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Excitation functions of fission products for 22 fragment masses and neutron-evaporation

products, (p, n), (p, 2n), and (p, 3n), were measured in detail for the system of ' Th+p in

the proton energy range of 8 to 22 MeV. It was found that the excitation functions of

symmetrically divided fission fragments were apparently different from those of asymme-

trically divided ones. For the interpretation of the experimental results, a statistical

evaporation-and-fission calculation was performed by taking into consideration symmetric

and asymmetric fission barriers. The experimental data could be reproduced by this statist-

ical calculation, with fission barrier heights that were in accord with the reported experi-

mental ones for the asymmetric fragments and the theoretically predicted one for the sym-

metric mass division. The level density parameter at the symmetric saddle had to be about

13% larger than that for the asymmetric saddle in order to reproduce the energy depen-

dence of the cross section ratios of asymmetric to symmetric product yields.

NUCLEAR REACTIONS, FISSION '2Th(p, fl, E,=g 2P M,y,
stacked-foil method, excitation functions of' fission products and

neutron-evaporation products, statistical calculation, symmetric and

asymmetric fission barriers.

I. INTRODUCTION

Many experimental data have been accumulated
on various observables associated with nuclear fis-
sion since its discovery in 1939. However, no
theory for a consistent understanding of those data
has been proposed yet, especially for an understand-
ing of the mass yields in fission. Mass distributions
in low-energy fission of higher-Z actinide nuclei are
typically asymmetric. On the contrary, nuclei of
lower Z, such as Bi and Pb, exhibit symmetric mass
distributions. For fission of nuclei in the inter-
mediate mass region, such as Ra, Ac, Th, and Pa,
triple-humped mass distributions are observed.

In 1970 Moiler and Nilsson' suggested that
there might be two kinds of saddle configurations in
the fission of U, one with reAection symmetry
with respect to an axis perpendicular to the nuclear
symmetry axis and the other with reflection asym-
metry. The fission barrier for the symmetric saddle

was predicted to be a few MeV higher than the one
for the asymmetric saddle. They also hinted that
the mode of the final mass division might be in
some way governed by which saddle configuration a
particular fission motion had experienced. Konec-
ny et al. ' have reported that in the fission of ac-
tinium isotopes the symmetric fission barrier
heights are higher than the asymmetric ones, and
suggested that asymmetric and symmetric fission
proceed over different saddle points. These findings
are in favor of the view that saddle configurations
strongly affect the mode of final mass divisions.
On the other hand, another extreme standpoint has
been proposed for an explanation of mass distribu-
tion which claims that there exist quasistationary
states near scission and that the mass distribution
can be explained by applying a statistical theory to
those states. ' The existence of such stationary
states has not been demonstrated, however, by any
theory yet, although Wilkins et al. ' have recently
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shown that such a statistical calculation could
reproduce mass distributions of fission systems
from Po through Fm.

In the present work, we chose the system of
proton-induced fission of Th which was known
to exhibit a triple-humped mass distribution even
with the incident energy of a few tens of MeV. ' %e
examined in detail excitation functions of fission
products and those of (p,xn) reactions by a
stacked-foil method in the proton energy range of 8
to 22 MeV. Results were examined with the statis-
tical calculation which took into account the ex-
istence of two fission barriers.

II. EXPERIMENTAL

A. Target preparation

Thorium targets were prepared by electrodeposi-
tion onto a 4 mg/cm thick aluminum backing foil
from an isopropanol solution at 900 V as described

by Aumann and Mullen. ' Targets were about 500
pg/cm thick, and the amount of Th was deter-
mined by neutron activation analysis and by a spec-
trometry with a surface barrier detector of known
counting efficiency. In the neutron activation
analysis, neutron irradiation was performed for 5

min in the thermal column of the reactor of St.
Paul's University (thermal neutron flux was about
5&&10" cm sec ').

