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Mass distributions in nucleon-induced fission at intermediate energies
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Temperature-dependent fission barriers and fission-fragment mass distributions are calculated in the frame-
work of the multimodal random neck-rupture model~MM-RNRM!. It is shown how the distinction between
the different fission modes disappears at higher excitation energies, due to the melting of shell effects. The
fission-fragment mass yield calculations are coupled to the nuclear reaction code ALICE-91, which takes into
account the competition between the other reaction channels and fission. With the combination of the
temperature-dependent MM-RNRM and ALICE-91 nucleon-induced fission is investigated at energies between
10 and 200 MeV for nuclei varying from Au to Am.
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I. INTRODUCTION

Almost since the time of its discovery, applied and ac
demical interests in the nuclear fission process go han
hand. Historically, most of the effort has been put into t
development of the fission knowledge at low energies. T
lesser extent, also fission reactions induced by neutrons
charged particles at intermediate incident energies, i.e.,
tween 10 and 200 MeV, have been investigated. Researc
this field of intermediate-energy fission is nowadays stim
lated by the world-wide attention drawn towards accelera
driven systems~ADS! for the transmutation of nuclear was
and other purposes, such as the production of energy
radioisotopes. Whereas in most conventional nuclear ap
cations particle energies are limited to several MeV, in th
ADS concepts energies up to the GeV region are playing
important role. Feasibility studies of ADS designs requ
knowledge of all the underlying nuclear reactions that c
stitute a significant part of the reaction cross section. T
comprises both proton and neutron-induced reactions ra
ing in energy from thermal up to a GeV. One of the pr
cesses that occurs both in the target and the reactor co
fission. Figure 1 shows the reaction cross sections and
fission cross sections at incident neutron energies up to
MeV for 209Bi and 238U. This reveals that about 5% of th
reaction flux goes into the fission channel for bismuth a
more than 50% for uranium. Fission of actinides as well
subactinides is not yet understood sufficiently for incom
energies above a few MeV. Compared to spallation a
evaporation cross sections the subactinide fission cross
tion is relatively small. This contribution should, howeve
be taken into account for a proper computational analysi
the target and its direct environment, where undesired ra
active isotopes may be produced. It depends on the desig
the ADS @1#, whether the neutrons entering the reactor c
do have a significant intermediate-energy tail or not. At e
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ergies above 200 MeV, the neutron flux inside the co
surely diminishes rapidly. As for many aspects of the AD
design, the role of intermediate-energy actinide fission
therefore, not yet clear. Nevertheless, an adequate answe
intermediate-energy fission must be provided, before se
tivity studies can probe its true significance.

From the more fundamental point of view, fission rema
an intriguing object of study as well. In fission at intermed
ate energies two factors emerge that complicate the des
tion in comparison with low-energy fission: multichance fi
sion and the varying fission characteristics with excitat
energy. Fission being a relatively slow process that invol
a collective deformation of the entire nucleus, is likely
compete with particle evaporation. In addition, at high in
dent energies it will most probably be preceded by fast em
sion of particles in a directlike mechanism. This immediate
illustrates the complexity of the process: a large number
intermediate nuclides, each with its own fission characte
tics, are formed in the neighborhood of the original targ
nucleus. They all contribute to the experimental fission o
servables and make it incredibly difficult or even impossib
to disentangle from this superposition the information on
fission properties of the separate nucleus. Figure 2 serve
illustrate the difference between the first-chance proce
characteristic for low-energy fission, and the multichan
process playing an important role in intermediate-energy
sion. If the energy of the incoming nucleon is low, th
slightly excited compound nucleus starts to deform and m
ultimately fission before it has emitted any particles. Th
process produces two fragmentsF1 and F2 with nucleon
numbers that sum up to the original number of nucleo
present in the compound nucleus. The fragments are exc
and lose, subsequently, their energy by the evaporation
nucleons and gammas. In the end, two fission productsP1
andP2 remain. On the other hand, if the excitation energy
the compound system is high enough, the nucleus will e
n11 nucleons during the fast stage of the reaction follow
by the emission ofm particles in the evaporation stage. Th
fissioning nucleus is characterized by a nucleon numbeA
2n2m. Fission fragmentsF18 and F28 are formed, which
©2001 The American Physical Society07-1
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FIG. 1. Reaction cross section
as a function of incident neutron
energy compared to the fissio
cross sections for209Bi and 238U.
The reaction cross sections are o
tained from an optical model by
Ref. @2# and the experimental dat
for the fission cross sections ar
taken from Refs.@3–5#.
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evaporate an additional number of particles, and hence cr
the fission productsP18 andP28 .

In the past, several attempts have been made to des
and understand the varying fission characteristics of nucl
with excitation energy~e.g., Refs.@6–10#!. An overview can
be found in Ref.@11#. Moreover, Brosaet al. @12# have de-
veloped a model which is elucidated in great detail in
remainder of this paper. In summary, the competition
tween symmetric and asymmetric fission is thought to
connected to shell effects in the deformed nucleus. The p
ence of these shell structures leads to the existence of s
metric and asymmetric fission modes or channels, whic
nucleus can choose to follow on its way to fission. It is t
contribution of each fission mode that changes with exc
tion energy. In addition, shell effects fade with higher ex
tation energy resulting in a nucleus which possesses mer
symmetric fission mode. As a result of these properties,
tinides near the valley of stability prefer asymmetric fissi
at low energies, but are subject to an increasing contribu
of symmetric fission at increasing energies. Further awa
the neutron-deficient region, the actinide nuclides tend to
sion symmetrically even at lower excitation energies@7,13#.
In the subactinide region the symmetric fission mode is
ready the strongest mode at small energies and remain
dominant channel at higher excitation energies. Despite
the progress in the understanding of the fission process,
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of questions remain. After 60 years of research, still
theory or model is able to describe the mass dependent
excitation energy dependent transition between asymme
and symmetric fission in a satisfactory way, and to predict
the fission observables in one consistent approach for all
sible fissioning systems in going from low to high excitatio
energies.

Some models~e.g., Refs.@14,15# ! ~partly! rely on system-
atics in order to predict fission-product yields at intermedi
energies. The lack of experimental data hampers the de
opment of systematics for quantities like the symmetric a
asymmetric fission contributions or the fission-fragme
mass and charge distributions in a wide range of nucli
and energies. In addition, the measured results
intermediate-energy fission arise as a superposition of m
contributing fissioning systems characterized by their o
excitation energy distributions. Since the disentanglemen
all these separate contributions is impossible, the compar
between the calculated and the experimental results ca
take place at this level. It has to be carried out for t
summed observables instead. In this manner, trends in
separate contributions are taken into account in an effec
way in the systematics in order to arrive at a description
the experimental results. This may lead to wrong resu
when systematics is extrapolated into a region without
perimental data. Therefore in this work much effort is i
FIG. 2. Schematical drawing
illustrating the difference between
first-chance fission~upper branch!
and multichance fission~lower
branch!. A denotes the nucleon
number of the bombarded
nucleus, n11 and m the number
of emitted nucleons, F a fission
fragment, and P a fission product.
7-2
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vested in the development of a more fundamental appro
The hope stands that the physics incorporated in such
approach ensures better predictive properties independe
the presence of experimental data.

The objective of our work is to compute fission-fragme
and fission-product mass yields from intermediate-ene
nucleon-induced reactions. In the approach presented
two stages can be distinguished. In the first stage the fis
cross section is determined for the various fissioning isoto
as a function of their excitation energy in competition w
other processes like pre-equilibrium decay and part
evaporation~Sec. III!. ALICE-91 is a nuclear reaction cod
that takes care of this first stage. The second stage consis
constructing the total fission-fragment mass distributio
from the different contributions of all the equilibrated fi
sioning systems. Hence a model is needed that gives a
diction for the fission-fragment mass yields in a large ran
of mass, charge, and excitation energy of the fission
nucleus. For this purpose, the multimodal random ne
rupture model by Brosa@12# is extended with temperature
dependent shell and pairing corrections and a tempera
dependent liquid drop model~LDM ! for the calculation of a
temperature-dependent potential energy surface. Su
quently, the resulting temperature-dependent barriers are
ployed to determine the relative contributions of the differe
fission modes. This is described in great detail in Sec.
Section IV contains the coupling between ALICE-91 and
revised Brosa model as well as the results obtained in
manner. Finally, a summary and an outlook may be found
Sec. V.

II. TEMPERATURE-DEPENDENT BROSA MODEL

The theoretical analysis of experimental fission-fragm
and fission-product mass distributions presented here
largely built around the multimodal random neck-ruptu
model ~MM-RNRM!, or Brosa model as it is commonl
called. This model has been developed by Brosaet al.
@12,16# in the 1980s to explain fission at very low energies
consists of two complementary descriptions: the multich
nel evolution to scission and the random neck-rupture mo
~RNRM!. The evolution towards scission can take pla
along several paths of disintegration of the nucleus, the
called fission channels. At the end of such a channel
nucleons find themselves in an elongated configuration
two preformed fragments connected by a neck: the pres
sion shape. If the nucleus stretches beyond this prescis
shape the neck will snap according to the RNRM. This
sults in two nascent fission fragments.

In many fission theories, each nucleus possesses
single or double-humped barrier on its way to scission. In
Brosa model, however, the nucleus may, starting from
ground state, choose between various paths of minimal
formation energy on its journey through deformation spa
Each path belongs to a certain fission mode. It leads alon
own hills in the potential energy landscape and arrives a
own set of deformation parameters fixing the presciss
shape corresponding to that particular fission mode. T
idea of parallel fission barriers and channels builds on
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work by Turkevich and Niday@17#, who interpreted the mas
yield distribution of thorium as a superposition of two fissio
channels, and of Pashkevich@18#, who discovered two fis-
sion modes in lead in his calculations. For most actin
nuclei three dominant fission modes exist: the symmetric
perlong~SL! and the asymmetric standard I~ST I! and stan-
dard II ~ST II! modes. These asymmetric modes are gen
ally thought to be linked with the neutron shells in th
fragments ofN582 ~spherical! for ST I and N588 ~de-
formed! for ST II.

As indicated above, each channel corresponds to its o
class of prescission shapes. These shapes convey indir
the properties of the fission fragments. For example,
asymmetric shape gives rise to an asymmetric mass divis
and a very compact shape results in a high kinetic energ
the fragments. The random neck-rupture model quant
this information, and links the prescission shapes with
properties of the fission fragments like the total kinetic e
ergy ~TKE!, the mass distribution, the most probable cha
and the postscission neutron multiplicities. This is treated
Sec. II G. An elaborate description of the complete Bro
model can be found in Ref.@12#.

For the calculation of these fission channels, it is nec
sary to minimize the deformation energy of the nucleus
the potential energy surface~PES!. In the original Brosa
model, this is done for zero temperature. Therefore, stric
speaking, only fission at zero excitation energy, i.e., spon
neous fission, can be treated within this approach. Since
PES does not change much at low energies, the use o
original Brosa model in the analysis of low-energy neutro
induced fission is still justified. However, for the descriptio
of intermediate-energy fission an extension of the mode
clearly indispensable. In this work the PES is computed a
function of the temperature of the nucleus~see Sec. II A!.
Minimization at the PES provides the fission channels, a
hence the fission barriers as a function of temperature.
PES changes drastically with temperature: asymmetric
sion modes melt together and disappear for high excita
energies, and double-humped barriers transform to sin
humped. The use of temperature-dependent fission barrie
elucidated in Sec. II E and the influence of temperature at
barriers and the prescission shapes is discussed in II D
II F. Another addition to the Brosa model consists of t
calculation of the weight for different contributing fissio
modes based on the transmission through the parallel b
ers. At the end of this section, the mass distributions of
fission fragments and products can be determined for a g
excitation energy of the fissioning nucleus.

A. Potential energy surface

The deformation energy is obtained with th
macroscopic-microscopic method due to Strutinsky@19#:

E5ELDM1dEshell . ~1!

The basic ingredients are the liquid drop energy and the s
correction term. The liquid drop part contains the mac
scopic smooth behavior of the energy, whereas the mic
scopic shell effects are added as a correction. In princi
7-3
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the potential energy of a nucleus can also be obtained
rectly from a microscopic approach. Strutinsky recogniz
that a greater accuracy is achieved by using a liquid d
model ~LDM ! for the description of the smooth backgroun
behavior of the energy. Such a model is tuned to reprod
experimental masses. It is therefore impossible to outperf
the liquid drop outcome for global properties with a micr
scopic model like the one that will be sketched in Sec. II A
The macroscopical nature of the LDM necessitates the a
tion of shell corrections for a more detailed description of
nucleus, which takes the effect of the filling of single partic
levels into account.

Equation~1! can be generalized as a function of tempe
ture T and deformation def:

F~T,def!5FLDM~T,def!1dFshell~T,def!. ~2!

The energyE of expression~1! is replaced by the free energ
F, which represents the potential energy for isothermal p
cesses. The free energy is linked to the internal ene
through the entropyS:

F~T,def!5E~T,def!2TS~T,def!. ~3!

The use of the free energy implies that the deformation of
nucleus is assumed to be an isothermal process.

1. Generalized Lawrence shapes

In following a nucleus on its way to scission, a parame
zation of its shape is required, which is able to describe
possible deformations between the~spherical! ground state
and the elongated~asymmetric! prescission shape that con
sists of the two preformed fragments linked by a neck. T
Brosa model employs the generalized Lawrence shapes@20#
to parametrize the deforming nucleus:

r2~z!5~ l 22z2! (
n50

N

an~z2z!n. ~4!

The radius of the nucleus is given byr as a function of a
parameterz. Five shape parameters, with a geometri
meaning as depicted in Fig. 3, fix the coefficientsan (n
50 . . . 4):

l ,r ,z,c,s. ~5!

The semilengthl is a measure of the elongation of th
nucleus. The neck radius is denoted byr. In the case of a
spherical ground state,l and r coincide with the compound
nucleus radiusr CN . The parameterz gives the position of the
thinnest point at the neck or the thickest point of the shap
the neck is not present. The curvature of the neck is given
c5r CN

2 /r curv with r curv the curvature radius. The fifth pa
rameters denotes the position of the centroid. The planez
50 in Fig. 3 is defined by cutting the nucleus in two piec
with equal length.

These five degrees of freedom are connected to the c
ficientsan (n50 . . . 4) through some simple boundary co
ditions: the neck radius should equalr at z5z, the first de-
rivative should be zero atz5z, the second derivative is
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related to the curvature atz5z, volume conservation, and
through the definition of center of mass.

Other parameters that are frequently used and which m
be derived from the parametrization above areAh andd. The
average mass of the heavy fragment is given by

Ah5
3ACN

4r CN
3 E

2 l

z

r2~z!dz. ~6!

ACN is the mass number of the compound nucleus. The
rameterd measures the distance between the centers of m
of the average left and right fragments. It is defined ana
gously to Eq.~6!.

