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Exciton model calculations within the geometry-dependent hybrid model have been performed to
study the proton-induced fission of 2**Th and Ir. After adjusting the parameters of the model to
reproduce observed (p,xn) and total fission cross section, isotopic distributions of Rb and Cs have
been evaluated and compared with experimental distributions measured by on-line mass spec-
trometry. With simplifying assumptions on the charge division mechanism, the experimental Cs
distributions are very well reproduced in the 23?Th(p,f) case. Observed structures are explained in
terms of reaction mechanisms. The fission of medium-heavy elements [e.g., Ir(p,f)] appears to be
promising for studying high excitation energy fission events and angular momentum effects.

1. INTRODUCTION

The proton-induced fission of heavy and medium-heavy
nuclei has been studied using a variety of methods ranging
from radiochemical methods to solid state particle detec-
tors. Excitation energies from a few MeV to those at-
tained with beams of a few hundred MeV have been pro-
duced. The results obtained in these studies have been
summarized by a number of reviewers.!”> During the
last few years, on-line mass spectrometry® has enabled the
measurement of independent yields of short lived species
which are not accessible by radiochemical methods. The
ion sources constructed for on-line mass spectrometers
were limited first to the alkalis. Recent developments’
have allowed the measurements of indium and gallium
yields. It should be possible, with further improvements,
to extend the technique to other elements (with negative
jons, such as bromine,? or in oxide form, such as stronti-
um’) ,
The fission yields measured by on-line mass spec-
trometry give the isotopic distribution for a given element.
From this distribution, one can obtain the postneutron
average mass of this particular element, the width, and
the other moments.!° From the centroid of the distribu-
tion one can, in certain instances, infer the total number
of neutrons vy corresponding to a given charge split.
Indeed, for the actinides, it is fortunate that two alkalis
(37Rb and 55Cs) are very nearly complementary, and that
indium (Z =49) is nearly the product of symmetric fis-
sion.

It is found that vy increases with the energy of the in-
cident projectile. This increase, which is approximately
one neutron per 9 MeV at lower incident energies, slows
down as the projectile energy increases.!®!>!® This obser-
vation indicates that as the incident projectile energy in-
creases, a larger fraction of the available energy is not
used to evaporate neutrons.

Another conspicuous feature is the appearance of a
well-defined structure of the Cs distributions at the higher
mass side for larger incident energies.!°~ 12 This structure
has been attributed to low excitation energy fission events
with very few neutrons emitted prior to fission, since the
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observed “bump” in the distribution is centered!® at a
value corresponding to the distribution measured with
very low incident energy ( <30 MeV). This asymmetry,
which is clearly seen in the Cs distributions obtained with
U and Th targets, is absent from the indium distribu-
tions.!~13 This is in agreement with the published quali-
tative explanation, since indium is produced in nearly
symmetric fission with possibly a higher fission barrier.!*

All the observations indicate an increasingly important
direct reaction contribution to fission with higher incident
proton energies. It remains to give a quantitative theoreti-
cal evaluation of the processes involved.

Considerable progress has been made, within the so-
called exciton model,!® in explaining the interactions of
energetic projectiles with various targets. In the course of
a collision, a variety of processes take place: compound
nucleus formation, particle transfers, excitation by multi-
ple interaction, and preequilibrium particle emission. The
relative amplitudes of these processes depend on the ener-
gy of the incident projectile, and also on the structures of
the target and projectile. In the actinide region, where the
fission barriers and neutron separation energies are com-
parable, one cannot attribute fission events following the
irradiation of a target with energetic projectiles to a single
excited nucleus of known 4 and Z. On the contrary, the
observed fission cross section is the result of a sum of con-
tributions from a number of excited nuclei with different
atomic and mass numbers, and a wide spectrum of excita-
tion energies. The success of the exciton model in repro-
ducing a host of nuclear reactions'® makes it an ideal can-
didate for unraveling the complex phenomena leading to
fission.

