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Prescission neutron multiplicities and nuclear viscosity: A systematic study
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Prescission neutron multiplicities have been calculated in the framework of a simple, dynamical mod
fission. The fission trajectories have been calculated by solving Euler-Lagrange equations with dissi
generated through two-body nuclear viscosity. Systematic study of the relationship between the presc
neutron multiplicities and nuclear viscosity has been made in the range of mass 150–200 and incident
4–13 MeV/nucleon. The values of the viscosity coefficients which are used to predict the observed presc
neutron multiplicities follow a global relation in the region of mass and energy studied.

PACS number~s!: 25.70.Jj, 24.75.1i, 25.70.Gh
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In recent years there has been a lot of experimental act
ties to measure the prescission neutron multiplicities
heavy ion induced fusion-fission reactions over a large ran
of incident energies and compound nuclear masses@1–9#.
Presently, it is well known that the measured prescission n
tron multiplicities much overestimate the theoretical valu
calculated from statistical models with level density param
eters adjusted to explain the observed fission excitation fu
tions. The large excess of neutrons which are emitted bef
the nucleus undergoes fission is interpreted as arising fr
the dynamical effects in the fission decay process. The r
of nuclear viscosity in the dynamical evolution of the fissio
decay process is a very important one. It does not allow
system to undergo rapidly the shape changes manifeste
the fission decay process and thereby introduces a time d
in the temporal evolution of the system. This time delay f
the evolution of the system from the equilibrium configura
tion to the saddle point and then to the scission point allo
more prescission neutrons to be emitted. In the framework
the statistical model, the dynamical time delay is introduc
in an ad hocmanner to reproduce the observed presciss
neutron multiplicities@8#. Alternatively, the time delay is es-
timated from the prescission neutron multiplicities observ
in excess of statistical model predictions@3,9#—emphasizing
the need of a proper dynamical description of the fissi
decay process to explain the origin of such delay.

In recent years, there have been a few theoretical attem
to describe the fission dynamics in terms of Langevin equ
tions with the constraint that the Langevin trajectories a
allowed only for a certain period of time@10–13#. As the
dynamics of the fission decay process, in its full glory, wi
all the associated collective degrees of freedom, is a v
complex process, one has to invoke some simplifying a
sumptions to solve the problem. For example, the numeri
calculations of Langevin trajectories have so far been
stricted to one-dimensional cases only. In these calculatio
different values of friction coefficients have been used
different mass systems to reproduce the observed prescis
neutron multiplicities. In Ref.@12#, the value of the reduced
friction coefficient b used to reproduce the experimenta
prescission neutron multiplicities varies from 2–3
(31021 sec21). The reduced friction coefficient
b5131021 sec21 corresponds to two-body viscosity o
1310223 MeV sec fm23 @12#. Recently, we have proposed
5396/53~2!/1012~4!/$06.00
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a simple model with a different approach where the dyna
cal evolution of the fission process is simulated using Eu
Lagrange equations@14#. Here, the exit channel configura
tion has been assumed to comprise of two leptoderm
spheres connected by a cylindrical neck formed by th
overlapping density profiles which essentially reduces
dynamics to one dimension. This model has been quite s
cessful in predicting the fragment yields and total avera
kinetic energies of the systems withAcn,100 (Acn being the
mass of the compound nucleus! where asymmetric fission o
the compound system is predominant. In the present pa
this model has been extended to estimate the prescission
tron multiplicities for different fusion-fission systems at va
ous incident energies. The objective of the present studie
to investigate, in detail, the relationship between nuclear
sipative force and prescission neutron emission, and to
whether any global systematics exists for such dissipa
forces in a wide range of masses and excitation energie

The details of the fission dynamics used in the pres
model are given in Ref.@14#. Therefore, in the following, the
salient features of the model are described in brief. Assum
the shape of the fissioning nucleus as two leptoderm
spheres connected by a cylindrical neck@15#, the number of
collective fission degrees of freedom reduces to only o
i.e., surface to surface separations along the line joining the
centers of the two spheres. This is related to the neck ra
r by the following expression@15#:

r252R̄~s2s0!, ~1!

whereR̄ is the reduced radius ands053.74 fm is the maxi-
mum distance beyond which the proximity interaction va
ishes. The separations is expressed in terms of the center
center distancer by the relations5r2r 12r 2, wherer 1, r 2
are the sharp surface radii of the two spheres. The radial
the tangential components of the frictional coefficientsh r
andh t , following Werner-Wheeler method for nearly irrota
tional hydrodynamical flow are given by@16#

h r518pmR̄s/~s02s!, ~2a!

h t536pms, ~2b!
1012 © 1996 The American Physical Society
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wherem is the viscosity coefficient. The fission trajectorie
are calculated by solving the Euler-Lagrange equations@14#,
with conservative~proximity 1 Coulomb! forces and dissi-
pation generated by the frictional forces given by the abo
Eqs. ~2!. The dynamical evolution starts atr5rmin , where
the minimum of the potential occurs. Once the trajecto
reaches the saddle point or the top of the barrier, it is alm
certain that it will reach the scission point.