The thorium targets thus obtained were wrapped
with aluminum cover foils of 8 mg/cm thickness
for complete collection of fission products. Five to
fifteen of the wrapped targets were then stacked for
irradiation. As a proton-energy monitor 3.12
mg/cm thick silver foils and 10.1 mg/cm thick
copper foils were inserted into the target stack at
appropriate places. Reaction cross sections of silver
and copper with protons given by Colle et al. '

were used as references. The proton energy in each
target was also calculated from the range-energy re-
lation. The ranges of protons in aluminum, silver,
copper, hydrogen, and oxygen were taken from
Refs. 18 and 19. As the ranges in thorium were not
given therein, those in uranium were used instead.
As the thickness of the target was about 500
pg/cm, the error caused by this substitution is
negligibly small. The composition of the thorium
targets was assumed to be Th(OH)& 1.5 HzO
(Ref. 20) in this energy calculation.

B. Proton bombardment

The bombardments were performed at the cyclo-
tron of the Institute of Physical and Chemical

Research and at the cyclotron of the Institute for
Nuclear Study of the University of Tokyo. The in-
cident proton energies were varied from 8 to 22
MeV, and the beam current was typically about 1

pA. The beam current was measured with a Fara-
day cup equipped with a current integrator. The
uncertainties of energy and intensity of the proton
beam were at most about 100—200 keV and about
6%, respectively, judging from the cross section of
the monitor reactions.

To estimate the effect of neutrons, the proton
beam was stopped with an aluminum plate of 10
mm thickness and the target material was placed in
the down stream of the beam stopper. No correc-
tion was found necessary for the effect of neutrons
on the excitation functions of fission products and
neutron-evaporation products. The targets were
bombarded for periods of 5 to 12 h to ensure ade-
quate intensities of fission product activities.

C. Chemical separation

For chemical separation of fission products, the
irradiated thorium targets with aluminum cover
foils were dissolved in hydrochloric acid containing
carriers for the elements of interest. The elements
were then separated, chemically purified according
to the procedures of the ordinary group separation
in qualitative analysis. ' The final forms of the
separated elements were Pd(C4H7NQO~) p, CdS,
SbqS3, Ce(OH)3, Nd(OH)3, and CsqPtCls. The
chemical yields of the separated elements were
determined by neutron activation analysis.

The chemical separation of protoactinium was
made according to the procedure proposed by Sill,
and electrodeposition onto a stainless steel disk was
performed under the condition of a mixed oxalate
and ammonium chloride solution. For the deter-
mination of chemical and electrodeposition yields
the samples were measured before the chemical
separation and after the electrodeposition with a
Ge(Li) detector for the y rays from Pa which was
produced in the thorium target by neutron irradia-
tion after the proton bombardment.

D. Activity measurement

For gamma counting the activities produced in
the irradiated target sandwiches were measured
directly or after chemical separation. The y-ray
spectrometer system was based on a 40-cm Ge(Li)
detector equipped with a 2048 pulse height
analyzer. The energy resolution of the Ge(Li) detec-
tor system was 2.3 keV (FWHM) for the 1.332 MeV
y ray of Co. The gamma decay data of the fission
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TABLE I. Fission product and neutron-evaporation product y-decay data used in excita-
tion function measurements.

Nuclide Half-life Ez (keV) Iy (%%uo) Reference

87Kr

"Kr
91Sr

"Sr
"Zr
(97Nb)b

"Mo
(99Tcm)b

103R

105Ru

{1 12Ag)b

(115Inm)b

127Sb
128Sbg
129Sb

132Te

135I

136Cs

141C

143Ce

147Nd

'4'pm
151pm

232p

230pa

76.31 min
2.80 h
9.48 h
2,71 h

63.98 d
72.1 min
66.02 h
6.02 h

39.35 d
4.4 h

3.12 h
4.49 h
3.91 d
9.1 h
4.41 h

78 h

6.61 h
13 d
32.55 d
33 h
11.08 d

53.08 h
28.4 h

1.31 d
17.7 d

402.6
196

1024
1383.94

757
658
140.5
140.5
497.1

469.37
617
336
783
754

1030
228

1260.4
818
145
293
91

531
286
340

969.2
952

50+3
26.3'
33 +2
90 +10
54.6+0.5
98.2+0.1

6a

89.0+0.2
89.35'
17.541'
43 3'

45.9+0.1
14.8+0.5
100+5

13.5+ 1.7
88+3
29+1

99.70+0.06
48.4+0.4

42'
27.2'
13.1'

3.1+0.2
22+1

44.6'
28.3'

22
23
22
22

22
22
22
22
23
23
23
22
22
22
22
22
22
22
22
23
23
23
22
22

22
22

'Uncertainty of +10%%uo assumed.
In equilibrium with parent nuclide.

