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Proton-induced fission at 190 MeV ofnatW, 197Au, natPb, 208Pb, and 232Th
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Proton-induced fission at 190 MeV ofnatW, 197Au, natPb, 208Pb, and 232Th is studied by means of an
innovative method based on activation analysis. The fission-product mass distribution is reconstructed from the
fission-product yields, which are obtained from off-line observedg-ray spectra. FornatW,197Au,208Pb, and
natPb the fission process results in a symmetric mass distribution. In the case of232Th the mass yield curve is
decomposed into a mixed symmetric-asymmetric contribution originating from fissioning nuclides in the
neighborhood of the target mass and a purely symmetric contribution from very neutron-deficient nuclides. The
fission cross sections are extracted by integrating over the reconstructed mass distribution. The width of the
mass distribution is determined as a function of target mass. The results for the fission cross sections are
compared with other experimental data as well as with theoretical model calculations using theLAHET and the
ALICE-91 codes.@S0556-2813~99!07102-2#

PACS number~s!: 25.85.Ge, 24.75.1i, 29.30.Kv
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I. INTRODUCTION

Since the discovery of fission and the first theoretical
scription of the mechanism, much has been learned abou
fission process and its observables. Both fundamental
applied interests have driven a thorough study of fission
actinides induced by low-energy neutrons. To a lesser ex
also fission reactions induced by neutrons and charged
ticles at higher incident energies, above, say, 20 MeV, h
been investigated. At these higher excitation energies fis
of subactinide nuclei becomes possible. Furthermore,
properties of the actinide fission process—like the probab
ties of the different fission modes—change and multicha
fission becomes more important. This leads, for instanc
the case of the actinides, to fragment mass distributions
hibiting a stronger symmetric contribution at higher exci
tion energies; see, e.g.,@1#.

Research in the field of high-energy fission is stimula
by the worldwide interest in accelerator-driven syste
~ADS’s! for transmutation of nuclear waste, energy produ
tion, or other purposes. Whereas in most conventio
nuclear applications incident particle energies are limited
several MeV, in these ADS concepts energies up to the G
region play an important role. Feasibility studies of su
concepts require knowledge of all the underlying nuclear
actions. Fission of actinides as well as subactinides is a
cess which is not very well understood at these energ
Compared to spallation and evaporation cross sections
subactinide fission cross section may be small. This con
bution should, however, be taken into account for a pro
computational analysis of the target and its direct envir
ment, where undesired radioactive isotopes may be
duced.

Throughout the years several proton-induced fission
periments have been carried out at energies above 20 M
Most of them concern fission of actinides, i.e., Th and
Many of the measurements on Th have been performe
PRC 590556-2813/99/59~2!/776~13!/$15.00
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incident energies below 100 MeV; see, e.g.,@2–6#. Only a
few data exist in the energy range around 200 MeV; see, e
@7,8#. In most of these experiments, no mass distribution
only a very small number of independent isotope yields
been observed in view of charge-dispersion studies.
number of fission experiments in the subactinide region
rather limited. For fission in Pb some experimental resu
exist for the fission cross section between 70 and 200 M
@9# and for a modest number of independent and cumula
isotope yields around 500–600 MeV@10,11#. At the
ISOLDE facility at CERN, mass and charge distributions
fission fragments have been measured for Pb at 600 M
@12#. Measurements of residual nuclei produced at the L
oratoire National Saturne and at The Svedberg Laborator
a large range of projectile energies are described in R
@8,13#. However, these experiments have not specifica
been designed for fission studies and the number of fis
fragments found for incident energies around 200 MeV
rather limited. The same is true for residual nuclei produ
tion in W and Au around 200 MeV@8,14#. It is clear that
there is a lack of data on light-particle-induced fission
energies above 100 MeV, especially concerning the fiss
fragment properties.

In order to calculate the fission-product yield data, re
able fission models, which cover a large range of energ
and target masses, are needed. Since fission is a relat
slow process, involving a collective deformation of the ent
composite nucleus, it is likely to be preceded by a fast,
rectlike mechanism at high incident energies. After the em
sion of a few fast particles, the residual nucleus attains
equilibrated state, in which fission may compete with parti
evaporation. This immediately illustrates the complexity
the process: a large number of intermediate nuclides, e
with its own fission characteristics, are formed in the neig
borhood of the target mass. Small deviations in the fi
stages of the reaction calculation may lead to a very differ
population of these intermediate nuclides, which contribu
776 ©1999 The American Physical Society



ils
nl
li

he
th

et
d
-

de
nd
u
n
it
b

ia
g
p
te

ca
iv
y

ea
i

a
e

s
fi

th
w
tr

th
h
ca
rib
fin
oc
we
a
s

th
a
h
e
ys
r

nt
tio
ri-
he
s

. B
di
n

th

e

en
m.

The
rget
nce

ions

sly

in
ved
in
cts
ns
e
at

.
is
d at
n of
lux
up
the
alu-
u-
e

-
ys-
on

the
ec-
ross
or-
tion
sed

we
frag-
rent

of
is

tion
nts

in
nd

tion

ape

PRC 59 777PROTON-INDUCED FISSION AT 190 MeV OFnatW, . . .
differently to the fission-fragment distribution. This enta
that the prediction of high-energy fission yields does not o
depend strongly on the fission models, but also on the qua
of the models for the direct and preequilibrium part of t
reaction that precedes fission and the compound decay
competes with fission.

For the incident energy considered in this paper, the m
ods to analyze the fast part of the process can be divide
two groups@15#: direct plus preequilibrium models and in
tranuclear cascade models. Direct and preequilibrium mo
were originally developed for calculations up to 50 MeV a
were later on extended to higher energies. At energies aro
200 MeV, secondary and tertiary preequilibrium reactio
~emission of two or three fast particles from the compos
nucleus! are significant and these mechanisms need to
included to avoid an erroneous prediction of the intermed
residual nuclide population. If a significant amount of ener
is carried away by a second or third fast particle, the eva
ration chain will stop earlier than when all the intermedia
excitation energy is available for compound nucleus de
only. At present, the preequilibrium computer programs g
a prediction of the fission cross section but they are not
able to predict fission-fragment yields.