An important feature of this model pertains to the colle
tive energy assigned to the fission degree of freedom at
start of the dynamical evolution of the system. A rando
fraction of the total available energy in the minimum pote
tial energy configuration goes into the collective degree
freedom which initiates the dynamical evolution of the sy
tem, leading eventually to fission. The total available exci
tion energyE* is partitioned into two parts, i.e.,Ec and
Ei , the energies associated with the collective fission deg
of freedom and intrinsic nucleonic motion, respective
Each of such partition is assumed to have equal probab
of occurrence and is realized by using a uniform rand
number distribution.

The emission of the prescission neutrons is incorpora
in the present model as follows. During the temporal evo
tion of the fission trajectory, the intrinsic excitation of th
system is calculated at each time step. Correspondingly,
neutron decay width at that instant,Gn , is calculated using
the relationGn5\Wn , where the decay rate per unit time
Wn , is given by@17#

Wn5E
0

Emax
dE

d2Pn

dE dt
. ~3!

The rate of decayA→A211n in an energy interval
[E,E1dE] and a time interval [t,t1dt], d2Pn /dE dt, is
given by

d2Pn

dE dt
5

1

p2\3Es invm r

vA21~EA21* !

vA~EA* !
. ~4!

The quantityvA(EA* ) is the level density for the nucleu
with massA and excitation energyEA* , s inv is the inverse
cross section for the reaction (A21)1n→A, andm r is the
reduced mass. The upper limit of integrationEmax in Eq. ~3!
is given by

Emax5E*1BA2~BA211Bn!, ~5!

whereBA is the binding energy of the nucleus with ma
numberA andBn is the neutron separation energy. The ne
tron emission at a particular instant is realized if the ratio
the neutron decay timetn(5\/Gn) and the time stept is
greater than a random number, i.e.,t/tn.Rn (Rn being the
random number lying between 0 and 1!. The value of the
time stept is chosen in such a way that it satisfies the co
dition t/tn!1. This procedure simulates the law of radioa
tive decay with half-lifetn @12,13#. ~In the present calcula-
tion, typical values oft/tn were;1025 or less.! The kinetic
energy of the emitted neutron is extracted through rand
sampling technique. After the emission of the neutron,
intrinsic excitation energy is recalculated and the trajector
continued. In the present calculation, the fission trajecto
s
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have also been corrected for the proton emission which h
been simulated following the same procedure as for the ne
trons with appropriate corrections in Eqs.~3!–~5! for the
Coulomb interaction. For each angular momentuml , of the
compound system, the average number of the emitted ne
trons per fission event,̂Mn& l , is given by the ratio of the
total number of neutrons thus emitted and the total numbe
of the fission events. The average prescission neutron mul
plicity ^^Mn&& is thus calculated as

^^Mn&&5
( l50
l5 l f^Mn& l~2l11!pl

( l50
l5 l f~2l11!pl

, ~6!

where l f is the critical angular momentum for fusion. The
quantitypl is the fission probability for the angular momen-
tum l and is defined as

pl5
Nl

N
. ~7!

HereN is the total number of trajectories used in the Monte
Carlo simulation andNl is the number of trajectories which
undergo fission.

The systems typically chosen for the present work
are 16O 1142Nd, 24Mg1134Ba, 32S1126Te, 50Ti 1108Pd,
18O1150Sm, 19F1181Ta, and 28Si1170Er in the mass range
of 150–200. All the systems are above the Businaro-Gallon
point, and symmetric fission is the predominant mode of de
cay. The prescission neutron multiplicities have been calcu
lated by varying the viscosity coefficient. The calculated val
ues of prescission multiplicities and the viscosity coefficient
used are tabulated along with the respective experiment
data for comparison in Table I. It is seen from Table I that th
values of the viscosity coefficients in the whole range o
masses and the incident energies studied varies between 2
(310223 MeV sec fm23) or 0.03–0.06TP (1TP56.24
310222 MeV sec fm23). The values of the viscosity coeffi-
cients in the similar range have also been reported in th
literature @18,19#. In the Langevin description of fission
dynamics@12,13#, the values of the reduced friction coeffi-
cient b needed to reproduce the prescission neutron mult
plicity data were found to have a strong system dependen
@b 5 3, 7, 20 (31021 sec21) for 200Pb, 251Es, and158Er,
respectively#. However, using an improved version of the
model @12#, it had been found that the prescission neutro
multiplicities for light and medium heavy nuclei~fissility
parameterX,0.8) could be reasonably well explained with
b5231021 sec21 ~which corresponds to two body viscosity
m52310223 MeV sec fm23). This is similar to the values
of the viscosity coefficients obtained in the present calcula
tion for lighter system at lower incident energies. With the
increase in bombarding energy, the calculations of Ref.@12#
systematically underpredict the experimental prescissio
neutron multiplicities. In the present calculation also simila
trends are clearly visible where it is observed that for fixed
mass of the compound system, the coefficient of viscosit
increases with the increase of the incident energy pe
nucleon (E/A). This may be indicative of the fact that the
viscosity coefficient is excitation energy or temperature de
pendent. It is further observed from Table I that the viscosit
coefficient increases slowly with the increase in the mass o
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TABLE I. The calculated and the experimental prescission neutron multiplicities^^Mn&& and the respec-
tive values of the viscosity coefficientsm used in the calculation.