Another possibility would have been to use a parame
zation that also generates configurations like touching sp
roids ~e.g., the parametrization used in Ref.@21#!. Since,
however, each channel search stops at a prescission s
characterized by two preformed fragments still linked by
neck, it was not deemed necessary to employ such a pa
etrization in this stage of the calculation. In a later stage,
RNRM deals with the touching spheroids that emerge at
scission point. This parametrization can be found in S
II G 2.

2. Temperature-dependent shell and pairing effects

The investigation of temperature effects on the shell c
rection term in Eq.~2! can be subdivided into three step
Initially, the single-particle energies of the system have to
extracted from a Hamiltonian without pairing. Subsequen
the BCS pairing theory provides expressions for quanti
like the internal energy, entropy and free energy of the s
tem, which are based on this unperturbed discrete sin
particle energy spectrum. This step introduces the pair
effect, and the dependence on temperature. The quan
obtained represent the properties of a real quantal sys
they alter abruptly with nucleon number and contain all sh
effects. During the third step, the shell-dependent beha
of each quantity is isolated. This is done by subtraction o

FIG. 3. The geometrical meaning of the five degrees of freed
l, r, z, s, and c.
7-4



o
C

-
h

co
g
v
-
g
ra

em

c
o

s

n
te

fo
fie

iled

f.

n,
The
l is

, the
S

els

g
n-
on-

is

r of

ed
r-

en-

tion

MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
counterpart describing the smooth background. This smo
counterpart remains after the evaluation of the same B
expressions with asmoothlevel density, instead of thedis-
cretelevel density. It varies continuously with nucleon num
ber and has lost all information on the shell structure. T
discrete single-particle energy spectrum is smeared to
struct this smooth level density. The procedure to disentan
the shell effects and the continuous behavior has been de
oped by Strutinsky@19#. All steps are carried out for neu
trons and protons separately. The outcomes are added to
a total shell-plus-pairing correction as a function of tempe
ture.

In the first step the single-particle energies for a syst
without pairing are obtained by solving the Schro¨dinger
equation for the following Hamiltonians:

Hn5
p2

2Mn
1Vn~r !2

l

2~Mnc!2
s•@¹Vn~r !3p#, ~7!

Hz5
p2

2Mz
1Vz~r !2

l

2~Mzc!2
s•@¹Vz~r !3p#1VCoul~r !.

~8!

Here the labelsn andz denote neutrons and protons, respe
tively. p and s corresponds to the vector operators for m
mentum and spin,M to the nucleon mass, andV(r ) to the
single-particle potential which is chosen to be of Wood
Saxon type:

Vn,z~r,z!5
V0,n,z

11exp@~L~r,z!2R!/a#
. ~9!

The spin-orbit strengthl, the radiusR, and the diffusenessa
are identical for neutrons and protons:

l523.8
112~NCN2ZCN!

ACN
, ~10!

R51.24ACN
1/3 fm , ~11!

a50.63 fm, ~12!

with NCN , ZCN , andACN the neutron, proton, and nucleo
numbers of the fissioning nucleus. The depths of the po
tials are charge dependent:

V0,z,n553.3F160.63
~NCN2ZCN!

ACN
G , ~13!

where the plus sign is for protons and the minus sign
neutrons. The parameters for this average Woods-Saxon
for neutrons and protons are taken from Ref.@22#. The Cou-
lomb potential experienced by a proton is given by

VCoul~r !5
3ZCNe2

4pR3 E
nucleus

d3r 8

ur2r 8u
. ~14!

The functionL(r,z) appears as the numerical solution of
01460
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In this manner, the potential in Eq.~9! is adjusted to the
actual shape of the nucleus as given in Sec. II A 1. A deta
description of how the eigenvalues of Eqs.~7! and ~8! are
obtained from the Schro¨dinger equation can be found in Re
@12#.

As already pointed out in the beginning of this sectio
the next step introduces both pairing and temperature.
implementation of the temperature-dependent BCS mode
done in a standard way@23–26#. The derivation of the ex-
pressions for the temperature-dependent internal energy
free energy and entropy, starts from the well-known BC
Hamiltonian

HBCS5(
k

ekak
†ak2G (

k,k8.0

a2k
† ak

†ak8a2k8 , ~16!

whereek are the unperturbed single-particle energies lev
labeled by the quantum numberk and obtained from the
Hamiltonian~7! and ~8!. G gives the strength of the pairin
interaction andak

† ,ak are the single-particle creation and a
nihilation operators. The pairing force is assumed to be c
stant and acts only in a range ofA3N single-particle levels
below and above the Fermi energy~with N the proton or
neutron number!. The chosen value for the pairing strength

G534/ACN MeV. ~17!

In order to ensure, on the average, a constant numbe
particles, the following new Hamiltonian is considered:

H→H2lFN, ~18!

with N the number of particles andlF a Lagrangian multi-
plier. Subsequently, thermal excitation can be introduc
into the description with the aid of the grand canonical fo
malism. To a good approximation the grand potentialV can
be expressed as

V52T ln Z5 (
k.0

~ek2lF2eqp!

22T (
k.0

lnF11expS 2
eqp

T D G1
D2

G
. ~19!

In this formula,Z is the grand partition function, andT the
temperature measured in energy units. The quasiparticle
ergy is given by

eqp5A~ek2lF!21D2. ~20!

The gap parameterD(T) and the Fermi energylF(T) are
fixed by the coupled gap and particle number conserva
equations

2

G
5 (

k.0

1

eqp
tanhS eqp

2T D , ~21!
7-5
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FIG. 4. The left panel shows
the discrete and smooth Fermi en
ergy for protons and neutrons as
function of temperature. The righ
panel contains the discrete an
smooth pairing gap for protons
and neutrons as a function of tem
perature. Both plots contain dat
for 238U in its ground state.
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NBCS~def,T!52
]V

]lF
5 (

k.0
F12

ek2lF

eqp
tanhS eqp

2T D G .
~22!

Although it is not explicitly indicated, all the quantities o
the right ~except the temperature! depend on deformation
Equations~21! and ~22! can be solved numerically for dif
ferent values ofT. The obtained quantities are calleddiscrete
since they result from solving the equations with the discr
single-particle energy spectrum. In Fig. 4 the behavior of
discrete gap and the discrete Fermi energy as a functio
temperature is plotted for238U at the ground-state deforma
tion. Above a certain critical temperatureTc the pairing gap
becomes zero~right panel in Fig. 4!. At higher temperatures
pairing no longer plays a role. This value forTc is smaller
for protons than for neutrons, just like the pairing gap itse
From the plot of the Fermi energy~left panel in Fig. 4! it can
be concluded that for this beta-stable nucleus, the pro
Fermi level is more deeply bound than the neutron Fe
level. At higher temperatures more nucleons occupy lev
above the Fermi energy with higher level densities, ther
lowering the value oflF(T). In the original Brosa model
Eqs.~21! and~22! are solved for the caseT50, which sim-
plifies the equations considerably. For the temperatu
dependent version of the Brosa model, it is necessary
solve the full equations. This forms one of the main additio
to the original Brosa model in this work. Knowing the pa
ing gap and the Fermi energy, all other quantities of inter
are now within reach:

EBCS~def,T!5 (
k.0

ekF12
ek2lF

eqp
tanhS eqp

2T D G2
D2

G
,

~23!

SBCS~def,T!52(
k.0

H lnF11expS 2
eqp

T D G1
ek /T

11exp~ek!
J ,

~24!

FBCS~def,T!5EBCS~def,T!2TSBCS~def,T!. ~25!
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EBCS is the BCS internal energy,SBCS the BCS entropy, and
FBCS the BCS free energy.

All the quantities derived above comprise the full she
dependent behavior. In order to distill the shell-plus-pairi
effect, the smooth counterpart of each quantity has to
subtracted. For instance, the internal energy correction t
equals

dE~def,T!5EBCS~def,T!2ẼBCS~def,T!. ~26!

The second term is the smooth internal energy:

ẼBCS~def,T!5E
2`

`

deg̃~e!eF12
e2l̃F

ẽqp

tanhS ẽqp

2T
D G2

D̃2

G
,

~27!

which results from averaging Eq.~23! over an energy inter-
val g by using the smoothed level densityg̃(e). The sharp
level density simply equals a sum of delta functions,

g~e!5(
k

nkd~e2ek!, ~28!

in which nk denote the multiplicities of the single-particl
energiesek . The smeared level density looks as follows:

g̃~e!5
1

Apg
(

k
nkP6S ue2eku

g DexpF2S e2ek

g D 2G .
~29!

The derivation of the polynomial

P6~x!52
1

6
x61

7

4
x42

35

8
x21

35

16
, ~30!

suitable for the smearing purpose, can be found in Ref.@27#.
The smearing parameterg is fixed at 8.0 MeV. The chemica
potential and pairing gap in Eq.~27! are obtained from the
smoothed versions of Eqs.~21! and ~22!:
7-6
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FIG. 5. The shell-plus-pairing
correction to the free energy as
function of the value for the
smearing parameterg for 209Bi
and 238U in their ground states,
and for three temperatures.
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2

G
5E

2`

`

deg̃~e!
1

ẽqp

tanhS ẽqp

2T
D ~31!

NBCS~def,T!5E
2`

`

deg̃~e!F12
e2l̃F

ẽqp

tanhS ẽqp

2T
D G .

~32!

The smoothed pairing gap and Fermi energy plotted in Fig
exhibit a similar behavior as the discrete quantities, and t
give rise to a smoothed quasiparticle energyẽqp

5A(ek2l̃F)21D̃2. Analogously, the smoothed entrop
S̃BCS(def,T) and free energyF̃BCS(def,T) can be derived.
As a consequence, the shell correction for the entropy
free energy can be written down:

dS~def,T!5SBCS~def,T!2S̃BCS~def,T!, ~33!

dF~def,T!5dE~def,T!2TdS~def,T!. ~34!

In Fig. 5 the shell-plus-pairing correction to the free ener
is illustrated as a function of the value for the smearing
rameterg. Results for238U and 209Bi in their ground states
and for three different temperatures are shown. Accordin
Brosaet al. @12#, a plateau exists between 6 and 10 MeV f
01460
4
y

d

y
-

to
r

g. Results for bismuth confirm this behavior. Neverthele
for uranium the neutron shell-plus-pairing correction exhib
a variation of approximately 1 MeV. The conclusion has
be that the Strutinsky method, as it is implemented here,
an accuracy which is not better than about 1 MeV.

In Fig. 6 the shell-plus-pairing correction to the free e
ergy is shown as a function of temperature for protons a
neutrons separately for the ground-state deformation of209Bi
and 238U as well as for the outer symmetric saddle-po
deformation of238U. The ground-state shell corrections a
strong and negative for209Bi due to the almost double she
closure. In238U the ground-state shell effects are practica
zero, whereas the shell effects are largely positive at the
of the outer barrier. AboveT51 MeV the shell correction
drops, until it vanishes at temperatures higher thanT
52 MeV. In Fig. 4 around these temperatures the sa
changes are visible in the Fermi energy. The difference
tween the smooth and the discrete Fermi energy rem
more or less constant up to 1 MeV, and disappears at hig
energies.

3. Temperature-dependent liquid drop model

The LDM employed in the original Brosa model is take
from Myers and Swiatecki@28#. The energy is given by the
following formula:
a

r

-
e
e
s

FIG. 6. The shell-plus-pairing
correction to the free energy as
function of temperature for209Bi,
238U in their ground states and fo
238U at the symmetric outer
saddle-point deformation. The de
formations are kept constant in th
calculations and correspond to th
zero temperature ground state
and saddle point.
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ELDM52a1F12kS N2Z

A D 2GA1a2F12kS N2Z

A D 2G
3A2/3f ~shape!1

3

5

e2

r 0

Z2

A1/3
g~shape!

2
p2

2

e2

r 0
S d

r 0
D 2 Z2

A
1d. ~35!

This expression has four adjustable parametersa1 ,a2 ,k, and
r 0. The revised parameter set of Ref.@29# is used in the
calculations:

a1515.4941 MeV, ~36!

a2517.9439 MeV, ~37!

k51.7826, ~38!

r 051.2249 fm. ~39!

The first term represents the volume energy. The sec
term denotes the surface energy. The ratio of the surface
at an arbitrary deformation to the original sphere is given
the functionf (shape). The Coulomb energy can be found
the third term. The functiong(shape) is the dimensionles
ratio of the electrostatic energy of a distorted sharp distri
tion to that of a sphere. The fourth term corrects for t
diffuseness of the charge distribution. The surface-thickn
parameterd equals 0.5461 fm. Finally, the fifth term contain
the pairing effect. The pairing termd equals211/AA, 0,
11/AA, for even-even, even-odd, and odd-odd nuclei, resp
tively.

A consistent generalization of the Strutinsky method co
prising excitation requires a LDM that is able to describe
heated liquid drop. If a nucleus is excited, the volume a
surface area increase, while the densityn(T) and the surface
tensions(T) decrease. Hasse and Stocker@30# have intro-
duced temperature effects into a LDM by computing t
temperature-dependent behavior of the nuclear density
the surface tension:

n~T!5n~0!~12aT2!, a50.0032 MeV22

s~T!5s~0!~12bT2!, b50.0114 MeV22. ~40!

The volume term, for instance, will scale with the change
the nuclear density. Following this line of thought, seve
scaling laws can be derived. The temperature dependen
the volume, surface, and Coulomb part of the LDM fr
energy becomes, according to Stocker@31#,

Fvol
LDM~T!5Evol

LDM~0!
n~0!

n~T!
'Evol

LDM~0!~11aT2!, ~41!
01460
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Fsur f
LDM~def,T!5Esur f

LDM~def,0!
s~T!

s~0! S n~0!

n~T! D
2/3

'Esur f
LDM~def,0!F12S b2

2

3
a DT2G , ~42!

FCoul
LDM~def,T!5ECoul

LDM~def,0!S n~T!

n~0! D
1/3

'ECoul
LDM~def,0!S 12

1

3
aT2D . ~43!

The volume term of the free energy depends on tempera
but not on deformation. Hence the free deformation ene
for the isothermal process, normalized to zero for the sph
cal shape, becomes

Fdef
LDM~def,T!5FLDM~def,T!2FLDM~spherical,T!

5Esur f
LDM~def,0!F12S b2

2

3
a DT2G

1ECoul
LDM~def,0!S 12

1

3
aT2D . ~44!

Since b.a, the isothermal LDM barrier is lowered whe
the temperature rises.

An alternative for this LDM could be the Yukawa-plus
exponential model by Krappe, Nix, and Sierk@32# ~or finite
range model!, which is generally believed to give more rea
istic deformation energies. However, the ALICE-91 ou
comes in Sec. III C suggest a preference for the rotati
liquid-drop model ~RLDM! over the rotating finite range
model~RFRM! by Sierk@33# in the calculation of the fission
cross sections, and, in addition, the barrier heights obtai
with the Myers and Swiatecki LDM are in excellent agre
ment with those of the RLDM in ALICE-91 in the mas
region of interest in this paper~see Fig. 10!. Therefore from
the viewpoint of consistency between the Brosa and
ALICE-91 calculations the use of the LDM by Myers an
Swiatecki is preferred. Furthermore, no proof exists that
finite range model would perform better at higher tempe
tures, or would yield better results with respect to the fra
ment masses. In a recent paper by Mo¨ller and Iwamoto@21#
zero-temperature saddle-point shapes are investigated
the Yukawa-plus-exponential model. No final fission fra
ment masses are predicted, but the value for the ave
heavy fragment for232Th at the outer saddle point is dete
mined to beAh5134.6, and compared to the experimen
value of the final average heavy fragment mass ofAh
5139.5@34#. Our approach yields a prescission shape for
standard I mode in232Th with Ah5137.2~for zero tempera-
ture!.