In the present work, we have studied the proton-
induced fission of medium-heavy (A4 ~190) and actinide
nuclei (4 ~232), where results of our calculations can be
compared with our own experimental results. Competi-
tion between preequilibrium decay, particle emission, and
fission has been evaluated within the geometry dependent
hybrid model, which incorporates the exciton model and
the master equation approach of Harp, Miller, and Berne.
We have used the computer program ALICE (Ref. 17) to
investigate the reaction mechanism within that model.
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In the case of proton-induced fission of 232Th, a series
of papers has been published by Hogan and co-
workers!®!® who have used the exciton model (the ap-
proach of Gadioli et al.*°) to understand the data ob-
tained by radiochemical methods. Considerable success
was achieved in reproducing excitation functions [such as
(p,xn), (p,pxn), etc.]. With a proper adjustment of a few
parameters, the fission, preequilibrium, and evaporation
contributions are well accounted for. To understand the
observed behavior of the most probable charge (Z,), a dis-
tinction was made between symmetric and asymmetric
fission mechanisms, and a relation was obtained for decid-
ing by which mode a given nucleus would fission. It was
found that, to reproduce observed Z, values, UCD (un-
changed charge distribution) and MPE (minimum poten-
tial energy) charge division postulates had to be adopted
for symmetric and asymmetric fission modes, respective-
ly.

Our objective partially overlaps with the program of
Hogan and co-workers. We will use Blann’s approach.
(For our study, the differences between the approaches of
Gadioli et al. and Blann are not significant since we are
mainly concerned with cross section evaluations. With
proper parameter adjustment, both methods yield equally
good cross section values.) Our main concern, however, is
in explaining the observed Rb and Cs isotopic distribu-
tions and understanding the origin of the previously men-
tioned structure in the Cs distributions. To do this, the
energy dependence of the intrinsic width of the isotopic
distributions had to be assumed, and various charge
division hypotheses were studied.

In our calculations on the proton-induced fission of
iridium, we have much less extensive data to make com-
parisons. On the other hand, a comparison between re-
sults of calculations shows that the medium-heavy region
is probably a much better region for studying excitation
energy effects on the fission mechanism, whereas the ac-
tinide region provides a very good test for studying the
role of the reaction mechanism.

II. THEORY

A. General considerations

According to the exciton model,!® the energy of the in-
cident projectile is shared with the target nucleus through
a number of successive binary interactions. In the course
of this process, more and more complicated states are ex-
cited, but at each stage a fraction of states have particles
that are unbound, and some of the nucleons may escape
before complete equilibrium is reached.  This
phenomenon is known as preequilibrium (or precom-
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pound) emission. The kinetic energies of the emitted par-
ticles prior to equilibrium are very widely distributed with
a maximum close to the energy of the incident projectile.

In its early form, the exciton model was used for calcu-
lating relative spectral shapes. By combining this model
with the master equation approach of Harp, Miller, and
Berne,?! it was possible to calculate angle integrated abso-
lute cross sections. This modified version is known as the
hybrid model.'®

It was soon realized that major spectral contributions
were produced at the nuclear surface. To take the nuclear
surface into account, a geometry dependent nucleon densi-
ty d(R) was included. A Fermi density distribution was
assumed so that, at a radius R, one had

d(R)=d[exp(R —c)/(Z +1)]7!, (1

where ¢ =1.074'/% and Z =0.55 fm. The nucleon mean
free path was also assumed to follow the same pattern.

The decays of equilibrated nuclei formed after precom-
pound emission proceed by particle emission and fission
(when energetically possible). The cross sections for parti-
cle evaporation are calculated in the computer program
ALICE by using the Weisskopf-Ewing method.?? The fis-
sion cross section at each stage is calculated by the Bohr-
Wheeler approach using angular momentum dependent
ground state and saddle point energies as given by the ro-
tating liquid drop model (LDM).

