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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 model of
fission. The fission trajectories have been calculated by solving Euler-Lagrange equations with dissipation
generated through two-body nuclear viscosity. Systematic study of the relationship between the prescission
neutron multiplicities and nuclear viscosity has been made in the range of mass 150—200 and incident energy
4-13 MeV/nucleon. The values of the viscosity coefficients which are used to predict the observed prescission
neutron multiplicities follow a global relation in the region of mass and energy studied.

PACS numbgs): 25.70.Jj, 24.75ti, 25.70.Gh

In recent years there has been a lot of experimental activia simple model with a different approach where the dynami-
ties to measure the prescission neutron multiplicities incal evolution of the fission process is simulated using Euler-
heavy ion induced fusion-fission reactions over a large rangkagrange equationgl4]. Here, the exit channel configura-
of incident energies and compound nuclear maggée®)].  tion has been assumed to comprise of two leptodermous
Presently, it is well known that the measured prescission netspheres connected by a cylindrical neck formed by their
tron multiplicities much overestimate the theoretical valuesoverlapping density profiles which essentially reduces the
calculated from statistical models with level density param-dynamics to one dimension. This model has been quite suc-
eters adjusted to explain the observed fission excitation fungessful in predicting the fragment yields and total average
tions. The large excess of neutrons which are emitted beforinetic energies of the systems with,<100 (A., being the
the nucleus undergoes fission is interpreted as arising frorass of the compound nuclgushere asymmetric fission of
the dynamical effects in the fission decay process. The rolghe compound system is predominant. In the present paper,
of nuclear viscosity in the dynamical evolution of the fission this model has been extended to estimate the prescission neu-
decay process is a very important one. It does not allow th&ron multiplicities for different fusion-fission systems at vari-
system to undergo rapidly the shape changes manifested s incident energies. The objective of the present studies is
the fission decay process and thereby introduces a time deld§ investigate, in detail, the relationship between nuclear dis-
in the temporal evolution of the system. This time delay forsipative force and prescission neutron emission, and to see
the evolution of the system from the equilibrium configura-whether any global systematics exists for such dissipative
tion to the saddle point and then to the scission point allowdorces in a wide range of masses and excitation energies.
more prescission neutrons to be emitted. In the framework of The details of the fission dynamics used in the present
the statistical model, the dynamical time delay is introducednodel are given in Ref14]. Therefore, in the following, the
in an ad hocmanner to reproduce the observed prescissiogalient features of the model are described in brief. Assuming
neutron multiplicitieg 8]. Alternatively, the time delay is es- the shape of the fissioning nucleus as two leptodermous
timated from the prescission neutron multiplicities observedspheres connected by a cylindrical n¢&k|, the number of
in excess of statistical model predictiois9]—emphasizing collective fission degrees of freedom reduces to only one,
the need of a proper dynamical description of the fissiori.€., surface to surface separat®along the line joining the
decay process to explain the origin of such delay. centers of the two spheres. This is related to the neck radius

In recent years, there have been a few theoretical attempis by the following expressionl5]:
to describe the fission dynamics in terms of Langevin equa-
tions with the constraint that the Langevin trajectories are p2:2§(s—s ) 1)
allowed only for a certain period of timgl0—-13. As the 0
dynamics of the fission decay process, in its full glory, with
all the associated collective degrees of freedom, is a verwhereR is the reduced radius arsg=3.74 fm is the maxi-
complex process, one has to invoke some simplifying asmum distance beyond which the proximity interaction van-
sumptions to solve the problem. For example, the numericdbhes. The separati®is expressed in terms of the center to
calculations of Langevin trajectories have so far been reeenter distance by the relations=r—r;—r,, wherery, r,
stricted to one-dimensional cases only. In these calculationsire the sharp surface radii of the two spheres. The radial and
different values of friction coefficients have been used inthe tangential components of the frictional coefficiemts
different mass systems to reproduce the observed prescissiand 7, , following Werner-Wheeler method for nearly irrota-
neutron multiplicities. In Ref[12], the value of the reduced tional hydrodynamical flow are given Hy6]
friction coefficient 8 used to reproduce the experimental
prescission neutron multiplicities varies from 2-30

(X107t sec!). The reduced friction coefficient 7= 18m 1RSI (So=9), 23
B=1x10"* sec! corresponds to two-body viscosity of
1x10 2 MeV sec fm 3 [12]. Recently, we have proposed n=36mus, (2b)
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where u is the viscosity coefficient. The fission trajectories have also been corrected for the proton emission which has

are calculated by solving the Euler-Lagrange equati@ds been simulated following the same procedure as for the neu-

with conservative(proximity + Coulomb forces and dissi- trons with appropriate corrections in Eq®)—(5) for the

pation generated by the frictional forces given by the aboveCoulomb interaction. For each angular momentynof the

