (2-2;) from
METHOD 1

Exp. E/ for 137%e for 133xe * R13§ RéB? 135%e [*2%xe
No. (MeV) | C=0.95 C=1,20 C=1.45 | C=0.95 C=1.20 C=1.45 ¢/ % C=1.20|C=1,20
232Th ’

T6 30 0.51 0.48 o0.44 1.22 1.32 1,40 7.21 1,15 1.32 0.48
T3 40 0.32 0.25 0,18 0.95 1.00 1.04 3.37 0.75 1.00 0.25
(T4) (52) 0.20 0.10 -0.01 0.69 0.69 0.69 1.74 0.56 0.69 0.10
238U

R10 15 1.07 1.15 1.21 1.75 1.92 2.07 (61) 3.94 2.03 1.08
R15 17 0.91 0.96 0,99 1.60 1.75 1.88 (28) 2.64 1.80 0.90
R14 20 0.68 0.68 0.68 1.39 1.51 1.61 | 12.2 1.55 1.51 0.65
R18 20 0.46 0.41 0.36 1.15 1.24 1.3 5.93 1.01 1.24 0,41
R8 42 0.19 0.10 -0.01 0,77 0.79 0.80 2,15 0.52 0.79 0.05
(Rl?) (57) 0.10 "'0.02 "0.15 Oo48 0‘44 OQL,'O 100 0.45 0044 -0.02
235U ‘

E10 20 0.15 0,04 -0,07 0.88 0.92 0.95 2.81 0.51 0.92 0.03
E9 25 0.10 -0,02 -0.14 0.71 0.72 0.72 1.85 0.46 0.72 =-0.02
E7 35 0.11 -0,01 -0.13 0.56 0.54% 0,52 1.27 O0.47 0.54 0.00
E5 45 0.16 0,05 -0,06 0.49 0.45 o0.41 1.09 0.52 0,45 0.05
(E3) (55) 0.30 0.23 0.15 0.57 0.55 0,52 1.30 0.71 0.55 0.22
23§U

U5 20 -0.26 -0.46 -0.57 0.43 0.39 0.33 0.96 0.21 0.9 -0.46
U4 30 -0.06 -0.,22 -0.39 0.4 0.39 0.33 0.95 0,32 0.38 -0.22
U3 43 -0,01 -0.16 -0.31 0.34 0.27 0,19 0.76 0.36 0.27 -0.15

* USing O‘Kz 404 (“T'—' 6-3)

- LGT -
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therefore proved to be reliable and should be useful in

other work,since accurate values of Ri/i

be obtalned for many pairs of adjacent isobars formed in

can fairly easily

fission,

4A.3.1 VARIATIONS IN ZP

For the 135 chain for the fission of 220U, Fig. 25
convehiently illustrates the above results on the three
Gaussian curves used for FUNCTION (1). This figure is
similar to Fig. 5 (Section 1A.3.2) for the chain 135. However,
an additional fractional chain yield, that of 13505, was
available for McHugh's determination of the empirical value
of Z_, Fig. 25 and Figs. 26(a)-(d) show the variation of

P
ZP with energy. The values of Z_ used for chains 133 and

P
135 were readlly calculated from the values of (2 - ZP) for
the xenon isotopes which have Z = 54, In Fig. 26 the solid
lines were obtained with C = 1.20 and the dashed lines with
C = 0,95 and 1.45. As was noted from Fig. 24, the variation

of C had least effect on the empirical Z_ when, for the

P
xenon 1sotopes, Z, = 53,3 (i.e. (Z - ZP) a + 0.7). Depending
on the value of (2 - ZP) its uncertainty was estimated to be
from 0.1 to 0.2 charge units,

For the fission of 272Th and 270U, Fig. 27 shows

the present results (obtained for C = 1.20) on a plot
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FIGURE 25,

Gaussian charge distribution curves, FUNCTION (1),
obtained using equation (1A.3),

with C = 0.95, 1.20 and 1.45,
Fitted on these curves are a sample set of results
from Table 12. These data were for chain 135, from
the fission of 238U with protons of energy Ep MeV.
Values of Ep are glven beside the points in this
figure.
For C = 1.20, the fractional cumulative ylelds for

1251 are fitted to an "integrated" curve,
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FIGURE 26.

The variation of the empirical value of ZP with the

energy of protons inducing fission in

(a) 222
(b) 238y
(c) 235y
(a) 233y
The Z_ values were obtained by method (2) using the

P
Gaussian FUNCTION (1) from equation (1A.3), with

———+—-—— C=0.95
. C=1.20
-------- o-----~ C = 1.45

The divisions on the vertical lines, to the right of

the figure, show ZP values postulated for chains 133

and 135 from the simplified CCR equation (1A.2). The

numbers glven beside these lines are the total number
of fission neutrons, ))T, used in postulating the

corresponding ZP values,
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FIGURE 27.

The displacement of the empirical value of ZP
from beta stability, ZA’ and the effect of
variations in the energy of protons inducing
fisslion in,

(a) 2%2mn (cf. Fig. 9(a), p.59)

(b) 238y (e, Fig. 9(b))

(c) 235y
(a) 2%y
For the chains, |
— & A= 133
— 00— A= 135

(Table 13 contains these data).
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similar to that used in Fig. 9 which presented the results
of previous work in this laboratory. The same early
ZA-function (COR 53, CHU 59) was used which gave 54.95 and

55.65 for Z and Z1 s respectively. Table 13 gives the

133 35
present values of (zK - ZP) for the chains 133 and 135. For
238U and 232Th, the good agreement between these values for

the two chains suggested that the change in ZP for the mass
change, A = 133 to 135, 1is approximately equal to the
corresponding change of ZA wlth mass. The latter change was
(55.65 - 54,95) = 0.70. These results support the assumption
made in the work on the fission of 232Th with protons, by
Pate, Foster and Yaffe (PAT 58). Section 1A.3.2 showed that
1n order to plot FUNCTION (1) with their abscissa (ZA - 2),
rather than (2 - ZP)’ it was essential to assume that, for

a particular energy, (ZA - ZP) was constant for the mass
region 130-135. For 27°U and 297U, 1t will be shown later

that no simple conclusions could be made.

4a,3.2 CONCLUSIONS ON THE VARIATION OF EMPIRICAL
ZP VALUES WITH TARGET AND PROJECTILE ENERGY

2

For23 Th and 238U, the variation of Z_ with energy

P
presented in Figs. 26 and 27 agreed well with the previous
data for the same mass region, presented in Figs. 8 (MCH 63)

and 9 (PAT 58, DAV 63, BEN 65, PAR 66).
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TABLE 13, The Empirical ZP Values from Method 2 with

C=1.20, in the Form (ZA-ZP) for Chains 133 and 135

135 3 133 -

Exp. Ep Xe : = 135 Xe : 133
No. (MeV) | (Z - zP) ( A" zP) (z2 - zP) ( x " zP)
238U

R10 15 1.15 2.80 1.92 2.87
R15 17 0.96 2.61 1.75 2.70
R14 20 0.68 2.33 1.51 2.46
R18 30 0.41 2.06 1.24 2.19
R8 4o 0.10 1.75 0.79 1.74
(R17 57) | -0.02 1.63 0.44 1.39
232Th

T6 30 0.48 2.13 1.32 2.27
T3 4o 0.25 1.90 1.00 1.95
(T4 52) 0.10 1.64 0.69 1.64
235U

El0 20 0.04 1.69 0.92 1.87
E9 25 -0.02 1.63 0.72 1.67
E7 35 -0.01 1.64 0.54 1.49
E5 45 0.05 1.70 0.45 1.40
(E3 55) 0.23 1.88 0.55 1.50
233U

U5 20 -0.46 1.19 0.39 1.34
UL 30 -0.22 1.43 0.39 1.34
U3 43 -0.16 1.49 0.27 1.22
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No previous Z, data exist for the fission of 229U
and 223y with protons. The reliability of the present
results for 238U and 232Th suggested that interesting pre-
liminary conclusions could be made from the limited data in
the present work on 233U and 235U. FPor the proton-induced
fission of 222y and 233U, Fig. 26 shows that the variations
of ZP with energy are significantly different from the
changes, which are now falirly well established, for the
proton-induced fission of 238U and 232Th.

The Introduction showed the difficulties and
uncertalnties still existing in a theoretical interpretation
of charge distribution. However, in order to make a
convenient semi-quantitative comparison of the present
empirical values of Z? for different targets and energies
a very simple model was used. The ZP values were assumed to
be given by the simplified CCR postulate (equation (14.2)).
Fig. 26 includes vertical lines for A, = 133 and Apy = 135
with divisions corresponding to the postulated Z_ values for

P

various values of p& » Shortened here to vT, the total

otal
number of fission neutrons. For a particular energy, the

empirical Z_ was equated with a postulated Z_ in order to

P
Figs. 28(a) and

P
estimate the corresponding value of VT.
(b) show the estimated total neutron yields, VT’ as a
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FIGURE 28.

Total neutron yields, vT, in the fission of (0,0».»0)
232m, 238y, 23y, ana 233y induced by protons

with a range of energies.

These rough estimates of vb were obtained from

Flg. 27. The estimated value of ))T was that needed

to fit an empirical value of Z_ with one postulated

P
by the simplified CCR equation (1A4.2).
Estimates were made for the independent sets of
empirical ZP values, for chains of mass,

(a) A =135
(b) A=133
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function of energy, from two independent sets of data for

the chain 135, and the chain 133. No attempt has been made

to set errors for these rough estimates of )JT. Previously
reported neutron ylelds suggest that the estimates here were
generally too low. This discrepancy is explained qualitatively
by the considerable evidence (Section 1A.3.2) that the CCR

postulate predicts values of Z_ which are too high for heavy

P
mass chains. The present method therefore would be expected
to give lower limits for )JT. The main use of Fig. 28 was

to illustrate considerable differences in the fission of the
different targets. Section 1B.2.6 discussed some previous
more accurate data for (d)ar/dE). The latter was suggested
to have values from 0.13 - 0,16 for many fission systems

with energles below about 40 MeV, For 238U and 232‘I‘h,

Figs. 28(a) and (b) were consistent with this suggestion.
However these figures suggested that, as the energy increased,
the rate (dfvT/ﬂE) was less for the targets of lower (N/Z).
These trends were réflected in the variations of ZP in |
Figs. 27 and 26. Fig. 27 shows that at lower energies the
targets of lower (N/2Z) have Z_ values closest to beta

P

stability, Z,, but at 40-50 MeV the value of (ZA - ZP) was

A’
almost equal for all four targets. Similarly, Fig. 26 shows

that although at lower energles the Z_ values were higher

P
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for the targets of lower (N/2), at 40-50 MeV the ZP values
for a particular chaln were almost equal for all four targets.

These rather surprising differences in the charge
division and neutron emission in the fission of different
targets cannot be confirmed with the limited data in this
research, which was not primarily designed as a study of
charge distribution.

A most interesting research project ﬁould be an
extension of the work that has been done in this laboratory
on the charge distribution, in the fission of 232Th and
238U, to the targets 233U and 235U. This would provide a
more complete plcture of charge distribution and should
confirm and extend the present preliminary conclusions on

the comparison of charge distribution in the fission of

different targets.

La.4 ZP VALUES AND THE MAXIMUM IN EXCITATION FUNCTIONS
In an excitation function for the independent
formation of a fission product, the exact position of the
maximum cannot yet be explained satisfactorily. For a
fission product, N(2',A), of charge Z' and mass A, this

maximum is related to the energy dependence of the value of

corresponds of course to the

ZP in chain A. The value of ZP
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maximum isobaric yield in the charge distribution. If at
low energy Z'>'ZP, then as the fission energy is increased

ZP generally increases and approaches 2', Hicks and Gilbert
(HIC 55) made the simple suggestion that the excitation
function for the fission product N(2',A) would have a

maximum at the energy for which 2! = ZP for chain A. For
example, in the chain 135 the excitation function of 135Xe
should therefore show a maximum for the energy at which
135%e (Z2'* = 54) 1s the most probable isobar formed in chain
135.

No simple hypothesis can be expected to relate the
maxima in excitation functions and in charge distribution
curves because of the complexities of charge distribution,
especlally above medium energies, and because of the
difficulty in defining the position of the broad maxima in
excltation functlions. However,the very simple suggestion
outlined above serves as a useful guide to predict
qualitatively from Z, data the relative positions of the
maxima for different fission products and different fission
targets.

Fig. 26 shows that the chain 135 would have a value

of ZP = 54 at lower energies than chain 133, Therefore the

maximum in the excitation function of 135Xe should occur at
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lower energy than that for 133Xe. Comparing the targets
235y and 238U, Figs. 26(c) and (b) show that for the chain
135 the value of ZP approaches 54 at lower energies for the
former target. It mlght therefore be expected that for a
target of lower (N/2) the maximum in an excitation function
occurs at lower energy than for a target of higher (N/2).

The present experiments were not designed to obtain
very accurate excitation functions and therefore the position
‘of the rather flat maximum in the excitation functions of
135Xe and 133Xe could not be well defined. However, rough
estimates of these maxima were made from the functions drawn
in Figs. 18, 20 and 21 and the corresponding energles are
shown in Table 14,

TABLE 14

Rough Estimates (from Figs. 18, 20 and 21) of the Proton
Energy, Emax’ at which the Maximum Occurred in the Excitatlon
Function of 133Xe and 135Xe.

gmax
p
Xe(N/Z-l 46) Xe(N/Z_l 50)
Target (MeV) (MeV)
2%y 55 47
22 m (48> 4o
23511 45 28

(a) this maximum in Fig. 20 was particularly flat
and ill-defined.
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These values are now quallitatively compared with
the above simple predictions, from the empirical ZP values.
As expected above, the maximum for 135Xe did occur at lower
energy than that for 133Xe. Also as expected above, the
excitation functions of 133Xe and 135Xe had their maxima

for 238y 2320, but for
235

at about the same energies as for
U these maxima occurred at lower energies. No excitation
functions were obtained for 233U.

For 238U, a more quantitative prediction of the
maxima for 133Xe and 135Xe may be made from the data of
Friedlander et al. (FRI 63) and of Davies and Yaffe (DAV 63).
For the fission of 238U, curve I in Fig. 29 shows their plot
of the proton energies at which excitation functions reached
a maximum for many nuclides characterized by their value of
(N/Z). If curve I were extended for fission products with
(N/Z) > 1.50, the latter would most probably have a maximum
in their excitation functions at an energy <« 30 MeV. The
position of these maxima would be influenced not only by
the variations in ZP’ but also by the rapid decrease in the
total fission cross section with decreasing proton energy
below about 30 MeV,

Curve I predicted that, for the fission of 238U, the

maxima for 19%Xe (N/z = 1.46) and 17°Xe (N/z = 1.50) should
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FIGURE 29.

The axes, proton energy, Ep, versus (N/Z), are used

for two different types of function,
CURVE I
CURVES II and III.