B. Adjustable parameters

The free parameters of the calculation are the level den-
sity parameter a, the ratio of the level density parameter
appropriate to saddle point @, and that appropriate to
equilibrium deformation a,, and the nucleon mean free
path (MFP). The values of these parameters were fixed
by fitting the experimentally measured spallation and fis-
sion cross sections.

For iridium, the level density parameter was taken to be
A /12, as suggested by Dgssing and Jensen.?* The ratio
as/a, was taken to be 1.1 to fit the trend of fission cross
sections measured by Stéphan®* in this mass region. The
mean free path obtained with the optical potential incor-
porated in the computer program ALICE, ANy, Was used.
The calculated LDM fission barrier for an iridium target
(18.8 MeV) was found to be considerably lower than the
experimental value (22.6 MeV).? In the present calcula-
tion, we used a multiplying factor of 1.17 which was
found to yield values close to the experimental quantities
in this mass region.

For thorium, the mean free path and the as/a, ratio
were adjusted to get good fits of the (p,xn), (p,pxn), and

TABLE 1. Parameters used in the present calculations.

Exciton number

Nucleus Proton Neutron a MFP o
an

Thorium 1.2 0.8 A/8 1.5ANN 1.06

Iridium 1.2 0.8 A/12 ANN 1.1
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FIG. 1. Comparison of calculated (p,6n) and (p,7n) cross sections with the experimental values.

fission cross section data.?® Figure 1 shows the quality of
the agreement between our calculations and the (p,6n) and
(p,7n) experimental cross sections. The value of the level
density parameter was chosen to be 4 /8. A value of the
mean free path of 1.5Agn Was necessary to obtain good
agreement with measured (p,6n) and (p,7n) cross sections.
In the latter case, the cross sections of Suk, Crawford, and
Moore?® were taken to be the most precise, among some
divergent published values, as the counting techniques
used by these authors were direct and subject to less un-
certainty. With this. choice of parameters, the (p,n),
(p,2n), and (p,3n) cross sections reported by Kudo et al1*
were found to be in excellent agreement with the calculat-
ed values. More recently published values of (p,xn) and
(p,pxn) cross sections, measured by Hogan et al.,'° were
equally well reproduced. Table I gives a summary of the
parameters used in the present calculations.

III. RESULTS

In the present work, our interest has been to understand
the isotopic distributions measured by on-line mass spec-
trometry. The most important quantities are the calculat-
ed cross sections for precompound emission and the quan-
titative evaluation of the competition between fission and
particle evaporation from equilibrated excited nuclei.
This competition, in turn, yields the relative magnitudes
of the various multichance fission cross sections.

As the projectile energy increases, precompound emis-
sion becomes dominant, and the compound nucleus con-
tribution diminishes. As a result, in the fission induced
by protons of increasing energy, the fraction of the fis-
sioning nuclei formed by precompound processes becomes
more and more important. This makes the study of fis-

sion reactions at these energies correspondingly more
complicated. Indeed, the nucleons resulting from precom-

pound emission have their energies almost uniformly dis-

tributed from a few MeV to very close to the energy of
the incident protons (see Fig. 2). Consequently, the re-

sidual nuclei have excitation energies distributed over a.
broad spectrum. While analyzing fission data obtained
with such a target-projectile system, this wide energy dis-
tribution must be taken into account.

In this work, the relative contributions to the fission
cross section from nuclei of different excitation energies
were calculated as follows: The cross section for com-
pound nucleus formation ocy was calculated by the pro-
gram ALICE; the energy spectra of the residual nuclei o(E)
following precompound emission were obtained from the
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FIG. 2. Energy spectra of precompound neutrons and pro-
tons at 97 and 30 MeV incident proton energy on thorium tar-
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projectile energy and o, the energy of the emitted nucleon
(precompound nucleon), with the usual corrections for the
nucleon binding energies. The binding energies of the
neutrons and protons were obtained from Wapstra and
Gove.”’