Egs. (2). The dynamical evolution starts at=r ,,,, where  compound system, the average number of the emitted neu-

the minimum of the potential occurs. Once the trajectorytrons per fission even{tM,),, is given by the ratio of the

reaches the saddle point or the top of the barrier, it is almodbtal number of neutrons thus emitted and the total number

certain that it will reach the scission point. of the fission events. The average prescission neutron multi-
An important feature of this model pertains to the collec-plicity ((M,))) is thus calculated as

tive energy assigned to the fission degree of freedom at the -

start of the dynamical evolution of the system. A random 2 _o{Mp)i(21+1)p

fraction of the total available energy in the minimum poten- ((Mp))= 2|=|f(2I T 1) , (6)

tial energy configuration goes into the collective degree of 1=0 P

freedom which initiates the dynamical evolution of the SYS-wherel; is the critical angular momentum for fusion. The

t_em, leading evgntually .to fissi.on. The total available excita-quamityIOI is the fission probability for the angular momen-
tion energyE* is partitioned into two parts, i.eE. and  {,m| and is defined as

E;, the energies associated with the collective fission degree

of freedom and intrinsic nucleonic motion, respectively. N,

Each of such partition is assumed to have equal probability pI:W- (7)

of occurrence and is realized by using a uniform random

number distribution. HereN is the total number of trajectories used in the Monte

~ The emission of the prescission neutrons is incorporate@arlo simulation and\, is the number of trajectories which
in the present model as follows. During the temporal evoluyndergo fission.

tion of the fission trajectory, the intrinsic excitation of the = The systems typically chosen for the present work
system is calculated at each time step. Correspondingly, thgre 160 +44Nd, 2“Mg+13%Ba, 32S+ 120Te, 50Tj +108p(,
neutron decay width at that instart, , is calculated using 189 1505y 194 181 and 28Si+ 7% in the mass range

the relationI',=7W,, where the decay rate per unit time, of 150—200. All the systems are above the Businaro-Gallone

W,, is given by[17] point, and symmetric fission is the predominant mode of de-
. 211 cay. The pre;cission .neutr_on mult?pllicities have been calcu-

W, = J " dE n ) lated by varying the viscosity coefficient. The calculated val-

0 dE dt ues of prescission multiplicities and the viscosity coefficients

used are tabulated along with the respective experimental
The rate of decayA—A—1+n in an energy interval data for comparison in Table I. It is seen from Table | that the
[E,E+dE] and a time interval {,t+dt], d?I1,/dE dt, is  values of the viscosity coefficients in the whole range of
given by masses and the incident energies studied varies between 2—-4
(X102 MeV sec fm®) or 0.03-0.06 TP (1TP=6.24
dirr, 1 wa-1(Ex 1) X 10722 MeV sec fm 2). The values of the viscosity coeffi-
dE o|t_WE‘Ti“‘"“r wa(E}) (4) cients in the similar range have also been reported in the
literature [18,19. In the Langevin description of fission
The quantitywa(E%) is the level density for the nucleus dynamics[12,13, the values of the reduced friction coeffi-
with massA and excitation energ¥s, oy, is the inverse cient 8 needed to reproduce the prescission neutron multi-
cross section for the reactiod1)+n—A, andy, is the  Plicity data were found to have a strong system dependence
reduced mass. The upper limit of integratiBR,, in Eq. (3) LB = 3, 7, 20 (x10* sec ) for 2°Pb, **'Es, and €,
is given by respectively. However, using an improved version of the
model[12], it had been found that the prescission neutron
Ena—E* +Ba—(Ba—11+By), (5  multiplicities for light and medium heavy nucléfissility
parameteiX<0.8) could be reasonably well explained with
where B, is the binding energy of the nucleus with mass 8=2x10?! sec ! (which corresponds to two body viscosity
numberA andB, is the neutron separation energy. The neu-u=2x 1022 MeV sec fm 3). This is similar to the values
tron emission at a particular instant is realized if the ratio ofof the viscosity coefficients obtained in the present calcula-
the neutron decay time,(=#/I",) and the time step- is  tion for lighter system at lower incident energies. With the
greater than a random number, i.el.7,>R, (R, being the increase in bombarding energy, the calculations of Rif]
random number lying between 0 andl The value of the systematically underpredict the experimental prescission
time stepr is chosen in such a way that it satisfies the con-neutron multiplicities. In the present calculation also similar
dition 7/7,<<1. This procedure simulates the law of radioac-trends are clearly visible where it is observed that for fixed
tive decay with half-lifer,, [12,13. (In the present calcula- mass of the compound system, the coefficient of viscosity
tion, typical values of/ r,, were~ 10 ° or less) The kinetic  increases with the increase of the incident energy per
energy of the emitted neutron is extracted through randomucleon E/A). This may be indicative of the fact that the
sampling technique. After the emission of the neutron, theviscosity coefficient is excitation energy or temperature de-
intrinsic excitation energy is recalculated and the trajectory ipendent. It is further observed from Table | that the viscosity
continued. In the present calculation, the fission trajectoriesoefficient increases slowly with the increase in the mass of
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TABLE I. The calculated and the experimental prescission neutron multipli¢itds)) and the respec-
tive values of the viscosity coefficienis used in the calculation.