The alternative approach is provided by the intranucl
cascade model. The classical trajectories of the particles
side the nucleus are followed in coordinate space by me
of Monte Carlo methods. When incident nucleon wav
lengths are short relative to internucleon distances~i.e., en-
ergies in excess of 100 MeV! the collisions of the nucleon
can be treated as quasifree scattering processes. In the
stage of the reaction, which is an entirely direct process,
incident particle will cause the knockout of a fe
intermediate-energy nucleons and other hadrons. This in
nuclear cascade stage ends when a residual nucleus wi
excitation energy of a few tens of MeV is left, after whic
the compound stage starts. Some of the intranuclear cas
codes have a preequilibrium model incorporated to desc
the transition from the intranuclear cascade stage to the
evaporation stage, in which competition with fission can
cur. The fission models give the fission cross section as
as the fission isotope yields. However, these models h
been tuned to actinide fission and usually do not perform
well in the case of subactinide fission. Whether to use
preequilibrium approach or the intranuclear cascade
proach, and for which energies, is still under debate. T
transition regime of validity probably lies somewhere b
tween 100 and 200 MeV. Therefore, we present an anal
by the preequilibrium codeALICE-91 @16# and the intranuclea
cascade codeLAHET @17#.

The absence of a satisfactory theoretical description
predict isotope yields as well as the need for experime
fragment mass and charge distributions forms the motiva
for this work, in which we have performed activation expe
ments for fission studies. A 190 MeV proton beam of t
recently built AGOR cyclotron at the KVI, Groningen, ha
been used to irradiate samples of several target nuclei
off-line g-ray spectroscopy the fission products in the irra
ated samples have been measured. The use of an adva
catcher system for the fission products, which allows
investigation of the fission process even for lower-Z target
materials with a small fission cross section, is treated in S
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II. Section III describes the simulations, which have be
carried out to determine the efficiency of this catcher syste
The results of the experiments are presented in Sec. IV.
dependence of the fission process as a function of the ta
mass has been examined. Moreover, the role of multicha
fission has been studied in the case of232Th. In Sec. V, we
compare the results of our measurements with calculat
by LAHET and in Sec. VI with theALICE-91 code. Finally, we
give a summary and conclusions in Sec. VII.

II. EXPERIMENTAL SETUP

The stacked foil technique is employed to simultaneou
bombard 232Th, 208Pb, natPb,197Au, and natW targets with
190 MeV protons at 10 nA. Two irradiations, one of 5 m
and one of 2 h, make it possible to measure both short-li
and long-lived isotopes, with half-lives varying from 5 m
up to several years. The identification of the fission produ
and the determination of their yields is carried out by mea
of off-line g-ray spectroscopy with four heavily shielded G
detectors at KVI and an additional number of counters
ECN. The nuclear data of theg rays are taken from Ref
@18#. The employedg-ray energy range of the Ge detectors
60–3000 keV. The on-average weak samples are place
small distance to the detectors, which makes a correctio
theg-ray intensities for coincident summing necessary. F
monitoring is done in two independent ways. A Faraday c
is installed to measure directly the accumulated charge of
beam. The alternative method consists of adding several
minum foils to the stack. The average proton flux is calc
lated using the well-known cross section of th
27Al( p,3p3n)22Na reaction@19#. Both methods give consis
tent results. All the uncertainties in our results include a s
tematical error of 10% due to the uncertainty in the prot
flux.

The main task is to separate the desired information in
g-ray spectra from the background. If the fission cross s
tion has a value much smaller than the total nonelastic c
section, the fission fragments will be drowned in the en
mous background caused by contributions of the evapora
residues. This is the case for all the subactinide targets u
in this experiment. In order to reduce this background,
have made a catcher system which separates the fission
ments and evaporation residues from each other. Diffe
setups are used for the 5 min and the 2 h irradiation.

A. Long-lived fission products: Catcher foil

For the measurements aiming at the observation
longer-lived fission isotopes, each individual target foil
sandwiched between first a thin (;0.3 mg/cm2) and then a
thicker (;3 mg/cm2) Mylar foil. The thin foil acts as a
filter which captures the relatively less energetic evapora
residues, but which transmits most of the fission fragme
with their additional energy of;70 MeV gained from Cou-
lomb repulsion experienced by the two fragments~Fig. 1!.
The thick Mylar foils trap all fragments which pass the th
ones. After activation they are taken from the stacks a
used for further analysis as samples free from evapora
products. We use rather thin targets (;5 mg/cm2) to enable
a large fraction of the produced fission fragments to esc
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778 PRC 59M. C. DUIJVESTIJNet al.
them. A disadvantage of this technique is the small abso
yield of the fission fragments per individual target layer, e
pecially for target materials like W, Au, and Pb, which ha
a fission cross section smaller than 100 mb. In order to
prove statistics, a stack of several target units as descr
above is used. In the present investigation we take aroun
of these units for each target element~Fig. 2!. After irradia-
tion the stacks are disassembled, so that correspon
catcher foils can be taken together for subsequentg-ray
spectroscopy. The energy loss of the protons in the t
stack has been estimated to be 2.5 MeV.

The setup as described above cannot be used to me
the short-lived fission products. The reason is that the cat
foils are placed in the beam themselves, which causes
protons to interact with the carbon and oxygen in the Myl
producing overwhelming amounts of the positron-emitti
11C, which has a half-life of 20 min. The intense annihilati
radiation from these positrons limits severely theg-ray spec-
troscopy during the first hours after the activation. The re
tions with C and O furthermore produce7Be ~half-life of 52
days!, which emits a gamma of 478 keV, with, fortunatel
less detrimental effects on theg-ray spectroscopy.

B. Short-lived fission products: Catcher cylinder

To obtain access to shorter-lived isotopes it is neces
to prevent the proton beam from interacting with the catc
foils. To achieve this, we have constructed a catcher cy
der, made of polyethylene, as sketched in Fig. 3. A cylin
allows the protons to pass without hitting the catcher its
The catcher cylinder wall (;4 mg/cm2) has full stopping
power for all the fission fragments. In this way, we are a
to observe fission products with half-lives as short as 5 m

FIG. 1. One target unit with target T sandwiched between
tering foils Fb and F f in backward and forward positions, respe
tively. Fission fragments fp are captured inMb andM f . Energetic
evaporation residues ep cannot pass the filter foils.

FIG. 2. Stack of target units~see Fig. 1! with an additional
Mylar foil Mm to assure separation of individual units. Two Al foi
serve for beam-monitoring purposes.
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for 232Th and 208Pb. Because of space limitations in th
irradiation chamber, it is not possible to use catcher cylind
for all our targets.

III. SIMULATIONS

In order to extract isotope production cross sections fr
the data, the efficiencies of the catcher foils and cylinders
collecting the fission fragments must be determined. Simu
tions with the Monte Carlo codeSRIM96 @20# are performed
to obtain the efficiencies of the catcher foils. This io
transport code is based on a fully quantum mechanical tr
ment of ion-atom collisions. The moving ion undergo
screened Coulomb collisions with the target atoms, wh
include exchange and correlation interactions between
overlapping electron shells. Furthermore, the ion has lo
range interactions, thereby creating electron excitations
plasmons within the target.