The cross sections ocy and op(E) thus obtained were
then used to calculate multichance fission cross sections at
each stage of the neutron evaporation chain. The fission
to neutron emission rate I'y/T", was calculated by using
thezsimplified relation given by Vandenbosch and Huizen-
ga:

r, 44*7a;(E —B,)
Ty Koan[2a}2(E —Ef)/2—1]

xexp[ 2ay*(E—B,)'?—2a}"%(E —Ef)'?], ()

where the only not yet defined quantity is K,
(=#?/2mr}) with m, the neutron mass. Thus the fission
cross section for a residual nucleus (formed either by
precompound emission or neutron evaporation) is given
by

T/(E)

— 3
TH(E)+T(E) @

or =0OR (E)
The excitation energy of the fissioning nucleus at each
stage of the multichance fission process was determined
with the assumption that each evaporated neutron will
produce a 9 MeV decrease of the excitation energy. The
evaporation cross section for charged particles is small
and was, therefore, neglected. In the calculation of
I’z /T, the experimental values of E; and B, were used.
The excitation energies of the fission fragments
(E}‘l +E}‘2) were calculated by using the relation

E;1+E;2 =Ec.m4—Ek,tot+Q0 ’ (4)

where E , is the energy available in the entrance chan-
nel (in the center-of-mass system) after allowing for the
emission of particles, as described above. Ej . is the ki-
netic energy of the fragments and Q, is the energy
released if the primary fragments are produced in their
ground states. The values of Ej ., were evaluated using
the expression given by Viola,?’

2

Ej i =0.1071-%

S5 222 (MeV) . (5)

Nuclear masses given by Wapstra and Gove?’ were used
to calculate Q.

The numbers of neutrons emitted by the primary frag-
ments were taken to be

E* + E*
Vpost = fl_gf_Z . (6)

The numbers of prefission neutrons and the masses of
fissioning nuclei are obtained from the relative contribu-
tions to the fission cross section from nuclei of different
masses, as given by program ALICE. The total number of
neutrons (Vpee—+vpre) can be directly compared with the

corresponding experimental quantities: e.g., for the pro-
ton induced of »3?Th,

’VT=233——ZRb—~’:"5“ZCS N (7)
VT=233—-§-SZR1,-—ZCS . (8)

Thus the total numbers of neutrons emitted can be
evaluated from the measured centroids of the isotopic dis-
tributions of complementary (or near complementary)
fragments as in the case of the Rb-Cs pair for the
22Th(p,f) reaction. Similar expressions exist for obtain-
ing vy from the centroids of the indium distributions [for
Z2Th(p, f); see Ref. 10] or from the centroids of the ru-
bidium distributions [for Ir(p,f); see Ref. 30].

To calculate the isotopic distributions, two types of in-
formation are required, which are not included in exciton
model calculations. The exciton model provides the nu-
clear reaction input (fissioning species, with its excitation
energy, and formation cross section). Another essential
input is a model for the charge separation between the fis-
sion fragments. Two competing prescriptions have been
widely used: UCD (unchanged charge distribution) and
ECD (equal charge displacement). Our analysis of the
mass spectrometer measurements of the Rb-Cs isotopic
distributions indicate that the charge division mechanism
does not vary with the energy of the incident proton (in
the 29—100 MeV range). For ease of calculation, we have
chosen to replace ECD by an equivalent formulation
given by Chatterjee’! who proposed the equal sharing of
excess neutrons. In this hypothesis it is assumed that the
fragments are produced, for a given Z, in the stable con-
figuration for that charge, and that the excess neutrons
are shared equally between the two fragments. In the
present work it was considered merely as a useful ansatz
for calculation purposes.

The second piece of information needed to obtain isoto-
pic distributions is the intrinsic width of the distribution
for a given fissioning species leading to a certain fragment
element. At lower energies, this width has been shown to
be independent®! of excitation energy. Throughout our
calculations, we have assumed no energy dependence for
this width. In the case of Rb-Cs, we have used the widths
measured by Chaumont*? for the isotopic distributions for
those elements produced in the thermal neutron-induced
fission of 23°U (FWHM = 3.60+0.07 mass units).