products and those of neutron-evaporation products
selected for use in this work are tabulated in Table
I. The measured y-ray activities were corrected for
counting efficiency, photon abundance, genetic rela-

tionships, degree of saturation during bombard-
ment, and the target amount to give excitation func-
tions. The uncertainties in the determination of
cross sections were estimated to be about 8% based
on those associated with absolute photon abundance
(1—10%), absolute detector efficiency (-5%), and

chemical separation (-3%).
Protoactinium-231, the (p, 2n) reaction product, is

an a-particle emitter, and has a long half-life of
3.28)&10 y. The a particles of 5.05 MeV (10%),
5.02 MeV (23%), 5.01 MeV (24%), 4.98 MeV
(2.3%), 4.94 MeV (22%), and 4.93 MeV (2.8%) of

'Pa were measured with a Si(Au) surface barrier
detector for 7 to 10 d for each sample.

In order to obtain the Th target amount, a neu-

tron irradiation was performed before the deter-

mination of 'Pa. Therefore, the effect of
Th(n, 2n) 'ThP l25 5h ~. 'Pa had to be es-

timated for the precise determination of the
Th(p, 2n) 'Pa reaction cross section. For this

purpose, thorium which had not been bombarded
with protons was irradiated by neutrons at the same
time with the thorium targets, and the same pro-
cedure for protoactinium chemical separation fol-
lowed by electrodeposition was performed. It was
found unnecessary to correct for the effect of neu-

tron irradiation on the determination of 'Pa since
no a particles of 'Pa were detected from the
neutron-irradiated thorium sample of nonproton
bombardment.

III. RESULTS AND DISCUSSION

The excitation functions of 22 fission products in
the proton induced fission of Th were obtained in
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the proton energy range of 8 to 22 MeV. The re-
sults are summarized in Table II and shown in Fig.
1. They are not corrected for the effect of neutron
evaporation from primary fragments. The vertical
line attached to each data point indicates the range
of one standard deviation associated with the activi-

ty counting statistics, the uncertainties described be-

fore, and the difference between each run in the
case of two or more runs. It is found from the fig-
ures that the proton energy dependences of the exci-
tation functions of asymmetrically divided fission
products are similar to each other except for ' Cs
which is one of the shielded nuclides. The depen-
dence is also similar for symmetrically divided fis-
sion products among themselves, but different from
those for the asymmetrically divided products. The
cross sections of the symmetrically divided products
increase monotonically with proton energy. On the
other hand, the excitation functions of the asym-
metrically divided products seem to level off or
even decrease above 17 MeV with some structure at
—14 MeV. The different energy dependence can be
more clearly depicted if the cross section ratios of
asymmetric to symmetric products are plotted as
given in Fig. 2. As the representative symmetric
product cross sections, the averages of " Pd and"Cds were taken. The mass ratios (AH/AL) of the
complementary fragment pairs are also indicated in
the figure where subscripts H and L denote the
heavy and light product, respectively. For evalua-
tion of mass ratios, one neutron was assumed to be
evaporated from each fragment after fission of

Pa. The cross section data were, however, not
corrected for any neutron emission which was ex-

pmted either before and/or after fission. The cross
section ratios for the products with AH/AL ~1.25
are found strongly decreasing with about the same
overall slope (within the experimental error of one
standard deviation) as the incident proton energy is
increased. ( Mo and "'Pm seem to decrease some-
what more steeply. ) For those asymmetric prod-
ucts, some structure, namely, local minimum and
maximum, is observed at energies around 14 and 16
MeV, respectively, although it is not distinctive for

Sr, Zr, Mo, ' Sb, ' Te, and ' 'Pm. The ener-

gy dependence of the ratio for ' Cs is quite dif-
ferent from those for asymmetric products and it
shows almost zero slope. For products with

A~/AL & 1.25, the ratios are less energy dependent
and they change at most by a factor of 2 within the
energy range investigated. It is also to be men-
tioned that ' Sb, ' Te, and ' I are expected to lie
close to the most probable charge Zp in their

respective isobaric charge distribution. Therefore,
these yields might be sensitive to the shift of Zz as
the incident energy was varied.