For each target, the catcher efficiency has to be de
mined as a function of the fission-product kinetic energy a
mass. The kinetic energy of the fragments is taken from
Viola systematics@21#. Calculations withSRIM96 show that a
spread of 0% and of 20% in the kinetic energy distributi
has no detectable effect on the total number of fission fr
ments stopped in the catcher foils. Since the catcher e
ciency is merely given by the ratio of collected to produc
fission fragments, no spread in the kinetic energy of the fr
ments is taken into account in theSRIM96 simulations. Fur-
thermore, an isotropic angular distribution for the fragme
is assumed, in accordance with the measurements of Byc
kov et al. @22#. In Fig. 4 the results of the simulations for th
catcher efficiency of a Mylar foil are plotted for a232Th and
a 197Au target. For each target a line is fitted to the simula
data points which is used for interpolation. The overall e
ciency is found to be in the order of 30% for a catcher fo
This means that each fission fragment is caught with a t
efficiency of 60% in one of the Mylar foils in forward o
backward direction with respect to the beam.

SinceSRIM96 can only handle flat layers of different ma
terials, another Monte Carlo codeGEANT @23# is employed
for the more complicated geometry of the catcher cylind
used in the short irradiation setup.GEANT is not specialized
in heavy ion transport in matter and not suitable to calcul
the transport of the fragments in the target. Therefore,SRIM96

is taken to compute the number of fission fragments com
out of the target. Subsequently,GEANT performs the tracking
from the target to the catcher cylinder, which takes place
air. We are only interested in the total number of fissi
products caught in the cylinder. Because the wall of

-
FIG. 3. One target unit with in forward and backward directio

a cylindrical catcher for fission fragments, denoted byCb andCf .
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PRC 59 779PROTON-INDUCED FISSION AT 190 MeV OFnatW, . . .
catcher cylinder is thick enough to stop all the fragments
suffices to determine the number of fission fragments tha
the catcher wall withGEANT. The results for232Th and 208Pb
can also be found in Fig. 4. The average efficiency fo
catcher cylinder is computed to be 15%.

IV. EXPERIMENTAL RESULTS

A. Isotope yields

At the incident energy considered in this paper, fiss
fragments are produced in the vicinity of or even in the v
ley of stability. This is not surprising, because we envisa
the fission event to be preceded by preequilibrium emiss
and evaporation. For the heavy targets studied here,
emission will mainly involve neutrons. Consequently, t
neutron-rich fission products linked with low-energy fissi
of actinides will be less prominent here. Instead, a high yi
of stable or extremely long-lived isotopes among the fiss
products is expected. These nuclei escape our detec
method—just like nuclei that do not emit detectableg rays—
leading to incomplete measured yields in many mass b
But the on-average longer half-lives of the less neutron-r
fission products also give rise to an advantage. Part of
primary fission products, which remain after post-fissi
neutron evaporation by the fragments, occurs with lon
and easier to observe half-lives. They can now be meas
directly, instead of only through their beta decay product

The detected yield of a fission product is called ‘‘cum
lated’’ if it encompasses the yield of unobservedb-decaying
parents, so that it corresponds to a summation of the yield
the beta decay chain with the observed nuclide as end p
A yield is ‘‘independent’’ if it represents in essence the p
mary yield of a fission product. There are two situations
which independent yields can be determined: first, if an i
tope is found to be sandwiched in the isobaric chain betw
two stable or very long-lived nuclides and, second, if bot
mother and a daughter nuclide are found. The yield of

FIG. 4. Catcher efficiency as function of fission-fragment m
A. Circles and squares correspond to the results ofSRIM96 simula-
tions for the catcher efficiencies of the Mylar foils~long irradiation!
for a thorium and a gold target, respectively. Triangles and s
represent the simulated efficiencies of the catcher cylinders~short
irradiation! for a thorium and a lead target, respectively. Lines
fitted to the results of the simulations and are used for interpolat
it
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daughter, which can be extracted from the data by correc
for the contribution of the mother to the activity of th
daughter, is then also independent.

Fission fragments going in backward or forward directi
with respect to the proton beam are collected on sepa
foils or cylinders. Therefore, distinct production cross se
tions of fission fragments in the backward and forward
rection are obtained. The yields turn out to be independen
the direction within the experimental uncertainties, whi
confirms the assumption made in the simulations that
angular distribution of the fragments is isotropic.

In Table I the fission-product yields obtained for all ta
gets and observed with half-lives covered by our two me
ods are given. An indexi in the brackets denotes an indepe
dent or a nearly independent yield. In the case of82Br, for
example, the measured ground-state yield corresponds to
sum of the independent ground-state yield and of the alm
complete independent isomeric yield. These nearly indep
dent yields reflect the complete independent isotope y
within the experimental uncertainty limits. An indexc indi-
cates cumulative production cross sections. For several
topes found, the measured yields are neither independen
cumulative, because they correspond to only part of the
mulative yield in the mass chain up to that isotope. So
yields given in Table I belong exclusively to the ground sta
or to the isomeric state of the isotope.

B. Subactinide fission: Mass distributions
and fission cross sections

For each subactinide target the mass distribution is
tracted from the measured cumulative and independent
tope yields~marked withc andi, respectively, in Table I! by
fitting simultaneously the mass and charge distribution. T
fission process is assumed to be symmetric for the su
tinide targets. The mass and charge distributions are, th
fore, both described with a single Gaussian in the fit. Mo
over, we assume that the most probable chargeZp as well as
the width of the charge distributionGZ varies linearly with
the mass of the fission fragment. In this way, we arrive at
following parametrization of the production cross secti
sprod (A,Z) as a function of the mass and charge of t
fission fragment:

sprod~A,Z!5lA e2~A2MA!2/GA
2 1

ApGZ
(

i
e2~Z2 i 2Zp!2/GZ

2
,

~1!

with Zp5m11m2A and GZ5g11g2A. The first Gaussian
represents the symmetric mass distribution defined b
height lA , a meanMA , and a widthGA . The rest of the
formula reflects the charge distribution. In the case of
independent yield, only one term in the sum of the norm
ized Gaussian charge distribution~i.e., i 50) contributes. A
cumulative yield is described by summing the contributio
of neighboring isobars. The indexi is equal to 0,1 . . . ,5 for
neutron-rich cumulative yields and equal to 0,21 . . . ,25
for neutron-poor cumulative yields. The number of six term
in the summation for cumulative yields is rather arbitra
but in our investigations it has turned out to be sufficient. F

s

rs

e
n.
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TABLE I. Fission-product isotope yields resulting from 190 MeV proton-induced reactions as measured for the targetsnatW, 197Au,
208Pb, natPb, and232Th. The half-lives and the production cross sections are given. Thei and c in parentheses denote independent a
cumulative yields, respectively, of the isotope, its ground state, or its isomer as given.