Möller and Iwamoto@21# also include a shape-depende
Wigner term in their calculations, which lacks here. The co
tribution to the barrier height by the shape-dependent pa
around 1–2 MeV@35# which is of the same order of magn
tude as the uncertainty in the shell correction calculation o
7-8
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MeV. The precise influence of this term on the determinat
of the prescission shapes is not yet known.

B. Search for fission channels

The five deformation parameters from Eq.~5! and the
corresponding deformation energy induce a search in a
dimensional space for the paths that follow a minimal def
mation energy. This is a difficult task. Minimizing the defo
mation energy without restrictions on the parameters w
reveal the position of the ground state, the end of a fiss
channel, and perhaps a local second minimum in betwee
inner and outer barrier. The outcome depends heavily on
starting point of the minimization procedure. Saddle points
the top of the barriers and points connecting the minima w
these saddle points remain invisible.

Apart from the ground state and second minima, wh
can be found easily, other points in the deformation space
needed to find the full fission channel. In order to kno
where to look for the fission modes in deformation space
stroll through a subspace spanned by the parametersl, r, and
z is made. The nucleus is once more described by
Lawrence parametrization of Eq.~4!, which is now truncated
at N52. This approximation of the detailed nuclear shape
of course less accurate than with five parameters. The
come, however, will mainly serve as a first guess for the fi
calculation. The subspace is investigated in several sli
located around the so-called Rayleigh criterion@36#. The
Rayleigh criterion, applied to the used shape parametriza
relates the total length 2l of the prescission shape with th
neck radiusr:

2l 511r . ~45!

According to derivations by Brosaet al. @16# this point
marks the onset of instability of the neck against rand
neck rupture. The four-dimensional subspace can be red
further by one dimension, if this criterion is used to calcula
l from r according to Ref.@37#:

l o f f set5
11

2 S r o f f set2
z

2D2z. ~46!

The slice with offsetz50 gathers all points of the subspa
for which Eq. ~45! is fulfilled. With a positive value of the
offset z a new slice is created which is moved from t
Rayleigh criterion in the direction of the outer saddle poi
A negative offset corresponds to deformations which
nearer to the end of the fission channel. Thel value is fixed
by Eq. ~46!, and thec and s values are approximated from
the definition of curvature and center of mass computed w
the truncated Lawrence parametrization. Subsequently,
potential energy can be calculated for each pair of (r ,z) at a
given offset. In Fig. 7 contour plots are shown for the ene
as a function of (r ,z) for temperatures and offsets as ind
cated. Three distinct minima belonging to fission modes
be recognized in these contour plots. They are marked w
circle for the superlong~SL! mode, with a star for the stan
dard I ~ST I! and with a triangle for standard II~ST II!. The
SL mode resides at zeroz which means no asymmetry. It i
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responsible for the symmetric contribution to the fission p
cess. The standard modes lie close to one another. ST II
a somewhat larger asymmetry than ST I, it will lead to t
contribution to the mass distribution with the higher avera
heavy mass. At a temperature of 2.0 MeV, only the SL mo
survives, while ST I and ST II have melted away. The
sulting values for the deformation parameters form points
support in the final search.

These points of support in deformation space, betw
which the final search can be performed, come in v
handy. They provide a restriction that may be imposed on
ultimate minimization: increasing deformation starting fro
the ground state. The ratio ofl and r is a measure for the
deformation. In between two points of support that are ch
acterized by (l ,r ,z,c,s) and (l 8,r 8,z8,c8,s8), the first
guesses for the next channel pointi 11 to be found are given
by

r i 11,g5r i , f1
r 82r

N
,

zi 11,g5zi , f1
z82z

N
,

ci 11,g5ci , f1
c82c

N
,

si 11,g5si , f1
s82s

N
. ~47!

N is the number of steps to fill the gap between the t
existing points of support, andi runs from 0 toN. The sub-
script g denotes a value used as a first guess, whereasf is
linked to the value found in the previous step after minim
zation with respect to the energy. This recipe of construct
the new guesses makes sure that the search starts at a
deformation for each new step. The following requireme
imposed on the search ensures that this increase in defo
tion is maintained in each step:

l i 11,g5 l i , f1
l 82 l

N
5

l i ,g

r i ,g
r i , f1

l 82 l

N
. ~48!

Furthermore, this last condition reduces the deformat
space by one dimension.

If the first guess based on the stroll in the fou
dimensional subspace is good enough, the search will de
points belonging to that particular fission mode. The SL a
the ST modes are well separated in deformation space.
tinguishing between those modes poses no difficulty at
Although the ST I and ST II modes lie much closer to ea
other, in many cases the minimization routine arrives at
right answers. Sometimes, however, a search for ST I res
in a point that in reality corresponds to ST II, or vice vers
Fortunately, on the basis of all the deformation parame
together it is possible to decide to which of both stand
modes these points belong. In the next sections, the re
for the channels found are translated into barrier parame
and prescission shapes.
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Möller and Iwamoto@21# propose a new method to dete
mine saddle-point shapes by fully exploring all deformati
space accessible. Unfortunately, such an approach could
be adopted here because of the large number of nuclides
temperatures needed for this work and the correspon
enormous amount of computing time.

C. Investigated nuclides and temperatures

Since the fission channel searches are very time cons
ing, the computational costs have to be reduced consi
ably. This is achieved by cutting the number of nuclides
well as the number of temperatures. The searches are
formed at the following temperature grid:

0.0, 0.3, 0.6, 0.9, 1.2, 1.6, 2.0, 2.5, and 3.0MeV.

Quantities such as the prescission shapes and the ba
parameters turn out to behave smoothly enough to make
interpolation between these energy points meaningful. Th
interpolations are necessary whenever the information at
arbitrary temperature has to be obtained. Equation~40! used
to compute the LDM energy is only guaranteed to be va
up to a temperature of 2.0 MeV, which corresponds to
excitation energy of approximately 120 MeV. Neverthele
fission channel searches are performed up toT53.0 MeV,
because the model has to be used to describe experimen
to about 200 MeV. The final mass distributions computed
these high energies will judge the validity of this assumpti

The number of studied isotopes is also restricted. In or
to be able to describe nucleon-induced fission reactions u

FIG. 7. Contour plots for230Th at different temperatures T an
deformation subspaces denoted byz. The contours connect point
in the (r ,z) plane with the same deformation energy. Minima
these plots mark the position of fission channels. The circles co
spond to the superlong~SL! mode, stars to standard I~ST I!, and
triangles to standard II~ST II!.
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200 MeV, the investigated nuclides populate the valley
stability and the neutron-deficient region, see Fig. 8. Aga
interpolation is used to fill in the gaps.

D. Fission barriers

In Fig. 9, the LDM deformation energy for238U obtained
from a channel search is depicted as a function of the
tance between the centroids of the fragmentsd. The calcula-
tion has been performed for several temperatures. The re
ing barrier is single-humped and decreases in height w
increasing values of the temperature. Only one~symmetric!
fission mode exists if no shell effects are taken into accou
Temperature zero LDM fission barrier heights for beta-sta
nuclei as a function of nuclear mass can be found in Fig.
A comparison is made with the values obtained with t

e-

FIG. 8. The location of the nuclides at the chart of nuclid
investigated for the determination of the barrier parameters and
prescission shapes as a function of temperature.

FIG. 9. LDM deformation energy as a function of d, the distan
between the fragment centers and for several values of the tem
tures T.
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rotating-liquid-drop model~RLDM! incorporated in the code
ALICE-91 @38#. The agreement is consistent throughout
whole mass region within 0.5 MeV.

Introducing the shell effects changes the barrier dra
cally. This is illustrated in Fig. 11. The upper part shows t
double-humped barrier of the SL fission mode in238U for
T50.0 MeV. The middle and lower panels contain the d
composition of the deformation energy into the LDM ener
and the shell correction term. The shell correction has al

FIG. 10. LDM fission barrier heights for beta-stable nuclei a
function of nuclear mass forT50 MeV, and compared to the val
ues obtained with a rotating-liquid-drop model from the co
ALICE-91.

FIG. 11. Decomposition of the deformation energy of the
mode in 238U into the LDM energy and the shell correction forT
50.0 MeV.
01460
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nating positive and negative values with deformation. T
gives rise to the split of the single-humped LDM barrier.

Moreover, shell corrections are responsible for the ex
tence of other fission modes than only a symmetric mode
Fig. 12 the three dominant fission channels for238U are plot-
ted as a function ofd for different temperatures. At low
temperatures, all three fission modes are present. They s
to have the first inner barrier in common and to bifurcate
the second minimum. The outer barrier is lowest and narro
est for ST I, making this the strongest mode. The SL and
II outer barriers have a comparable height, but the SL wi
is larger. Hence the transmission through the ST II barrie
larger than through the SL barrier for subbarrier excitat
energies. With an increase in temperature the shell eff
melt. First, the distinction between the two asymmetric st
dard modes disappears, before at even higher excitation
ergies the standard mode and double-humped structure
ish altogether. AboveT52.0 MeV only the liquid drop
barrier remains, resulting in symmetric fission. Figure 13
the equivalent picture for208Pb. Only one standard mode
present and the shape of the outer barriers is completely
ferent. Again the inner barrier is shared by both fissi
modes. The symmetric fission barrier is the lowest for
temperatures.

In order to determine the relative weight of the differe
fission modes, the barrier heights and widths must be
tracted from the channel calculations. This is done by fitt
a parabola to the barriers:

Fdef52
1

2
C~d2dtop!

21BF ,

\v5\AC

m
. ~49!

BF is the barrier height in MeV anddtop gives the position of
the barrier top in fm. The curvature\v in MeV is given by
the fitting constantC in MeV/fm2, Plank’s constant\ in
MeV’s, and the ground-state nuclear massm in MeV s2/fm2.
A small value of the curvature corresponds to a broad bar
and vice versa. In this manner, a set of barrier paramete
obtained for each nucleus at a given temperature.

1. Behavior of barrier parameters

In Fig. 14 the barrier heights of the different fissio
modes are plotted for beta-stable nuclei atT50.0 MeV. If no
stable nucleus exists, the one with the longest half-life
taken. In the actinide region the barriers are much low
which demonstrates the higher fission cross sections
these nuclides. Between lead and actinium there is a ra
decrease in the barrier height. Subactinides do not posse
standard II mode. The SL mode in this region clearly has
lowest barriers, making symmetric fission dominant. The
fission barrier height in the very neutron-deficient regio
which is generally lower, is included as well. In these calc
lations, nuclei with about ten neutrons less than the be
stable nuclei have been chosen. Figure 15 contains the
sion barrier widths for the nuclei in the valley of stability

a
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FIG. 12. SL, ST I, and ST II
fission channels at varying tem
peratures for238U.
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rrier
For subactinide nuclei the width cannot be obtained by fitt
a parabola, because of the deviating shapes. Therefore
curvatures are only shown for the heavier nuclides. In
actinide region, the standard fission mode exhibits the h
est curvatures and hence the narrowest barriers.

Another interesting result concerns the behavior of
fission barrier heights for different isotopes of an eleme
This can be found in Fig. 16. The superlong and the stand
I barrier heights are collected for plutonium, actinium, as
tine, and lead. Starting at the line of stability on the rig
01460
g
the
e
h-

e
t.
rd
-
-

hand side of these plots, the barrier height changes in go
to the neutron-deficient isotopes on the left. In the actin
region, the barrier height of neutron-poor nuclides is sligh
smaller. This effect is related to a decrease in the surf
term in the potential, thereby increasing the influence of
Coulomb force~see Fig. 14!. On the edge of the actinide
region, however, the barrier first drops and, subsequen
increases. This is coupled to the steep increase of the ba
height when leaving the actinide region~see Fig. 14!. Fur-
thermore,215Ac possesses a closed neutron shell (N5126),
y-
FIG. 13. SL and ST I fission channels at var
ing temperatures for208Pb.
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
which is linked to a higher barrier as well. In the transitio
region between lead and actinium, there is a competi
between all these effects that is also observed for actin
and plutonium. Barrier heights increase at first and tend
decrease for the very neutron-deficient nuclides. The max
coincide with 208Pb and211At, which possess just like215Ac
the same closed neutron shell (N5126). Arriving in the sub-
actinide area around lead, the behavior of the actinide reg
is recovered: barriers are dropping with a smaller neut
number. Another visible feature is the general decreas
barrier height with an increase in temperature, which
been encountered earlier in other results as well.

2. Comparison to experimental barrier parameters

Transmission through a fission barrier is given by tw
ingredients: the level density and the penetrability throu

FIG. 14. SL, ST I, and ST II barrier heights for the beta-sta
nuclei. The SL fission barrier height in the very neutron-defici
region~i.e., nuclei with about ten neutrons less than the beta-st
nuclei! is included as well. All values are forT50.0 MeV.

FIG. 15. Fission barrier curvatures of heavy nuclei at line
stability. All values are forT50.0 MeV.
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the barrier. An expression for the penetrability through
parabolic fission barrier has been derived by Hill a
Wheeler in terms of the barrier height and the curvature
defined in Eq.~49!. These concepts will be further intro
duced in the next section.

Based on certain assumptions on the level density, i
possible to extract from experimental fission cross secti
as a function of energy the barrier parameters, by makin
fit of the transmission through a double-humped barr
Moreover the assumption is usually made that one~asym-
metric! fission mode is dominant. This corresponds, in m
cases, to the lowest outer barrier. A famous collection
experimental barrier parameters has been obtained
Bjo”rnholm and Lynn@39#. Another collection has been mad
by Maslov @40#. In Table I the experimental barrier heigh
and widths of both data compilations are compared to
outcomes of the theory for the inner barriers. The theoret
results agree better with the data taken from Ref.@39#. For
most nuclei the calculated height is somewhat larger than
experimental value. The average deviation is approxima
0.5 MeV. The curvatures agree very nicely as well. Barr
heights in both data compilations themselves differ also
about 0.5 MeV. This indicates the sensitivity of the fit o

t
le

f

FIG. 16. SL and ST I fission barrier heights as a function of
nuclear mass for Pu, Ac, At, and Pb isotopes.
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parameters like the level density.
Table II contains the data on the lowest outer barr

Here a large discrepancy between the theoretical and ex
mental values is visible. The theoretical barrier heights ov
estimate the experimental ones with 4–5 MeV. On the ot
hand, the calculated barrier widths are much larger, indi
ing narrower barriers. This has always been a shortcomin
the Brosa model, and this outcome lacks a good explana
Its origin is possibly connected to the shape parametriza
with only five deformation parameters. Perhaps the desc
tion of the deformed nucleus is good enough up to the fi
barrier but deteriorates for the more elongated fission sha
A satisfying answer, however, has not yet been given. N
ertheless, since the outer barriers for all fission modes
much too high, the hope still stands that at least the rela
contributions of the different fission modes can be extrac
with these theoretical values. This is illustrated in Sec. II

E. Weight of fission modes

The three fission modes discussed so far are the
dominant modes for the majority of nuclides. The differe

TABLE I. Theoretical fission barrier parameters for the inn
barrier, compared to experimentally determined values. The ca
lations have been performed atT50.0 MeV. The references indi
cate the sources of the experimental parameters.