In the past several investigations measured peak-
to-trough ratios as a function of incident particle
energy for various fissioning systems. ~7 They
observed some structure similar to the ones shown
in Fig. 2. The incident particle energies where local
rises were observed in the ratio curves were shown
to coincide with the energies where new channels
for the next-higher-order multiple-chance fission
were opened. It has also been pointed out by
many investigators that symmetric fission becomes
more favored as the energy applied to the fissioning
nucleus is increased. The local rise in the ratio
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FIG. 3. Cross section ratios among asymmetric fission
products as a function of the incident proton energy. The
averages of the yields of ' 'Ce and ' 'Ce are used as the
denominators.
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curve is, therefore, generally interpreted as due to
the onset of the next-higher-order multiple-chance
ission in which asymmetric fission becomes more

probable than symmetric fission because of cooling
of the fissioning nucleus caused b th d'

y e preceding
neutron emission. The peak energy of about 16
MeV observed in this work is in agreeme t th th

( Th re
.4+O.S MeV reported by Bowles et I f he a. orte

the en
+p reaction system, and it correspond tn s o

e energy where the contribution of the (p, 2nfl be-

comes appreciable.
In Fig. 3 are plotted cross section ratios amon

asymmetric fission products of heavier masses. As
t e denominator, averages of the ' 'Ce and ' Ce
cross sections were chosen. The ratio for 'Sr '

also given in the figure in order to show the
behavior of the lighter asymmetric fission products
The energy dependence of the ratios is found small

a e cases and for some, there seems to be a
decrease beginning around 14—1S MeV. Within
t e statistical error of one standard d

' t', heviation, t' e
energy variation of the ratio is, however, not very
significant and it is at most by a factor of 2 in the
energy range investigated. It is interesting to note
that the ratios for ' Pm and ' 'Pm h' h hm w ic are the
products of extremely asymmetric mass divisions

H/AL ——1.81 and 1.88) show energy dependence
similar to those for high-yield asymmetric products
It is also to be pointed out that the energy depen-

at'os among asymmetric fission prod-
' ~ ~

ucts are not significantly different from that of the
ratios

' . ee u,ratios among symmetric products. (S ' R
Ru, Sb, and Sb in Fig. 2.)
The mass yield curve can be constructed from the

excitation functions of individual f' '
dua ission products

for a specific incident energy of protons. It was as-
sumed as a first approximation that the charge

ispersion of fission products shows a Gaussian dis-
tribution with the most probable charge Zp expect-
e from the uncharged charge distribution model
and the width parameter taken to 0.9S 1 h
t e experimental Zz is reported to vary with frag-
ment mass, fissioning nucleus, and excitation ener-

gy. The results are depicted in Fig., 4. It is seen
that the symmetric mass divisions become compar-
able in cross section to the asymmetric mass
divisions as the proton energy increases. The total
fission cross section was evaluated by summing the
cross section of each mass and is shis s own in Fig. S,
together with the excitation functions of neutron-
evaporation products. The comparison 'th th

27, 28, 36—38
n wi ere-

ported data ' ' is shown in Fig. 6. The
present data are smaller than those of Refs. 36 and
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FIG. 4. M. Mass yield curves measured in prot -' d don-in uce

38 at proton energies below 12 MeV and larger than
those of Ref. 38 at energies above 16 MeV.

Next, the energy dependence of th f' '
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defined as the ratio of the formation cross section to
the total fission cross section, was examined for
completeness of the data analysis. The results are
shown in Fig. 1 as open squares. As described
above, it was found in the present work that the in-
cident energy dependence of symmetric fission
product yields was much steeper than that for
asymmetric product yields, and that asymmetric
products and symmetric products showed similar
energy dependence among themselves within the en-

ergy range investigated. This observation suggests
that symmetric mass divisions require some extra
energy which is much larger than the energy varia-
tion expected for different degrees of mass asym-
metries within each division mode. If there is only
one kind of saddle point, and if fission probability is
determined at the saddle as originally proposed by
Bohr and %heeler, the extra threshold energy
necessary for symmetric mass divisions has to be
claimed somewhere between the saddle and the scis-
sion point. Recently, VA'lkins et al. ' calculatedpo-
tential energies of scission configurations by the mi-
croscopic approach and found that for the Ra
system, the potential energy for symmetric mass
divisions could be larger than the saddle-point bar-
rier energy. As they pointed out, this kind of
threshold energy can appear only for those fission