natW 197Au 208Pb natPb 232Th
Isotope Half-life @mb# @mb# @mb# @mb# @mb#

59Fe ~c! 45.1 d 0.05360.008 - - - -
67Cu ~c! 61.9 h 0.07560.008 0.2560.03 0.2860.04 0.3660.04 0.6160.07
69mZn ~i! 13.8 h 0.03660.005 0.17160.019 0.2760.04 0.1860.03 0.2060.03
71mZn ~i! 3.9 h - 0.12260.013 - 0.15260.017 -
72Zn ~c! 46.5 h 0.016960.0019 0.11860.013 0.2060.03 0.2760.03 10.2860.14
72Ga ~i! 14.1 h 0.06460.013 0.1460.05 0.2960.06 0.1660.04 0.2460.07
73Ga ~c! 4.86 h 0.04060.004 0.3060.03 0.5060.07 0.3660.03 -
74Ga ~c! 8.1 min - - 0.4360.11 - -
74As ~i! 17.8 d 0.04060.006 0.16760.025 - 0.10160.012 -
75Se ~c! 120 d - 0.08460.011 - 0.03660.007 -
76As ~i! 26.4 h 0.08560.012 0.3860.04 0.3660.06 0.4660.07 -
77Ge 11.3 h - - 0.2360.03 0.23060.023 1.3560.11
77Br ~c! 57.0 h 0.03360.007 0.09860.018 - - -
78Ge ~c! 88.0 min - - 0.2260.04 - 5.961.3
78As ~c/i! 1.5 h - 0.3260.03 ~c! 0.6160.24 ~i! 0.3960.12 ~i! -
81mSe 57.3 min - 0.2760.05 0.9260.14 - -
82Br ~i! 35.3 h 0.08960.014 0.7760.14 1.2060.15 1.6760.14 -
83Rb ~c! 86.2 d 0.07760.010 0.2960.03 - 0.20060.022 0.07860.008
84Br 31.8 min - - - - 1363
84Rb ~i! 32.8 d 0.08560.010 0.5660.06 - 0.5760.06 0.2860.03
85Sr 64.9 d 0.06860.009 0.27360.029 - 0.18960.020 -
86Rb ~i! 18.7 d 0.1960.03 1.0860.12 - 2.2160.23 1.5660.14
87g.s.Y 80.3 h 0.00860.006 - 0.12060.021 0.12160.013 -
87mY 13.0 h 0.02960.004 0.14960.021 - 0.08160.015 -
87Kr ~c! 76.3 min - - - - 5.761.3
88Y ~c! 106.6 d 0.08360.013 0.5860.06 - 0.5160.05 0.25260.026
89Rb ~c! 15.2 min - - 1.460.3 - 2565
89Zr ~c! 78.4 h 0.02960.003 0.12360.013 - 0.06960.008 0.09960.010
90mY ~i! 3.19 h 0.11260.018 0.6660.05 1.560.3 0.9960.16 2.7600.6
91Sr ~c! 9.5 h - 0.4860.08 2.0660.22 1.1060.12 13.661.4
91mY ~i! 49.7 min - - 2.360.5 - 7.161.5
92Sr ~c! 2.71 h - 0.16960.021 1.7160.24 0.5360.05 3868
92Y ~i! 3.54 h - 0.7660.3 1.660.8 1.1760.20 -
92mNb ~i! 10.2 d - - 0.0960.02 - -
93Y ~c! 10.2 h - - 1.6660.26 0.9960.10 14.161.6
94Y ~c! 18.7 min - - 1.860.4 - 2766
95Zr ~c! 64.0 d 0.05660.008 0.7760.06 3.360.3 3.3260.25 23.761.7
95Nb ~i! 35.0 d 0.09360.025 0.9060.25 1.660.3 1.6860.25 -
96Nb ~i! 23.4 h - 0.9660.15 1.660.3 1.6860.12 3.260.3
96Tc ~i! 4.3 d 0.016060.0018 - - - 0.9360.10
97Zr ~c! 16.8 h - 0.16360.021 1.2160.17 1.2160.18 3668
97Nb ~i! 74.0 min - 0.4960.15 2.460.8 1.2660.14 1465
98mNb ~i! 51.0 min - 0.2760.03 - 0.6760.07 1467
99Mo ~c! 66.0 h 0.07260.012 0.9360.17 3.760.5 3.260.3 24.461.8
99mTc ~i! 6.0 h 0.00860.003 0.1460.04 0.2560.08 0.05760.010 -
101Mo ~c! 14.6 min - - 2.260.4 - 62611
101Tc ~i! 14.2 min - - 2.861.0 - -
102mTc ~i! 4.3 min - - 0.7860.27 - -
103Ru ~c! 39.4 d 0.08960.010 1.2360.19 4.560.5 4.960.4 2963
104Tc ~c! 18.2 min - - 1.2460.22 - 3165
105Ru ~c! 4.40 h - 0.4560.04 2.560.3 1.2860.09 59613
105Rh ~c/i! 35.5 h 0.07760.015 ~c! 0.7560.12 ~i! 2.060.5 ~i! 1.860.6 ~i! 1063 ~i!
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TABLE I. (Continued).