CURVE I This was taken from the work of Davies and
Yaffe (DAV 63) and of Friedlander et al.
(FRI 635 on the fission of 238U, It shows
their plot of the proton energies at which
excltation functions reached their maximum
for many nuclides characterized by thelr
value of (N/2).

CURVE II With the data for 238U from the same work by
Davies and Yaffe, this curve was first
plotted here, It shows the empirical values
of (N/Z)P from their charge distribution
curves at various proton energies, Ep.

CURVE III Taken from the data in the present work on

238U, thls curve, similar to CURVE II, shows
the function Ep versus ((A - zP)/zP). The
fwo empirical functions for A = 133 and 135

were almost identical (Table 15).
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occur at energles of 75 + 10 MeV and 35 + 10 MeV, respect-
ively. These predicted energles are in reasonable agreement
with those, in Table 14, which were estimated roughly from
the present excitation functions.

Curve I has not yet been explalned satisfactorily.

It is therefore of Interest to discuss it here, relative to

P

discussion, let the curve I be applied to one isobaric chain |

the empirical values of 2, For the purpose of this simple

A, with isobars of charge 2', 2' + 1, 2' + 2, etc, As the
fission energy 1s increased ZP increases and successively
reaches values of 2', 2' + 1, 2' + 2, etec, By the simple
suggestion of Hicks and Gilbert the excitation functions of
these successive isobars should reach their maximum at

energles when their charge equals the value of Z_ of chain A.

P
Therefore the curve I should coincide with a function,
energy versus ((4A - ZP)/ZP). Curve II in Fig. 29 is the
latter function, Ep versus (N/Z)p, taken from the same data
used by Davies et al. to plot curve I.

These two curves I and II have similar slopes, but
curve II is displaced to higher values of (N/Z). The
significance of this may be shown by the following example,
At 35 MeV, curve I indicates that the excitation function of

135%e (N/2 = 1.50) reaches a maximum, but at this energy
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curve II shows that the ZP value of chain 135 is about 0.5
charge units lower than 54, the charge of 135Xe.

The present data were insufficient to construct
functions similar to curve I. The present empirical ZP
values for chains 133 and 135 were used to construct the
function, Ep versus ((A - Z.)/2;), for the limited energy
range 15 to 57 MeV. Table 15 gives the values used to plot
this function for 238U, as curve III in Fig. 29. The two
functions for chains 133 and 135 were almost identical and
were plotted as the single curve III.

The two curves I and III have simlilar slopes, and
for the limited energy range over which they can be compared
they do coincide, as predicted by the simple suggestion
discussed above. Therefore the excitation function of 135Xe
has a maximum at about the same energy at which 135Xe is the
most probable isobar formed in chain 135 (i1.e. when Z, = 54
for chain 135). There 1s a small discrepancy between this
conclusion and thét from the comparison of curves I and II
above. With the limited data avallable the only conclusion
that can be mgde here is that at present the maximum in
excitation functions can be predicted only very approximately
from empirical Z_ data. The latter data are however useful

P
to predict the relative positions of the maximum for



TABLE 15. The Empirical (Z-ZP) Values for 238U (ef., Table 12), from

Method 2 with C = 1.20, in the form ((A-2,)/Z;) for Chains 133 and 135

238y E 135%e

Exp. P
No.  (MeV) (z - 2,) ((135/2;) - 1) (2 - 2;) ((133/Zp) - 1)

A =135 133}{9 A= 133

R10 15 i.15 1.556 1.92 1.555
R15 17 0.96 1.545 1.75 1.545
R14 20 0.68 1.530 1.51 1.535 ':
R18 30 0.41 1.520 1,24 1.520 -
R8 42 0.10 1.505 0.79 1.500

(R17) 57 (-0.02) (1.500) (0.44) (1.485)
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different fission products in different fission systems.

For 232Th and particularly for 235U and 233u, it

would be interesting to obtain a function like the curve I
which was determined for 238U. The curve for 232Th should
be very similar to curve I, because the (N/Z) of the two
targets are nearly equal and the empirical ZP values vary

with energy in a similar way. For 235U and 233u, the

differences in the function, ZP versus energy, suggested by
this work, may produce a rather different shaped function
to curve I, and it would be expected to be displaced towards
lower values of (N/2Z) corresponding to the lower value of

(N/2) for these two targets.

4A.5 FRACTIONAL AND TOTAL CHAIN YIELDS FOR A = 133 AND 135

The Introduétion showed that there are still large
uncertainties involved in predicting fisslon yields for
various fission systems,and more yleld data are therefore
required. From the present research many absolute and
relative yields have been reported elsewhere in this thesis.
The following fractional chain ylelds and total chain yilelds
6ould also be obtained.

For those irradiations for which (2 - ZP) values

were obtained (Table 12) the corresponding fractional ylelds
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can be obtained from equation (1A.3) or read from the
appropriate FUNCTION (1) in Fig. 25.

Table 16 lists those results from which total
chain yields could be obtalned for A = 133 and 135. For

C = 1.20 and 1.45 this table gives the fractional yields,

fy» and absolute cross sections, Oy, (Tables 9 and 10) for

the independent formation of 135Xe, and cumulative formatioh

of 1331. The absolute total chain ylelds, O‘T, were
calculated with the simple expression, o = ( oh/TN).
Table 16 gives these yields, which were estimated to have
an uncertainty of about 30%.

For proton-induced fission very few chaln ylelds
have been reported previously (ecf. Section 1A.3.1). For
the proton-lnduced flssion of 238U, the present total chain
yields were in agreement with those for the same mass region
determined previously in this laboratory (DAV 63, PAR 66),
and by Stevenson et al. (STE 58) (cf. Fig. 1). This
agreement suggested that there were no serious systematlc
errors in the present results.

For fission of 232Th and 238U for a particular
energy, the chaln yilelds for A = 133 and 135 were about the

same, These results support the assumption, made in

previous studies of charge distribution made 1n this



TABLE 16. Total Chain Yields for A = 133 and 135

Exp. E Indep. yields of +77Xe| cum.|yields or 1331

P S
No. - - o 7 (f ) Total Chain Yields (mb)
(MeV) | (mb) |(from method 2) |(mb) | (from method 2) A= 135 A= 133
C=1.20 C=1.45 | C=1.20 C=1.45| C=1.20 C=1.45| C=1.20 C=1.45
238U
R15 17 6.5%| 0.24 0.24 |21.1% 0.96 0.96 27.1 27.1 22.0 22,0
R14 20 13.3%| 0,35 0.34 |31.4% 0.92 ~0.92 38.0 39.1 3.1 3.1
R8 42 28.9 0,51 0.47 | 36.6 0.66 0.65 56.6 61.4 55.4 56.3
#x(R17) 57 | 3r.0| 0.52 o0.46 |35.8| o.47 o.5 || 71,1 804 | 76.2  79.5
232Th
T6 30 21.1 0.42 0.41 | 38.9 0.87 0.87 50.2 51.4 4.7 by, 7
T3 4o 24.9 0.49 0.46 |41.6 0.76 0.75 50.8 54,2 54.7 55.4
*%(TY4) 52 23.6 0.51 0.47 | 33.4 0.60 0.59 46,3 50.3 55.6 56.7
235, |
El0 20 21.5 0.51 0.4 32.8 0.72 0.71 4o,2 45,7 5.6 46.2
E9 25 36.6 0.51 0.46 |49.5 0.62 0.61 1.7 79.5 79.8 81.1
E7 35 28.2 0.51 0.46 | 37.5 0.52 0.51 55.3 61.3 72.1  T73.5
E5 45 %2.7 0.51 O.47 |44.2 0.47 0.46 64.1 69.5 9l ,0 96,0
*%(E3) 55 28,0 0.49 0.46 | 45.7 0.53 0.51 57.2 60.9 84,3 87.6

* Large uncertainty in monltor cross section at this energy

** At this energy, charge distribution curves probably have C>1.45

- LT -
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laboratory, that the mass yield curve has a flat peak in
this mass region for these fission systems. However, for
the fisslon of 238U with 14.7-MeV neutrons, James et al.
(JAM 64) found that the chain yield for A = 133 was much
higher than for A = 135. They therefore suggested that
fine structure existed in the mass distribution. In
Appendix B these results have been discussed and a possible

error suggested in the measured ylelds for chain 133.
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4B. RESULTS AND DISCUSSION
SECTION B

ISOMERIC YIELD RATIOS IN FISSION

4B.1 EXPERIMENTAL ISOMER RATIOS OF '97%e

In Section 4A.1 are found the independent cross
sections for 133mXe and 1338Xe, which were used here to give
the isomeric yield ratios for 1BBXe. Table 17 and Figs.

30(a)-(d) give these ratios, with the yield of 133gxe,

uncorrected and also with the simplified growth correction
discussed previously. These results were'obtained with

X, = 4.4 &xa = 6.3), but the results with other coefficients
will be glven below.

The experiments were designed primarlily to determine
precise lsomer ratios for several flssion targets with a range
of proton energies. The precision and extent of these
measurements were determined by the uncertalnties discussed
in Section 3.3 and by the further considerations given below.

(1) The growth correction for 133gXe was minimized
by a fast sweep (a). This correction could still be
considerable if there were a high ratilo, Ri?}, of the

cumulative yield of 17T to the independent yleld of 137e,

Fig. 22 showed that thls was true only for proton energies
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TABLE 17. Isomeric Yield Ratios for 133Xe Obtained
withotp = 4.4 (¢, = 6.3)
Yield Ratios
Exp. E ..Q._IE ..Q._!P. R133
No. P Osg’ Og” c/1
(MeV) Uncorr, "over-corr."
232Th
T6 30 0.89 (1.03) 7.21
T3 4o 0.88 0.98 3.37
T4 52 0.96 1.01 1.74
T1 65 0.99 1.04 1.53
5 75 1.05 1.11 1.50
T2 85 1.08 1.13 1.25
238U
R10 15 0.64 (7.45) 61
R15 17 0.74 (1.79) 28
R14 20 0.61 0.84 12.2
R18 30 0.95 1.10 5.93
R8 42 0.83 0.91 2.15
R17 57 1.09 1.13 1.06
R9 65 0.92 0.97 1.46
R11 75 1.13 1.21 1.75
R16 75 1.14 1.20 1.89
R12 85 0.95 1.01 1.64
235U
E10 20 0.81 0.86 2.81
E9 25 0.88 0.91 1.85
E7 25 1,05 1.10 1.27
E5 45 0.95 0.99 1.09
E3 55 1.11 1.17 1.30
E8 70 1.10 1.15 1.29
E4 85 1.02 1.06 1.13
233U
U5 20 0.93 0.95 0.96
U4 30 0.89 0.91 0.95
U3 42 1.04 1.06 0.76
Ul 55 0.97 —no sweep (b)—
U2 70 0.94 0.96 0.78
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FIGURE 30,

The energy dependence of the experimental isomeric
yvield ratios for 133Xe, from the proton-induced

fission of,

(a) 232my
(0) 2%y
(c) 235y
(a) 2%
The values are shown for o = 4.4 (c»(T = 6.3),
(o) uncorrected,

—@®—  "overcorrected",
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below about 35 MeV with 232Th and 238 » and below about

20 MeV with 235U. The growth corrections were small in most
of the present isomer ratios and were within the estimated
experimental error of 10-20% (cf. Section 3.3). These ratios
do not therefore reflect phe change of charg; distribution
with energy, as do the data for several other fission lsomer
ratio studies (POL 60, TIL 63b, SIK 65).

(11) There were only small relative errors in
measuring the gamma peaks for the two 1somers.. The same
xenon sample was used and the two peaks, taken with the
same amplifier gain, were obtained on the same spectrum,.

The calibration with the beta proportional gas counter
(Appendix B) minimized the relative errors in the subtraction
éf gamma background activities and in the efficiencies of the
two peaks.

(i11) Section 4A.1 explained that the yields of
IBBmXe, 133gXe and 133m+gXe were computed with four values
of &, (6.3, 7.3, 8.3 and 9.3), because of the uncertainty in
this coefficient. It was shown in Section 4A.1 that changes

ixxaﬁ did not cause a very serious error in the cross

section of 133m+gXe nor in the yield ratio R:;f. However,

the isomer ratlo was strongly dependent on the value ofcﬁr.

Table 18 compares the isomer ratios for the four values of
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TABLE 18. Effect of ch for 123Mye on the Isomer Ratios of 133%e

(where (! = Uncorrected yield of 1338xe
| O;" = "Over-corrected"yield of 1278xe)

O(T = 6.3 O(T = 7,3 °<T = 8.3 D<T = 9.5
Exp. |Om Om | Om Omn [Om On | Om Onm
No. n ] n n
° e Og [ Og Og g Og g Og
232
- Th
™ [0.89 1.03 ] 1,28 1,56 | 1,98 2.62 | 3.53 5.80
T3 |0.88 98 | 1.27 1.46 | 1.96 2.37 | 3.46 4.79
T4 10.96 1.01 | 1.42 1,52 | 2.29 2.52 | 4.49 5.37
™ [0.99 1.04 | 1.48 1.58 | 2.41 2,67 | 4.95 6.00
5 [1.05 1.11 | 1.61 1.73 | 2.75 3.06 | 6.41 8.16
T2 |1.08 1.13 | 1.67 1.77 | 2.90 3.19 | 7.20 9.00
2380
Rlo 0064 0086 - 1.18 - 1.69 -
R15 0374 - 1.03 - 1.48 - 2028 -
R14 [0.61 0,84 | 0.82 1,19 | 1.11 1.80 | 1.55 3.03
R18 | 0.95 1.10 | 1.41 1.70 | 2.25 2.97 | 4.36 7.60
R8 (0.8 0.91 | 1,18 1.33 | 1.77 2.09 | 2.96 3.84
R17 [1.09 1.13 | 1.68 1.76 | 2.93 3.17 | 7.33 8.86
R (0.92 0.97 | 1.3% 1.43 | 2.11 2.31 | 3.90 4.59
Ril |1.12 1.21 | 1.76 1,96 | 3.16 3.77 | 8.79 14.83
R16 (1.14 1.20 | 1.78 1.92 | 3.22 3.65 | 9.24 13.24
Rl12 (0.95 1,01 | 1.40 1.52 | 2.23 2.53 | 4.29 5.41
235U
E10 |0.81 0.86 | 1.15 1.23 | 1.70 1.87 | 2.78 3.21
E9 |0.88 0.91 | 1.27 1.33 | 1.94 2.08 | 3.42 3.81
E7 [1.05 1.10 | 1.61 1,70 | 2.74 3.00 | 6.33 T.75
E5 |0.95 0.99 | 1.41 1.47 | 2.25 2.41 | 4.37 4.92
E3 |[1.11 1.17 | 1.72 1.85 | 3.05 3.44 | 8.05 11.08
E8 |1.10 1.15 | 1.71 1.82 | 3.02 3.33 | T7.86 10.12
E4 [1.02 1.06 | 1.535 1.62 | 2.55 2.79 | 5.50 6.57
233U
U5 |0.935 0.95 | 1.36 1.40 | 2.16 2,24 | 4,05 4.33
U4 |0.89 0.91 | 1.28 1.32 | 1.98 2.06 | 3.51 .74
Us |[1.04 1,06 | 1.58 1.62 | 2.27 2.79 | 6.00 6.58
U1 |0.97 - 1.44 - 2.32 - 4.61 -
U2 |0.94 0.96 | 1.38 1.42 | 2.18 2.29 | 4.14 4.48
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o The ratios are given uncorrected and “overcorrected",

e
and Fig. 31 shows the latter set of isomer ratios.