The postneutron mass of fragments depends on the
number of evaporated neutrons. A prescription is re-
quired to obtain the excitation energy sharing between the
heavy and light fragments. Throughout the present work,
we have assumed that

By _mn 9)
E; my,

in obvious notation. This is slightly at variance with the
usual assumption that vz /v, ~2 for the Rb-Cs pair.!® If
our assumption is incorrect, the calculated centroids of
the Rb and Cs distributions will deviate from the experi-
mental values in a systematic way.
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A. The **Th(p, f)Rb,Cs reaction

In our previous experimental study of the 2*?Th(p, f) re-
action, we measured isotopic distributions of Cs and Rb
fission fragments at incident energies ranging from 29 to
97 MeV. The integrated Cs and Rb cross sections were
found to evince little variation with incident energy, thus
following the same trend as the total fission cross section
over the same energy range. In other words, the fraction
of the fission events leading to a Rb-Cs pair is approxi-
mately energy invariant. We have used this observation to
infer the contributions of various fissioning species to the
Rb and Cs distributions.

Program ALICE gives the cross sections for compound
nucleus and precompound emission at 1 MeV energy in-
tervals. We calculated the isotopic distributions of Rb
and Cs from these data for each 1 MeV interval. The dis-
tributions assigned to compound nucleus and residues of
precompound emission are shown in Fig. 3. In these cal-
culations, we used the method just described. For a given
excitation energy of a fission fragment, the number of
neutrons evaporated from the fragment is obtained by as-
suming that each evaporated neutron takes away a fixed
amount of excitation energy (assumed to be 9 MeV).
Thus for a given excitation energy of the fissioning nu-
cleus a certain fraction goes to each fragment [see Eq. (9)]
which, in turn, evaporates some neutrons. In this way,
one obtains.an isotopic distribution which has to be folded
with the intrinsic (low energy) width of the isotopic distri-
butions. The calculation allows one to identify the vari-
ous fissioning species responsible for different regions of
the distributions. This is important if we want to under-
stand the origin of the structure observed in the Cs distri-
butions. These calculations have been reported with the
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FIG. 3. Contributions of calculated (p,CN), (p,xn), and

(p,pxn) reactions including precompound emission to Cs isoto-
pic distribution for 100 MeV incident proton energy on thorium
target. The values are not normalized to obtain experimental to-
tal cross sections.

two above-mentioned charge division postulates.

The results of calculations are shown in Figs. 4 and 5
for Rb and Cs. The overall agreement, with the ECD as-
sumption, is remarkably good for Cs at all energies except
for the 29 MeV case. The discrepancy in the latter case
can be explained if one takes into account the experimen-
tal method used for making these measurements. The
overall thickness of the target assembly system was such
that the energy spread of the beam in the target was not
negligible at 29 MeV. This would produce a lower effec-
tive mean energy, which would explain the mass shift of
the theoretical curve with respect to the experimental
data.

The asymmetric structure of the Cs distributions is
clearly visible in Fig. 5. The origin of the structure can be
easily understood by looking at Fig. 3 which shows the
relative contributions to the isotopic distribution of the
compound nucleus mechanism o(p,f) and the two
evaporation chains o(p,xnf) and o(p,pxnf). Obviously,
the heavy mass side is nearly totally due to the (p,pxnf)
reaction. The evolution of the structure, which becomes
more and more important as the energy increases, comes
entirely from the (p,pxnf) behavior as a function of in-
cident energy (see Fig. 6).

To understand the reason for the different contributions
of the (p,xnf) and (p,pxnf) mechanisms, one must con-
sider the energy spectra of the emitted neutrons and pro-
tons as calculated by program ALICE and shown in Fig. 2.
The neutron spectrum contains a high percentage of low
kinetic energy particles, which are due, to a large extent,
to an evaporationlike mechanism. These low energy parti-
cles are therefore emitted by nearly equilibrated nuclei
and correspond to higher excitation energy events. Be-
cause of the Coulomb barrier, these evaporation events are
absent from the proton spectrum. Protons are emitted al-
most exclusively in precompound events, which means
that the average excitation energy of the fissioning nu-
cleus after proton emission is substantially lower than
after neutron emission.