natW 197Au 208Pb natPb 232Th
Isotope Half-life @mb# @mb# @mb# @mb# @mb#

106Ru ~c! 368 d - - - 0.8660.10 19.962.2
106mRh ~i! 2.2 h - 0.2760.03 0.4060.07 0.5160.05 -
107Rh ~c! 21.7 min - - 2.560.5 - 5869
108mRh ~i! 5.9 min - - 0.6060.21 - -
109mPd ~i! 4.69 min - - 0.5860.21 - -
110mAg ~i! 250 d - 0.3960.04 - 1.0960.10 2.1060.16
111mPd 5.5 h - - 0.5860.08 0.3760.03 6.260.9
111Ag 7.45 d - 0.5160.06 2.360.5 2.060.3 70616
111mCd 49.0 min - - 0.2060.03 0.3460.04 -
112Ag ~c! 3.12 h - 0.3360.04 2.760.4 1.0160.09 -
113Ag ~i! 5.37 h - - 1.360.4 0.7360.17 21.862.5
114mIn ~i! 49.5 d - 0.21860.025 - 0.6260.07 1.5360.16
115Ag ~i! 20.0 min - - - - 2365
115Cd 53.4 h - 0.04160.003 - 0.4960.04 18.161.4
116mIn 54.0 min - - 0.4360.07 0.4560.06 1063
117Cd 2.42 h - - - - 1363
117g.s.In 43.1 min - - 0.5160.10 - 1464
117mSn 13.6 d - - 0.4960.07 0.5560.07 1.5760.17
118mSb ~i! 5.0 h - - 0.5360.16 - -
120mSb ~i! 5.76 d - 0.05860.024 0.5060.08 0.5760.08 2.8060.26
121mTe ~i! 154 d - 0.07860.009 - 0.16860.018 0.4460.05
122Sb ~i! 2.70 d - - 0.6060.10 0.2260.03 5.460.6
123mSn 40.1 min - - - - 8.061.7
123mTe 120 d - - - - 3.060.3
124Sb ~i! 60.3 d - - - 0.20660.021 7.361.1
124I ~i! 4.15 d - 0.02560.005 0.3460.10 0.1760.02 2.660.3
125Sn 9.64 d - - - - 4.660.4
125Sb ~c! 2.77 y - - - - 6.261.2
126Sb 12.4 d - - - - 4.060.3
126I ~i! 13.0 d - - - 0.23960.026 2.560.3
127Sb ~c! 3.85 d - - - - 5.860.6
128Sb 9.0 h - - - - 1.2260.11
129mTe 33.6 d - - - - 5.860.6
129Cs ~c! 32.1 h - - 0.2660.06 0.2260.03 0.7560.09
130I ~i! 12.4 h - - - - 3.460.4
131g.s.Te 25.0 min - - - - 4.160.9
131mTe 30.0 h - - - - 5.461.2
132Te ~c! 76.3 h - - - - 3.260.3
132Cs ~i! 6.47 d - - - 0.11660.012 -
133I ~c! 20.8 h - - - - 5.160.5
133Ba ~c! 10.5 y - - - - 0.9860.14
134Cs ~i! 2.06 y - - - - 3.060.3
135mCs ~i! 53.0 min - - - - 10.562.2
136Cs ~i! 13.2 d - - - - 3.360.3
137mCe 34.4 h - - - - 3.460.4
139Ba ~c! 83.1 min - - - - 1463
139Ce ~c! 138 d - - - - 1.2260.13
140Ba ~c! 12.8 d - - - - 6.560.6
140La ~i! 40.3 h - - - - 2.660.9
141Ce ~c! 32.5 d - - - - 9.261.0
143Ce ~c! 33.0 h - - - - 3.560.4
144Ce ~c! 284.8 d - - - - 5.260.5
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TABLE II. Fit parameter values obtained for a single Gaussian for the different targets@Eq. ~1!#. The
mass distribution is described by a Gaussian with the parameterslA for the height,MA for the mean, andGA

for the width. The charge distribution is also given by a Gaussian, with the width given asGZ5g11g2A and
the most probable charge asZp5m11m2A. Fission cross sections are compared with values obtained
the fit of Eismontet al. @25#. The uncertainties in the fit parameters denote the sensitivity of the fit.
uncertainties in the fission cross sections include a 10% systematical error.

natW 197Au natPb 208Pb

lA 0.232360.0022 2.08560.011 5.8860.26 5.060.7
MA 87.160.2 92.260.1 99.560.4 100.760.8
GA 22.160.3 17.760.1 18.160.3 19.860.6
g1 0.80160.010 0.85060.005 0.7460.10 0.560.3
g2 0.005160.0004 0.0039560.00022 0.004660.0014 0.00860.004
m1 1.61960.007 1.64260.005 1.1860.08 0.9760.18
m2 0.414760.0002 0.4119360.00010 0.413760.0009 0.41360.002
s f

our expt @mb# 4.560.5 32.863.3 9469 8868
s f

Eismont @mb# 3.7 - 88 74
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a more elaborate description of the functional form we re
to the work of Hagebo” and Lund@12#.

The values of the fit parameters obtained for all sub
tinide targets are tabulated in Table II. The mean value
well as the height of the mass distribution clearly increa
with increasing target mass, as expected. From the mea
the mass distributions it can be concluded that on the ave
nine mass units are emitted before and after fission.
relative widthGA /A of the mass distribution is shown in Fig
5 as a function of the fissility parameterZ2/A. This quantity
increases in going fromnatPb to natW. The wider distribution
of natW is in agreement with the observation by Becche
et al. @24# and others that the relative widths of the fissio
fragment mass distribution increase with decreasing ta
mass.

With the charge distribution known from the fit of expre
sion ~1!, it is straightforward to determine the fraction
chain yield represented by each of the observed indepen
or cumulative isotope yields in their mass chains. Sub
quently, the measured yields are divided by their fractio
chain yield to derive the experimental mass yields. In
case ofnatPb the spread in the corrected yields is rather lar

FIG. 5. Relative Gaussian width, defined asGA /A, of the
fission-product mass distributions as a function of the fissility
rameterZ2/A.
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Therefore, the final mass distribution has been obtained a
fitting to the measured yields which represent at least 50%
the complete mass yield. In Fig. 6 the complete mass yie
are plotted together with the mass distribution obtained in
fit for natW, 197Au, natPb, and208Pb. The results confirm ou
assumption of a symmetric mass and charge distribution

Integrating over the Gaussian and multiplying with a fa
tor 1

2 , because of the two fission fragments in each fiss
event, gives an estimate for the fission cross section.
values for the fission cross sections determined in this w
are also given in Table II. Eismontet al. @25# have made a
data compilation for the fission cross section as a function
incident proton energy for some of these target materi
The values from the fit of Eismontet al. are also shown in
Table II for comparison and are in fairly good agreeme
with our results. In the case ofnatPb the fissioning system
are on the average farther away from the double ma
nucleus 208Pb, which should give rise to a higher fissio
cross section fornatPb. According to the calculations mad
with the ALICE-91 code in Sec. VI, this effect is of the orde
of 10%, which corresponds to the experimental uncertain
From our results it is, therefore, impossible to draw a co
clusion concerning a difference betweennatPb and208Pb.