The uncertalnties in the isomer ratios, discussed
above and in Section 3,3, are briefly summarized in this
paragraph. Uncertalnties of 10% were estimated for most of
the results in Table 17, calculated forch = 6,3. A higher
value of 15% was given for most of the 238U results which
were obtained at the beginning of this wérk when the
experimental technique had not been fully developed.
Uncertainties of up to 20% were estimated for the lowest
energy results for 238U and 232Th. These had larger growth
corrections and larger graphical errors particularly in the
133mXe yields.

The large uncertainty in the value of otT was not
included in these estimated errors.
4B.2 THEORETICAL CALCULATIONS OF THE SPIN DISTRIBUTIONS

DURING FRAGMENT DE-EXCITATION

The computations that have been made, their input
data and their results are discussed and then used to
consider the experimental isomer ratios from this and other
fission studies. The calculations were introduced in

Section 1B.2. Most of them were made for the spin

distributions during the de-excitayion of the fragments.
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FIGURE 31.

The experimental isomeric yield ratios for 133Xe,

from proton-induced fisslon of

(a) 232n
(v) 23y
(c) 235y
(a) 2%y

The “overcorrected" values are shown for four values

of the total internal conversion coefficlent.

o o4, = 6.3
4 %, = 7.3
] %, = 8.3
© O% = 9.3
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4B.2.1 INPUT DATA FOR STAGES 1 AND 2

Stage One, Neutron Emission from the Fragments

Table 19(a) summarizes the input data for this
stage of the calculation. The value of Nn was fixed at
three in all calculations; 1t 1s estimated that about three

neutrons are emitted from a 136

Xe fragment from fission
induced by 30-MeV protons.

The HHV program was slightly modified to allow
equation (1B.1l) to define the input spin distribution for
the first neutron emission.,

Values of §£i were approximated using the simple
assumption that the average neutron kinetic energy 1s equal
to twice the maximum nuclear temperature of the residual
fragment, tmax (ERI 60). Here t ax Was related to the

maximum excitation energy of the residual fragment, U

max’

by the equation U = ata, with a = A/8. The neutron
transmission coefficients for a nucleus with A = 136 were
read from the curves of Feld et al. (FEL 51), for a nuclear
radius parameter ro = 1.5fm,

The spin cutoff factor, 0°, was assumed to
decrease as the fragment excitation energy decreases with

successive neutron emissions. Very little information is
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TABLE 19(a) and (b). Input Data for Stages 1l and 2 of the
‘ ‘ Fragment De-excitation Computations

(a) For Part 2 of HHV FORTRAN program (HAF 62)

Neutron
Emlssion ,
Step
t. L ] L]
Input 1s 2nd 3rd
Parameters
Spin Distribution Assumed; Qutput Output
formula (1) from 1lst | from 2nd
 B=3,4,6,7,9,11| step step
E  (MeV) 2.0 1.5 1.0
n
i
Tg(E )
.
0 0.73 0.70 0.60
1 0.66 0.60 0.50
2 0.51 0.40 0.25
3 0.25 0.14 0.05
1‘“ 0.04 0.01 -
Trial 1 6 4
C)-zn) >
» Trial i1 7 6 5
(b) For Part 3 of HHV FORTRAN program
Gamma-
cascade
Step 1st, 2nd to 5th.
Input
Parameters
Spin Distribution Output Output .
following from
3rd neutron previous
emission step
(S( ) Trial 1 3 3
¢’ | Trial 11 4 4
Trial I 1 1
4 Trial II 2 (end, 3rd-, =2 :
4th,5th-, =1 )
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avallable to estimate the values of 0. Values were chosen
intermediate to those used in most spallation studies

(0"= 4 + 1) and to the higher values calculated from
formula (1B.3). Two sets of cutoff factors were tried in

trial (i) and trial (ii).

Stage Two, the Gémma Ray Cascade from the Fragments

Table 19(b) summarizes the input data for this
stage of the calculation. The value of N} was fixed at six
in all calculations (i.e. Part 3 of the HHV program was used
five times). A cascade of six gamma rays is larger than has
been observed experimentally, but the distribution of spin
following any smaller number of emisslons was also contailned
in the output for the corresponding step of the computation.
Iﬁ 1s estimated that N& = 4 + 1, for medium-energy fission.

The spin cutoff factor was assumed to be constant
throughout the gamma cascade since the energy change in the
fragment for each gamma ray emission is only about 1 MeV,

Calculations have been made for both dipole
radlation, € = 1, and quadrupole radiation, € = 2.

Fixed values of Nn and N& were chosen in order to
1imit the large number of possible comblnations of input

parameters, However, the effect of other Nn and N& values

could be estimated from the results. Stage One and Stage Two
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were computed with Parts 2 and 3 of the HHV FORTRAN program
on the IBM 7040 machine at the McGill University Computing

Centre.

4B.2.2 RESULTS FOR STAGES ONE AND TWO

In Fig. 32 the calculated spin distributions,
following each of the three neutrons and five gamma ray
emissions, are convenliently characterized by their root mean
square angular momentum, %fjél The number above the line
in Fig. 32 1s the value of the spin cutoff factor, O, used
for that step of the computation. To the right of the flgure
are gliven the B values used for the assumed initlal fragment
spin distribution, given by equation (1B.1l). Computations
were made for B = 3, 4,6, 7, 9 and 11. Fig. 33 shows an
example of the frequency distribution curves, calculated for

== =6, ,Ll' d = Je
B=7ad oy = 6 5 4 e o7y =3

4B.2.3 STAGE THREE, THE FINAL GAMMA RAY
’ IN THE CASCADE

This stage predicts a value of the isomer ratio
from the calculated distribution of spin following the last-
but-one emission in the gamma cascade. The spin states in
this distribution were divided between the two isomeric
states by an over-simplified model which assumes that one

final gamma ray with a suitable multipolarity allows these
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FIGURE 32.

Values of JJ? characterizing the spin distribution
at each step of the fragment de-excitatlion. The
numbers are the values of the spin cutoff factor,

0, used for partlcular steps of the computation.

Only dipole gamma radiation was used here,
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FIGURE 33,

Theoretical Probabilility Distributions of the

spin of fragments, during their de-excitation.
DISTRIBUTION A. is the initial distribution
given by equation (1B.1l), with B = 7.
DISTRIBUTION B. is the spin distribution
after the emission of three neutrons and
five dipole gamma rays.

The spin-dividing line, Jo = 7/2, 1s shown for

Class 2 isomers (3/2, 11/2).
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states to decay to the isomeric state with the nearest spin.
If a state has a spin equally placed between the two
isomeric spins, it is simply assumed that half of these
states decay to each isomer. As an example, for spin-pair
Class 1 isomers (9/2, 1/2), states in the final calculated
spin distribution with épins less than 5/2 populate the low
spin lsomer; states with spins greater than 5/2 populate
the high spln isomer; whereas states with a spin of 5/2
divide equally between the two isomers.,

This stage of the isomer ratio calculation could
have been performed by adding the calculated probabilities
for individual spin states according to the simple
prescription outlined above. We have employed a direct
geometric method using the cumulative spin distribution
function curves., Fig. 34 gives an example of these curves
for the same output data used for the frequency distribution
curves in Flg. 33. The geometric method is as follows, for
the three splin-palr classes of isomers in Table 3,

Class 1 isomers (9/2, 1/2)

A vertical line at Tf = 2 cuts the normalized
cumulative spin distribution (Fig. 34) at ordinate Y, which
by simple geometry represents the fractional population of

the low spin isomer, thus the isomer ratio 1s simply

(1-%) /%Y.
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FIGURE 34.

Theoretical normalized cumulative distributions
of the spin of fragments, during their de-
excitation. With the same initial spin
distribution shown in Fig. 33 as DISTRIBUTION A,
the following modified distributions are shown,

after the emission of

a. one neutron,

b. three neutrons,

C. three neutrons and three dipole
gamma rays

d. three neutrons and three quadrupole
gamma rays,

The intersection points, Y and the corresponding

i’
ordinate, on the right of the figure, are described

in the text.
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Class 2 isomers (11/2, 3/2)

By the same reasoning, a vertical line at Ef = 3
cuts the cumulative distribution at the ordinate Y2 so that
the isomer ratio from this distribution 1is given by

1"Y Y.
(1-1) /¥,

Class % isomers (8, (5), #4)

Although the 13403 isomers have spins of 4 and 8
the spin-pair to be considered in this stage of the
calculation is (5,8) because of a state of intermediate
energy with spin 5 which acts as the effective low spin
isomer for our model. Therefore a vertical line at Ef = 6
which cuts the cumulative distribution at the ordinate Y3
gives the isomer ratio as (1 - Y3) /'Y3.

The ordinate on the right of Fig. 34 gives the
isomer yleld ratio corresponding to the intersections of the
cumulative spin distributions and the vertical dividing-spin
lines (Ef = 2, 3 or 6.). This type of figure gives a good
direct representation of the isomer ratio for isomer palrs
of different classes from the distributions calculated at
each step of the fragment de-excltation, for a particular
assumed B value.

4B.2.4 THEORETICAL ISOMER RATIOS

Figures, similar to Fig. 34, were constructed for
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the five values of B in order to obtain functions of the
type shown in Fig. 35. This figure shows the predicted
isomer ratlos for the three isomer classes as a function of
B, or as a function of the alternative abscissa jJ_—g

The value of B is nearly equal to J? at the higher values;
and Iff has a slightly lower value. All the lines in Fig.35
are for the same set of o~ values (G-(n) =6, 5, 4 and

o'(a) = 3) and for the same Nn value equal to 3; the solid
lines are for (N* - 1) = 3 and the dashed lines are for

(NA, - 1) = 5.

All the results dlscussed so far have assumed only
dipole gamma ray transitions. The evidence already discussed
for the existence of quadrupole transitions in fission made
it necessary to consider the effect of using € = 2, in place
of €= 1l, in the gamma cascade calculation. Computations
were made with N& still equal to 6, but the first three
gamma rays were taken to have £- 2. Plg. 37 represents
some of these results (ef. Fig. 32). Fig. 38 (cf. Fig. 35)
shows the predicted isomer ratios for the three isomer
classes, for three assumed B values. All the lines in Fig.
38 are for Nn = 3 and (N* - 1) = 3; only the long dashed
lines are for three quadrupole transitions, the other lines

are for three dipole transitions. The sollid and long dashed
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FIGURE 35,

The theoretical values of the isomer ratios for three
spin pair classes of isomers (¢f. Table 3, p. 87).
The values were computed with inlitlial fragment spin
distributions given by equation (1B.1l) and character-
ized by the value of B. The set of spin cutoff
factors used in the computation was O; =6, 5 4 and
q;= 3. The number of neutrons emitted, Nn’ was 3

and two different gamma cascades were used.

—o N, =4
¢
—O0——- N, =6

Only dipole gamma radiation was used. The lower

abscissa shows the corresponding J? of the initial

spin distributions.
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FIGURE 37.

Values of JJ?, for successive steps in the
fragment de-excitation. This is similar to
Fig. %2, except that here the first three

gamma rays in the cascade had L= 2.
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FIGURE 38.

Theoretical values of the isomer ratio for three
spin-pair classes of isomers. This is similar to
Fig. 35, except that it shows the effect of the
multipolarity and the spin cutoff factor upon the
theoretical ratios.

All computations had N, = 3 and (Q& - 1) = 3,

Dipole gamma radiation was used except for the long
dashed lines which were computed for three quadfupole
gamma rays.

Different sets of spin cutoff factors were used,

O, =6, 5, 4 and Cﬁj= 3
>O;.—.7, 6, 5 and ok-=u.
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lines are for the same set of o~ values ( Oln) = T 6, 5
and (Tk | = 4). 1In order to show the effect of using a
lower set of ¢ values the solid lines from Fig. 35 have
been replotted as the short dashed lines in Fig. 38.
4B.2.5 CONCLUSIONS FROM THE FRAGMENT
DE-EXCITATION CALCULATIONS
Figures 32 and 37 show the following changes of
mean spin of a fragment during the de-excitation process.
(1) PFor initial fragment distribution with

Bas6-7 there are only small changes in JJ? of the

distributions

(11) PFor higher B values J J? decreases, and these

changes become larger per step as B is increased

(1ii) For lower B values /7;? increases.
There 1s a simple explanation for these results which depends
on the fact that the spin-dependent part of the level density
formula, given by formula (1B.2), is sampled by each neutron
and gamma ray emission, during the computation. The
distribution which suffers the smallest change of mean spin
has B = ( g~ - 1/2) which is the spin, Jf(max), at which the
density functioh (1B.2) has its maximum value. If a

distribution has a B value lower than J its states

£(max)
decay preferentially towards higher spins; and conversely
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1f a distribution has a B value higher than Jf(max) it moves
towards lower spins during the de-excitation process. From
this argument it is seen that raising the input O raises
Jf(max) so that high spin states decrease their spins less
but low spin states increase thelr spins more; the effect
here is to lncrease the predicted lsomer ratios of all
classes of spin-pairs (cf. Fig. 38, the solid and short
dashed lines). The opposite trends occur when the input O
is decreased, The estimated amount of angular momentum
carried away by elther neutrons or gamma rays is strongly
dependent on the value of ¢, particularly in the de-
excitation from fragment states of high spin. During the
gamma cascade these spin changes are larger for quadrupole
than for dipole transitions, again particularly for the
higher spin states. The effect of quadrupole radiation
therefore 1s to reduce the predicted isomer ratios for B
values above about 4.

The effective converging of spin states during
the de-excitation process will reduce the sensitivity of the
isomer ratio to the angular momentum of the inltial fragment
(HUI 62, SAR 65). The rate of change of the isomer ratio
with B is greatest for Class 1 lsomers., This can belmis-

leading and should not be Ilnterpreted to mean that for a
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pair of l1somers with a low spin-pair a change in the initilal
fragment spin is more easily detected in the experimental
isomer ratiés. This misunderstanding can be avoided when
the solid lines in Flg. 35 are represented in another form
in Fig. 36, where o‘H/( oy, + o‘H) 1s plotted against B.
For all three classes, these functions show a similar rate
of change with respect to B. Comparison of Figs. 35 and 36
shows that, when one isomer i1s formed in much greater yield
than the other, a small change in the higher yield or in
0%/( OE,+ oh) changes the isomer ratio considerably.
Thié explains why the spread of experimental lsomer ratios
for 13%xe in Figs. 31(a)-(d) increases for the higher isomer
ratios obtalned using highermK values. Hulzenga and
Vandenbosch (HUI 60) have stated that the experimental isomer
ratios are in least agreement with the calculations when one
isomer has a relatively low yield. This can be illustrated
by the cumulative spin distributions in Fig. 34 which would
give the most unreliable prediction of isomer ratios at
elther end of the distribution, where the ratio would be very
high or very low.