Experiment Theory
Nuclide BF ~MeV! \v ~MeV! BF ~MeV! \v ~MeV! Ref.

230Th 6.1 0.9 3.1 0.8 @40#
232Th 5.8 0.9 4.0 0.8 @40#
231Pa 5.5 1.0 5.0 0.9 @40#
233Pa 5.7 1.0 5.6 0.95 @40#
232U 4.9 0.9 4.9 0.9 @40#
234U 5.6 1.04 5.4 1.07 @39#

4.8 0.9 5.4 1.07 @40#
236U 5.6 1.04 6.1 1.02 @39#

5.0 0.9 6.1 1.02 @40#
238U 5.7 1.04 5.7 1.05 @39#

6.3 1.0 5.7 1.05 @40#
236Np 5.9 0.6 5.6 1.0 @40#
238Np 6.1 0.65 6.2 1.03 @39#

6.5 0.6 6.2 1.03 @40#
238Pu 5.5 1.04 5.9 1.03 @39#

5.6 0.9 5.9 1.03 @40#
240Pu 5.6 1.04 6.2 1.04 @39#

6.05 0.9 6.2 1.04 @40#
242Pu 5.6 1.04 6.1 1.06 @39#

5.85 0.9 6.1 1.06 @40#
244Pu 5.4 1.04 5.6 1.02 @39#

5.7 0.9 5.6 1.02 @40#
244Am 6.3 0.65 7.0 0.96 @39#

6.25 0.7 7.0 0.96 @40#
246Cm 5.7 1.04 6.1 1.04 @39#

6.0 0.9 6.1 1.04 @40#
250Cf 5.6 1.04 6.8 1.07 @39#
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barrier characteristics give rise to a separate fission proba
ity along the various fission paths. Obviously, the superlo
fission probability plus the standard I and standard II fiss
probability should add up to the total fission probabilit
Each mode has its own contribution to the observables of
fission process. The final distributions of the fission-fragm
properties~e.g., mass, charge, and TKE! are a superposition
of the different distributions stemming from the various fi
sion modes. The recipe employed to extract from the fiss
barrier parameters the relative contribution of each fiss
mode is described in this section.

First, the textbook version@41# of the transmission
through a parabolic fission barrier with temperatu
independent barrier parameters is treated. This is neede
clarify the role of the temperature-dependent barriers la
on. As has briefly been mentioned in the previous sect
Hill and Wheeler@42# have derived an expression for th
penetrability through a single barrier with the shape of
inverted parabola:

PF~E!5
1

11expF2p~BF2E* !

\vF
G . ~50!

BF is the barrier maximum,\vF the curvature of Eq.~49!,
and E* the excitation energy. At the saddle-point deform

u-
TABLE II. Theoretical fission barrier parameters for the lowe

asymmetric outer barrier, compared to experimentally determi
values. The calculations have been performed atT50.0 MeV. The
references indicate the sources of the experimental parameters

Experiment Theory
Nuclide BF ~MeV! \v ~MeV! BF ~MeV! \v ~MeV! Ref.

230Th 6.8 0.6 11.6 0.97 @40#
232Th 6.7 0.6 11.9 1.02 @40#
231Pa 5.5 0.5 11.0 1.01 @40#
233Pa 5.8 0.5 12.1 0.98 @40#
232U 5.4 0.6 10.0 0.85 @40#
234U 5.5 0.6 10.8 1.10 @39#

5.5 0.6 10.8 1.10 @40#
236U 5.5 0.6 11.1 1.06 @39#

5.67 0.6 11.1 1.06 @40#
238U 5.7 0.6 10.9 1.08 @39#

5.5 0.6 10.9 1.08 @40#
238Np 6.0 0.45 10.4 1.08 @39#

5.75 0.4 10.4 1.08 @40#
238Pu 5.0 0.6 9.6 1.07 @39#

5.1 0.6 9.6 1.07 @40#
240Pu 5.1 0.6 9.9 0.98 @39#

5.15 0.6 9.9 0.98 @40#
242Pu 5.1 0.6 10.2 1.12 @39#

5.05 0.6 10.2 1.12 @40#
244Pu 5.0 0.6 9.0 0.96 @39#

4.85 0.6 9.0 0.96 @40#
244Am 5.4 0.45 9.8 0.85 @39#

5.9 0.53 9.8 0.85 @40#
7-14
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
tion, the nucleus may be in its corresponding ground st
which forms the top of the barrier, or in an excited sta
These excited states are called transition states. The fis
transmission coefficient not only depends on the penetra
ity through the ground-state barrier for a given excitati
energy, but also through the barriers associated with th
transition states, and on the number of transition states a
able. Neglecting the existence of discrete states on top o
barrier, the density of the transition states enters the des
tion and the expression of the total transmission coefficie
becomes

TrF~E!5E
0

`

de8rF~e8!
1

11expF2p~BF1e82E* !

\vF
G ,

~51!

with rF(e8) the level density at the saddle-point deformati
and an excitation energye8 above the barrier. The level den
sity used here is generally given by

r~e!5KrotKv ibr int~e!. ~52!

Krot and Kv ib are the factors describing the rotational a
vibrational enhancement of the level density belonging to
noncollective internal nuclear excitationsr int(e).

In Fig. 17 the physical meaning of Eq.~51! is illustrated.
The contribution fore850 is given byrF(0)51 and the
penetrability through a barrier characterized by (BF , \vF)
with an excitation energyE* . The contribution fore85e18 is
expressed in terms ofrF(e18) and the penetrability through
barrier (BF1e18 , \vF) with the same excitation excitatio
energyE* . On top of the ground-state barrier at each exci
statee i8 effectively another barrier is built with a heightBF

1e i8 and the width of the ground-state barrier\vF . Here the
assumption implicitly made is that the widths do not chan
as a function of excitation energy. From figures like Fig.
it can be concluded that this does not hold. Fortunately,
approximation works quite nicely because of the followi
reason. As long as the shell corrections are present to

FIG. 17. Use of temperature-independent fission barriers in
determination of the total fission transmission coefficient.
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full extent, the barrier heights and widths do not change dr
tically. This means that up to a temperature of;1.0 MeV
~or an excitation energy of;30 MeV!, the barriers con-
structed at the transition states do resemble the ground-
barrier closely. At high energies, the major contribution
the transmission coefficient arises from the terms in the
tegral withBF1e8,E* , for which the penetrability is close
to 1.0. The penetrability for the terms withBF1e8.E*
drops below 1.0 so fast that this contribution may be n
glected at higher excitation energies.

The choice to introduce temperature-dependent barr
has a different reason than the introduction of temperatu
dependent widths. Within the framework of temperatu
dependent barriers it becomes relatively easy to describe
vanishing asymmetric fission at high temperatures, since
these phenomena have become linked to the properties o
barriers. If asymmetric fission no longer plays a role th
comes out naturally. In this case, the standard barriers
prescission shapes~see next section! become equal to thos
of the superlong mode, which results in symmetric contrib
tions to all fission-fragment properties. If only zero
temperature fission barriers are used, the information on
melting of fission modes and their disappearance as a fu
tion of T should be incorporated into the level density at t
saddle deformation. The preference for temperatu
dependence of the barriers finds its root in the availability
the original Brosa model, which could be extended with te
perature. With temperature-dependent barrier heights
widths, the total transmission coefficient becomes

TrF~E!5E
0

`

de rgs~e!
1

11expF2p$BF„T~e!…1e2E* %

\vF„T~e!… G .

~53!

Two main differences with Eq.~51! immediately strike the
eye: the use of the ground-state level density and
temperature-dependent barrier heights and widths. In Fig
a schematical drawing elucidates the use of Eq.~53!. The
contribution to Eq.~53! for e50 is given byrgs(0)51 and

e

FIG. 18. Use of temperature-dependent fission barriers in
determination of the total fission transmission coefficient.
7-15
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the penetrability through a barrier characterized
$BF„T(0)…, \vF„T(0)…% with an excitation energyE* . The
contribution fore5e1 is given byrgs(e1) and the penetra
bility through a barrier$BF„T(e1)…1e1 , \vF„T(e1)…% with
the same excitation excitation energyE* .

For the ground-state level density the expression of G
bert and Cameron@43# is taken. In this formalism, the exci
tation energy range is divided in a low-energy part govern
by the constant temperature formula and a high-energy
described by the Fermi-gas formula:

r temp~E!5
1

t
expFE2E0

t G ; E<Ex , ~54!

rFermi~E!5
exp~2AaE!

12A2sE~aE!1/4
; E>Ex , ~55!

with s the spin cutoff factor, anda the level density param
eter. The energy parameterE0 and effective temperaturet
can be derived from requiring continuity in the level dens
and its derivate at the matching pointEx that follows from
systematics. The Fermi-gas part is evaluated with the le
density parameter by Ignatyuk@44#, which takes into accoun
the damping of the shell effects with excitation energy.

A nucleus in a state with excitation energye1 has a tem-
perature related to the level density parameterag.s. by

T~e1!5A e1

ag.s.
. ~56!

According to the potential energy calculations the isotherm
deformation energy of this nucleus equalsBF@T(e1)#. In
these calculations, all levels with the same tempera
T(e1) have the same deformation energy. This leads to

rg.s.,int~e1!5rF,int~e18!. ~57!

If the contribution of the temperature-dependent width c
be neglected and the collective enhancement due to
change in the nuclear moment of inertia from the grou
state to the saddle point is not taken into account, both
proaches~51! and~53! are equivalent. The use of the groun
state level density has the advantage that it is better kn
from experiments than the saddle-point level density. T
disadvantage is the lack of the collective enhancement in
treatment. However, since only relative contributions of
fission modes will be determined in this manner, not
collective enhancement with respect to the ground stat
discarded but the collective enhancement with respec
saddle points of other fission modes. This effect is mu
smaller.

Instead of one single-humped barrier, the outcomes of
channel calculations show double-humped barriers. If
transmission of the first barrier is denoted by TrA and that of
the second barrier by TrB , the total transmission coefficien
is given by@41#

TrF5
TrA TrB

TrA1TrB
. ~58!
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This expression is only valid if at least one of the barriers
lower than the excitation energy, and hence one of the sin
transmission coefficients is close to unity or greater. For
nuclides considered in this work, the theoretical inner bar
is always much lower than the theoretical outer barriers~see,
for example, Table II!. In the Appendix is shown why, as
consequence, the relative contributionsW of the three fission
modes may simply be determined by

WSL5
TrSL,outer

TrSL,outer1TrSTI,outer1TrSTII,outer
, ~59!

with TrSL,outer the transmission coefficient corresponding
the outer superlong barrier evaluated with Eq.~53!. Equiva-
lent expressions are valid for ST I and ST II.

F. Prescission shapes

Figures 19 and 20 display the evolution of the nucle
shape between the ground state and the various presci
shapes for238U and 208Pb. 238U starts in a deformed groun
state and elongates further on its way to scission. The c
acteristic neck of the prescission shapes appears shortly
the outer barrier. The superlong mode does its name cr
with its shape that is more elongated than any other fiss
mode. Furthermore, it results in a symmetric mass divisi
For the asymmetric modes standard I and standard II
left-hand side contains the heaviest of the two preform
fragments. From the picture it is clear that fission fragme
that remain after breaking of the neck will be strongly d
formed. The results for208Pb are fairly similar. The only
difference is the spherical ground state.

The parameters that determine the prescission sh
emerging at the end of the fission paths are input for

FIG. 19. The evolution of the nuclear shapes of238U starting in
the ground state. In the second minimum the fission path bifurc
into three channels: superlong, standard I, and standard II.
7-16
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
RNRM ~see Sec. II G!, which calculates the fission-fragme
properties. These input parameters are the average h
fragment massAh , the half length of the nucleusl and the
potential energy of the prescission shape with respect to
ground state. Figures 21 and 22 show results forAh and l as
a function of the neck radius for the three fission modes
217Ac, 231Ac, 226U, and 238U. The symmetric mode stay
aroundAh' 1

2 A between ground state and scission. In t
second minimum aroundr;6 fm, the standard mode
branch off and wander to higher values ofAh . For the
neutron-deficient nuclides217Ac and 226U the difference be-
tween ST I and ST II is very pronounced, whereas for
stable nuclides the differences are only a few mass un
From 238U to 226U and from 231Ac to 217Ac, the ST I mode
ends at much lower asymmetries, while ST II drops onl
few mass units. From Fig. 22 it can be concluded that S
has a slightly more compact prescission shape than ST

FIG. 20. The evolution of the nuclear shapes of208Pb starting in
the ground state. In the second minimum the fission path bifurc
into two channels: superlong and standard.

FIG. 21. The average heavy fragment mass for SL, ST I, and
II as a function of the neck radius r. The nuclides considered
217Ac, 231Ac, 226U, and 238U. Note that the fission direction in eac
plot is from the right to the left.
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Again the superlong mode turns out to be the most elonga
mode.

According to Brosa@12# the neck becomes unstab
against random neck rupture at the Rayleigh criterion, wh
has already been formulated in Eq.~45!. All the deforma-
tions beyond this point may therefore contribute to the
sion process. The Brosa model gives no clear recipe for
determination of the scission point. It must be situated som
where between the Rayleigh point andr;1.2 fm, which cor-
responds to a neck size of one nucleonr 0. In order to deter-
mine the prescission shapes, an assumption must be m
about the exact location of the rupture point in deformat
space. Comparison of the model predictions for the m
distributions with several prescission shapes should give
answer. It turns out that the best description is obtained
the standard modes if the prescission shape is chosen a
maximum asymmetry betweenr 0<r<2r 0. For the SL mode
an average value is computed of theAh andl values obtained
in the channel search forr 0<r<1.5 fm, which belongs to a
thinner neck.

In Figs. 23 and 24 theAh and l values are plotted as
function of temperature, again for the nuclides217Ac, 231Ac,
226U, and 238U. The melting of the fission modes is nice
visible. For higher temperatures the SL mode becom
slightly more compact.

G. Random neck-rupture model

An elaborative description of the RNRM may be found
Ref. @12#. This section merely attempts to communicate
main ideas. In this model, the fission process is regarded
series of instabilities. After the passage over the barrier
neck starts to form. If this neck becomes flat its rupture m
happen anywhere, which means that the point of future c
striction can shift over the neck. This motion of the dent
called the shift instability. The instant that the Rayleigh i
stability starts to deepen the dent, the position of the as

es

T
re

FIG. 22. Half length of the nucleus for SL, ST I, and ST II as
function of the neck radius r. The nuclides considered are217Ac,
231Ac, 226U, and 238U. Note that the fission direction in each plot
from the right to the left.
7-17
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metry is frozen and rupture is taking place. The RNR
translates the effects of both mechanisms into measur
quantities.