Contributions of asymmetric and symmetric fission
in 232Th

When we fit the expression~1! to the measured yields o
232Th, we arrive at the mass yields and the mass distribu
as pictured in Fig. 7. The result is not a Gaussian with
data falling nicely on top of it, as is the case for the sub
tinide targets. Furthermore, we obtain a fission cross sec
of 630660 mb, which is much lower than the value of Ei
montet al. of 1236 mb. The values of the fit parameters c
be found in Table III. Looking carefully at the232Th mass
yields, one notices a dip in the yields around fragment m
125. We therefore suggest that the fragment mass distr
tion for 232Th cannot be properly described by a sing
Gaussian, but is instead a superposition of a wide flatte
distribution and a narrower Gaussian. This more complica
-
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FIG. 6. Fission-product mass yields from 19
MeV proton-induced fission onnatW ~a!, 197Au
~b!, natPb~c!, and208Pb~d!. The lines indicate the
fitted Gaussian mass distributions; the triang
correspond to the experimental mass yields.
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form of the mass distribution can stem from contributions
different fissioning mechanisms in the many fissioning int
mediate nuclides.

Because of the particle evaporation process that ta
place before fission, there exists a set of various fission
nuclides. Each of them has its own fission characteristics
excitation energy and angular momentum distributio
Chung and Hogan@26,27# have collected data on the ma
yield curves for fissioning nuclei with atomic numbers ran
ing from Z580 to Z5105. They propose that nuclides wit
a fissility parameterZ2/A greater than a critical value
(Z2/A)C are situated in the region of symmetrical fissio
while nuclides withZ2/A smaller than that value fission onl
asymmetrically. Their approach is based on the observa
that the symmetric component increases with excitation
ergy. A higher excitation energy is coupled to an increase
neutron evaporation, resulting in a larger contribution of
neutron-deficient nuclides with higher fissility paramet
From the data they have extracted an expression for

FIG. 7. Same as Fig. 6, but for232Th. Experimental mass yield
obtained from the parametrization of Eq.~1! are not described in a
satisfactory way by the Gaussian.
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critical value as a function of nuclide charge:

~Z2/A!C535.510.4~Z290!. ~2!

Measurements of proton-induced fission of232Th between 8
and 22 MeV have been performed by Kudoet al. @28#. Ac-
cording to the assumption made by Chung and Hogan

TABLE III. Fit parameter values for the232Th mass yield
curves. The first two columns contain the values of the fit para
eters for the single-Gaussian mass and charge distribution fit~re-
ferred to as symmetric!. In the third and fourth columns the param
eter values that describe the decomposition of the mass distribu
can be found~referred to as decomposed!. The meaning of the
parameters is explained in the text. The fission cross section
obtained from the fit parameters are given as well as the valu
Eismont et al. The uncertainties in the fit parameters denote
sensitivity of the fit. The uncertainties in the fission cross secti
include a 10% systematical error.

Symmetric Decomposed
fit parameters Value fit parameters value

lA 30.760.5 s1 5264
MA 111.560.2 s2 107.360.4
GA 23.1560.14 s3 14.760.6
- - m1 5.361.0
- - m2 110.060.3
- - m3 30.262.2
- - m4 11.260.7
- - m5 27.760.3
- - m6 6.560.4

g1 0.82060.012 g1 0.34560.012
g2 0.0078660.00013 g2 0.012960.0002
m1 1.9260.02 m1 2.0760.02
m2 0.391060.0002 m2 0.3895360.0004

s f
our expt @mb# 630660 s f

our expt @mb# 950695
s f

Eismont @mb# 1236 s f
Eismont @mb# 1236
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mass distributions in their experiment should be pur
asymmetric, since all the fissioning systems contribut
have aZ2/A smaller than the critical value. But the ma
distribution in their experiment turns out to have a symme
contribution as well. Therefore, we assume that fission
nuclides like232Th and adjacent isotopes are responsible
a mass yield curve which is wide and to some extent fl
tened, due to the mixed contributions from asymmetric a
symmetric fission modes~referred to as mixed fission!. Fur-
thermore, we assume that the very neutron-deficient lig
isotopes of Th and of the neighboring lower-Z elements pro-
duce a reasonably narrow Gaussian mass distribution,
longing to a symmetric fission mode only~referred to as
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purely symmetric fission!. This idea arises also from the ob
servation that the narrower Gaussian in the experime
mass distribution seems to be shifted to lower masse
comparison to the wide and flattened part of the mass di
bution. An experiment by Schmidtet al. @29# on fission of
neutron-deficient actinides shows indeed a transition o
mixed to a symmetrical charge distribution with decreas
neutron number.

It is possible to decompose the mass yield curve obser
for 232Th on basis of the assumptions described above
splitting the dependence on the fission-fragment mass of
production cross section in a part for purely symmetric a
in a part for mixed fission:
~3!
-
pre-
in

sian
re-
atic
t of
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u-
u-
we

f
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ex-
lds
with A andZ being the fragment mass and charge,s1, . . . ,3the
fit parameters of the purely symmetric fission contributio
andm1, . . . ,6 the fit parameters of the mixed fission contrib
tion. The mixed fission parametrization consists of th
Gaussians, the first Gaussian describing the symmetric
the other two describing the asymmetric fission contributi
Although we assume the fission process to be a sum of s
metric and mixed contributions, we take the charge dep
dence the same as in expression~1!. An attempt to take a
more general form of the charge distribution into accou
consisting of a sum two Gaussians, failed because the ex
mental data are not sufficient to reconstruct a more com
cated form. The values of the fit parameters can be foun
Table III.

The result for the mass distribution is given in Fig. 8. T
triangles denote the experimental values that are corre
using the fractional chain yields determined with the cha
distribution from the fit. The observed points that correspo
to less than 10% of the complete mass yields are left ou
the final fit. The spread in the complete mass yields may
due to the use of the simplified parametrization of the cha
distribution. Adding the mixed and the purely symmet
contributions results in a mass yield curve that resembles
measured form of the mass distribution better than

TABLE IV. Purely symmetric and the mixed fission cross se
tions in proton-induced reactions on232Th at 190 MeV as deter-
mined from the experimental data and from theLAHET andALICE-91

calculations.

s f
symmetric @mb# s f

mixed @mb#

Experimental 680670 271627
LAHET 687 372
ALICE-91 796 361
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single-Gaussian fit of Eq.~1!. The purely symmetric Gauss
ian has a smaller mean value than the Gaussian that re
sents the symmetric component of mixed fission. This is
agreement with the idea that the purely symmetric Gaus
comes from the fissioning nuclides that have lost more p
fission neutrons. The four Gaussians give only a schem
description of reality, but it enables us to estimate the par
the fission cross section originating from purely symmet
and from mixed fission. A disentanglement of the contrib
tions of the different fission modes in all the fissioning n
clides is far more complicated. From this decomposition

FIG. 8. Decomposition of the232Th mass yield curve into one
Gaussian~dotted line!, coming from purely symmetric fission o
lighter nuclides, and three Gaussians representing the mixed s
metric ~dot-dashed line! and asymmetric~dashed line! fission
modes of heavier nuclides. The solid line indicates the sum of
symmetric and the mixed contributions. Triangles represent the
perimental mass yields resulting from dividing the measured yie
by the fractional yields obtained with Eq.~3!.
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estimate a cross section of 680670 mb for purely symmet-
ric and 271627 mb for mixed fission. The new total fissio
cross section thus becomes 9506100 mb, which is in better
agreement with the value of Eismontet al. of 1236 mb than
the value originating from the single-Gaussian fit. We co
clude, therefore, that a decomposition of the232Th fission
fragment mass distribution into a mixed fission and a pur
symmetric fission component gives a better description
the data than a single Gaussian. A comparison of the s
metric fission cross section and the mixed fission cross
tion with theoretical calculations is presented in Secs. V a
VI.