Before discussing the experimental data and
comparing them with the above theoretical results, a few
calculations that have been made for the compound nucleus

are described.
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4B.3 CALCULATION OF THE SPIN DISTRIBUTION OF
THE COMPOUND NUCLEUS

These calculations were introduced in Section
1B.2.1. In this laboratory Sachdev (SAC 66) has written a
FORTRAN program to compute transmission coefficients with
an optical model potential of the type used by Perey (PER 63,
BJO 58). Although the model has only been tested for
nuclides with mass up to about 200 it was thought worthwhile
to use Sachdev's program with the parameters of Perey for
10- and 20- MeV, and of Hodgson (HOD 65) up to 30 MeV in
order to compute proton transmission coefficients for 232y,
It was reasonable to use these coefficients also for 233u,

235 238
U and U, since the parameters for these heavy nuclides

contained large uncertainties. Table 20(b) shows the Jg
characterizing the spin distributions which were obtained |
using Part 1 of the HHV FORTRAN program with these computed
transmission coefficients. These spin values are in good
agreement with those in Table 20(a) which were computed with
the same program but with transmission coefficlients obtained
for a square-well nuclear potential. Since the transmission
coefficients were considerably higher when calculated with

the optical model nuclear potential, the agreement between

values in Tables 20(a) and (b) 1llustrates the insensitivity
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TABLES 20(a) and (b)

Root Mean Square Angular Momentum,

32 of the

Compound Nucleus Spin Distribution

(a) Computed with the proton transmission coefficients of
” Feshbach et al., (FES 53) (with a square-well potential)

Proton , -3
Target 2
Energy Target J Ref.
MeV, Spin ¢
24,2 20954 9/2 T.3
238 , HAG 65
2507 U O 5'9
19 4.5
232Th 0 BEN 65
24 5.5 .

(b) Computed with the proton transmission coefficients

obtained with the FORTRAN program of Sachdev (SAC 66)
(with an optical-model potential). (The coefficients

for 272m were used also for 238U, 235y and 232y) .

[5%

Target 232,238y 233y 235y
(Spin)
Proton (0) (5/2) (7/2)
Energy (MeV) . :
10 2.3 3.6 4.4
20 4.5 5.4 5.9
30 6.3 7-0 704
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(DUD 65) of the calculated spin distributions to the values
for the transmission coefficients.

The conclusions that were drawn in Section 4B.2.5,
about the changes 1n the spin distribution of the excited
fragments apply also to the excited compound nuclei. There-
fore 1t may be predicted that a compound nucleus distribution
with a mean spin of about 7 will suffer very little change
of spin per prefission neutron emission. A spin value of 7
corresponds to the case of flsslion energies of about 30 MeV
(Table 20(b)), but for higher energies and correspondingly
higher spins of the compound nucleus a larger spin change
» will be caused per evaporated neutron. During the compound
nucleus de-excitation by prefission neutron emission, as in
the fragment de-excitation process, there 1ls an effective
converging of higher spin states towards lower spins. This
effect will further reduce the sensitivity of the isomer
ratio to an increase in the angular momentum of the lnitial
compound nucleus,

We are now in a position to discuss the effect of
the target spin and projectile energy on the spin of an
initial fragment, and consequently their effect on the 1lsomer

ratio in fission.



- 206 -

4B.4 EFFECT OF TARGET SPIN ON THE FISSION ISOMER RATIO
Table 20(b) shows that at 30 MeV an increase of
target spin from O to 7/2 changes the mean spin of the
compound nucleus by only about one unit. Similarly from
Table 20(a), at 25 MeV the compound nucleus spin changes

by less than two units for the targets 238

U (I = 0) and
209Bi (I = 9/2). If other factors in fisslon arerassumed
to be unchanged by this change, of one or two units, in the
spin of the compound nucleus, and 1f this small angular
momentum change were completely disposed between the two
fragments the change in their spin would stlill be less than
could be detected by a change in the experimental isomer
| ratio. In order to see a change in this ratio, a change in
the 1nitial fragment spin of at least two units is necessary;
this was estimated from Figs. 35, 306 and 37 for a probable
range of initial fragment spins (6 - 10).

232Th and 238U which have I = O,

For the targets
and for 277y (I = 5/2) and 22%y (I = 7/2), the experimental
133Xe isomer ratios in this study have the same absolute
values, and behave in the same way with energy.

From these experimental results and from the

theoretical considerations 1t can only be concluded that the

spin and type of the fission target do not affect the isomer
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ratlo. This 1s in agreement with most of the limlited data
previously reported though some of these have beén
inconclusive and in certain cases contradictory. .These data
are now summarized and, for convenlence, they are divided
into the three spin-pair classes in Table 3 which summarizes
the fission systems leading to these data and their
references.,

The data for Class 1 isomers have been obtained
by Hagebo.' For proton energies up to 115 MeV, his 117In
232

isomer ratios for the target Th were the same as those

for 238y ang for the considerably different target 207pi.
However in hls earlier work on the isomers of 95Nb the

ratios were lower for 238

U than for thorium, bismuth and
lead, Although there were very large experimental un-
certainties in the 95Nb work these do not appear large enough

238

to be able to explain the low results for U. No
explanation can be offered at present.

The data for Class 2 isomers, previous to our
133Xe results, gave confusing concluslons about the dependence

of isomer ratios on various targets. The 131Te isomer ratios

from thermal neutron fisslon were about the same for 233U
and 235U, but are higher for 239Pu (I =1/2). The 131Te

isomer ratios, for fission induced by medium-energy deuterons



- 208 -

232Th and 238U,

and alpha-particles were about the same for

except for the rather high value from the fission of 238U

with 33 MeV alpha-particles. The 133Te results had larger
uncertainties and are not considered here.

The data for Class 3 have been obtained for the
isomers of 13403. Although the measurements involved large
experimental errors the followlng conclusions can be made.
These ratios, llke those 1n thlis work for 133Xe, were the
same for 238U and 222y with protons of energy 30~85 MeV.
Davies and Yaffe (DAV 63) obtained a result, with 20-MeV
protons, whlch had an astonishingly high value of about 20
for the isomer ratio. This result was obtained from only
one experiment and should be confirmed because no similar
trend has been found in this energy region for 232Th
(BEN 65), and because thils result is inconsistent with all
other daté and cannot be explained by any present model.
The values of the 13403 isomer ratios for proton-induced
fission of 238U and 27°Th were about the same as those for

13408 from fission of 233U, 235U and 238U induced by medium-

energy deuterons and alpha-particles.,

4B.5 EFFECT OF PROJECTILE ENERGY ON THE FISSION ISOMER RATIO

Fig. 30 shows that the present experimental isomer
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ratios do not change significantly with proton energy, from
20-85 MeV. However, if the value of’ﬂk for 133mXe is taken
to be 5.0 or greater, our results would be consistent with
a very slight increase of isomer ratio with energy (Fig.3l).
It has been estimated above that, to cause a detectalle
change in the isomer ratio, a change in the spln of the
initial fragment of about two units is necessary. It may
‘therefore be concluded from our data that this spin is
different by less than two units in all of our fission
systems though the compound nucleus spin goes from a lower
1imit (Table 20(Db)) of about five to a probable value of
greater than ten.

All other isomer ratio data that exist for a wide
range of fission energies are also for proton-induced
fission. The 13403 isomer ratios, like the 133Xe ratios,
have been shown to have very little energy dependence over
the same proton energy range, with the exception of the one
result at 20 MeV for 238U which has 5een discussed above.

The experimental isomer ratios for 117

In on the other hand
show a strong energy dependence,up to about 115 MeV, For
95Nb the data are less reliable but show the same trend,

i.e., an increase of 1lsomer ratlo with energy. The isomer

ratios of 117In increase from about 2 to 10 over the proton
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energy range 20 to 100 MeV. The corresponding change in
the spin of the initial fragments may be estlimated from the
results of our calculation (Figs. 35 and 38). Thus, a low
B value of three or less is needed to predict these ratios
below about 40 MeV; the ratios at about 100 MeV correspond
to a high initial fragment spin, with B equal to at least
ten.

The above evidence that wlth increase of proton
energy the fission lsomer ratios of 95Nb and 117In increase

134

considerably whereas those of Cs and particularly of

133Xe do not increase significantly, 1s not understood.

Some other evidence does exist on the energy

dependence of fission isomer ratios, but is less conclusive.

80m,

The independent isomer ratio of 8OgBr increases slightly

with proton energy from 70 to 100 MeV (HAL 61). The

cumulative isomer ratio of 115

Cd increases rapidly with
energy. Although the energy dependence of the isobaric

charge dispersion explains part of this increase, particularly
up to about 40 MeV, the independent isomer ratio also

appeared to be energy dependent. It does seem that the near

symmetric fission products 12 117

Cd and In have isomer
ratios with a greater energy dependence than those of the
asymmetric fission products with mass about 133. However,

there is the following limited contrary evidence which shows
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that asymmetric fragments are not insensitive to the angular
momentum of the fissioning system. The 13&03 isomer ratios
are slightly but significantly higher for medium-energy
alpha particle and deuteron fission than for low-energy
photo-fission (WAR 64); and the 13lpe ratios are similarly
higher for this type of medium-energy fisslion than for

thermal neutron fission (SAR 65).

4B.6 ESTIMATE OF FRAGMENT SPIN FROM THE ISOMER RATIO

The present data for 153%e were good for the
relative studies so far discussed. These data cannot give
a very accurate estimate of B because, as shown in Section
4B.1, the absolute values of the isomer ratios depend
strongly upon the value ofcxK for lj}mXe. It is hoped that
a value ofcxK will soon be available with a smaller error
than in the one previous measurement., Matuszek (MATU 65)
has recently informed us that he is beginning a study of
122%e produced by the reaction 130me (o¢sn) If’u%iis taken
to have a value of 5.0, the corresponding isomer ratio is
1.6 + 0.2 which gives an estimated value of B equal to 5 + 2,
from Figs. 35 and 38.

Storms (ST0 62) has studied 135%e formed in medium-
energy fission of thorium and uranium induced by charged

partitles, and has concluded that the yield of 133mxe was
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negligible., The following considerations leave little doubt
that this conclusion is erroneous. It is unlikely that
there is a large difference between the 133Xe isomer ratios
for the different fission systems in his and the present
work (cf. Table 1). However, his conclusion is very
different to ours. The ratios reported in our work are
consistent with those reported for the simlilar Class 2

131e ana 133re (ERB 63, SAR 65), and with

isomeric pairs of
the ratios predicted by the calculations for a reasonable
initial fragment spin. Possible errors in Storms' work are
discussed in more detail in Appendix B.

Table 21 glves the value of B estimated for three
reasonable 133Xe isomer ratio values of 1.0, 2.0 and 3.0
and summarizes the B values estimated in other fission isomer
studies. The estimated spin values in Table 21 would be even
higher if quadrupole radiation were assumed and a higher
value of NJ used. Most of these B values from the isomer
ratio studies agree with the high spin values of 8~10 units
obtained from the prompt gamma ray studies already discussed
in Section 1B.2.6. However, Just as in the discussion of
the energy dependence of the isomer ratlio, different

conclusions can be drawn from the data for the Class 1

isomers. Below about 30 MeV, very low fragment splns are
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TABLE 21

Values of B Estimated in Fisslion Isomer Ratio Calculations,
with Initial Fragment Spin Distribution Given by Equation (1B.1)

Fission System | Estimated | Isomeric| Expt. | Estimated
Target|Projectile | Spin of | Nucllide | Isomer B of Ref.
(MeV) | Compound Ratio | Initial
Nucleus Fragment
238 | 117
U 30 5-8 In |~2.0 ~3
232
22 Yo HAG 65
209B1 100 - ~10.0 10
2 131
Py n thermal 3.5 e 1.8+0.4 6+1.5 gﬁg gg
232 '
2P o 33 ~13 131Te 3.3+0.5| ~8 WAR 64
2'32Th
238U cf, Table 133 (1) 1.0 4’.’:1-0 THIS
235 }p 20-85 20(b) Xe (i1) 2.0 6+1.5 | oRK
U (111)3.0 8+1.5
253y |
2
>y & 16 5/2 Les 0.8+0.2 7.5 |WAR 64
232 134
Th p 20 ~5 Cs |1.240.6| ~9 BEN 65
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estimated from the isomer ratios of 117In. Although large
corrections were necessary in these data it can still be
assumed that the isomer ratios are indeed very low.

In this low-energy region the experimental isomer

ratios of 117In and 134

Cs cannot be predicted from the same
initial fragment spin distribution i1f the de-excitatlon
processes are similar for both cases. Only if the de-
excltation processes leading to 117In and 13408 are very
different (e.g. if the NJ for a Class 1 isomer 1is much larger
than for a Class 3 isomer) would it be possible to reconcile
the data with the present model (i.e. be able to predict

both of these isomer ratios from the same high B value).
The very low experimental values for the cumulative isomer
ratios of 115Cd provide further evidence that Symmetric
fission fragments have a low initial spin. If the neutron
parents of 1150d and of 117In do have about the same low
mean spin then it is obvious froﬁ the respective spin-palrs,
(11/2, 1/2) and (9/2, 1/2), that the 11504 1somer ratios

should be lower than those o In., This prediction agrees

with the data though the low values for 115Cd are partly
caused by precursor decay from 115Ag to 115g0d.

Sikkeland et al. (SIK 65) observed that for the

fission of 238U induced by 12c (73~120 MeV), the 11504
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isomer ratios were considerably lower than for the same

type of fission of 197Au. The centres of the mass-yield |
curves for these two fission systems are at A = 118, and

at A o~ 98; they concluded that the asymmetry of the fission
fragments strongly influences the isomer ratio. To further
support this conclusion they made a comparison between the
low l150d ratio formed in 100-MeV proton-induced symmetric
fission of 238U and the higher ratios from 450-MeV proton
fission of 20931. However, the energies of these two systems
are very different and the comparison is not meaningful. A
more useful comparison can be made between the data for the
117In isomer ratios formed in the fission of 238U and 209B1
induced by protons over the same energy range (40-160 MeV).
No significant difference existed in these data (HAG 65).

The isomer ratios in the fission of 238y might have been
expected to be lower than those for 209B1, because in the
latter filssion system the 117In is formed in a more asymmetric
fission mode, and 20951 has a high spin value of 9/2.