I I I I

8 10 12 14 16 18 2Q 22
PROTON ENERGY(MqV)

FIG. 6. Measured fission cross section in proton-
induced fission of Th.

systems where the saddle configuration is close to
the scission configuration. (The Z /3 for Ra is
34.11.) For the systems of larger Z /A like the one
used in this work (for Pa, Z /A =35.54), the
minimum potential energy at the scission point for
all mass splits lies well below the saddle point ener-

gy, and no such threshold is expected to occur. For
those systems, if the scission-point model is as-
sumed, the excitation function of each fission prod-
uct (Zi,A i) is expressed by the product of two fac-
tors: the probability of formation of a compound
nucleus with subsequent decay by fission and the
probability of the fission process resulting in the
specific charge Z~ and mass A& division which is
determined by the potential energy and the collec-
tive temperature near scission. In order to compare
the theory with the present results, the former prob-
ability has to be calculated with inclusion of the
competition between neutron emission and fission,
and the latter probability with proper consideration
of the variation in effective intrinsic temperature as
the incident particle energy is varied.

In the following, another model is used to explain
the present data: namely, the extra threshold ener-

gy is assumed to originate from the difference in
barrier height between two kinds of saddle points,
one for asymmetric fission and the other for sym-
metric fission in order to explain the experimental
results of the asymmetric-to-symmetric ratios
shown in Fig. 2 and, also, to explain the excitation
functions of neutron-evaporation products and total
fission. Statistical calculations were performed
with the ALICE code which was modified to in-
clude symmetric fission barriers and asymmetric
fission barriers as parameters. This modification is
essentially the division of the fission width, I'/, into
the asymmetric fission width, I'/„and the sym-
metric fission width, I /„ implying the existence of
competition among asymmetric fission, symmetric
fission, and neutron emission. The effect of barrier
penetration was also included ' as a modification.

The following parameters were used in the calcu-
lation: a„, level density parameter at ground state
deformation; a/„ level density parameter at asym-
metric saddle point deformation; ay„ level density
parameter at symmetric saddle point deformation;
fun„barrier curvature energy for asymmetric fis-
sion; fuu„barrier curvature energy for symmetric
fission; E~, &, E~,2, E~,3, . . ., asymmetric fission
barrier heights; and E~, &, E~,2, E~ 3 ~ ~ sym-
metric fission barrier heights.

The experimental excitation functions could be
well reproduced with the statistical calculation as
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TABLE III. Used parameters in the statistical calculation.

Mode of
fission

Multiple chance
fission

E~
(MeV) (MeV ') a) /a~

AN

(MeV)

Asymmetric
fission

(p,f)
(p, nf)

(p, 2nf)

5.9
6.2
6.0

3/8 1.02 1.0

Symmetric
fission

(pÃ
(p, nf)
(p, 2nf)

8.8
8.7
9.0

1.15 1.0

shown in Fig. 5, although the cross section of Pa
and the higher energy part of the excitation func-
tion of 'Pa could not be reproduced. The reason
for the disagreement may be due to the neglect of
the preequilibrium process in the calculation. The
results of the calculation for the total asymmetric
and symmetric fission cross sections are shown in
Fig. 2 by dashed lines in terms of the cross section
ratios. Although the agreement is poor for 99Mo

and ' 'Pm, a general agreement is encouraging for
the products with AH/AL &1.25 when it is con-
sidered that the model used is a very simplified one,
and that the experimental data are not corrected for
neutron emission. More exact theoretical calcula-
tion should include the application of the statistical
model to the potential energy surface near the two
kinds of saddle points with subsequent dynamical
calculation to the scission point. Inclusion of the
preequilibrium process in the calculation caused a
decrease in the total fission cross section by
15—2Q% at the proton energies of 15—22 MeV,
but no appreciable change in the asymmetric-to-
symmetric ratio (at most 5% for the highest proton
energy). The values of the parameters used in the