The previously mentioned experiment by Schmidtet al.
@29# supports our assumptions on the mixed and purely s
metric fission components. Other experimental evidence
the form of the fission-product mass distribution can
found in the work by Pappas and Hagebø@30# and by Lee
et al. @31#. Pappas and Hagebo” arrived at similar findings
when inducing fission of238U with 170 MeV protons. They
have proposed a decomposition of the mass yield curve
a symmetric contribution caused by high-deposition-ene
events, and two asymmetric contributions connected to l
and high-deposition-energy events. Leeet al. have studied
fission in the bombardment of238U with 240 MeV12C ions.
They have interpreted the mass distribution as a superp
tion of three components: asymmetric low-energy fissi
symmetric high-energy fission~a combination of fusion-
fission and fast fission!, and symmetric sequential fissio
~i.e., fission preceded by multiple nucleon emission!. What
these two approaches have in common with our work is
symmetric component linked with the more neutron-defici
fissioning systems. However, the interpretation concern
the contributions of the less neutron-poor nuclides is diff
ent. We assume that both symmetric and asymmetric fis
modes play a role in this region of nuclides close to
valley of stability, while Pappas and Hagebo” omit the sym-
metric fission contribution completely and Leeet al. neglect
the asymmetric fission contribution for excitation energ
above 35 MeV~although, according to theoretical calcul
tions, the shell effects responsible for asymmetric fiss
have not yet vanished at these energies; see, e.g.,@32#!.

FIG. 9. Experimental mass yields for 190 MeV proton-induc
fission of 232Th ~circles!. The curve for complete fission yields ha
been calculated withLAHET.
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V. LAHET CALCULATIONS

We calculate fission-fragment mass distributions with
Monte Carlo high-energy transport codeLAHET @17#. In LA-

HET a nuclear interaction is treated in the following steps
starts with an intranuclear cascade, for which the Ber
model is utilized. Subsequently, a multistage exciton mo
is employed to compute the preequilibrium part of the re
tion. Finally, the compound stage is calculated with
evaporation model. During this last step of the calculat
fission can be included. We use the Rutherford Apple
Laboratory~RAL! model by Atchison@33# to describe the
fission process, because it allows for fission of elements w
atomic number as low asZ571. In fact the RAL model
consists of two models, one for actinide and another for s
actinide fission. The actinide fission model is semipheno
enological and is based on the observation that the fis
probability above a certain excitation energy of the nucle
becomes more or less constant. In the case of subacti
fission the widths for neutron evaporation and fission
obtained from the statistical model for fission. An empiric
relation is used to determine, subsequently, the mass d
bution. For a more detailed treatment we refer to Ref.@33#.

In Fig. 9 and Fig. 10 the results of theLAHET calculations
are shown together with the experimental complete m
yields for natW ~squares!, 208Pb ~triangles!, and 232Th
~circles!. The fluctuations in the calculated mass yields a
caused by poor statistics. Although 13106 events are taken
for 232Th and 208Pb and even 103106 events fornatW, the
resulting statistics for the fission results is low due to t
small cross sections.

With LAHET we arrive at a description of the proton
induced fission of232Th resulting in a broad distribution
which is rather flat. This is the expected result of the mix
symmetric and asymmetric fission. However, the pur
symmetric component of the very neutron-deficient nuclid
does not show up in the mass distribution. The fission cr
section for232Th as calculated byLAHET is 1059 mb, which
agrees with our value of 9506100 mb. This means that th
widths for fission and neutron evaporation—determining
moment of fission in the evaporation chain—used for232Th
give a result consistent with the experiment, whereas
subsequent calculation of the fission fragment proper

FIG. 10. Same as Fig. 9 for208Pb ~triangles and dotted curve!
and natW ~squares and solid curve!.
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does not yield the experimental form of the mass distri
tion. It is possible to extract the contribution to the fissi
cross section per fissioning nucleus inLAHET. All fissioning
nuclides are divided into a purely symmetric group and
mixed fission group according to the condition given in E
~2! and their respective contributions to the fission cross s
tion are added. The results obtained in this manner are sh
in Table IV. The values deduced from the experimental d
are given in this table as well for comparison. The calcula
mixed fission cross section is somewhat higher than our
perimental value. But when one bears in mind the schem
cal nature of the decomposition we make for the thori
mass yield distribution, the agreement with the experime
values from Sec. IV is surprisingly good.

Figure 10 reveals a large discrepancy between the pre
tions for subactinide fission byLAHET and the experimenta
data. The fission cross sections are 32 mb and 0.26 mb
208Pb andnatW, respectively. This implies a large underes
mation of the experimental values: 8868 mb for 208Pb and
4.560.5 mb for natW. Furthermore, the widths of the mas
distributions are too large.

VI. ALICE-91 CALCULATIONS

We also perform fission cross-section calculations w
the precompound plus compound nucleus decay codeALICE-

91 developed by Blann@16#. The geometry-dependent hybr
~GDH! model is employed in the preequilibrium part of th
reaction. In this model the diffuseness of the nuclear surf
is taken into account. This leads to an enhancement of
ripheral collisions undergoing precompound decay, ther
depleting the higher angular momenta more than in the c
ventional hybrid model. Reduction of angular momentum
particle evaporation is also taken into account. The co
pound part of the reaction is computed using Weissko
Ewing evaporation with fission competition via the Boh
Wheeler approach, in which the fission process is descr
by a passage probability of the nucleus over the class

FIG. 11. Fission cross sections as a function of fissility para
eter calculated byALICE-91 with the rotating finite range mode
~RFRM! of Sierk for af /an51.00 ~solid line!, 1.01 ~dotted line!,
and 1.02~dashed line! and with the rotating liquid drop mode
~RLDM! for af /an51.00 ~long-dashed line! and 1.01~dot-dashed
line!. The computational results are compared with the experim
tal values obtained in the present work.
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fission saddle point. Angular-momentum-dependent fiss
barriers and ground-state energies are supplied by the r
ing finite-range model~RFRM! of Sierk @34#. This model is
based on calculations that include finite-range effects in
nuclear surface energy and finite surface-diffuseness eff
in the Coulomb energy and in the rotational moments
inertia. If the angular momentum is larger than a critic
value, the fission barrier is taken to be zero. For comparis
the calculations are repeated with fission barriers a
ground-state energies provided by the rotating-liquid-d
model ~RLDM!.