There was very poor evidence available from fission
isomer ratio data when Croall and Willis (CRO 62) made the
tentative conclusion that a difference may exist between the
isomer yield ratios for nuclides near the trough of the

fission mass yleld curve and for those near the peaks, This
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hypothesis is supported both by theoretical predictions
(POR 57, HOF 64, JOH 64, SIK 65) that the angular momentum
induced in the fragments is appreciably lower in symmetric
than in asymmetric fission, and by many of the additional
experimental data now available. The evidence 1s still not
conclusive and it 1s not known up to what energy this
phenomenon is lmportant.
4B.7 COMPARISON OF YIELD RATIOS FOR AN ISOMER PAIR
FORMED IN FISSION AND IN SPALLATION
There have been several interesting studles where

80p,, 13H4¢g

the yleld ratios for the lisomer pairs of 115Cd,
and 838e have been obtained in both fission and in spallation
reactions. It would be interesting to use the rather

reliable 133Xe isomer ratio data from this study to make a
more quantitative comparison with data that could be collected
in the energy range 10-25 MeV from the reaction 130Te {x¢,n)
133Xe. Similar (,n) reactions have been studied by Bishop

et al. (BIS 64) and Matsuo et al. (MATS 65). In the reaction
of 130Te the spin distributions of the initial compound
nucleus, 134Xe, and thelr modification during the de-
excitation process could be obtained as in the calculation

for the 107Ag (¢,n) reaction (BIS 64) or with the improved

I

calculations performed for the (x,n) reactions of K, 55Mn
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and 93Nb by Dudey and Sugihara (DUD 65)., It is estimated
from the approximate formula of Halpern and Strutinski

(HAL 58) that the spin of the 134Xe compound nucleus formed
by 20 MeV alpha particles is about seven units, which is a
spin value similar to that expected in a fisslon fragment
with this excitation energy. It may therefore be possible
to obtain a better value of the spin cutoff parameter

(DUD 65) for our fission calculations and to compare the
de-excitation process in spallation- and fission- products
leading to 133Xe.

Sharp and Pappas (SHA 59) compared the 11564 1somer
rations, in the energy range 10-25 MeV, obtained in fission
and in fiive spallation reactions. Unfortunately this energy
range 1s very unsultable for a study of the independent

115

isomer ratios for Cd. Tilbury and Yaffe (TIL 63b) also

115Cd from fission of 238U

studied the lsomeric yields of
by protons in the same energy range. They obtalned results
which contradicted those of Sharp et al. whose results were
thought to be complicated by chemical separation problems.
Therefore, there is only weak supporting evidence that the

115m0d is preferentially populated in low-

high spin isomer
energy fission. Sharp et al. had assumed this was true and

proposed that it was caused by increased fission barrier
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penetration for compound nuclel of high spin. This
phenomenon might be important at low excitation energiles
when symmetric fission is highly improbable.

80Br isomer

H3ller et al. (HAL 61) compared the
ratios, in the proton energy range 70-160 MeV, obtalned in
fission and in the reactions 81Br(I=3/2) (pspn) and
89Y(I=L/2) (p,5p 5n). The fission isomer ratios were higher
than the ratios from the simpler spallation reaction but
lower than those from the (p,5p 5n) reaction. The large
population of the high spin isomer 8OmBr, in the last
reaction, was explalned by assuming that although at these
energles a wide spectrum of excited nuclel are formed in
direct interactions, only those with high energy and
correspondingly high angular momentum could lead to this
" reaction., Calculation of these spins would be very |
difficult, for such high excitation energles.

Table 22 shows two examples in which an isomer ratio
was measured for an isomeric specles formed in fission and
in spallation. The much larger ratios obtained from fission

provide striking evidence that the asymmetric fission

fragments, leading to 838e and 13408, have high spins.
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TABLE 22. Two Comparisons of an Isomer Ratio Obtained in
Fisslon and in a Thermal Neutron Capture Reaction

Isomeric | Target for (n,J,) Ratio, O /(O + O3)
Nuclide H H L
reaction from (n,}) from low-energy
(I=spin) reaction fission
1
P 1536s(1=7/2) | 0.08 (BIS 6ka) | 0.43 (WAR 64)
8 8 ‘
’Se ®Se(I = 0) | 0.08 (ARN 47) | 0.8 (cRo 63)

4B.8 PREDICTION OF UNMEASURED FISSION ISOMER RATIOS

A fairly relilable prediction of yileld ratios for
isomeric fission products is now possible as a result of the
experimental and theoretical studles reviewed in thls thesis;
it is of course necessary to know the effective spin-pair
of the isomeric nuclide.

Strom, Grant, and Pappas (STR 65) have recently used
the HHV program for computations, similar to those in this
thesis, to predict the relative isomeric ylelds in the
shielded nuclides 1248b and 126Sb formed in thermal neutron
fission of 235U. With these predicted values and activity
data for the ground states, they were able to estimate the
total independent yields of these two nuclides. They used
the following input data: B = 6.5; 0= 3; Nn = 1, with

‘E’n = 1,0 MeV; and (N, - 1) = 2, with £ = 1. We consider

d
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that their B and q‘ values are too low and that at least

one quadrupole gamma radiation should have been used.

However, the effect of these changes would not significantly

alter the predicted values, because a larger B value would

have the opposite effect to the use of quadrupole radiation

and a larger NJ value., Table 23 gives the predicted

populations that were obtained for the ground, g, and

metastable, m, states of 124Sb and 126Sb.

TABLE 23. (STR 65, Table IV)

Predicted Relative Population of Isomeric States

Spin of
Isomerie | 124g,  Isomeric State 12655, Isomeric State
State
3 0.28 g - -
5 0.57 m 0.85 m
8 0.15 m, 0.15 g

In order to obtaln the best possible predlcted value of the

isomer ratio it is not sufficient to use the calculations

alone, because of the discrepancies between theory and

experiment that have been discussed.
should be modified on the basis of these discrepancies.
isomeric nuclides in Table 23 have an effective spin-pair of

(8, 5) which is that for the class 3 isomers.

The calculated results

Although

The
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there is no experimental evidence for class 3 isomers formed
in thermal neutron fission the theory has been shown to
predict too low values for this isomer class. The estimated
relative population of high to low spin states 1s probably
too low, 1in Table 23, and the values should be closer to
those for the relative population of the similar spin states

134

in Cs (0.43/0.57 for states of spin 8 and 5, from photo- |

fission, and an even higher ratio for low-energy fission by
protons) .

Predicted fission isomer ratios could be useful to |
obtain other total independent fission yields of nuclides |
that have one isomer which is stable and one which can be
measured radlochemically. As an example, total yields could |
be calculated for Skr, '29%e and 13l¥e from partial yields

measured in experiments similar to those in the present work.

4B.9 LIMITATIONS OF THE DE-EXCITATION MODEL |
Even with input data which were well determined the
calculations would be limited by weaknesses in the model for
the fragment de-excitation. There are several weaknesses 1in
the gamma cascade model., There is iittle physical
significance to the arbitrary division of the cascade into

\
J
|
1
(NJ - 1) gamma rays which decay statistically and a final '
gamma ray which has a pecullar range of vaiues for its '
|
\
/
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multipolarity. This model is particularly unfeasible for

class 1 and other low spin-pair 1somers. There are still

a large number of high spin states in a fragment spin

have modified an initial distribution with B = 8; if the

L

|

distribution even after (NK - 1) quadrupole gamma transitions&
|

i

final gamma ray is to allow these high spin states to decay |

|
to the isomer of higher spin (I = 9/2, for class 1), then |

|
final gamma rays with multipolarities of 1, 2, 3, 4 etc. |

must be assumed.

An even more serious fault is introduced into the 1
model if the gamma cascade process cannot be treated |
statistically. The statistical description, depending as it |
does on the avallability of many levels both in the initial
and final nuclei, may be expected to break down for the high !
spins and low excitation energies in the gamma cascade |
process in fission, particularly towards the end of this
cascade., Johansson (JOH 64) has concluded from his gamma j
decay curves and gamma energy spectra that the gamma cascade |

in fission is not a de-excitation via statistically |

distributed levels, as 1s assumed in lsomer ratio calculation%,

but is an ordered quadrupole gamma de-excitation (from

fragments of spin about 10). For the gamma cascade in neutron}

capture de-excitation calculations (BIS 64b, VON 64) the
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statistical description has been considered invalid
particularly when the excitation energy becomes very low
towards the end of the cascade. Even the minor adjustment
that was made to the model in this case, cannot be made in
fission calculations because of the poorly known energetics

of the fragment de-excitation process. |

\
The gamma cascade model might be improved by assumin%

that for a particular initial spin state the multiplicity and%
multipolarity (DUD 65) of the gamma rays are dependent on the |
difference of angular momentum between this state and the |
nearest isomeric state (WAR 64). This implies that it is |
wrong to use the same NJ and £ for all of the spin states in |
an input spin distribution, in the gamma cascade calculation. |
It also implies that NX should be higher and that there !
should be more quadrupole radiation in a gamma cascade leading
to class 1 isomers than for class 3 isomers. The latter
implication could help to explain the discrepancies between
the experimental and calculated isomer ratios of 117In, and
also of 13408; the predicted 117In ratios would be lower,
and the predicted 13405 ratios would be higher,

Dudey énd Sugihara (DUD 65) have introduced two |
modifications into their spallation isomer ratio calculations.'

The first modification depends on the interesting concept \

that a nuclide can become "saturated" with regard to spin and
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that 1t has a limiting J value above which there are very (
few levels., Obviously the predicted isomer ratio for

systems with high spin will be reduced by this modification.
Secondly they have considered in some detail the effect of
competitive emission of charged particles in the de- }
excitation process (THO 64, VAN 65)., This second modificatioT
slightly lowers the predicted lsomer ratio. In fission |
fragments of fairly high excitation energy it is feasible |

that a limiting Jf value and competing emission of particles |

could be important.

4B,10 CONCLUDING ASSESSMENT OF FISSION ISOMER RATIO STUDIES |

There are still very few data avallable to assess
the simplé theoretical interpretations that have been made
in fission isomer ratio studies.

The isomer ratio studies in fission have had a very
different objectlve to those in spallation. For spallation
there i1s considerable confidence in the theoretical model
describing the disposition of angular momentum during the |
reaction. This model has been used with the large number !
of isomer ratio data from spallation studies in order to
study the nuclear level denslity, and to estimate the energy |
where direct interactions begin to become more lmportant !

than a compound nucleus mechanism. Conversely, in fission x
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the disposition of angular momentum is poorly understood.

In similar calculations to those used in spallation the few
isomer ratio data and an assumed level density can be used
to study the angular momentum in the fragments. The results

of these calculations are most senslitive to the assumed spin

cutoff factor, O, characterizing the level density,

particularly if the fragment has a spin well above the value
of O. The results are fairly sensitive to the multiplicity

and multipolarity of the gamma rays. There are limitations

to the fragment de-excitation model which does not give a

good representation of the process and could be modified in

several ways. To make such changes would greatly increase
the complexity of the calculations and probably would not
be worthwhile until more information is available on the
fragment de-excitatlion process.

Desplte the many shortcomings in these fission
studies they have been pursued because of the few other
experimental methods that can give information about the
angular momentum in the fragments. This information is
interesting for the theoretical investigation of the
configuration at scission and of the nuclear viscosity in
the liquid drop theory of fisslon, though at present the

data have not been accurate enough to allow these
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investigations to be quantitative. J

The fission isomer ratio studies have the advantage
that they give an estimate of the spih of specific fragments.
They have given some evidence for the theoretical prediction
that the spin may be less for symmetric than for asymmetric
fission fragments. Thus, although the main factor
determining the value of the isomer ratiois the effective
spin-palr of the lsomeric flssion product the ratio,
particularly at lower energles, may also depend on the mode
of fission in which it is formed (i.e. symmetric or .
asymmetric mode).

There 1s now considerable experimental evidence
that the isomer ratio is almost independent of the spin and
type of the fission target; except in an extreme case where
the masses of the targets are so widely separated that an
lsomeric nuclide is formed in a symmetric mode in one systen,
but in an asymmetric mode in the other. This independence
is to be expected from the small change in the mean spin of
the calculated compound nucleus spin distributions for
targets with the largest possiple difference in spin, and
also from the many factors in fission which may prevent

changes in the compound nucleus spin from belng reflected

in the spin of the fragments.
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Most of the experimental data suggest that the
isomer ratio is only weakly dependent on fission energy,
but the ratio appears to increase with energy for fragments
formed in near symmetric fission. Only qualitative
generalizations can be gilven to explaln this behaviour.
Many factors have been discussed that could contribute to
the insensitivity of the isomer ratlo to the projectile
energy; and these are now summarized briefly.

Direct interactions become most Important as the
energy of the projectile increases above about 40 MeV; there
is less transfer of energy and angular momentum to the
target, and angular momentum is removed by the neutron
cascade. It is possible that as the fissioning energy
increases the orbital angular momentum between the fragments
increases so that there is less spin avallable for the
initial fragments. If the fragments have high spins
conslderable amounts of angular momentum will be removed
by neutron and poséibly by competing particle emlssion,
and by a gamma cascade of quadrupole radiation of high
multiplicity. If a 1limiting spin value exists in the
fragments this would obviously help to maintain the lsomer
ratio constant at higher energiles.

At lower projectile energiles, below about 40 MeV,
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where a compound nucleus mechanism predominates an increase
of isomer ratio with energy may be expected, This increase
has only been observed in the lsomer ratio data for near
symmetric fission fragments. It may be that these fragments
have a low spin of about three at low energy and the spin
increases with energy up to a value of about ten. Then the
so called "converging" effect ih the de-excitation process
decreases the sensitivity of the isomer ratio to any increase
of fragment spin with projectile energy. Thls effect, which
is also present but is of less lmportance in the compound
nucleus de-excitation, is caused by the increase in the
amount of angular momentum removed per de-excltation step
from the fragment as its spin lncreases. If the asymmetric
fragments have high spin even at low energy then the conver-
ging effect will decreasé the sensitivity of their final spin
to increasing energy over the whole energy range. It was
estimated that no change of isomer ratio could be observed
if the fragment spin does not change by more than about two
units.

It seems unlikely that much data for isomer ratios
in fission will be obtalned from isomer pairs outside the
few that have already been studied. It may be possible to

obtain better results for some of these lsomer pairs from
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the fission target 235U, or even better 233U. Thils may be
possible, because of the large variation in isobaric charge
distribution for different targets (cf. Section 4B)., This
difference can have a large effect on the chain yield of a
nuclide, and, for a nueclide which is not shielded, can
greatly decrease precursor decay. The use of beta
spectrometry to count conversion electrons could improve the
data in the present study (cf. Appendix B).