An alternate way of looking at the same phenomenon is
to consider the excitation energy spectrum of the fission-
ing nuclei, as shown in Figs. 7 and 8. Again it is seen that
the average excitation energy of the (p,pxn) events is
much lower than for the (p,xn) events.

An interesting piece of information can be obtained
from this separation between (p,xnf) and (p,pxnf) events.
Obviously, the simple extraction of v using expressions
(7) and (8) cannot be used at higher incident proton ener-
gies, since no provision is made in these expressions for
proton emission. On the other hand, if one uses the cen-
troids from the (p,xnf) calculations, one can obtain
directly the number of neutrons values associated with
these events. This is what we attempted to do in our pre-
vious paper!® by subtracting the heavy mass side contribu-
tion from the Rb-Cs distributions. The vy values thus ob-
tained compared very well with the quantities extracted
from the In distributions. This result is consistent with
the observations that the indium distributions show no
heavy mass structure and are substantially narrower than
the Cs distributions. It is readily explained if one accepts
the results of Kudo et al.'* which indicate a higher fis-
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FIG. 4. Calculated and measured isotopic distributions of Rb from proton-induced fission of thorium.

shows the vr values calculated for the (p,xnf) as com-
pared to the quantities obtained from the In and Rb-Cs

A more quantitative way of comparing our calculations
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with the observed shapes is to compare the moments of
the calculated and experimental distributions. This is
done in Tables II and III. The centroids of the distribu-
tions are related to the numbers of neutrons emitted in the
total fission process (prior to fission and postfission). The

agreement is very good (assuming ECD) both for Rb and
Cs. Since conclusions are usually drawn on the fission
mechanism by taking into account only the centroid
values, one might conclude that the above-mentioned
agreement is strong evidence in favor of ECD. On the
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other hand, the evidence from the other moments is far
from being as conclusive. The shape of the Cs distribu-
tions appears to be equally well reproduced with either as-
sumption, whereas the Rb shapes seem to be better ac-
counted for with the UCD hypothesis. We believe, how-
ever, that this comparison should not be pressed too hard
to extract definite information on the charge division
mechanism since the exact shapes of the distributions do
depend on the reaction mechanism. Suffice it to say that
the reaction cross sections evaluated with the exciton
model yield good representations of the observed isotopic
distributions with centroids shifted more or less depend-
ing on the charge division hypothesis used. ECD appears
to produce the right shift.
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FIG. 9. wvr (total number of neutrons emitted per fission
event) obtained from Rb-Cs distributions and indium distribu-
tions in the »**Th(p, f) reaction. Calculated vy for (p,xnf) reac-
tion is shown for comparison.
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B. The Ir(p, f)RD reaction

Because of the higher fission barrier of iridium the
Ir(p,f)RD reaction is very different from the 232Th(p,f) re-
action. Although the total reaction mechanism is nearly
as complex, the fraction of the reaction products leading
to fission is much smaller for iridium than for thorium.
Our previous experimental measurements>® have produced
relative cross section measurements of the Rb isotopes at
three proton energies (62, 80, and 95 MeV) on natural
iridium. From these data, information was extracted on
the number of emitted neutrons. The purpose of the
present calculations is to understand the reaction mecha-
nism leading to fission in the iridium region and throw
some light on the role this type of reaction can play in the
study of high excitation energy fission.