calculation that give the best fit to the observed
data are presented in Table III. Although there
were many parameters to be chosen, some of them,
such as flu, and Lo„were insensitive to the fitting
in this energy region. The level density parameter
at the ground state deformation, a„, was fixed to be
A /g (MeV ')." The level density parameter at the
saddle point configuration, a~, need not be the same
as that at ground state deformation, so that the
ay's were treated as free parameters. The a~ for
symmetric fission is expected to be greater than that
for asymmetric fission, since the symmetric fission
becomes predominant compared to the asymmetric
at higher excitation energies, ' ' ' although the
symmetric fission barrier height is predicted to be
higher than the asymmetric. ' ' ' ' The asymmetric
fission barrier heights that gave the best fit to the
data were compared with the reported values,
and tabulated in Table IV. The best asymmetric
fission barrier heights deduced in this work are in
good agreement with the experimentally observed
barrier heights reported in literature. The latter
may be regarded as the asymmetric fission barrier
heights, since they were obtained from low energy

TABLE IV. Fission barrier heights (MeV) reported for protoactinium isotopes.

Fissioning
nuclide

Vandenbosch
and Seaborg

{Ref. 52)
Back et al.

(Ref. 53)
Asgher et al.

(Ref. 54)
Present

work

233p

232p
231p

6 1a

5.7'
59'

6 00+0 30
6.10+0.30'
5.85+0.30'

6.3' 6.2'
6.0'

'Activation energy estimated from semiempirical consideration.
Deduced from "Th('He, df).

'Deduced from "Pa(d,pf).
Deduced from ' Th(3He, df).

'Obtained from ~ 'Pa(n, f).
Value for asymmetric fission.
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fission. On the other hand, the deduced symmetric
fission barrier heights were found to be close to the
theoretically predicted value for Th, namely, 8.8
MeV. The calculated contribution of each multi-

ple chance fission is shown for asymmetric fission
and symmetric fission in Fig. 7(a) and Fig. 7(b),
respectively. It is found that the dip in the
asymmetric-to-symmetric cross section results from
the contribution of the asymmetric third chance fis-
sion (p, 2nfl and that in the symmetric fission only
the first chance fission (p,f) mainly contributes in
the present incident energy region.

IV. CONCLUSION

Excitation functions of fission products were
measured for 22 fragment masses in the proton-
induced fission of Th in the energy range of 8 to
22 MeV. It was found that the cross sections of
symmetrically divided fission products increased
monotonically with proton energy while the excita-
tion functions of the asymmetrically divided prod-

nfl

,0o l )00 I I l

10 1S 20 10 15 20
Ep(Mev) Ep(~ev)

FIG. 7. Contribution of multiple chance fission in (a)
asymmetric fission mode and (b) symmetric fission mode.

ucts seem to exhibit some structure at 14 MeV and
to level off or even decrease above 17 MeV. The
cross section ratios among the symmetrically divid-
ed products were found to be essentially indepen-
dent of the incident proton energy. The same re-
sults were also observed among the asymmetrically
divided products. Cross section ratios of asym-
metric to symmetric products (the symmetric being
the average of "Pd and " Cds) were plotted as a
function of proton energy and found that they are
strongly dependent for the products with

AH /AL ) 1.25. Detailed excitation functions of
(p, xn) reactions were also measured, especially the

Th(p, 2n) 'Pa reaction, which was measured for
the first time in the present work. For the interpre-
tation of the experimental results, the statistical
evaporation-fission calculation was performed by
taking symmetric and asymmetric fission barriers
into consideration. In order to get the best fit to the
experimental asymmetric-to-symmetric yield ratios
and the excitation functions for (p,xn) reactions, (1)
the level density parameters for the symmetric (af, )

and asymmetric saddle point (af, ) had to be 1.15a„
and 1.02a„, respectively, (2) the asymmetric fission
barrier heights were 5.9, 6.2, and 6.0 MeV for (p,f),
(p, nf), and (p,2', respectively, and (3) the sym-
metric fission barriers, 8.8, 8.7, and 9.0 MeV for
(p,f), (p, nf), and (p, 2nf), respectively.

The present results are consistent, although not
necessarily uniquely, with a model in which two
modes of mass division in fission, namely, sym-
metric or asymmetric, are principally determined by
which saddle point configuration, reflection sym-
metric or asymmetric as theoretically predicted by
Moiler and Nilsson, ' a particular fission process
experiences. This interpretation is also consistent
with the data on the angular distributions of fission
fragments observed as a function of fragment
mass.
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