The present crude'calculation for the fragment de-
excitation process is very sensitive to the values for the
spin cutoff factor and a better knowledge of thls parameter
will be difficult to obtain except perhaps from spallation
isomer ratlo studies. It may even become possible to
construct a more complex model for the fragment de-excitation
process. The most promising theoretical development has been
made by Swlateckl and Nix (NIX 65) in their recent work on
the simplified liquid-drop theory of fission, though at
present theilr results apply only for targets lighter than
A=220, It wlll be Interesting to see more results
calculated from thelr formulae describlng the disposition of
angular momentum in the fission fragment. Their formulae
could be used with the few ilsomer ratio data for fission of
bismuth, but the existing data are probably not reliable

enough to give information on the nuclear viscoslty.
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5. SUMMARY

This thesls has surveyed and given new information
on two aspects of fission,

A, FISSION YIELDS AND THEIR VARIATIONS

B. ISOMERIC YIELD RATIOS IN FISSION,

Measurements were made of the activity of Xxenon
isotopes formed directly and indirectly in the fission of the
heavy nuclides 232Th, 2380, 235U and 233U with protons of
energies from 20 to 85 MeV. The same experiments were used
mainly to study the isomeric yield ratios of 133Xe, but also
to study fission ylelds and thelr variations 1n the mass
chains 133 and 135. Much of the information in this thesis
was obtained using relative yleld data which had less

uncertainty than the absolute yield data.
5A, SECTION A. FISSION YIELDS AND THEIR VARIATIONS

Relative fission ylelds and some absolute yields
were measured for the independent formation of xenon and for
the cumulative formation of lodine in the chains 133 and 135.

Reiative yleld data were used for a study of charge
distribution in the above fission systems. Assuming a

Gaussian charge distribution curve, FUNCTION (1), two methods
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were used to obtain ZP values empirically. Method (1) was
developed in this research and was proved reliable by
comparison with a more complex method (2) which was similar
to one previously reported. Method (1) used the ratio of
the cumulative yleld of a beta parent to the independent
yield of the daughter. This ratio, R‘c" /15 Was found to be

a good parameter for detérmining, in a chain A, the value
of ZP and also the fractional chalin yields. Here the method
was successfully used for fission energies below about 55
MeV for the pairs '31/'%¥e and 1331/133%e. The method
should be useful in future work since accurate values of

RA could falrly easlly be measured for many palrs of

e/

adjacent isobars formed in fission,

232Th, the variation with energy of

For 238U and
Zp for chains 133 and 125 showed the trends now fairly well
established for this mass region. However, the variation
of ZP with energy was shown to be considerably different
for the proton-induced fission of 235U and 233U, which has
not been studied in any detall. Although the present data
for the latter systems were limited this interesting
preliminary conclusion suggested that the work on 235U and
232y should be extended.,

No attempt was made to develop the difficult and
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poorly understood theory of charge division and neutron
emission in fission. The simplified CCR postulate was used
to estimate roughly the total neutron yleld, from the

present empirical Z_ values.

P
In order to obtaln absolute cross sections, the
flux of the proton beam was monitored in most of the

experiments, except those with 233u, For the whole proton

energy range, 20-85 MeV, the monitor reaction was
65Cu(P:pn)640u- The absolute ylelds were used to construct
fifteen excitation functions. Only two of these had
previously been reported., The present cumulative cross
sections for proton-induced fission of 232Th were slightly
higher for 1351, and considerably higher for 1331, than those
reported by Pate, Foster and Yaffe. It is suggested that the
present results are more reliable because they were obtained
from less complex activity data.

From the absolute data for energles below about
55 MeV, the total chaln ylelds were calculated using
fractional ylelds from the determined charge distribution
curves, For a particular fission system, the total chain
yield was about the same for chains 133 and 135. This was
conslstent with a flat mass distribution curve in this mass

region.
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5B. SECTION B, ISOMERIC YIELD RATIOS IN FISSION

Relative independent ylelds of the isomers of
133xe were measured for twenty-seven fission systems,
consisting of the targets 292m, 238y, 235y ana 233y with
protons of energies from 20 to 85 MeV,

The measured isomer ratios were reported with four
possible values of’u& for the 233-kev gamma ray of 133mXe,
because of the present uncertainty in this coefficient.

The existing experimental value ofcx& has a large error and
is much lower than the theoretical value., A more accurate
determination of this coefficlent is urgently required in
order to reduce the large uncertainty in the present absolute
values of the isomer ratios of 133Xe. However, the present
data were sultable for a precise comparison of the lsomer
ratlo for the different fission systems in this research,

Crude statistical computations were performed in
order to improve our understanding of the relative formation
of isomers in fission.

The summary of the present and related previous
studies has already been presented in a "Concluding
Assessment of Fission Isomer Ratio Studies" (Section 4B.10,
p.224). Only the main conclusions from the present research

are repeated here,
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The present experimental and theoretical results
leave little doubt that Storms made an erroneous conclusion
in 1962. He concluded that there was a negligible yield of
133mXe in medium-energy fission. Posslible errors have been
considered in the measurements, made by him and other
workers, of the beta activity of fission product xenon.

The present data, together with a few previous
data, suggested that the lsomer ratio is apparently
independent of the spin and type of the fission target.

The present data gave substantial evidence that
the lsomer ratio 1s more weakly dependent on fission energy
than was generally concluded in most previous studies,
However, there are a few previous data which show that @he
isomer ratios increased more strongly with energy, particularly

for fragments formed in near-symmetric fission.
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APPENDIX A

EQUATIONS AND MONITORING USED
TO OBTAIN CROSS SECTIONS

A.1 EQUATIONS USED IN CALCULATION OF CROSS SECTIONS
The probability that a nuclear reaction will occur
under given conditions is usually given in terms of the

cross section, 6, in units of barns (1 barn = 10'24 cme).

The first step in the calculatlon of cross sectlons
is to obtain a disintegration rate, Dg, of a product nuclide,
N, at the end of bombardment (of duration to). This was

obtained from the corresponding gamma counting rate, C°,1n the

N
expression,
DN=.-CNx 1 xix(l + %) . (A1)
(eff) Y (BR)
Here Y = the fraction of the product nuclides that were
counted,
(eff) = the photopeak efficiency for the particular gamma

ray energy and source geometry,

°ﬁ3= the total internal conversion coefficlent,

(BR) = the branching ratio.
Table 8 gives the values of Ycu for copper, and
Table 6 gives values of Y2 for the xenon sample from sweep

(a), and Y° for sweep (b). Table Al gives the values for
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TABLE Al. (NDS) Values Used in Equation (Al)

Gamma. (eff), Zero Shelf
Ray 2 ml 2 ml
Specles Energy Gas Vial Liquid (BR) | o%
kev Source
64
Cu 5112 - .105" 0.19
1
338xe 80 0.27+.02° 0.99 | 1.8
1
38ye 249 0.22¢.02° 0.97 | 0.06
1
23Mye 233 0.225+.02° 1.00 | 6.3

a. The observed activity was divided by 2 to account for
the production of two 51l-kev yrays emitted at 180°
in each positron annihilation.

b. From the curves of Grant et al. (GRA 61).
¢. From present work (cf. Appendix B).
d. Calculated also for

4A,1, 4B.1).

TABLE A2. Values Used in Equations (A8) and (A9)

T

<. = T.3 8.3 and 9.3 (cf. Sections

gﬁi%ige ATarget (Ab)Target (SD)Target
7 (mg/bm2)
o 232 100 80.8
2Py 238 100 46.4
#Py 235 (100) 104.0
*ou 65 31.9 45.9
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(eff), (BR) andth. Appendix B discussed these values of
(eff) and deseribes the method used in this work to determine
(eff) for the xenon photopeaks.

The disintegration rate at the end of bombardment,
D°, was related to the formation cross section, O-

N N

proton flux, F, and to the number, nT, of target nuclel in

s to the

the beam, by the expression,

At
D°=FnTOi(1-e NYo) . (a2)

N

Here >\N 1s the decay constant of N, and the term

(1 -e ')\Nto) accounts for the decay of N during the
bombardment.

In order to obtain independent cross sections for
unshlielded fission products, decay corrections must be made.

In the very simple beta-decay chain N-—é-Né—€> the independent

1

disintegration rate of N, may be obtained from the measured

2

cumulative rate Dﬁ oum by subtracting the disintegration
2

D° and D2 caused respectively by
N t )’
N, (Nt ) o (N 5t)

decay of Ni, during the time of bombardment, .t_, and during

rates,

the time, tl. Here tl is the time from the end of
bombardment to the end of the first separation of Nl from
N2 (sweep (a) in this work). These corrections are given

by the commonly used formulae given below, with N1 and N2
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replaced by I and Xe respectively, because these corrections
were used in the present calculations to obtain independent
yields for 1%Xe and for 1328xe. These nuclides are both

unshielded (Fig. 17).

N\ Ay |

DO D;cui[ - O\Xee °- >\Ie ") (43)
Xe(I,t) = t Y ’

(1-e )\I (Xx N )

t
t

) D m No(e e %) .
DXe(I,tl) = N » (Ak)

M -A) e Xe'l

- Xe I

where D;cum 1s the disintegration rate of the parent iodine

nuclide at the end of bombardment. This value was obtained

from the DP 135

133g
Xe Xe and Xe,

at the end of sweep (b) for

by using the formula,

A, 1° DY )
Die . Xe T cum . pa] (e )itz i ta) . (45)
(>\Xe - )\I)

The cumulative cross sections for 1351 and 1331 can be obtained

by substituting the respective values of Dgcum in equation

(A2). In order to use D) from equation (A5) in equations

(A}) and (A#), the assumption must be made that the decay

precursors of iodine are very short-lived. This is a
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reasonable assumption for the simple chain of mass 135, but
this is not true for the more complex chain of mass 133

(Fig. 17). In the latter case, during the period t. a

1
fraction of the cumulative yleld of 133I is held back by
the relatively long-lived isomers of 133Te. Therefore the
above correction procedure uses a value of D° in
13310um
equations (A3) and (A4) which is too high. Therefore the
independent yield of 1328ye will be too low, or is “"over-
corrected”, This over-correction introduces significant
errors only when there 1is a large growth of 133gXe;
therefore the time tl was minimized in the present experi-
ments., The above equations were satisfactory for the data
considered in this work on fission induced by protons of
energy 20-85 MeV. The use of more exact decay equations
is discussed in Appéndix C.

The experimental values of CiBnge, after the
above corrections for the decay of lodine, must also be
corrected for the growth resulting from decay of 133mXe.
This final correction to the disintegration rate of l33gx€

is gilven by,

N /A A N

Ptk 13 ! 1 1 133y +(40)
Xe( ije) 53Bxe S3ye 538 xe Sy e

There 1s no separation of 133mXe from daughter 133gXe, as
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there is for 17T after a time t . Equation (A6) 1is similar
to equation (A4) if “tl" is long enough to allow the first

exponential term to be neglected.

A.2 MONITORING THE PROTON BEAM

Without a value for F in equation (A2) mly
relative cross sections can be obtained. The main purpose
of the present work was to obtain relative cross sections,
either for the two isomers of 133Xe or for the parent and
daughter nuclides of iodine and xenon in the chains 133 and
135. However, it was considered worthwhile to obtain cross
section values from the same irradiations by monltoring the
proton flux, F, in the heavy metal foil target by
simultaneously bombarding a similar copper foil. The monitor
reaction 650u (p,pn) 64Cu was used in the present work over
the whole energy range from 20-85 MeV. The revised
excltation function of Meghir was used to obtain the monitor
cross sections given in Table 8.

Substituting the data for copper in equation (A2)

the proton flux, F, can be obtalned from the expresslon,

DO
64
F = Cu : (47)
(o oy 1 - exp(~- t))
Bl 650, | p(-hy, %

Assuming the same flux passes through the heavy metal target,
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HMT, the cross section of a fission product nuclide, N,
is given by substituting F from equation (A7) into equation
(a2). |

Q§ n65Cu(l - exp(-)gucuto))

Cu DGy, mpp (1 - exp(-Nyt,))

Oy =% y (48)

It is convenlient to express the relative number of monitor

and heavy target nuclei in the beam by,

n65 (SD)Cu (A.b)65 AHMT
- Su . (a9)

"y (SD) g (40) A650u

Table (A2) lists the folls used and their surface densities,
(Sp), in mg/bmz. In equation (A9), A is the mass number and
of course A65cu = 65; and (Ab) is the abundance of the
target isotope. For all the heavy metal targets it was

assumed that (Ab) = 100%. The error caused in the present

results for 229y by the presence of a small concentration

(~5%) of 238U was estimated to be negligible.
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APPENDIX B

B.1 PHOTOPEAK EFFICIENCIES AND MEASUREMENT OF BETA ACTIVITY

The efficienéy for detection of a gamma ray depends
on 1ts energy and the geometrical efficlency of the
measurement equipment. The efficiencies used for the copper

and xenon samples in this work are discussed below.

64

B.1.1 PHOTOPEAK DUE TO ~ "Cu

The sample used to measure the 5l1ll-kev gamma ray of
640u was contained in 2 ml of solution in a 5 ml standard
vial. The efficiency used for thls system, on different
counter shelves above the crystal, was taken from the
experimental calibration of Grant, May and Rayudu (GRA 61).
They calibrated the equipment for the 51l-kev gamma ray for
é similar sample of 22Na whose disintegration rate was
obtained by measurement of its positron activity with a
417 -counter (PAT 55).

B.l1.2 PHOTOPEAKS DUE TO XENON ISOTOPES

The xenon samples were sealed into a pyrex glass
vial of approximately the same dimensions as the 2 ml liquid
sample mentioned above. Fig. Bl(b) shows one of these vials,
Narang (NAR 63) used a similar vial to measure the 377-kev

gamma ray due to 12Tye ( 37 days). He used the efficiencles
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referred to above for liquid samples. However, xenon samples
are gaseous and their geometry not eXactly that of the liquid
samples. Therefore for the present work, efficiencies were
determined for the photopeaks of energy 80 kev and 249 kev,
due respectively to 1338xe ana 13%8xe (the latter being

similar to the photopeak of 233 kev due to 133mXe). This

determination also eliminated most of the error due to the
method of drawing the background of the photopeaks (cf.

Fig. 15). These efficiencies were measured by calibrating
the gamma spectrometer for >726Xe and 1358Xe, in samples from
sweep (b), for which the disintegration rate was measured
with a gas phase beta proportional counter. The absolute
efficiency of this gas counter was determined with a

standard beta source of S9Kr (10.4 years) (NATL).

B.l.2.1 Equipment for Measurement of Beta Activity

First the equlipment used in the measurement of beta
activity is described and then the calibration of this
counter and the determination of the two photopeak
efficiencles 1is reported.

The beta proportinnal gas counter used in this work
was similar to that described originally by Bernstein and
Ballentine (BER 50) and later by several other workers

(KAT 52, KAT 53, KAT 65, MEG 62, DOS 62). Fig. Bl(a) shows
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the cylindrical glass counter with its silver cathode on
the inside walls of the tube. Fig. B2 shows schematically
the counting assembly. The counter was placed vertically
in a covered cylindrical lead castle. The cathode was
grounded and the anode had a high positive potential from a
3 kilovolt power supply (NICH). The cathode was connected
to a White 6AN8 cathode follower constructed in this laboratory
by Drouin (DRO 61), which was preferred to the cathode follower
used by Meghir (MEG 62). The output was fed into an amplifier-
discriminator (AECL) ﬁith an overall gain of 4000. A scaler
unit (MARC) recorded the counts.