System Incident energy o (M) Av. kin. energy
(MeV) (MeV sec fm ®) Calc. Expt. (Ex) (MeV)
2"Mg+1%Ba 180.0 3.0 2.61 2505 112.45
825+ 1267¢ 180.0 2.7 1.80 1%0.5 111.60
50Tj + 108pg 216.0 1.8 0.53 0-80.3 110.96
160+ 142Nd 100.0 2.6 1.31 111.57
190.0 3.3 3.71 111.57
207.0 3.4 4.19 3605 111.57
180+ 150gm 108.0 2.6 1.57 1:50.25 112.87
110.0 2.7 1.76 160.25 112.95
122.0 3.2 2.52 270.30 113.00
166.0 3.9 4.26 5:0.90 116.25
285+ 170y 135.0 3.1 1.53 1%0.30 145.47
150.0 4.1 2.58 2.750.25 146.61
165.0 4.2 3.02 380.25 147.91
19418175 95.0 3.2 1.63 1:80.20 145.02
107.0 3.9 2.53 2.80.20 145.71
116.0 4.0 2.84 3.0.20 146.34
126.0 4.2 3.27 340.20 146.91
135.0 4.2 3.45 370.20 147.57

the system. This is in agreement with the trend observed ikq. (8) quite successfully reproduces the trend for the values
[12], where it was shown that the difference between theof u used for predicting the neutron prescission multiplici-
experimental and predicted neutron multiplicities graduallyties in the range of mass and energy studied.
increases with the mass number if one uses a fixed value of To conclude, we have developed a dynamical model for
B over the whole mass range, indicating a higher value ofission where fission trajectories are generated through solv-
B for heavier systems. ing Euler-Lagrange equations of motion with dissipative
The mass and energy dependence of the viscosity coeffi-
cient may be expressed in terms of a nonlinear function of

E/A and mass of the compound systefy() of the follow- 6
ing form: A ()
. o BT A, = 200
#(E/IAA.)=aE/A+bAZ,. (8) | . 0 [ , ,
The values of the parametera=0.180+0.023 and q; 41 ()
b=0.357x10 6+0.26x 10" 7 have been obtained through o Ry A = 198
least square fitting of the viscosity coefficients for all the o 0 °n, -
systems studied and the value pt per degree of freedom ° 4l . (b)
has been found to be0.12. The total average kinetic ener- = et
gies of the fragmentsEy), have also been calculated using & 2T A, = 168
the present model and are given in Table I. It is seen that the Io 0 ' .
values of(Ey) are almost constant and have a very weak T o4l (a)
dependence on the incident energy. The predicted values of 3 M
(Ek) are in good agreement with those obtained from Viola Rp ® A, = 158
systematics[20] ((Ex)vioa being 109.@:2.4, 112.9-2.5, 0 : :
144.5¢2.8, 144.0:2.8 MeV for A_,= 158, 168, 198, 200, 4 8 12
respectively. E/A (MeV)

In Fig. 1 we plot the viscosity coefficient as a function

Of_E/A for various compound nu_clear masség, = 1_58 FIG. 1. Variation of viscosity coefficieni as a function of
[Fig. 1(a)], 168 [Fig. 1(b)], 198 [Fig. 1(c)], and 200[Fig.  pomparding energy per nucleorEfA) for various compound
1(d)], respectively. The solid curves in Fig. 1 correspond t0,ciear mass systems. The solid curves correspond to the values of
the values of viscosity coefficient obtained from the global ; optained from the global relatiaisee text. In (a), filled squares,
relation [Eq. (8)] and different symbols correspond to the gpen squares, filled triangles, and open triangles correspond to
values of u which have been found to reproduce the ob-s + Te, Ti + Pd, O+ Nd, and Mg+ Ba, respectively6]. Filled
served prescission neutron multiplicities for different en-circles in (b), (c), and (d) correspond to O+ Sm, Si+ Te, and
trance channels. It is seen from Fig. 1 that the global relatior + Ta systems, respectivefg].
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forces derived from Werner-Wheeler prescription. Presciseantly affect the present results. The relationship between the
sion neutron emission along the fission trajectory has beenuclear viscosity and prescission neutron multiplicities have
simulated through Monte-Carlo simulation technique. Thebeen studied using the present model for a number of sys-
evolution of the fission trajectories have been corrected fotems over a wide range of mass and incident energy. Theo-
prescission proton emission, which has been simulated in eetical predictions for prescission neutron multiplicities have
similar way as it was done for neutron emission. The emisbeen compared with the corresponding experimental data to
sion of other complex particlesd( t, “He, etc) and their  extract the optimum value of the viscosity coefficient in each
effects on prescission neutron emission has been neglectedéase. The values of the viscosity coefficients thus obtained
the present calculation. As the multiplicities of the complexare found to follow a global relation given by E@) in the
particles are expected to be quite small, it may not signifitange of mass and energy studied.
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