System Incident energy m ^^Mn&& Av. kin. energy
~MeV! ~MeV sec fm23) Calc. Expt. ^EK& ~MeV!

24Mg1134Ba 180.0 3.0 2.61 2.560.5 112.45
32S1126Te 180.0 2.7 1.80 1.760.5 111.60
50Ti1108Pd 216.0 1.8 0.53 0.360.3 110.96
16O1142Nd 100.0 2.6 1.31 111.57

190.0 3.3 3.71 111.57
207.0 3.4 4.19 3.660.5 111.57

18O1150Sm 108.0 2.6 1.57 1.560.25 112.87
110.0 2.7 1.76 1.660.25 112.95
122.0 3.2 2.52 2.760.30 113.00
166.0 3.9 4.26 5.060.90 116.25

28Si1170Er 135.0 3.1 1.53 1.760.30 145.47
150.0 4.1 2.58 2.7560.25 146.61
165.0 4.2 3.02 3.060.25 147.91

19F1181Ta 95.0 3.2 1.63 1.860.20 145.02
107.0 3.9 2.53 2.860.20 145.71
116.0 4.0 2.84 3.060.20 146.34
126.0 4.2 3.27 3.460.20 146.91
135.0 4.2 3.45 3.760.20 147.57
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the system. This is in agreement with the trend observed
@12#, where it was shown that the difference between t
experimental and predicted neutron multiplicities gradua
increases with the mass number if one uses a fixed value
b over the whole mass range, indicating a higher value
b for heavier systems.

The mass and energy dependence of the viscosity coe
cient may be expressed in terms of a nonlinear function
E/A and mass of the compound system (Acn) of the follow-
ing form:

m~E/A,Acn!5aE/A1bAcn
3 . ~8!

The values of the parametersa50.18060.023 and
b50.3573102660.2631027 have been obtained through
least square fitting of the viscosity coefficients for all th
systems studied and the value ofx2 per degree of freedom
has been found to be.0.12. The total average kinetic ener
gies of the fragments,̂EK&, have also been calculated usin
the present model and are given in Table I. It is seen that
values of^EK& are almost constant and have a very we
dependence on the incident energy. The predicted value
^EK& are in good agreement with those obtained from Vio
systematics@20# (^EK&Viola being 109.062.4, 112.962.5,
144.562.8, 144.062.8 MeV for Acn5158, 168, 198, 200,
respectively!.

In Fig. 1 we plot the viscosity coefficientm as a function
of E/A for various compound nuclear masses;Acn 5 158
@Fig. 1~a!#, 168 @Fig. 1~b!#, 198 @Fig. 1~c!#, and 200@Fig.
1~d!#, respectively. The solid curves in Fig. 1 correspond
the values of viscosity coefficientm obtained from the global
relation @Eq. ~8!# and different symbols correspond to th
values ofm which have been found to reproduce the o
served prescission neutron multiplicities for different e
trance channels. It is seen from Fig. 1 that the global relat
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Eq. ~8! quite successfully reproduces the trend for the valu
of m used for predicting the neutron prescission multiplic
ties in the range of mass and energy studied.

To conclude, we have developed a dynamical model
fission where fission trajectories are generated through s
ing Euler-Lagrange equations of motion with dissipati

FIG. 1. Variation of viscosity coefficientm as a function of
bombarding energy per nucleon (E/A) for various compound
nuclear mass systems. The solid curves correspond to the valu
m obtained from the global relation~see text!. In ~a!, filled squares,
open squares, filled triangles, and open triangles correspon
S 1 Te, Ti 1 Pd, O1 Nd, and Mg1 Ba, respectively@6#. Filled
circles in ~b!, ~c!, and ~d! correspond to O1 Sm, Si1 Te, and
F 1 Ta systems, respectively@4#.
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forces derived from Werner-Wheeler prescription. Presc
sion neutron emission along the fission trajectory has b
simulated through Monte-Carlo simulation technique. T
evolution of the fission trajectories have been corrected
prescission proton emission, which has been simulated
similar way as it was done for neutron emission. The em
sion of other complex particles (d, t, 4He, etc.! and their
effects on prescission neutron emission has been neglect
the present calculation. As the multiplicities of the compl
particles are expected to be quite small, it may not sign
is-
een
he
for
in a
is-

ed in
ex
ifi-

cantly affect the present results. The relationship between
nuclear viscosity and prescission neutron multiplicities ha
been studied using the present model for a number of s
tems over a wide range of mass and incident energy. Th
retical predictions for prescission neutron multiplicities hav
been compared with the corresponding experimental data
extract the optimum value of the viscosity coefficient in eac
case. The values of the viscosity coefficients thus obtain
are found to follow a global relation given by Eq.~8! in the
range of mass and energy studied.
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