The total fission cross sections for iridium, as calculat-
ed by ALICE, are in very good agreement with the trend of
the measured total Rb fission cross sections, as shown in
Fig. 10, which indicates that our choice of parameters is
satisfactory. Although our measurements have been done
at energies where the precompound emission dominates,
thus producing residual excited nuclei at energies ranging
from zero to the maximum value allowed by the incident
projectile energy (see Fig. 11), it is easily seen that only a
narrow range of excitation energies lead to fission events.
When weighed with I'y/(T',+T'f), this distribution shows
a sharp peak with a width of about 10 MeV and an aver-
age excitation energy near the compound system value
(see Fig. 12). Thus, fission in this mass region, for the in-
cident energies used in our experiment, can be attributed
to compound nucleus or quasicompound nucleus decay.
Also a significant, although not very large, contribution to
the total fission cross section is due to events following
proton emission.

Contrary to the case of 2**Th(p,f), very few nuclear
species participate to fission following proton bombard-
ment of iridium, which means that fission occurs more
rapidly in the evaporation chain. These calculations yield
readily the average number of neutrons (and protons)
emitted prior to fission. :

O'f(mb)

0.0l 1 1 L 1 1 1
40 80 120 160
E, (MeV)

FIG. 10. Calculated (continuous line) and measured (circles)
variation of relative fission cross section of iridium with incident
proton energy.
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)
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(
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dE

E,=62 MeV
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40 80
E(MeV)
FIG. 11. Energy spectra of neutrons and protons emitted in
the proton bombardment of an iridium target.

From the calculated excitation energy of the fission
fragment, and assuming that the fission process can be
described by the UCD hypothesis (which holds for sym-
metric fission), one obtains

—_ A f E*

Agrpy=37 Z; 5 - (10)
The isotopic distribution was calculated in the manner
described above. A good agreement with the measured
distributions, i.e., a symmetric shape with a width of 3.5
mass units, is obtained also in good agreement with the
experimentally observed values. The results are summa-
rized in Table IV.

X073

Ir(p,f) (@)

(c)

(b)

| | |
40 60 * 80 100
E™ (MeV)

FIG. 12. Relative contribution to fission cross section from
nuclei formed after precompound emission. The curves @ and b
are for residues of neutrons and protons, respectively, at 95
MeV incident energy. The curves ¢ and d represent the contri-
butions from neutron and proton emission residues, respectively,
at 62 MeV proton energy.
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TABLE IV. Calculated average mass {a;) and charge (Z,) of fissioning nuclei produced in the proton-induced fission of *’Ir

and deduced postfission and prefission neutrons.

Incident
proton (A4 )Sym.
energy Measured (A )Sym. Corrected for
(A)RbXZ, . - .

(MeV) (4;) (Z;) (Vpre) (4)Rb =<z Ir admixture (Vpost? (vr)
62 191.49 78.00 0.51 88.13 92.96 92.57 6.35 6.86
80 191.06 77.99 0.94 87.72 92.45 92.06 6.94 7.88
95 190.79 77.98 1.21 87.37 92.07 91.69 7.42 8.63

It is interesting to note that the v values obtained by
using the simplified assumption that all the fission cross
section was due to compound nucleus and those obtained
by using the calculated average energy, mass, and charge
are in excellent agreement. This result is indicative of the
fact that the most significant contribution to fission
comes from the highest permissible excitation energies.

The calculations yield the number of prefission neu-
trons which, although small, is not negligible. The calcu-
lated isotopic distribution depends on the total excitation
energy of the system leading to fission, and not on the de-
tails of when the neutrons are evaporated (whether it is
before fission occurs or from the excited fission frag-
ments). This is due to the fact that the excitation energy
carried away by an emitted neutron is rather insensitive to
the mass of the emitting nucleus.

IV. CONCLUSION

In the course of these calculations based on the exciton
model (geometry dependent hybrid model), it is found that
by using reasonable values of a few parameters, it is possi-
ble to reproduce and explain a wide range of experimental
data. In particular, the mean free path and level density
parameters can be chosen so as to give very good agree-
ment with the observed (p,xn), (p,pxn), and fission reac-
tion cross sections. This having been achieved, the essen-
tial characteristics of fission are reasonably well repro-
duced. Besides providing a relatively simple model to
understand the fission phenomena in the actinide and
iridium mass regions, these calculations reveal a number
of interesting features.