The method to prepare samples in the beta counter
was similar to that used to prepare the gamma samples. The
rare gas sample was measured in the gas burette and ﬁrans-
ferred to the counter with the Toepler pump. The pressure of
this sample 1In the counter was only a few millimeters of
mercury. The pressure in the counter was brought up to one
atmosphere with P-10 counting gas from a cylinder (MATH),
with a simple filling arrangement attached to the vacuum
apparatus. This arrangement was thoroughly tested to ensure
that ﬁhere was no loss of the active rare gas sample during
the short filling period.

The counter characteristics and factors that
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influence them have been thoroughly investigated elsewhere
(BER 50, DRO 61, MEG 62). Plateau characteristics were
checked in each experiment. The operating potential was
about 2100 volts and the plateau length was always about
200 volts. The discriminator bias was maintained at 10 volts.
Gas impurities, particularly electro-negative species, in a
rare gas sample increase the threshold and shorten the
plateau. Before preparation of beta samples the rare gases
were therefore carefully purified over titanium sponge at
850°C. The P-10 counting gas was a mixture of very pure
argon and methane (9:1).

Resolution losses were not very large for the samples
that were measured, which had activities below 105 c.p.m, and
much lower activities for the lj}gXe. The dead time, 90
microseconds, reported by Meghir (MEG 62) using a different
cathode follower was longer than expected (BER 50). He
described the method to determine resolution loss using paired
sources (PAT 55) of 32p (14.3 days). This experiment was
repeated for the present equipment and gave a dead time of

about 20 microseconds. This necessitated a small correction

of about 3 x 103 c.p.m. to be added to & measured beta counting
5

rate of 10” c.p.m.
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B.l.2.2 Efficiency of the Beta Counter

The efficiency of the counter was obtained by
measuring the actlvity of a known amount of a standard beta

85

source of "“Kr (10.4 years) (NATL). This isotope emits a

beta particle of energy 0.67 MeV which 1s intermediate to
the energies, 0.347 MeV and 0.91 MeV, of the beta particles
from 133gXe and 135gXe, respectively. It may therefore be
assumed that the efficliency determined for 85Kr would be the
same as that for these two lsotopes of #enon.

With the same apparatus used for handling the xenon
samples,a krypton sample was prepared by transferring krypton
with the Toepler pump from a reservoir to the gas burette
from which a measured number of gram molecules were
transferred to the beta counter. The disintegration rate of
the sample was obtained from the known specific disintegration
rate of the standard beta source of krypton (60.8 x 106 d.p.s./
gm.mol, on October 9, 1962). The pressure in the counter was
brought up to one atmosphere with P-10 gas and the plateau
characteristics were determined to optimize the operating
voltage. Only the fraction of the krypton sample in the
"active volume™ of the counter contributed to the measured
activity. The electric field was restricted to this active

volume enclosed by the cathode., Fig. Bl(a) shows that
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outside this region the anode wire was surrounded by glass
tube shlelds. The active volume was determined simply by
welghing the counter empty and then filled with appropriate
amounts of toluene (MEG 62). The active volume of the tube
was found to be 84.0 + 0.5%.

For flve different samples with activities from
40,000-100,000 c.p.m., the mean efficiency in the active
volume was 97%. The low standard deviation of 3% in these
measurements demonstrated indirectly the reliability of the
gas handling and measuring techniques and the P-10 filling
system and counting equipment. In previous work an
efficiency of ~99% was used by Dostrovsky and Stoenner
(DOS 62) and for lower beta energies Meghir obtained an
efficiency of about 80%, but Bernstein and Ballentine used

an efficiency of 98%.

B.1l.2.3 .Efficiency of Xenon Photopeaks

For the determination of the photopeak efficiency
xenon samples from sweep (b) were used. The activity of
these samples was due to xenon which had come only from decay
of iodine, and therefore contained only 135gXe (9.2 hours)
and 13%8xe (5.3 days), with no interfering activity from

133mye (2.3 days) and from more neutron-deficient xenon
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lsotopes. Two types of calibration were made.

Method (1). A sample of xenon was divided, in a
measured ratio, into a beta sample and a gamma sample, The
disintegration rate of the gamma sample was then calculated
from the beta counting data, and the efficiency of the
photopeak area determined, for the sample on a particular
counting shelf above the crystal.

Method (ii). The gamma activity of a xenon sample was
first measured for‘about twelve days and then the vial was
broken in the vacuum apparatus and a known fraction ( a100%)
of this sample then transferred to the beta counter. The
beta counting provided a disintegration rate for the 133gXe
in the sample. It proved difficult to break the vial, but
one successful experiment was made.

Table Bl gives the measured efficiencies for the
photopeaks of energy 80 kev and 249 kev, when the sample was
on the lowest shelf (shelf O). Shelf 7 was used only for
the first measurements of xenon samples from sweep (a) in
which there was a very intense activity due to 135gXe. From
numerous determinations the relative efficlency of shelf O
to shelf 7 was 9.9 + 0.1. Table Bl also shows that the
efficiencies determined for gas samples were a little higher

than those determined for liquid samples (GRA 61), but the
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small difference could be due to a difference in their
method of drawing the background and obtalning the area

under the photopeak.

TABLE Bl. Measurement of Photopeak Efficlencies
for 135gXe and 133@Xe

(sweep (b) sample | Exp. Efficiency
from) Experiment | Method (Sample on shelf 0)
Number, | 249-kev 80-kev
( 1358xe) ( 133gxe)
E2 1 bl 0025 :_"'_ 002
E5 i - 0.29 :_t 002
R5 i 0.20 + .03 -
R6 . 1 0021 i .03 -
R7 i 0.23_'*: 002 -
Mean value used: 0.22 +.,02 0.27 + .02
Comparative values from
efficlency curves for
liquid samples (GRA 61) : 0.20 0.23

The efficiency curves of Grant et al. (GRA 61)
suggested that the efficiencies of the 233- and 249-kev
photopeaks would not be very different. An efficlency of

0.225 was therefore used for the former photopeak due to

133mXe.
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B.2 BETA MEASUREMENT OF XENON PRODUCED IN FISSION

In the presént work, beta counting was used only to
callbrate the gamma counting method used to measure the
activities of 135Xe, ljﬁmXe and 1338Xe. Although previous
studies by Storms (STO 62) and by James et al., (JAM 64) have
measured the xenon formed in fission with a beta counter,
this technique was not used here because of the complexity
of the beta decay curves obtalned for the sample from sweep
(a). As well as the activity of *7°8Xe (9.2 hours) there
were three components due to (1) independently formed 132%8xe
(5.3 days), (2) independently formed 133y e (2.3 days), and
(3) 122exe produced in the decay of the independently formed
133mXe. A FORTRAN program based on simple decay equations
was used to obtain theoretical decay curves for these three
components, with different isomer ratios for 133Xe and
different values for the o= of 133mXe. Fig. B3 shows a good

T
example of such a set of curves, where %, = 6.3 and the
isomer ratio was equal to one. It shows the three components
and the total beta activity, (4a). Apparently only after
several days would the latter activity have a half life of
5.3 days. The observed beta decay curves were due to a

curve similar to (4a) in Fig. B3 together with a high initial

activity of 125eye (9.2 hours) and small but significant
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FIGURE B3.

Theoretical beta decay curves for 1BBXe, with
an isomer ratio of one and c<T = 6.3,
The curves are for
(1) independently formed 1328y (5.3 days),
(2) independently formed 133xe (2.3 days),
(3) 133exe grown from the decay of
independently formed 133mXe.
Curve (4a) 1is the sum of the above three
components. It is the theoretlical total beta
activity of 197%e, 1If all the '2”Xe were formed
as 133gXe,

then curve (4b) would represent the

total beta activity.
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activities of 16ngerf11ved xenon isotopes (Table 5).
Obviously the latter activities would become more important
at higher fisslon energies.

Storms measured his xenon sample from sweep (a) for
only the first two days because his sample from sweep (Db)
was then measured 1n the same counter. This was a very
unsatisfactory method, because of the complexity of the beta
decay curve in this early period (Fig. B3), especilally as
his sample (a) often had considerable krypton contamination
which introduced short-lived activities due to So™Kr

88Kr (2.8 hours)., It was

(4.4 hours), 87Kr (78 minutes) and
not surprising that the data from his beta measurements gave
no indication of the activity of half-life 2.3 days, but it
was surprising that no 233-kev gamma ray was detected in a
test that he made. On the basis of his evidence he assumed
that there was a negligible yield of 133mXe in medium-
energy fission. This assumption now appears to be wrong as
a result of the present work on 133Xe and of the work on
isomeric ylelds for the similar nuclides 131Te and 133Te
(SAR 65). The results of the present work have been
communicated to Storms and he has recently proposed (STO 65)

that he should revise his results for the mass chain 133.

It would be difficult to do this here because of the
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complexity of his activity data. He estimated (STO 62) that
1f the 1lsomeric yield ratio of 133x9 was 1.0 his ylelds,
based on an lsomer ratio of zero, would be too high by
30~40%.

The dashed line (4b) in Fig. B3 represents the
theoretical decay curve for the total beta activity if all
the 133Xe was formed as 1338xe, Fortuitously the right-hand
talls of the theoretical curves (4a) and (4b) are very close,
This suggests that if Storms had counted his sample (a) for
longer periods his errors would probably have been smaller.

James, Martin and Silvester (JAM 64) measured the
beta activity of '2%xe ana 1Pxe produced in fission of 238U
~ with 14,7-MeV neutrons. Their samples were part of the gas
filling in a Geilger-Muller tube. They have drawn important
conclusions about fine structure (Section 1A.3.1) in the mass
distribution curve, because they obtalned an unexpectedly
high yield for the mass chain of A = 133. It 1ls therefore
important that their data be reviewed in view of the present
work on 133Xe. They have not reported the interpretation of
thelr data in sufficient detall for this review to be made
here, If they did assume that the lsomer yleld ratio for
133%e was very small, fortultously the corresponding error

may be small, as shown above,
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In the present wofk for a few early experiments
with 238U, the beta activity of xenon samples taken from
sweep (a) was measured, but the decay curves gave no evidence
for the presence of 133mXe. This might be expected from the
above discussion. In the present research, the formation
of this isomer in reasonable yieid was first established by
the detection of a 233-kev photopeak which decayed with a
half-life of 2.3 days.

A disadvantage of gamma counting in the present work
was that the measured independent cross sections for 133mXe,
and therefore for 1333Xe, were very dependent on the poorly
defined (Sections 4A.1 and 4B.1) total conversion co-
efficient,ch, for the highly converted gamma rays of 133mye
Integral beta counting has been shown to be an unsuitable
alternative method of measurement. However, there would be
many advantages to using a beta spectrometer to measure the
conversion electrons., This could eliminate some of the
difficulties due to other xenon isotopes and to low gamma
activity of 133mXe. Furthermore the isomer ratios obtained

would be far less sensltive to the value of d&,
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APPENDIX C

METHOD (2) TO DETERMINE ZP' BATEMAN EQUATIONS

FOR GROWTH AND DECAY IN CHAIN 133

Section 4A.2 outlined the principles of method (2)
to determine ZP’ and showed that the simpler method (1) was
satlisfactory to interpret most of the present data. Since
method (2) was used to check method (1) and may prove useful
in future work at lower energy, some further details are
described briefly. Storms (STO 62) described in detall a

very similar method to determine Z_ in chain 133, from data

P
similar to those in this work. The present method (2)
differed only in that it used more recent parameters and
used a different stepwise reiteration method from that used
by Storms to solve essentially the same two simultaneous
equations.

These two equations describlng the activities of
lngXé, measured in the xenon samples from sweeps (a) and
(b), were constructed simply from the early Bateman
equations (BAT 10, FRI 64). In a Bateman decay chain of
n radioactive members, only the first member must be present
initially (t = 0). If the initial number of atoms of this

first member was Ni’ then the number of atoms of the nth

member after time t 1s given by,
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. F>\1t W | -}\‘t

Nzce + C e 2+....+Ce

n 1l 2 n ’ (Cl)
where x
Ao A
Cl ( "'l) ,

(A - >\)<>\5 SO >\>
AN A

C = (n- No

° N AR A )

This convenient equation (Cl) was applied to chain 133 by
dividing the latter into nine Bateman chains with values of
n from 1 to 5., Table Cl describes schematically these nine
chains and givesvthe Ni used for each chain., The various

parameters are represented by the names which were used in

the FORTRAN program. These are defined here for the chain 133.

1 - 1353y (2.64 mins)
aM = 133mTe (53 mins)
2G = 1328 (12.5 mins)
3 = 1331 (20.8 hours)
LM = 133mXe (2.3 days)
i = %xe (5.3 days)

(N.B. The FORTRAN names of the decay constants were ALl, AL2M,

AL2G, etc.)
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TABLE Cl.

Mass Chain 133

Bateman M 4M
Chain FBR1 \FBQE ‘l’ N2 = (X. £. Y)
No. |Length,| 1 %) =
n &‘E__M \‘_l_l:g'_ = f =
1 4 oM |
1/""\2\ FBR1 x FBR2 £ U
- 4G
2 3 2M
T~ __TEISR 4 FERe g0
-~ "TSwe | (1+TEISR)
3 2 3 ind
\_4_9_ 1 f3
4 1 4a 1 find
(1 + XEISR)
5 5 /2M cum
1 3 (1-FBR2) x FBR1 £
L .
6 4 gF (1-FBR2) — TEISR gind
2 TEISR 2
7 S ac-/é\ua (1 - FBR1) fi“m
ind
8 3 5 1 £
26— A& | T1 7 TEISR) 2
9 2 4m XEISR pind
14; (1 + XEISR) 4
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Branching ratilos,
| FBRl = 0.72,
and FBR2 = 0.87.
Isomer ratlos,

TEISR = 2.0 (for 133pe A338q.),

and XEISR = 1.0 (for 133y 338y,
In the expression for Ni,
f = the fractional chain yield of an
isobar

X = a factor introduced in the Bateman
chain to account for branching and
isomeric yield ratios

Y 1is proportional to the total number of
fisslon product atoms of mass 133
formed in an experiment.

Using equation (Cl) for these nine Bateman chains, an
expression of twenty-seven terms was constructed to give the
activity of 1978Xe (= 4G) at the end of sweep (a). This
expression will be referred to here as equation (C2) and the
latter activity had the FORTRAN name AEO14G, where AEOL4G =
(ci33g /YA) (cf. Table 7). In all these terms, t = Tl,
Where Xe Tl = (t1 + (to/E)) (ef. Table 6). In the Bateman

chain (9), *3™Ye was not separated from 1228¢e and this was
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accounted for by neglecting the corresponding first term in
equation (Cl) (ef. equation A6, Appendix A).

Some of the twenty-seven terms made a negligibie
contribution to the activity AEQl4G. However, no approxi-
mations were made, since this would have saved very little
execution timé on the computer and could have Introduced
errors.