1. Mass distributions

In order for the shift instability to do its work, a perfectl
flat neck is required. The Lawrence parametrization does
meet this need. Hence a new parametrization, the flat-n
representation, is introduced~see Fig. 25!:

r~z!55
~r 1

22z2!1/2 2r 1<z<z1

r 1a2cFcoshS z2z1 l 2r 1

a D21G z1<z<z2

@r 2
22~2l 2r 12r 22z!2#1/2 z2<z<2l 2r 1 .

~60!

FIG. 23. The average heavy fragment mass of the prescis
shape as a function of temperature. The nuclides considered
217Ac, 231Ac, 226U, and 238U.

FIG. 24. The prescission shape half length as a function of t
perature. The nuclides considered are217Ac, 231Ac, 226U, and 238U.
01460
le

ot
ck

The semilengthl, the neck radiusr, the positionz of the dent,
and the curvaturec are familiar from Eq.~5!. The new pa-
rameters are: the extension of the necka, the radii of the
spherical headsr 1 and r 2, and the transitional pointsz1 and
z2. By requiring continuity and differentiability of the shap
volume conservation, and a minimal value ofc for a really
flat neck, only (l , r , z) remain as independent paramete
Subsequently, the neck radius is eliminated by the Rayle
criterion. The value ofz can be transformed intoAh by Eq.
~6!. The actual values ofAh andl originate from the channe
searches, as mentioned in the previous section.

The last ingredient missing for the computation of t
mass distribution is the surface tension:

g050.9517F121.7828S NCN2ZCN

ACN
D 2G MeV fm22.

~61!

This is taken from the LDM by Myers and Swiatecki@28#.
Fluctuations amplified by the shift instability alter th

shape slightly and enable the rupture of the nucleus to t
place at another point than the most probable pointz. In
order to determine the fission-fragment mass distribution,
probability of cutting the neck at an arbitrary positionzr has
to be calculated. This probability is given by the change
potential energy fromzr to z: E(zr)2E(z). This is replaced
by the energy to cut the nucleus at the two positio
Ecut(zr)2Ecut(z), with Ecut(zr)52pg0r2(zr). The rupture
probability is now proportional to the Boltzmann factor:

W~A!}expS 22pg0@r2~zr !2r2~z!#

T D . ~62!

The fragment mass numberA can be computed according t
the analog of Eq.~6!:

A~zr !5
3ACN

4r CN
3 E

2 l

zr
r2~z!dz. ~63!

The theoretical yield is finally determined with the followin
relation:

Y~A!5W~A!1W~ACN2A!. ~64!

on
are

-

FIG. 25. The upper part illustrates the flat-neck representat
The lower part contains the embedded spheroids parametrizati
7-18
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
In Eq. ~62! the temperature of the scissioning nucle
must be provided. All calculations of the PES and the cro
ing of the fission barriers have been isothermal. However,
the RNRM the loss and gain of excitation energy in cross
the barrier is taken into account into a new excitation ene
and temperature at scission:

Escission* 5Eg.s.* 1Fdef,scission. ~65!

The new excitation energy has two components: the orig
excitation energy in the ground stateEg.s.* and the deforma-
tion energy at scissionFdef,scission. Fdef,scission is positive
for actinides and becomes negative in the subactinide reg
The new excitation energy is related to a new tempera
Tscission via the level density parameter through Eq.~56!.
However, a new prescission temperature corresponds
different prescission shape with a somewhat different va
for Fdef,scission. Therefore the temperatureTscissionhas to be
determined in a self-consistent manner together with the fi
prescission shape. If a prescission shape has a high tem
ture or a very long neck, the mass distribution will be bro
Low temperatures and short necks result in a narrow m
distribution.

2. Post-scission neutron multiplicities

The mass distribution calculated above belongs to the
mary fission fragments. Most fragments, however, are hig
excited directly after their creation. They take their share
the total excitation energy available at scission given by
~65!. Moreover, they are strongly deformed~see, e.g., Fig.
19!, which manifests itself in an extra amount of excitati
energy set free when this deformation relaxes towards
ground-state deformation of the fragments by the strong
face tension. The superfluous excitation energy is relea
during the process of postscission neutron and gamma e
sion. The neutron emission is responsible for a shift of
preneutron emission mass distribution to somewhat sma
masses.

The total excitation energy in a newly created fragm
with massA results from

Ef ragment* ~A!5Edef,f ragment~A!1
A

ACN
Escission* . ~66!

Edef,f ragment(A) denotes the deformation energy of the fra
ment, and the second term contains the portion of the ther
energy at scission of the whole fissioning system picked
by the fragment. The assumption is that the fragment
ceives a share proportional to its mass.

For the calculation ofEdef,f ragment(A) another shape pa
rametrization is employed: the embedded spheroids~see Fig.
25!. The newborn fragments are modeled as two contac
spheroids with major axesa1 anda2, which are linked to 2l
andzr by

a15
1

2
~r 11zr !, a25 l 2

1

2
~r 11zr !. ~67!

The minor axesb1 andb2 follow from volume conservation
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b1
25

3

4a1
E

2r 1

zr
r2dz, b2

25
3

4a2
E

zr

2l 2r 1
r2dz. ~68!

The energy difference of the spheroidally deformed and
spherical fragmentEdef,f ragment(A) is given by

Edef,f ragment~A,e!5Esur f
sph ~A!S arcsin~e!1e~12e2!1/2

2e~12e2!1/6
21D

1ECoul
sph ~A!F ~12e2!1/3

2e
lnS 11e

12e D21G .
~69!

The eccentricity is defined as

e i5F12S bi

ai
D 2G1/2

, ~70!

and Esur f
sph (A) and ECoul

sph (A) represent the surface and th
Coulomb energy of a spherical nucleus.

The neutron multiplicityn(A) for a fragment with mass A
is now derived by finding the root of the following relation

Ef ragment* ~A!5 (
n51

n(A)

~Sn1hn!1Eg . ~71!

The separation energySn is calculated from the mass for
mula @29#. The average kinetic energy of the neutrons
taken to be3

2 times the fragment temperature, and the ene
carried off byg raysEg is approximately half the separatio
energy of the first nonevaporated neutron.

H. Mass distributions in low-energy neutron-induced fission

With the inclusion of temperature effects in the Bro
model, it is now possible to calculate the fission-fragme
mass distribution given the excitation energy and the fissi
ing system. After the calculation of the relative contributio
of the three dominant fission modes SL, ST I, and ST II,
mass distributions for all fission modes are determined w
the RNRM and, subsequently, added with the proper weig
In the case of low-energy neutron-induced fission the o
come of the model can be compared to experimental data
this case, the excitation energy is precisely known. It is giv
by the neutron separation energy of the compound sys
plus the incoming neutron energy. The influence of mu
chance fission, i.e., the competition with other reaction ch
nels like particle evaporation, can safely be neglected.

Figure 26 shows preneutron emission mass distributi
for low-energy neutron reactions on232Th, 233U, and 238U.
The experimental data are taken from Refs.@45–47#. For all
nuclides the ST I mode is the strongest in the predictions
the case of233U, it even determines the mass yield curve
by itself. There are three criteria that a predicted mass dis
bution has to fulfill. First of all the~asymmetric! peaks have
to be at the right position. The calculated peak positions
232Th underestimates the experimental value, but in the c
of uranium targets the calculations do very well. Furth
7-19
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FIG. 26. Preneutron emission mass distrib
tions for low-energy neutrons on232Th and
233,238U.
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more, the widths have to be correct. The outer wings of
experimental distributions are almost reproduced, but the
ner wings are not. This may be due to a wrong width. A
other possible explanation is a failure in the third criterio
the model has to predict the correct relative share of e
fission mode. In the case of 5.5 MeV neutrons on238U, the
symmetric fission portion is clearly overestimated. Proba
the competition with neutron evaporation can no longer
discarded at this incoming energy. This would lower t
relative contribution of the symmetric fission component
well as the width.

In Fig. 27 some more results are plotted for the heav
nuclides 237Np, 242Pu, and241Am @48–51#. In general, the
reactions on237Np are described nicely with the model, e
cept the fine structure in the right peak around mass 135.
01460
e
n-
-
:
h

y
e

s

r

he

predictions made for242Pu and241Am do not agree with the
experimental data in the right hump. The widths are too la
and the peak positions are shifted too much to heavy mas
On the other hand, the left wing of the241Am curve looks
somewhat better.

In conclusion, the theoretical mass yield curves for t
lighter actinides agree well with experimental data, es
cially in the asymmetric peak area and the outer wings.
the case of minor actinides, the predictive power is sligh
weaker. The overall quality of the prediction of these exc
sive fission channels is good enough to justify the implem
tation of the temperature-dependent Brosa model in anal
at higher energies where only inclusive data are available
this end, in the next section the process of multichance
sion in the nuclear reaction code ALICE-91 is treated
u-
FIG. 27. Preneutron emission mass distrib
tions for low-energy neutrons on237Np, 242Pu,
and 241Am.
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FIG. 28. The role of direct, pre-equilibrium
and compound processes in the description
a nuclear reaction and the outgoing-partic
spectra.
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detail. This forms the preparation of Sec. IV, in which t
connection between ALICE-91 and the temperatu
dependent Brosa model is described together with a comp
son with experimental data on intermediate-energy fissio

III. MULTICHANCE FISSION

A. Nuclear reactions

It is generally accepted that three different nuclear re
tion mechanisms can be distinguished in light partic
induced reactions: direct, pre-equilibrium, and compound
classification of these mechanisms can be performed on
basis of the reaction time or, equivalently, the number
intranuclear collisions inside the nucleus before emission

The time scale of direct reactions is linked to the tim
needed for the projectile to traverse the target nucleus, w
amounts to roughly 10222 s. Only one collision of the pro-
jectile with a nucleon inside the target precedes the emiss
Consequently, a strong correlation between the initial a
final state exists. The term direct reactions include proce
like inelastic scattering to a discrete state in the nucle
charge exchange, knock-out, and transfer reactions. Ab
an incident energy of about 10 MeV, almost all discre
states of the remaining nucleus with a simple structure
excited by direct processes.

The characteristics of compound reactions are in m
aspects opposite to those associated with direct mechan
Before emission, a lot of intranuclear collisions take pla
which distribute the available excitation energy of the co
pound system homogeneously over all nucleons. In
equilibrated nucleus there is, subsequently, a probability
a single nucleon to collect in several collisions enough
ergy to escape the nucleus. Naturally, this process is m
slower. Time scales vary with incident energy between 10215

s and 10219 s. These intermediate collisions are responsi
for the loss of memory about the details of the initial sta
~apart from energy and angular momentum conservati!.
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Compound mechanisms govern nuclear reactions with i
dent energies below 10 MeV.

The properties of pre-equilibrium reactions are situated
between those of direct and compound processes. His
cally, it comprises one step nonelastic scattering reaction
the continuum as well as multistep emissions from partia
equilibrated systems. This occurs if most of the excitat
energy is accumulated on one or a few excited particles.
associated time scales range from 10222 s to typically 10218

s. With each extra intranuclear collision, the system gra
ally loses more of its memory regarding the initial sta
Primary pre-equilibrium emission plays an important ro
above 10 MeV. For incident energies above 50 MeV, inclu
ing multiple pre-equilibrium into the description of any re
action is crucial. It profoundly marks the feeding of the n
clides, which lose the rest of their energy in the subsequ
compound stage of the reaction~with the possibility to fis-
sion!.

Figure 28 explains the role of these distinct reacti
mechanisms during an arbitrary nucleon-induced reactio
a schematic manner. If a projectile collides with an atom
nucleus it may scatter elastically, leaving the nucleus in
ground state, or it can induce a reaction. In the case o
reaction, the direct, pre-equilibrium, and compound mec
nisms start to compete in the description of the first emiss
At this stage, the compound process has also a contribu
to the elastic channel. If after the first emission enough
citation energy remains inside the new nucleus, second
or, in general, multiple emission will follow. Depending o
the progress towards equilibration, this emission will be d
to compound processes or to multiple pre-equilibrium f
lowed by compound emission. Fission is a slow and co
pound process, since it involves a large deformation of
whole nucleus. Hence it will compete with compound em
sion, as indicated in Fig. 28. First-chance fission occurs
competition with the primary compound emission. Mul
chance fission stems from the competition with parti
emission in the multiple compound process.
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B. Reaction models in ALICE-91

The nuclear reaction code ALICE-91@38# has been rathe
successful in describing nuclear reactions above abou
MeV @52#. Figure 29 gives the main ingredients of the rea
tion models implemented in ALICE-91. Since no discre
levels are taken into account in the calculations, the dir
reactions are treated effectively by the pre-equilibrium sta
This approximation of the discrete part of the high-ene
tail in the spectrum by a continuous spectrum does not a
significantly the prediction for reactions that take pla
above about 20 MeV. Below these energies the validity
this assumption is questionable. An optical model subrou
~OMP! provides the~inverse! reaction cross sections need
for the overall normalization of all computed cross sectio
and for the Weisskopf-Ewing compound model~WE!. A
rotating-liquid-drop model~RLDM! provides the fission bar
riers that are needed in the Bohr-Wheeler approach to c
pute the competition between compound emission and
sion. The geometry-dependent hybrid model~GDH! @53#
describes precompound emission. User input like projec
and target specifications as well as level density parame
is indicated with a dotted box. Of course, a code li
ALICE-91 has more options to choose between reac
models or to change basic values, but only the models
the input parameters relevant to this work are treated h
The output of ALICE-91 includes information on th
outgoing-particle spectra and the total fission cross sec
sF . Furthermore, ALICE-91 is modified to give also th
fission cross section per excitation energy bin of a fission
nucleussF(A,Z,E* ). The total fission cross section is com
pared to experimental results further on in this section. T
quantity sF(A,Z,E* ) is treated at the end of this sectio
because it provides the link with the temperature-depend
Brosa model. The physics behind the fission competit
with compound decay can be found in the next section.

1. Compound decay with fission competition

In compound decay, the formation and the emission p
cess are completely independent. The WE model makes

FIG. 29. Basic nuclear models implemented in ALICE-91. Us
input is indicated by a dotted box.
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of this assumption to describe a reaction from the init
channela with energye to the outgoing channela8 with
energy e8. The cross section for this reaction can be e
pressed in terms of a product of the formation cross sec
of the compound nucleussca(e) and the probabilityPa8(e→e8)de8 that it will decay into the outgoing channela8
with energy betweene8 ande81de8:

saa8~e,e8!de85sca~e!Pa8~e→e8!de8

5sca~e!
Ga8~e→e8!ra8~U8!de8

(
a9

E
0

E2Q9
Ga9~e→e9!ra9~U9!de9

.

~72!