Firstly, the fact that in the medium-heavy nuclei the
only significant contribution comes from a narrow distri-
bution of excited nuclei gives us an opportunity to investi-
gate fission phenomena at high excitation energies
without noticeable interference from nuclei of low excita-
tion energies formed in the reaction. In particular, it is
possible to study angular momentum effects in the fission
process by comparing proton- and heavy-ion-induced fis-
sion in nuclei of comparable masses and excitation ener-
. gies.303

Secondly, the asymmetry observed in the distributions
of the Cs isotopes in the proton-induced fission of 23?Th is
explained in terms of the energy and mass distributions of
the nuclei formed in the reaction process. The amount of
asymmetry may be useful in understanding the relative
strengths of different processes leading to the formation
of fissionable nuclei. To achieve this, precise knowledge

of the intrinsic (i.e., low energy) isotopic distributions is
required. The study of the proton-induced fission of the
actinides by the on-line mass spectrometer technique at
low incident energies (10—20 MeV) will provide useful
data for this purpose.

Another point of interest is the success of the extremely
simple assumption of equal sharing of excess neutrons
(double center model of Chatterjee) in reproducing the ex-
perimental results. It has been shown by Chatterjee that
the DCM model very nearly approximates the ECD hy-
pothesis. The results of our calculations appear to sub-
stantiate the conclusions of our experimental study of the
232Th(p, f) reaction, namely, that the ECD postulate is
valid for asymmetric fission, even at high excitation ener-
gies.

In the course of this work, several simplifying assump-
tions were made, and some effects have been neglected. It
remains to analyze the implications of these simplifica-
tions.

One important assumption has been to use identical
cross sections for the production of Cs and Rb at all ener-
gies. This is nearly true if one considers the total Cs (or
RD) cross sections which are measured to be 93, 93, 104,
114, and 143 mb at incident proton energies of 97, 75, 59,
50, and 29 MeV, respectively. On the other hand, since
the asymmetric contribution to fission decreases with in-
creasing excitation energy (from 100% to about 50% in
the energy range of interest), this result implies an increas-
ing contribution of the symmetric mode to the Cs cross
section with increasing proton energy.

Had we taken into account the interplay of symmetric
and asymmetric fission modes, we would have had to con-
sider possible differences in the fission barriers for the two
modes. The net result would have been to enhance the
relative importance of the heavier isotopes in the isotopic
distributions, since they are produced at lower excitation
energies, where asymmetric fission is favored. It would be
possible then to obtain better agreement with the mea-
sured heavy side of the distributions, but this agreement
would be somewhat artificial, since there is no a priori
method of deciding on the importance of either mode.

The effect of y emission accompanied by neutron
evaporation has also been neglected in the present calcula-
tion. The average energy loss by ¥ emission per fission
event (per neutron emitted for 23°U) has been estimated by
Nifenecker et al.* to be about 1.1 MeV. This would also
have the effect of shifting the isotopic distributions to-
wards the heavy side. In the present work, no attempt
was made to include corrections for ¥y emission as it is be-
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lieved that the uncertainty caused by other factors may be
larger than the one due to the energy loss by this process.
Another simplification is the assumption that the in-
trinsic widths of the distributions are independent of exci-
tation energy. Although verified up to ~40 MeV excita-
tion energy,’ this assumption may not be valid at higher
energies. However, the expected variation should not be
so important as to modify the predicted isotopic distribu-
tions. The shapes of these distributions are mainly deter-
mined by the reaction mechanism and charge division

postulated.

To summarize, the present simplified approach explains
all the essential features of the isotopic distributions of Rb
and Cs produced in the proton-induced fission of 2*?Th.
Some understanding of the different characteristics of the
indium distributions is also obtained. Better quantitative
agreement could be reached by making further assump-
tions, but our understanding of the phenomenon would
not be substantially improved.

*Present address: Canadian Centre for Occupational Health
and Safety, Hamilton, Ontario, Canada.
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