The activity of 13%8xe at the end of sweep (b) was
given by another expression, referred to here as equation
(C3). This activity had the FORTRAN name AEO24G, where
AEQ24G = (C?BEsxe/YB) (ef. Table 7). Equation (C3) was
constructed using two equations like (C2) except that
Bateman chains (4) and (9) were excluded, because the xenon
activity from sweep (b) resulted purely from precursor decay.
The number of atoms of 133gXe present at the end of sweep
(b) was calculated by subtracting the number formed in
precursor decay in the time t = Tl, from the number simllarly
formed in time t = (T1 + T2), where T2 = t2 (Table 6).

The essential details of method (2) have now been
given above and in Section 4A.2.3. For possible use in
future work, more exact detalls are contalned in the thesis
of Storms (STO 62). Further, the FORTRAN source list is

reproduced here and this complements the other descriptions
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of method (2). Briefly, method (2) was programed as
follows.

The subprogram SUBROUTINE NEWXEI computed XEOLD, Y,
and XENEW using methods described elsewhere in this thesis.v
The main program iterated this subprogram until a value of
(2 - 2;) gave XENEW =~ XEOLD, The main program contains
READ and FORMAT statements which describe the necessary
input data. The output data included the final values for
XEOLD and XENEW and the corresponding (2 - ZP) value for
133%e. These results have been discussed in Section 44

and given 1in Table 12.
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FORTRAN SOURCE LIST
Main Program

133 CHAIN
(53 MIN.) (2.3 D.)
FBR1 TE,2M FBR2 ' XEq4M
SB (CUM.),y 1 I 3‘\\\\\*l
TEL 26 XE, 4G
{2.64 M,) {12.5 MIN.) (20.8 H) (5.3 D.)

COMMON DZyZMZPyXEULDyXENEW)FCUMI, YyCyAEOQL4GyAED24G¢NUMBER) Ay
1 FC157(2)+FC268(2),FC312)+FC4912)
AL1 = 0.6931 /7 (2.64 / 60.0 )

ALZ2M = 0.6931 / (53.0 / 60.0 )
AL2G = 0.6931 / ( 12.5 / 60.0 )
AL3 = 0.6931 / 20.8

FBR1 = 0.72

FBR2 = 0.87
TEISR = 2.0

ClpPl = ALF4 ( ALL1+AL2MyAL3,ALSG )
ClP12M = ALF4 ( AL2MyALL1+AL3,ALA4G )
CipPi3 = ALF4 ( AL3,AL1,AL2M,ALSGG )
ClP14G = ALF4  AL4GyAL1yALZ2MsAL3 )
c2pP2M = ALF3{AL2M,AL3,AL4G )

C2P2M3 = ALF3(AL3,AL2MyAL4G )

C2P2M4 = ALF3(AL4GyAL2M,AL3 )

C3pP3 = ALF2 (AL3,AL4G )

C3P34G6 = ALF2 (AL4G,AL3 )

C4P4G = AL4G
C5P1 = ALFS5 (ALL1+AL2MyAL2G+AL3,AL4G )
C5P12M = ALFS (AL2MyAL1+AL2GsAL3,AL4G )
C5P126 = ALF5 (AL2GyAL1+,AL2MyAL3,AL4G )

c5P13 = ALF5 (AL3,ALLAL2M,AL2G+AL4G )
cs5P1l4as = ALFS (AL4G.ALL,ALZ2M,AL2G,AL3 )

CoP2M = ALF4 (AL2M,AL2GyAL3,AL4G )
CoP2MG = ALF4 {AL2GoAL2MyAL34ALA4G )
C6P2M3 = ALF4 (AL3,AL2M,AL2GyAL4G )
C6P2M4 = ALF4 (AL4GyAL2MyAL2GyAL3 )
c7P1 = ALF4 (AL1,AL2GyAL34AL4G )
CTP126 = ALF4 (AL2GsAL1,AL3,AL4G )
c7P13 = ALF4 (AL39AL1sAL2GyAL4G )
CTP14G = ALF4 (AL4GyALL,AL2GyAL3 )
C8P26G = ALF3 (AL2GyAL3,AL4G )
C8P263 = ALF3 (AL3,AL2GyAL4G )
C8P2G4 = ALF3 (AL4G,AL2G,AL3 )

CoP4MG = ALF2 (AL4G.AL4M )
DIMENSION D(28)
D(L) = ClP1*FBRL*FBR2
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D(2) = C1P12M *FBRL*FBR2
D(3) = C1P13 *FBR1*FBR2

D{4) = C1P146 *FBR1#FBR2

D(5) = C2P2M *FBR2*TEISR/(1.0 + TEISR )

D(6) = C2P2M3 *FBR2*TEISR/(1.0 + TEISR )

D(7) = C2pP2M4 *FBR2*TEISR/(1.0 ¢+ TEISR )

D(8) = C3P3

D(9) = C3P3406

D(11) = CSP1 * FBR1*¥({1.0-FBR2)

0(12) = C5P12M *FBR1*(1.0 - FBR2)

vll3) = C5P126 *FBR1*{1.0 -~ FBRZ2)
D(la)= C5P13 *FBR1*%(1.0 - FBR2)

DI15) = C5P146 *FBR1*(1.0 — FBR2)
D(16) = C6P2M *¥{1.0-FBR2)*TEISR /(1.0 + TEISR)
D(17) = C6P2MG *{1.0-FBR2)*TEISR /(1.0 # TEISR)
D(18) =C6P2M3 *(1.0-FBR2)*TEISR /(1.0 + TEISR)
D{19) =C6P2M4 *{1.0-FBR2)*TEISR /(1.0 + TEISR)
D(20) = C7P1 *(1.0-FBR1)
D(21) = C7P126 *{1.0-FBR1)
D(22) = C71P13 ¥{1.0-FBR1)

D(23) = C7Pl46 *(1.0-FBR1)

D(24) = C8P2G #1.0 /(1.0 + TEISR )
D(25) = C8P2G3 %1.0 /(1.0 + TEISR )
D(26) = C8P2G4 *¥1.0 /(1.0 + TEISR )

WRITE(6,800) (II,D(I1)y II = 1,27 )
800 FORMAT(LIHL,(110, E15.55//) )
15 READ(5+100) NAME,ENERGY, XEISR, AEOLl4G, AE024G, T1,T2, Cs YA,YB
100 FORMAT (2A6y F6.e292F9.0y2F6e3y 11Xy F5.292F4.2 )
WRITE (6,300)

300 FORMAT(LlH1+45X4100H XEISR. AEOl4G AEO246 Tl T2 YA
1 YR c RUN E.MEV. )
WRITE(6,200) XEISRy AED14G, AEQ24Gy T1ly T2 YA,YB

ly Cy NAME, ENERGY
200 FORMAT(1HOySX9FTe2y 2FL10.092FT7.392F6.2910Xy F6.2+10Xy246 )
D{10) = C4P4G*1.0/(1.0 + XEISR )
D(27) = C9P4MG *XEISR /(1.0 + XEISR )

110 = 10
127 = 27
WRITE(6,850) 110, D(10), 127, D(27)
850 FORMAT(1HO,2(110 1EL1545477))

F L C o, ALeT)= € * EXP ( — AL * T)
T= T1

DO 2 I = 1¢2

FiP1 = F ( ClPl,ALL ,T)

F1PL2M = F ( ClP12M,AL2M ,T)
F1P13 = F { ClP13, AL3 ,T)
FLP14G = F [ ClP14G, AL4G oT)
FepP2M = F ( C2P2MyAL2M ,T)
F2P2M3 = F ( C2P2M3, AL3 ,T)
F2P2M4 = F ( C2P2M&4,AL4G 4 T)

F3P3 F (C3P3,AL3,T)

F3P34G F (C3P34GyAL4G,T)

FaPaG = F(C4P4G LALS4G ,T)
F5pP1 = F | C5P1yAL1 +T)
FS5P12M = F { CSP12M,AL2M ,T)
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F5P126 = F ( C5P12G,AL2G ,T)
FSpPLl3 = F ( C5P13,AL3 ,T)
FSPL4G = F { C5P14G,AL4G ,T)
F6P2M = F{(COPZ2M,ALZ2M ,T)
F6P2MG = F{C6P2MG,AL2G ,T)
F6P2M3 = F(C6P2M3,AL3 ,T)
F6P2M4 = FI(C6P2M4,AL4G ,T)
F7P1 = F(CTP1l,ALL ,T)
FTIP12G = F(CTPL2G+AL2G 1)
FT1P13 = F{CTPl3,AL3 ,T)
F7P14G = F(CTPL4G,AL4G »T)
F8P2G = F{CBP2G+AL2G ,T)
F8P2G3 = F(C8P2G34,AL3 ,T)
F8P2G4 = FICBP2G49AL4G oT)

FOP4MG = F( C9P4MGyAL4G ,T)
FC1 = FBR1%FBR2%* (F1Pl #F1P12M + F1P13 +FLlP14G )
FCZ2 = FBR2*TEISR /(1.0 + TEISR)*(F2P2M+F2P2M3+F2P2M4 )
FC3(1)= (F3P3 + F3P34G )
FC4 = 1.0 /7 (1.0 + XEISR )*(FaP4G )
FC5 = FBR1#(1.0 =FBR2)*( F5P1+FSPL2M+F5P12G+F5P13+F5P14G )
FC6 = (1.0 ~FBR2I*TEISR / (1.0 +TEISR)*(F6P2M+F6P2MG
1+ F6P2M3 +F6P2M4 )
FCT7= (1.0 =FBRL)I*(F7P1 + FTP12G +FTP13 +F7P14G )
FC8 = 1.0 /(1.0+ TEISR)*(FB8P2G + F8P2G3 + FB8P2G4 )
FC9 = XEISR /11.0 + XEISR ) *FIP4MG
FC157 (1) = FCl +FCS + FC7
FC268(1) FC2 + FCO6+FC8
FC49 (1) FC4 ¢+ FC9
WRITE (64977) C3P34C3P34GyC9P4MGyFIP4MGHFCY
977 FURMAT(1HO,5€E20.5 )
WRITE (64+700) FC4y FC9

[}

700 FORMAT (1HO, 6H FCa4= »E20.5 ,6H FCI= 2€20.5 )
2 T = T2 + T1
WRITE(6y111IFCLST(2)+FCLS5TI1)FC268(2),FC26811)yFC3(2),FC3(1)
111 FORMAT(1HO:8X423H Y = AE024G/ (SBFCUM*{ 2ELl4.543H - 4E14.5,2¢
1H ) ,14H + TEFIND*{( vE14.5y 3H -~ 2E14.5y 2H ) /7
2 11H + FINDI* |
3 sbl4.5y 3H = 4EL4.595H ) ) )
WRITE(6,1111) FC157(1),FC268(1),FC3(1),FCa9(1)
1111 FORMAT {1HO,8X, 32H XENEW =[(AEQ14G/Y) ~(SBFCUM* ’
1E14.5511H + TEFIND* 2E14.5411H + FINDI % +E14.5,3H))/ )
l E20.5 )
WRITE (64,8888 )
8888 FORMAT( L10HO STEP NO. XENEW XEOLD FCUM FCUMI
1/XEQLD Z - 1P ATOM CH. Y. )

AEQLl4G = AEQCL4G / YA
AED24G = AED24G / YB
NUMBER = 0.0

IMZP = 2.1

A= 1./ SART ( 3.142 ¢ C )
DZ = 0.1
DO 25 L= 1425

CALL NEWXE

IF (XENEW/XEOLD .LE. l.0) GO TO 22
IF (ZMZP.GE.0.0 ) GO TO 25
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998  WRITE (64997)
997  FORMAT (BOHO 2-ZP WENT NEGATIVE IN FIRST 0.l DO LOOP THIMK

1 )
25 CONTINUE :
22 IMLP = [MIP + 0.15
DZ = 0.01
WRITE (641) L
1 FORMAT (8HO L = v 13 0 /77)
pO 35 K = 1,20
35 CALL NEWXEIL
GO T0 15
END

SUBRUUTIIWE NEWXEI
COMMON Dl.ZMZP.XEOLD.XENEH,FCUM[.Y'C'AE014GqAEOZ4GyNUMBEK Ay
1 FCLY7(2)4FC26812)4FC3(2)4+FC49(2)
NUMBER = NUMBER + 1
GSSFI ( 2ZMZP )} = A * EXP (= ZIMIP *%2 / C )
IMLP = IMIP - DI
XEOLU = GSSFI( ZMZP)
FINDI= GSSFI( ZMZIP - 1.0}
TEFIND= GSSFI(ZMZP - 2.0 )
SBFIND = GSSFI(ZMZP - 3.0 )
SBPIND= GSSF1 (IMZP - 4.0 )
SBGP1 = GSSFI( ZMZP - 5.0 )
SBFCUM = SBFIND + SBPIND + SBGPI
FCUMI = FINDI + TEFIND + SBFCUM
RATIO = FCUMI / XEOLD
Y= AEU24G /(SBFCUMRIFCL157(2) - FC157(1)) +TEFIND* ( FC268(2) -
1L FC268(1)) + FINDI*(FC3(2) ~ FC3(1)})) ,
XENEW = (AEOL4G / Y —(SBFCUM *FC157(1) + TEFIND * FC268{1) +
1 FINDI * FC3(1)))/ FC49(1)
~ WRITE(6,888) NUMBER XENEW,XEOLD,FCUMI, RATIO, IMIP, Y
888 FORMAT( IH 911043F12.6 +ELTe5 9 F1l0e4y E16.5 )
RETURN
END

FUNCTION ALF2 (Al1,A2)
ALF2 = Al*A2 /(A2 - Al )
RETURN

END

FUNCTION ALF3 (Al,A2,A3 )
ALF3 = Al*A2%A3 /((A2-Al)*{(A3-Al))

RETURN
END
FUNCTIUN ALF4 (Al,A2,A3,A4 )
ALF4 = AL*A2%A3%A4 /(1 (A2-ALl)*(A3-Al)%(A4-A1))
RETURN
END

FUNCTIUN ALF5 (Al¢A29A34A44A5 )
ALFS = AL¥A2*A3%A4%A5 /((A2-A1)*(A3-Al)*(A4-ALl)*(AS-A1))
RETURN

END
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XENON YIELDS AND ISOMER RATIOS
IN THE FISSION OF HEAVY ELEMENTS
BY MEDIUM-ENERGY PROTONS

ABSTRACT

The independent ylelds of 1-7Xe, 15°™e and 1398xe
and the cumulative ylelds of 1351 and 133I have been
measured radiochemically for twenty-seven fission systems,
consisting of the targets 232mn, 239y, 235y ang 233y wit:h’ )
20-85-MeV protons. Absolute yields were measured by
monitoring the proton beam with the reaction 65Cu(p,pn)640u.

Isomeric yield ratios of 133%e were of primary interest.
They were apparently independent of the spln and type of the
target and were more weakly dependent on fisslon energy than
expected, Crude statistical computations were made for
three spin-pair classes of isomefs.

Two empirical methods assumed a Gaussian charge
distribution and gave ZP values for chains 133 and 135.
Corresponding neutron yields were approximated semi-
empirically. The behaviour of 235U and 222y was conslderably
different from that of 238U and 27°Th for which more data

exist. Total chain yields were obtained for A = 133 and 135.