Ga8(e→e8) is the width for the decay of the compound sy
tem with energye to a state with emitted energye8 in chan-
nel a8. The residual nucleus with excitation energyU85e
2e82B (B is the binding energy of the emitted particle! has
a level densityra8(U8). The Q value of the reaction from
channela to a9 is given byQ9.

With the help of the reciprocity theorem, the cross sect
to the outgoing channel is linked to that of the inverse re
tion:

saa85
1

ga

p

Ka
2

uSaa8u
25sca

Ga8
G

, ~73!

sa8a5
1

ga8

p

Ka8
2 uSa8au25sca8

Ga

G
, ~74!

with Ka the wave number. Reciprocity impliesSaa8
5Sa8a . Hence the Weisskopf-Ewing formula arises:

saa8~e,e8!de8

5sca~e!
ga8ma8e8sca8~e8!ra8~U8!de8

(
a9

ga9ma9E
0

e2Q9
e9sca9~e9!ra9~U9!de9

,

~75!

with ga52i a11 the statistical weight of channela andma
the corresponding reduced mass. The inverse reaction c
section for formation of the compound nucleus starting fro
channela8 is identified with the absorption cross section
channela8 resulting from an optical model calculation. Th
WE approach neglects the spin dependence and is not a
cable to reactions to discrete states.

The level densities taken in the WE calculations are o
Fermi-gas type:

r~E!}
exp~2AaE!

E5/4
. ~76!

The level density parameteran that will be used throughou
the evaporation chain has to be given in the input as a c
stant: ald5A/an . This implies, that the chosen paramet

r
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has to describe in an effective way the expected change
the level density parameter both with excitation energy a
with isotope. Furthermore, as already explained in Sec. I
the level density in general is constructed from an intrin
part and rotational plus vibrational factors. By adjusting t
level density parameteran these collective factors may b
effectively taken into account in the intrinsic part given
Eq. ~76!.

With an expression for the fission probability, the calc
lation of the competition between compound emission a
fission becomes straightforward in the WE formalism. F
sion can be simply added as an extra possible outgoing c
nel. Bohr and Wheeler@54# consider the rate of passage ov
the single classical fission saddle point. In their approach
fission probabilityPf ission is given by the total state densit
over all partitions of excitation energy over potential a
kinetic energy:

Pf ission~e!}E
0

e2BF
rF~e2BF2k!dk. ~77!

The level density at the saddle point is denoted byrF . In a
classical approach tunneling through the barrier is imp
sible. Therefore the calculated fission cross section sudd
drops to zero at excitation energies below the barrier hei
Equation ~77! is equivalent to the transmission coefficie
expression through a temperature-independent barrier in
~51!, assuming that the penetrability equals 0 fore,BF and
equals 1 fore.BF . An important quantity in Eq.~77! is the
level density parameteraf at the saddle point, which is
needed to evaluaterF . At the saddle-point deformation th
level density parameter is expected to be larger than
ground-state valuean due to the stronger collective effects
well as a larger intrinsic level density parameter@55#.
ALICE-91 requires that the user provides the ratioaf /an as
an input. Once more, this value is kept constant through
the whole evaporation chain. Hence the value given ha
represent the effect averaged over all excitation energies
isotopes encountered in the calculation.

In ALICE-91 fission barrier heights and ground-state e
ergies may be supplied by the RLDM by Cohenet al. @56# or
by the rotating finite range model~RFRM! by Sierk @33#.
The RLDM is preferred for the calculations, since it provid
a good description for the total fission cross section~see next
section!. In Fig. 10 the results of this RLDM for beta-stab
nuclides is compared to the values obtained with the LD
incorporated in the Brosa model. Barrier heights evaluate
both approaches agree very well. In ALICE-91, the angu
momentum dependence of the barrier heights is taken
account. Above a critical value of the angular momentu
the fission barrier vanishes. Moreover, the emitted partic
are assumed to decrease the angular momentum.

C. Predictions of fission cross sections

The choice between RLDM and RFRM in the fission c
culations is based on results plotted in Fig. 30. The exp
mental cross sections for neutron-induced fission on232Th as
a function of energy@5# are compared to predictions obtaine
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with the RFRM and the RLDM. The value for the groun
state level density in ALICE-91 has a default value ofan
5A/9. There are indications that at high excitation energ
this value changes to an asymptotic value ofan5A/13 @57#
due to the disappearance of collective effects. Figure
shows the effective values assumed in all calculations to
found in this work as a function of incoming projectile e
ergy. Both calculations are carried out with the ground-st
to saddle-point level density ratio of 1.00, although the e
pected value of this ratio is larger than 1.00. The outcome
the RFRM overpredicts the experimental data dramaticall
higher energies even withaf /an51.0. A larger level density
ratio will only enhance this overprediction, and there is
hope to arrive at a good description of the data by choos
the right level density parameters. The results of the RLD

FIG. 30. Experimental fission cross section data for neutr
induced fission on232Th @5#. ALICE-91 results with the RFRM
~dashed line! and the RLDM~solid line! are plotted for comparison

FIG. 31. Values of the ground-state level density parameteran

5A/ald used in all calculations as a function of incoming proje
tile energy.
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FIG. 32. Experimental fission
cross section data compared
ALICE-91 calculations for subac-
tinide targets. All data stem from
measurements or from fits to dat
compilations made by Eismon
et al. @3,4,58#.
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are too low, but with a higher value ofaf /an a correct an-
swer may be obtained for the fission cross section. Thi
illustrated next in this section.

The first step in describing fission-fragment mass yields
a satisfactory way consists of predicting the overall norm
ization. This means that the model should be able to rep
duce the total fission cross section. With the RLDM and
ground-state level densities as depicted in Fig. 31 as b
ingredients, it is possible to tune the level density ratio
such a way that the code reproduces both the proton and
neutron-induced fission cross section.

Figure 32 shows results for the subactinide fission cr
sections as a function of incoming energy. The experime
fission cross sections are obtained from measurements
data compilations@3,4,58#. The theoretical outcome agree
with the experimental values within 15% for209Bi and 197Au
above 50 MeV in the case of the neutron-induced reactio
Proton-induced fission cross sections may differ by 50%
energies below 70 MeV. The results for181Ta deviate by
about 50%, but the cross sections are one order of magni
lower than those of197Au. Two related trends are visible i
Fig. 32. First, the fission cross section decreases rapidly
a smaller charge value. Second, the proton-induced fis
cross section exceeds the neutron-induced value syste
cally. This feature is connected to the first observation. I
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proton-induced reaction, the average fissioning systems h
a slightly higher charge than in a neutron-induced reacti
Consequently, the corresponding total fission cross sectio
larger.

Comparable results for actinides can be found in Fig.
The experimental data on neutron-induced fission are ta
from Ref. @5#, and the proton data originate from fits to da
compilations@58#. By adjusting the level-density ratio to th
fission cross section an overall agreement of 10% or be
can be achieved. For the nuclides232Th and 238U a second
calculation is included. These results are obtained by fitt
the level-density ratio to reproduce the shape of the m
distribution instead of the fission cross section. This is f
ther elucidated in Sec. IV. The outcome of these other c
culations lies still within 10% of the proton-induced fissio
cross section, but overestimates the neutron data with 20
15% for 232Th and 238U, respectively.

A comparison of the proton and neutron-induced re
tions in Fig. 33 teaches that, in the actinide region,
neutron-induced fission cross section is higher than
proton-induced fission cross section at low energies.
higher energies the situation reverses. Proton reactions
sess a threshold around an incoming energy of 10 M
because of the Coulomb barrier. Therefore the reaction c
section and thus the fission cross section vanish at incom
to

-
e-

y

-
l

h

al
FIG. 33. Experimental fission
cross section data compared
ALICE-91 calculations for ac-
tinide targets. The neutron
induced fission cross sections, d
noted by circles, are taken from
Ref. @5# and the proton-induced
fission cross sections, denoted b
the dot-dashed lines, come from
fits to data compilations@58#.
Solid lines correspond to calcula
tions tuned to the experimenta
fission cross sections, while
dashed lines are obtained wit
level-density ratios which give the
best agreement with experiment
mass distributions in Sec. IV.
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
energies below this threshold. Neutron-induced reactions
not hampered and exhibit already at low energies a siz
fission cross section. At higher energies, this effect no lon
plays a role. Here, the difference is again merely determi
by the higher charge content in a proton-induced reac
resulting in a larger cross section. This mechanism is exa
the same as in the subactinide region.

The saddle-point to ground-state level density rat
af /an resulting from the fit to the experimental fission cro
sections are plotted in Fig. 34 as a function of incomi
energy. In general, the ratio decreases with increasing e
gies. This is consistent with the picture that at low energ
both the collective enhancement and the shell effects,
sponsible for a change in the intrinsic level density fro
ground state to saddle point, are strongest. At high excita
energies, roughly above 100 MeV, shell effects wash out
collective effects disappear. Nevertheless, the ratio does
approach 1.0 around 100 MeV incoming energy. This is
plained by the fact that the ratio represents an average v
which describes effectively all contributions from a varie
of fissioning systems at different excitation energies~see
next section!. Figure 35 contains the level density ratios f
232Th and 238U reproducing the experimental fission cro
section as well as the ratios describing the mass distribu
shapes. The prediction of the mass distribution require
larger value ofaf /an . The implications of this can be foun
in the next section.

D. Excitation energy of fissioning systems

The role of different saddle-point to ground-state lev
density ratios is investigated by looking at the excitation
ergy distributions of the fissioning systems. A small mod
cation in ALICE-91 makes it possible to extract, apart fro
the total fission cross section, also the fission cross sectio
a function of the fissioning isotope and the excitation ener
Figure 36 contains these excitation energy distributions
several isotopes of uranium, protactinium, and thorium

FIG. 34. The saddle-point to ground-state level density ra
af /an as a function of incoming energy. These values are use
closely describe the experimental data in Figs. 32 and 33.
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FIG. 35. The saddle-point to ground-state level density ra
af /an as a function of incoming energy for232Th and 238U. Both
the results tuned to the fission cross sections and those tune
reproduce the shape of the mass distribution are shown.

FIG. 36. Excitation energy distributions of the fissioning sy
tems in 100 MeV neutron-induced fission of238U. The calculation
is repeated for two values of the saddle-point to ground-state l
density ratio:af /an51.00 and 1.05.
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100-MeV neutron-induced fission of238U. The calculation is
performed twice; once withaf /an51.00, which belongs to
the best prediction of the fission cross section, and once
af /an51.05, which gives the best description of the shape
the fission-fragment mass distribution. From Fig. 36 seve
conclusions can be drawn. First of all, fission takes plac
all possible excitation energies between the maximum e
tation energy of the original compound nucleus and the b
rier energy. In addition, due to the use of Bohr-Wheel
fission at subbarrier energies does not contribute, which
sults in a clearly visible sudden drop at the left-hand side
Fig. 36. Moreover, fission of isotopes lying further aw
from the original compound system is characterized b
lower maximal excitation energy coupled to the preced
neutron evaporation. Finally, the contributions from e
ments with a lower charge drop rapidly.

The role ofaf /an also becomes clear by studying Fig. 3
It influences the moment where fission starts predomina
particle evaporation. A high value of this ratio means
strong preference for fission over particle evaporation.
can be concluded from Fig. 36, in the case ofaf /an51.05
fission happens earlier in the chain than in the case
af /an51.00. This is equivalent to more fission events
higher excitation energies and less fission from very neutr
deficient isotopes.

The link with the temperature-dependent Brosa mode
provided by the excitation energy distribution of the fissio
ing systems. Splitting the total fission cross section into
contribution per excitation energy bin per fissioning isoto
enables the calculation of the mass distribution for the sp
fied nucleus (A,Z,E* ) with the correct weight. This will be
demonstrated in the next section.

IV. PREDICTIONS OF FISSION-PRODUCT MASS YIELDS

A. Coupling of temperature-dependent Brosa model
with ALICE

In combination, the temperature-dependent Brosa mo
from Sec. II and the nuclear reaction code ALICE-91
described in Sec. III enable the prediction of preneut
emission as well as postneutron emission mass yield
intermediate-energy light particle-induced fission reactio
After the determination in ALICE-91 of all contributions t
the fission cross section by excited evaporation resid
which are characterized bysF(A,Z,E* ), the temperature-
dependent Brosa model computes for each configura
(A,Z,E* ) the corresponding fission-fragment mass yie
curve. In the end, all these curves are summed with t
proper weight given bysF(A,Z,E* ).

Figure 37 illustrates the coupling between t
temperature-dependent Brosa model and ALICE-91. Par
the contents from Sec. II is grouped in a dashed box situa
in the upper right corner of the figure. These fission-mo
calculations are performed only once to construct files c
taining the fission barrier parameters and prescission sh
of the investigated nuclides as indicated in Fig. 8. This
formation serves as input for the on-line mass distribut
calculations.
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Projectile, incoming energy, and target specificatio
form the main input~dotted box in top left corner! of these
on-line calculations together with the ALICE-91 level de
sity input parameters:an and af /an , the role of which has
been already highlighted in the previous section. The ca
lation starts with an ALICE-91 run, which is indicated in th
picture by a simplified version of Fig. 29 inside the do
dashed frame. In this run, ALICE-91 keeps track of the fl
going into fission for each individual isotope per excitati
energy bin encountered in the Weisskopf-Ewing evapora
stage. Besides the normal output of the particle spectra
the total fission cross section, the fission cross section
fissioning isotope and excitation energy binsF(A,Z,E* ) is
listed at the end.

For each configuration (A,Z,E* ) the program, subse
quently, calls a subroutine of which the task is twofold. Fi
of all the relative contributionsCFM(A,Z,E* ) of the three
predominant fission modes SL, ST I, and ST II are det
mined according to the recipe provided in Sec. II E. Th
happens inside the box, which carries the label Hill-Whee
and uses the fission barrier parameters as input. The se
task comprises the calculation of the mass yield cu
MFM(A,Z,E* 8,AFF) with the help of the RNRM based o
the fission mode, the configuration (A,Z,E* 8) and the
prescission shape parameters. Here, the loss and gain o
citation energy in crossing the barrier is taken into acco

FIG. 37. Schematic overview illustrating the coupling
ALICE-91 and the temperature-dependent Brosa model. The
script FM denotes the three dominant fission modes SL, ST I,
ST II. MFM is the mass yield curve of a specific fission mode a
CFM its relative contribution.
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
into a new excitation energyE* 8 at scission. This is the
procedure from Sec. II G. The computed preneutron em
sion mass distribution is, subsequently, corrected for
postscission neutron multiplicities~Sec. II G 2!. In this man-
ner, the postneutron emission mass yields are constru
The final fissionfragmentmass distributionM (AFF) is sim-
ply obtained by adding all separate preneutron emiss
mass yieldsMFM(A,Z,E* 8,AFF) with the relative contribu-
tions CFM(A,Z,E* ) and the fission cross section
sF(A,Z,E* ) as weights. Obviously, a completely equivale
approach gives rise to the final fissionproduct mass distri-
bution M (AFP).

In the next sections predicted mass yields are compare
experimental data for subactinide and actinide fission
tween 15 and 200 MeV. Moreover, an investigation is
cluded regarding the transition between asymmetric
symmetric fission in going from the line of stability toward
neutron-deficient nuclides in the actinide region.