The fission cross section computed withALICE-91 is, apart
from depending on the model, also dependent on the ch
for af /an , being the ratio of saddle-point to ground-sta
level densities. Because of the~stronger! deformation at the
saddle point, this ratio is expected to be slightly larger th
1.00. The results for calculations of the fission cross sec
with the RFRM foraf /an51.00, 1.01, and 1.02 are drawn i
Fig. 11 as a function of the fissility parameterZ2/A. Results
are also shown of computations with RLDM quantities f
the valuesaf /an51.00 and 1.01. The measured fission cro
sections are denoted by the circles in Fig. 11.

The subactinide fission cross sections are best reprod
with the RFRM by Sierk. A well-known property of the
RLDM is the overestimation of the fission barriers for nuc
with mass number less than about 200, resulting in an un
prediction of the fission cross sections. This problem can
solved either by using an extra scaling factor to reduce
fission barrier or by increasingaf /an to enhance the fission
process at the expense of the evaporation process. We
that a best description in the subactinide range ofZ2/A is
offered byaf /an51.01 and 1.02 with the RFRM. Our valu
of af /an is considerably smaller than the value of 1.05
used inALICE-91 calculations of proton-induced fission cro
sections at 190 MeV with RLDM barriers by Becchettiet al.
@24#, as we expect from the argument given above. In th
calculations as well as in ours, it seems that a better fit w
the data is obtained with a lower value ofaf /an for heavier
target elements (af /an;1.01, in our case! and with a some-
what higher value for the lighter target elements (af /an
;1.02, in our case!.

In the actinide region we only have one point, namely,
232Th. For this isotope we find that the RLDM gives the be
agreement with the experimentally found fission cross s
tion for 232Th. As can be seen in Fig. 11, deeper in t
actinide region the discrepancies in the predictions of b
models and of the different values ofaf /an disappear.

A small modification inALICE-91 enables us to extract th
contribution to the fission cross section from each evapo
tion residue in the calculation for232Th. Applying the crite-
rion of Eq.~2! we can again determine the decomposition
the calculated total fission cross section into a purely sy
metric and a mixed contribution. The calculation is pe
formed with the RLDM foraf /an51.00, since this gives the
best description of the experimental fission cross section
232Th. The values for the calculated purely symmetric a
the mixed fission cross section are added to Table IV
very close to theLAHET results. The experimental mixed fis
sion cross section is lower than the calculated values, of b
LAHET andALICE-91, by approximately 30%.
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VII. SUMMARY AND CONCLUSIONS

We have measured independent and cumulative fiss
product yields originating from 190 MeV proton-induced r
actions onnatW, 197Au, natPb, 208Pb, and232Th. With the
experimental setups for the short irradiation~catcher cylin-
der! and the long irradiation~catcher foil! it is possible to
observe both short-lived and long-lived fission products.
are able to distinguish between fission products leaving
target in forward and backward direction, but do not find a
indication for the existence of an anisotropy in the angu
distribution of the fission fragments.

The mass yields ofnatW, 197Au, and 208Pb are well de-
scribed by a single Gaussian both for the mass and
charge distribution. The mass yields ofnatPb agree within a
factor of 2 with the single-Gaussian fit of the mass a
charge distribution. The relative widths of the mass distrib
tions are decreasing while going to higher fissility para
eters. Fission cross sections extracted from the sin
Gaussian fits are comparable with the values obtained f
the fits of Eismontet al.

The fission cross section resulting from the sing
Gaussian description for232Th underestimates the value o
Eismontet al.by a factor of 2. Looking carefully at the mas
yields for 232Th, it is obvious that the mass yield curve has
more complicated form than that of a single Gaussian. T
dip in the mass yield curve around mass 125 must repre
a real feature of the true mass yield curve. We believe
the origin of this particular form of the mass distribution c
be found in the process of multichance fission. Parti
evaporation prior to fission results in a wide variety of fi
sioning nuclides, each contributing to the mass distribut
with its own fission characteristics. In our view the observ
strong symmetric component in the232Th mass distribution,
at the high excitation energies encountered in this exp
ment, is only partly caused by an enhanced crossing of
symmetric fission barrier in the fissioning nuclides, whi
possess both symmetric and asymmetric fission modes.
largest contribution comes from purely symmetric fission
the neutron-poor region. We decompose the measured m
ys
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yield curve into a single Gaussian belonging to the pur
symmetric fission mode and a contribution of three Gau
ians, together describing mixed fission. The fission cross
tion resulting from this decomposition is slightly small
than the value of Eismontet al.

Fission cross sections and mass yield curves are ca
lated with the intranuclear cascade codeLAHET employing
the RAL model by Atchison for fission. The mass yie
curve for 232Th lacks the purely symmetric contribution, bu
the fission cross section agrees very well with our value fr
the decomposition of the232Th mass distribution.LAHET un-
derpredicts the fission cross section for the subactinidesnatW
and 208Pb severely and overestimates in general the width
the mass distribution.

Fission cross sections are also computed with theALICE-91

code. The rotating finite-range model by Sierk gives a be
prediction of the experimental data for the subactinides t
the rotating-liquid-drop model. A somewhat larger value f
the ratio of the fission saddle-point to the ground-state le
densities is needed to obtain agreement for the lighter tar
in comparison to the heavier targets. Fission of232Th is best
described by the rotating-liquid-drop model.

LAHET and ALICE-91 calculations reproduce the exper
mental values of the purely symmetric and the mixed fiss
cross section of232Th surprisingly well, despite the ratherad
hocassumption of four Gaussians describing the mass di
bution and only one Gaussian representing the charge d
bution. The mixed fission cross section is in both calcu
tions 30% higher than the experimentally determined val
while the experimental and calculated cross section
purely symmetric fission agree within uncertainty limits wi
each other. This is very encouraging for our assumption
a distinction between mixed and symmetric fissioning n
clides can be made, based on aZ-dependent criterion on the
fissility parameter.
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