B. Mass yields in subactinide fission

The results from the ALICE-91 plus temperatur
dependent Brosa model calculations for light partic
induced fission reactions in subactinide targets are show
Figs. 38 and 39. In the case of subactinide targets it is
possible to calculate the competition between symmetric
asymmetric fission modes. In Sec. II, results of the fiss
channel search in208Pb exhibit rather broad and strange
shaped outer barriers, which makes a fit of these barr
with a parabola impossible. Hence the Hill-Wheeler a
proach cannot be applied. In all calculations in this sect
the asymmetric fission modes are discarded. Only the s
metric superlong mode is taken into account for subactinid

FIG. 38. Normalized preneutron emission mass yields for
reactions specified in each graph. The experimental data are t
from Refs.@59,60#. The lines correspond to the calculations.
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The experimental data included in Fig. 38 are taken fr
the extensive work on subactinide fission by Itkiset al.
@59,60#. Examples of proton and alpha-induced fission b
tween 29 and 50 MeV are given. In general, the agreem
with the calculations is very good both for the position of t
most probable mass and the width of the distribution. In
case of the 29-MeV proton-induced reactions, the calcu
tions deviate at most 15% from the experimental values,
on average the agreement is much better. The assump
that for these nuclides asymmetric fission can be negle
seems valid for these energies.

The yields are normalized. Therefore also the uncerta
in the prediction of the overall fission cross section has to
incorporated. The calculations are performed with the le
density parameters from Sec. III C. These values stem fro
fit to the experimental neutron and proton-induced fiss
cross sections for209Bi and 197Au. The basic assumption
made is that the saddle-point to ground-state ratiosaf /an
vary smoothly over the isotopes and hence that the ratios
208Pb and203,205Tl lie in between those of209Bi and 197Au.
The fission cross sections in this region of the chart of
clides can be predicted with an accuracy of 10%. This ha
be added to the uncertainty in the prediction of the norm
ized yields.

The predictions in Fig. 39 for the production cross se
tions of fission-product masses in 190-MeV proton-induc
fission of natW, 197Au, natPb, and208Pb are less satisfactory
The experimental data have been obtained from Ref.@61#.
Figure 39 contains, apart from the experimental data and
calculation ~solid line!, also a Gaussian~dashed line! that
originates from a fit to the data and is given by the autho
The calculation does a fairly good job in the description
the left wings and of the top, but in right wings the expe
mental yields are underestimated by one order of magnitu
The huge discrepancy for heavier masses is mainly the re
of a too small predicted width. In addition, the predict

e
en

FIG. 39. Postneutron emission mass yields in proton-indu
fission of natW, 197Au, natPb, and208Pb at 190 MeV obtained from
Ref. @61#. The triangles denote the experimental data. The das
line originates from the fit of a single Gaussian made by the auth
and the solid line belongs to the calculation.
7-27
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mean mass is shifted to lighter masses compared to the
sured value. A lighter mean mass is related to an overe
mation of the total number of evaporated mass units. T
may indicate an underprediction of the energy carried aw
by the emitted particles prior to or after scission. A possi
explanation of the first effect lies in the calculation of t
postscission neutron multiplicities. With the temperatu
dependent Brosa model as described in Sec. II the neu
evaporation between the saddle and scission points is
glected. This results in an excitation energy of the fragme
which is too high. Since the division of the excitation ener
available at scission between the two fragments goes pro
tional to the fragment mass, the heavy fragment will hav
relatively higher postscission neutron multiplicity. Therefo
it will shift more towards lower masses than the light fra
ment, thereby reducing the width of the mass distribution
similar situation of a higher scission temperature occur
the energy carried away by the prescission neutrons is
small. An overestimation of the postscission neutron mu
plicity can also be caused by an underprediction of the
ergy required for the emission of neutrons by the fragme
The last two assumptions would simultaneously explain
smaller predicted mean mass, as already mentioned abo

A higher excitation energy at scission is linked to a high
scission temperature, and this also influences the width.
prescission shape half length is smaller at higher temp
tures~see Fig. 24!. A more compact shape results in a na
rower mass distribution. On the other hand, an increas
the temperature in Eq.~62! enlarges the width. A compariso
of the two effects shows that the latter is stronger. Figure
contains the preneutron emission and postneutron emis
mass yield curves of the superlong mode for a238U nucleus
with an excitation energy of 50 and 200 MeV at scissio
The preneutron emission yield curve at 200 MeV is broa
than the preneutron emission yield curve at 50 MeV,
though the prescission shape is shorter around 200 MeV.
postneutron emission yield distribution at 200 MeV becom
narrower than the one around 50 MeV. This observation s
ports the explanation given above that the inclusion
postscission neutron emission in its present form reduces

FIG. 40. Preneutron emission and postneutron emission m
yield curves for the superlong mode in a238U nucleus with an
excitation energy at scission of 50 and of 200 MeV.
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width of the mass distribution. Whether the overprediction
the postscission neutron multiplicity is connected to an ov
estimation of the temperature at scission or to an undere
mation of the energy required for the emission of a neut
by the fragments cannot be concluded from these data.
next section will shed some more light on this question.

Table III shows the fission cross sections resulting fro
experiment@61#, the calculations, and the Eismontet al. @58#
data compilations. ALICE-91 tends to underestimate the
sion cross section with 10–15%.

C. Mass yields in actinide fission

In the case of actinide fission the full competition betwe
the symmetric and asymmetric fission modes is taken
account. With these modes it becomes possible to descri
variety of shapes, which is needed to cover the whole ra
of intermediate energy fission between several MeV and
MeV. Preneutron emission mass yields in neutron-indu
fission of 238U for various different projectile energies ar
plotted in Fig. 41. The experimental data come from t
work by Zöller et al. @62#. At an average incident neutro
energy of approximately 13 MeV the mass distribution e
hibits a pronounced asymmetric behavior. This asymme
character persists up to an average neutron incident energ
roughly 100 MeV. Above this energy a broad mass yie
curve remains, which still betrays some asymmetric com
nents by its broad and flat top. What happens is that w
increasing excitation energy the symmetric valley from lo
energy fission fills up due to a stronger symmetric~SL! con-
tribution. This forms the main contribution. Another muc
smaller effect is the widening of the asymmetric contrib
tions.

The calculations of Fig. 41 show that almost everywhe
the agreement is within 10% or even better. Figure 42 c
tains the same data and calculational results but on a lo
rithmic scale. This is done to enable a better comparison
the experimental data and the calculations in the tails of
distributions. At very high energies~around 200 MeV!, the
predictions and data start to deviate at extremely asymme
yields by one order of magnitude. This is a similar effect
in the subactinide postneutron emission yields at 190 MeV
the previous section, but it is less strong. A possible exp
nation is that the predicted prescission shapes are too c
pact. The fact that the mean mass, the width, and the rela
asymmetric and symmetric contributions come so close
the results found experimentally indicates that neither
calculated temperature at scission can be much too high

ss

TABLE III. Proton-induced subactinide fission cross sectio
obtained from experiment@61# and from ALICE-91 calculations.
For comparison also the values stemming from the data compila
by Eismontet al. @58# are included.

natW 197Au natPb 208Pb

s f
Exp ~mb! 4.56.5 32.863.3 9469 8868

s f
ALICE291 ~mb! 3.7 31.2 83.6 76.4

s f
Eismont ~mb! 3.7 88 74
7-28
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
the calculated prescission neutron multiplicity can be mu
too low. This observation agrees with the supposition t
the calculated postscission neutron multiplicity may be
high due to a wrong estimation of the energy required for
emission of neutrons by the fragments and not due to a s
ion temperature that is too high.

The predictions for these normalized yields are obtain
by adjusting the saddle-point to ground-state level den
ratios to reproduce the experimental mass yields. In Sec
the influence on the prediction of the total fission cross s
tion has already been examined. It turns out that the fiss
cross section in the reactions under study is overestimate
approximately 15%. The influence of this level density ra
is rather profound as can be concluded from Fig. 43. T
figure shows the results of the mass yield calculations ba
on the level density ratios which perfectly describe the
sion cross section~see Sec. III C!. These ratios are lowe
than the ones used in Fig. 41. For low energies the differe
is rather small~up to 30 MeV!, but at higher energies th

FIG. 41. Preneutron emission mass yields in neutron-indu
fission reactions on238U with the neutron incoming energy rang
specified in the graphs. The saddle-point to ground-state level
sity ratios are fitted to reproduce the shape of the mass yield cu
Data are taken from Ref.@62#.
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asymmetric contributions are overestimated. This is und
standable, since fission is preceded by more evaporation
takes place at lower excitation energies with a smaller va
of the ratio. The discrepancies with the experimental m
yield curves amount to 30%.

Figure 44 is included to illustrate the effect of taking
different prescission shape in the calculation. According
Brosa, the neck becomes unstable against rupture at the
leigh criterion. The results in Fig. 44 are obtained by assu
ing that scission already takes place at the Rayleigh criter
This corresponds to more compact prescission shapes
hence to shorter necks. The consequence is obvious: the
can break at less locations with equal probability. Th
causes the peaks to be narrower and the widths of the d
butions are completely off.

Besides neutron-induced reactions, also proton-indu
fission is investigated. In Fig. 45 the results are plotted
preneutron emission mass yields in proton-induced fissio
232Th at three different energies. The experimental data
taken from Ref.@63#. For 13 and 20 MeV the agreement
again quite good~within 10%!. The reaction at an inciden
energy of 53 MeV shows a wrong relative contribution

d

n-
e.

FIG. 42. Same as Fig. 41 but on a logarithmic scale. Data
taken from Ref.@62#.
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asymmetric and symmetric fission. As will be further e
plained in the last section, thorium lies on the edge of
actinide region and is subject to a transition to symme
fission which occurs much earlier than in the case of u
nium. Apparently, the ALICE-91 plus temperatur
dependent Brosa model is not able to predict this transi
accurately. Up to 50 MeV, the prediction of the fission cro
section ends up within 10% of the experimental values.

Figure 46 shows preneutron emission mass yields
proton-induced fission of226Ra and238U @64,65#. In the case
of 13-MeV protons on226Ra the prediction gives a triple
humped distribution in accordance with experimental obs
vations. Unfortunately, the relative contributions of the fi
sion modes are incorrect. Furthermore, the position of
asymmetric peak does not agree with the experimental d
This is due to the fact that the ST I mode is predominan
the calculation, while from the experimental data the pe
around mass 140 indicates a strong contribution of the S
mode. The first problem resembles the underprediction
symmetric fission in 53-MeV proton-induced reactions
232Th as mentioned in the previous paragraph. The outco
of the calculations for238U at 20 and 60 MeV incident en
ergies is acceptable. On top of the 10% uncertainty in
normalized mass yields, an additional uncertainty of 15%
the total fission cross section enters.

FIG. 43. Preneutron emission mass yields in neutron-indu
fission reactions on238U. The saddle-point to ground-state lev
density ratios are fitted to reproduce the total fission cross sec
Data are taken from Ref.@62#.
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Postneutron emission mass yields can be found in Figs
and 48. Figure 47 displays postneutron emission mass yi
in neutron-induced fission of238U @62#. The same incident
energy ranges are chosen as for the preneutron emis
yields. The agreement for the 13- and 28-MeV incident e
ergies is excellent. At higher energies the effect from
excessive postscission neutron evaporation is present.
underprediction of the width of the preneutron emissi
mass yield curve is enhanced by the postscission neu
evaporation. This has already been encountered and
plained in the previous section and further elucidated in
beginning of this section. The heavy fragments lose
many neutrons, which leads to an underprediction in
right wing of the distribution and to an overprediction on t
left-hand side. Especially the mass yield curve around 2
MeV suffers from this effect to the same extent as the s
actinides in proton-induced reactions at 190 MeV~Fig. 39!.

Unfortunately, the experimental data for other nuclid
are limited to neutron energies around 14 MeV. Figure
includes data for four different nuclides:232Th, 233U, 242Pu,

d

n.

FIG. 44. Preneutron emission mass yields in neutron-indu
fission reactions on238U with the prescission shapes taken at t
Rayleigh criterion. Data are taken from Ref.@62#.
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FIG. 45. Preneutron emission mass yields in proton-induced
sion reactions on232Th for the incoming energies given in th
graphs. Data are taken from Ref.@63#.

FIG. 46. Preneutron emission mass yields in proton-induced
sion reactions on226Ra and238U for the incident energies given in
the graphs. Data are taken from Refs.@64,65#.
01460
and 241Am @66–69#. At the corresponding excitation ene
gies the postscission neutron evaporation does not yet s
the outcomes. The prediction in the wings of the mass d
tributions deviates from experiment with maximally 30% f
232Th, 242Pu, and241Am. However, in the case of233U the
right tail is underpredicted by a factor of 10. On the top
the distribution and in the symmetric valley the agreemen
within 20%, except in some mass regions of232Th where the
calculated yields lack the small symmetric hump.

D. Transition from symmetric to asymmetric fission

From all mass yield curves seen so far in the previous
sections, it can be concluded that somewhere at the edg
the actinide region a transition takes place between symm
ric and mixed~symmetric plus asymmetric! fission. More-
over, observations by Schmidtet al. @11# suggest a change
towards symmetric fission in the neutron-deficient part of
actinide region. In addition, an increase in symmetric fiss
is observed with increasing excitation energy. The ques
arises whether this last effect is mainly due to the vanish

s-

s-

FIG. 47. Postneutron emission mass yields in neutron-indu
fission reactions on238U. The neutron incident energy ranges a
denoted in the graphs. Data are taken from Ref.@62#.
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of asymmetric fission modes with increasing excitation
ergy or to the contributions of more and more neutron-p
isotopes with an intrinsic symmetric behavior.

Figure 49 shows mass distributions of various isoto
between actinium and uranium labeled by the element n
and neutron number. The calculations are carried out for
clides with an excitation energy of 10 MeV. The gradu
change from asymmetric and mixed to symmetric fission
clearly visible. Near the valley of stability, at the right-han
side of the plot, fissioning isotopes tend to produce m
distributions with a strong asymmetric signature. At the le
hand side the resulting mass yields are entirely symmetri
possess at least a large symmetric share. A solid line c
nects the isotopes for which the symmetric hump exceeds
asymmetric humps for the first time in going towar
neutron-poor nuclides starting from stability. This is taken
a crude measure for the transition. The dot-dashed line
resents a condition by Chung and Hogan@70,71# which also
marks the transition from symmetric to asymmetric~mixed!
fissioning isotopes. The dashed line corresponds to a ca
lation by Möller @72# who determined the stability of th
saddle-point configuration against asymmetric deformatio
The lines belonging to Chung and Hogan and Mo¨ller have in
common that they run more or less parallel to the line

FIG. 48. Postneutron emission mass yields in neutron-indu
fission reactions as specified in the graphs. Data are taken
Refs.@66–69#. The triangles in the upper graph correspond to d
read from a table, whereas the circles are read from a figure.
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stability. The line originating from the ALICE-91 plus
temperature-dependent Brosa model calculations, howe
is perpendicular to these lines. This completely different
havior is also observed by Schmidtet al. @11# in the charge
distributions of the same fissioning isotopes at excitation
ergies peaked around 11 MeV. Here the transition marked
the dotted line also tends to occur along a line perpendic
to the Möller line. The prediction by the ALICE-91 plus
temperature-dependent Brosa model exhibit therefore
same tendency as experimentally observed. In conclusio
low energies the transition seems to take place at
neutron-poor nuclides for thorium and actinium than for u
nium.

The portion symmetric and asymmetric fission depen
on the excitation energy. Therefore similar calculations
carried out for an excitation energy of 20 MeV~Fig. 50!.
Because the excitation energy lies well above the barriers
fission modes present have a reasonable contribution.
explains the mixed mass yields visible in all graphs. App

d
m
a

FIG. 49. Mass distributions of various isotopes labeled by
element name and neutron number. The calculations are perfor
at a fixed excitation energy of 10 MeV. The thick solid line co
nects isotopes for which the symmetric hump exceeds the asym
ric humps for the first time starting from stability and going towar
neutron-poor nuclides. The dotted line is obtained in an equiva
manner from charge distributions measured by Schmidtet al. @11#.
The dot-dashed line represents the condition by Chung and Ho
@70,71# and the dashed line corresponds to a calculation by Mo¨ller
@72#.

FIG. 50. Same as Fig. 49 but for an excitation energy of
MeV.
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MASS DISTRIBUTIONS IN NUCLEON-INDUCED . . . PHYSICAL REVIEW C64 014607
ently, only at considerably low energies, symmetric fission
preferred by the neutron-deficient isotopes as well as by m
actinium isotopes at the edge of the actinide region. Since
melting of fission modes happens in beta-stable and v
neutron-deficient nuclides at a comparable rate~see, e.g.,
Sec. II F!, the situation of Fig. 50 persists up to a certa
excitation energy, above which an overall and gradual tr
sition to symmetry occurs simultaneously for all isotop
Hence in the calculations presented here the increase of
metric fission at high energies is fed more by the disapp
ance of the asymmetric fission modes due to the vanishin
shell effects and less by a larger contribution of neutr
deficient nuclides due to the preceding neutron evaporat

In the previous section a systematic underprediction of
symmetric component in the description of intermedia
energy fission of thorium and radium has been observ
Two effects may be responsible for this. The increase of
symmetric component in these elements may be too s
with excitation energy or, equivalently, the asymmetric fi
sion modes do not vanish in time. The alternative possibi
is a lack of symmetric fission in neutron-poor nuclides due
wrong barrier parameters resulting in an overestimation
asymmetric fission at higher energies, or due to an over
diction of the excitation energy in these nuclides. Based
the comparisons between calculations and experimenta
sults shown here it is not possible to draw a final conclusi
Perhaps that the future will bring other experimental d
that will help to solve the question on how the transiti
between symmetric and asymmetric fission takes place.

V. SUMMARY AND OUTLOOK

A. Summary

In intermediate-energy fission studies the keyword is m
tichance fission. The evolution of an entirely equilibrat
nucleus from its ground-state shape to the scission poin
thought to proceed at a pace comparable to the emissio
light particles. The process of sequential particle evapora
populates many intermediate nuclides characterized
(ACN ,ZCN ,ECN* ). Each nuclide in each excitation energy b
makes a decision: to fission or to evaporate further. Henc
the description of fission two main ingredients can be dis
guished: a model to determine the fission cross sections
all fissioning systems as a function of their excitation en
giessF(ACN ,ZCN ,ECN* ) and a model to predict the fission
fragment and fission-product yields for each set
(ACN ,ZCN ,ECN* ).

The original Brosa model@12# has been extended in var
ous ways. First of all, the temperature is added to the ca
lation of the potential energy landscape of the nucleus
this manner, the incorporated melting of the shell effe
naturally gives rise to the vanishing of asymmetric fiss
modes ST I and ST II with increasing excitation energi
Second, the relative contributions of the different fissi
modes are evaluated with the Hill-Wheeler penetrabi
through inverted parabolic barriers using ground-state le
densities and temperature-dependent barrier parameters
classic random neck-rupture model, subsequently, trans
the rupture probability as a function of the position at t
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neck of the scissioning nucleus into the preneutron and p
neutron emission mass yield curve. Linking this result w
the fission cross section contributions by all possible fissi
ing systems (ACN ,ZCN ,ECN* ) as computed by ALICE-91
@38#, the total preneutron emission and postneutron emiss
mass yields may be determined for any imaginable li
particle-induced fission reaction from 15 up to roughly 2
MeV. In this way, the competition with all other outgoin
channels is automatically taken into account. By separa
the calculation of the fission cross section from the fiss
fragment properties, the final uncertainty in the prediction
a superposition of the uncertainties stemming from b
steps.

Actinide nuclides turn out to have three dominant fissi
modes: the symmetric superlong mode~SL!, and the asym-
metric modes standard I~ST I!, and standard II~ST II!,
whereas subactinides possess only one asymmetric mod
in addition to SL in the Brosa calculations. For subactinid
asymmetric fission is completely neglected in the pres
calculations. The outer barrier is not described well with
parabola, which disenables the determination of the rela
fission mode weights by a Hill-Wheeler approach. The fi
sion barrier heights resulting from the channel searche
the PES agree very well with experimental values for
inner barriers. The outer barriers, however, are much
high. From the final mass distributions it can be conclud
nevertheless, that these outer barriers suffice to determ
correctly the relative weights of the fission modes in m
cases.

Mass yields can be predicted with a proper choice of b
the ground-state to saddle-point level density parameter r
af /an and the prescission shapes. The prescission shape
fixed by applying the same recipe to all nuclei. This leav
af /an as the only parameter which is tuned to reproduce
best both the fission cross section and the mass yield c
for a given reaction. The obtainable accuracy depends
general on the incident energy as well as on the isotope
vestigated. Table IV contains a summary of the uncertaint
They are extracted from comparing the predictions for
total fission cross sections as well as for the preneutron
postneutron emission mass yields with experimental d
The incident nucleon energies range from 15 to 200 M
and the isotopes are either subactinides or actinides. In T
IV the actinide region is subdivided into~a! the nuclides on

TABLE IV. Accuracies obtained from comparing the predi
tions with experimental data for incident energies between 15
200 MeV and isotopes as treated in Sec. IV. The relative uncert
ties in the proton and neutron-induced fission cross sections as
as in the preneutron and postneutron emission mass yields
given.

Subactinide region Actinide region
Z,84 Z,91 Uranium Z.93

sF(p, f ) 10–100 % 10–20 % 10%
sF(n, f ) 10–15 % 10–20 % 10–15 % 20%
Ypre(A) 10–15 % 10–50 % 10%
Ypost(A) 50–1000 % 10–1000 % 30%
7-33
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the edge marking the transition to low-energy symmetric
sion, ~b! uranium for which a large amount of data is ava
able, and~c! the heavier actinides. The predictive pow
changes drastically with observable, nuclide, and excita
energy.

The prediction of the total fission cross section is fai
accurate. Only in the case of the subactinides, for which
probabilities become very small, deviations up to 100% c
occur. The determination of preneutron emission mass yi
is satisfactory. The good agreement for uranium at ener
as high as 200 MeV suggests that the temperature-depen
LDM does not break down above a temperature of 2.0 M
This value has been given as the validity boundary as m
tioned in Sec. II C. Only in fission of226Ra and 232Th the
model cannot correctly describe the experimentally obser
transition to symmetric fission. Asymmetric fission persi
up to too high incident energies. This leads to deviatio
between 10% at low energies and 50% at high energies in
fission-fragment mass yields. Whether this stems from
slowly vanishing asymmetric fission with increasing exci
tion energies or from a lack of symmetric fission contrib
tions from neutron-deficient nuclides could not be conclud
from the results in this work. In general, the calculated po
neutron emission mass yields are too narrow: the light w
and the top are reproduced within 50% or better, whereas
heavy wing is underestimated by one order of magnitu
This is probably related to an overestimation of the posts
sion neutron multiplicity. The model neglects the neutr
evaporation between the saddle point and the scission p
This leaves too much excitation energy in the fission fr
ments. Consequently, the heavier fragment, which receiv
larger portion of the excitation energy of the fissioning s
tem, evaporates absolutely more neutrons than the lig
fragment. This reduces the width of the final mass distri
tion. Since, however, the calculated mean mass of the
neutron emission mass yield curves agrees very well with
experimental values, the prescission neutron multiplic
which momentarily excludes neutron evaporation betw
the saddle point and the scission point, cannot be comple
wrong. Furthermore, the temperature of the fissioning sys
cannot be far too high, because of the correctly reprodu
relative contributions of the different fission modes in t
calculated preneutron emission mass yield distributio
Therefore a more likely explanation is provided by the su
position that the fragments evaporate too many neutrons
cause of an underestimation of the energy required for
emission of particles.

B. Outlook

Future developments in the theory may contribute to
better prediction of either the multichance fission process
the fission-fragment properties. Three major extensions p
sible in the calculation of the fission-fragment propert
consist of including the charge distribution, the TKE, and
neutron emission between the saddle point and scis
point. The addition of the TKE requires only a minor effo
since this is already computed by the RNRM. It only requi
implementation into the coupling with ALICE-91. The ca
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culation of the charge distribution does not follow from th
RNRM. Here another model, possibly the scission po
model by Wilkinset al. @6#, has to be introduced. The neu
tron emission from saddle point to scission point may
taken into account in some effective way by assuming t
part of the available excitation energy is transformed in
neutrons emitted from the fissioning system before sciss
takes place.

Ingredients in the temperature-dependent Brosa mode
self also might lead to further refinements. The parametr
tion of the deforming nucleus may require more than the fi
parameters which are presently used. The addition of so
extra parameters will allow the nucleus more freedom in
choice of its shapes and hence in the fission channel. T
may result in a better agreement between the experimen
determined outer barrier heights and the calculated val
Moreover, the fact that only the shell effects of the compl
fissioning nucleus are computed can possibly account
deviations observed in the predicted average heavy fragm
mass. The inclusion of shell effects in the fragments m
turn out to be indispensable for an even more reliable p
diction of this quantity. Another refinement may origina
from the inclusion of the collective enhancement in the c
culation of the transmission through the different outer b
riers in order to determine the relative weights of the fiss
modes. For this purpose, a calculation of the moments
inertia at each of the saddle points will be necessary. In
work, the ground-state level density is used in combinat
with temperature-dependent barriers disregarding the cha
in collective effects between the ground state and the var
outer saddles.

Improvements are also achievable in the description of
multichance fission process. This may be connected eithe
the replacement of the Bohr-Wheeler approach for a sin
humped barrier, as used in ALICE-91, by a more sophi
cated treatment, or to a better understanding of the o
reaction channels which influence indirectly the fission o
comes through their competition with the fission process

The research presented in this manuscript merely form
step in the process of acquiring a deeper understanding o
fission process at intermediate energies. The combinatio
future refinements in the calculations and the appropriate
ditional experiments might in the end provide an answer
the still open question about the true nature of the obser
energy and mass-dependent transition between asymm
and symmetric fission.
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APPENDIX: WEIGHTS OF FISSION MODES

If the transmission of the first barrier is denoted by TA
and that of the second barrier by TrB , the total transmission
coefficient is given by:
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TrF5
TrA TrB

TrA1TrB
. ~A1!

This is the same as Eq.~58! in Sec. II. This expression is
only valid if at least one of the barriers is lower than t
excitation energy, and hence one of the single transmis
coefficients is close to unity or greater. For all nuclides co
sidered in this work, the theoretical inner barrier is alwa
much lower than the theoretical outer barrier. Theref
Trinner is much larger than the transmission coefficie
,

,

ta

-
.
2
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d

G

S
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through the outer barriers. The separate total transmis
coefficients of the three dominant fission modes SL, ST
and ST II have the following form:

TrSL5
TrSL,outerTrinner

TrSL,outer1Trinner
. ~A2!

The weightW of the superlong mode becomes~expressions
for the other fission modes are completely equivalent!
WSL5
TrSL

TrSL1TrSTI1TrSTII
5

1

11
TrSTI,outer

TrSL,outer

TrSL,outer1Trinner

TrSTI,outer1Trinner
1

TrSTII,outer

TrSL,outer

TrSL,outer1Trinner

TrSTII,outer1Trinner

, ~A3!
the
m

which may be approximated as follows:

WSL'
TrSL,outer

TrSL,outer1TrSTI,outer1TrSTII,outer
. ~A4!

This last step is valid if Trinner@TrSL,outer , Trinner
@TrSTI,outer , and Trinner@TrSTII,outer , i.e.,
TrSL,outer1Trinner

TrSTI,outer1Trinner
'1. ~A5!

Another way to arrive at the same result for the weight of
fission modes is to neglect the first barrier completely fro
the beginning.
.
.

.
.
.

e-
c-
-
ch,

n

@1# http://www.sckcen.be/research/reactorsafety/fuel/myrrha/
myrrha_home.html

@2# A. J. Koning ~private communication!.
@3# V. P. Eismont, A. V. Prokofyev, A. N. Smirnov, K. Elmgren

J. Blomgren, H. Conde´, J. Nilsson, N. Olsson, T. Ro¨nnqvist,
and E. Trane´us, Phys. Rev. C53, 2911~1996!.

@4# V. P. Eismont, A. V. Prokofyev, I. V. Ryzhov, A. N. Smirnov
G. A. Tutin, H. Conde´, K. Elmgren, and N. Olsson,Third
International Conference on Accelerator Driven Transmu
tion Technologies and Applications, edited by H. Conde´, Pra-
gue, Czech Republic, 1999.

@5# A. Yu. Donets, A. V. Evdokimov, A. V. Fomichev, T. Fuka
hori, A. B. Laptev, G. A. Petrov, O. A. Shcherbakov, Yu. V
Tuboltsev, and A. S. Vorobyev, JINR Report E3-98-21
Dubna, Russia, 1999, p. 357.

@6# B. D. Wilkins, E. P. Steinberg, and R. R. Chasman, Phys. R
C 14, 1832~1976!.

@7# H. J. Specht, Phys. Scr.10A, 21 ~1974!.
@8# G. A. Kudyaev, Yu. B. Ostapenko, and G. N. Smirenkin, Ya

Fiz. 45, 1534~1987! @Sov. J. Nucl. Phys.45, 951 ~1987!#.
@9# G. A. Kudyaev, Yu. B. Ostapenko, E. M. Rastopchin, and

N. Smirenkin, Yad. Fiz.47, 1540~1988! @Sov. J. Nucl. Phys.
47, 976 ~1988!#.

@10# J. Benlliure, A. Grewe, M. de Jong, K.-H. Schmidt, and
Zhdanov, Nucl. Phys.A628, 458 ~1998!.

@11# K.-H. Schmidt, S. Steinha¨user, C. Bo¨ckstiegel, A. Grewe, A.
Heinz, A. R. Junghans, J. Benlliure, M. de Jong, J. Mu¨ller, M.
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