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One-Body Dissipation in Agreement with Prescission Neutrons and Fragment Kinetic Energies
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Fission dynamics of hot nuclei have been investigated using the two-dimensional Langevin equation.
Including particle evaporation in the continuous limit, prescission multiplicities of neutrons, protons, and
a particles have been calculated. Both the calculated number of prescission neutrons and the average to-
tal kinetic energy of fission fragments are consistent with experimental values when one-body dissipation
is assumed. Unusually strong hydrodynamical two-body viscosity also reproduces the experimental neu-
tron multiplicity, but it significantly underestimates the average kinetic energy.

PACS numbers: 25.70.Jj, 24.60.—k, 24.75.+i, 25.85.Ge

Collective motions of highly excited nuclei have been
one of the interesting topics in nuclear physics in the last
several years. Fissioning motion is a typical one and pro-
vides a good field to study nuclear collective dynamics in
high excitation, i.e., fluctuation, dissipation, etc. One
viewpoint is to consider collective degrees of freedom as
Brownian particles and nucleonic ones as the heat bath.
Thus, a primary interest is how strong friction is exerted
on collective motions. Experimental evidence of fission as
a slow and highly dissipative process has come from pre-
scission multiplicities of neutrons [1], charged particles
[2], and y rays [3]. In particular, neutrons are expected
to work as a clock to measure fission time scale, because
of their short life. Hinde, Hilscher, and Rossner [1] ob-
served a prescission neutron multiplicity much larger
than the value obtained with a simple statistical model.
To analyze the prescission neutron data, they had to in-
troduce a long delay time (= 5x10~% s) during which
fission cannot occur. From the observation of prescission
y rays, Thoennessen et al. [3] also found a hindrance of
fission consistent with neutron data. The delay time has
been interpreted as a transient time during which the
fissioning degree of freedom attains “thermal equilibri-
um” inside the potential pocket, more precisely, quasista-
tionary distribution in the phase space [4]. It depends on
the strength of the friction force which is interpreted as
the average effect of the interaction of the slow collective
motion with already thermalized nucleons. Therefore,
the friction constant of nuclear matter can be deduced by
analyzing the fission time scale using the Fokker-Planck
or Langevin equation.

The kinetic energy distribution of fission fragments is
another important observable related to fission dynamics;
it is related to the descent from saddle to scission. Re-
cently, realistic calculations were made for these two
physical quantities using the two-dimensional Langevin
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equation with both one-body friction and hydrodynamical
two-body viscosity [5]. The transient time obtained using
the usual hydrodynamical viscosity [6] was 10 times
shorter than that extracted from experiment. A stronger
viscosity leads to a longer transient time but to a too
small average kinetic energy of fission fragments when
compared with Viola systematics [7]. On the other hand,
the one-body friction gave an average kinetic energy con-
sistent with the systematics and much longer transient
time. Thus it appears that the one-body friction might be
the right dissipation mechanism of nuclear collective
motions. However, the transient time is not a measured
quantity but is extracted from the prescission neutron
multiplicity with some assumptions. The aim of this
Letter, therefore, is to study fission dynamics consistently
from the ground state to scission under continuous cool-
ing due to evaporation of particles and to calculate the
neutron multiplicity and the kinetic energy distribution at
the same time. Insight into the dissipation mechanism of
nuclear collective motion at high excitation energy will
thus be obtained.
The two-dimensional Langevin equation has the form
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with summation from 1 to 2 over repeated indices; V (g)
is the potential energy and my;(g) and y;(g) are the
shape-dependent collective inertia and dissipation tensors,
respectively. The normalized random force, R;(¢), is as-
sumed to be a white noise. The strength of the random
force g;; is given by X« gikgjx =T7ij, where T is the tem-
perature of the compound nucleus. It is calculated from
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the excitation energy E* as E* =aT?, where a is the lev-
el density parameter of Toke and Swiatecki [8] with the
assumption of a spherical shape. In the present case of
200pp g is equal to 23.2. The potential was calculated [9]
as the sum of a generalized surface energy, Coulomb en-
ergy for diffused surface, and a centrifugal potential.
The moment of inertia of the rigid body was used to cal-
culate the centrifugal potential. The barrier heights ob-
tained are, for example, 12.0, 9.3, and 2.3 MeV for J =0,
30, and 60h, respectively, which are essentially the same
as those used in the phenomenological analyses. The
temperature dependence of the nuclear surface energy
was included in the form E(q,.T)=E;(qg,T=0)(
—&T?). The parameter & is calculated with the extended
Thomas-Fermi model [10], but is yet rather ambiguous.
We thus took two values within the ambiguity. With &
equal to 0.014 MeV ~2, the above barriers are reduced to
8.6, 6.2, and 0.6 MeV, respectively, at T=1.5 MeV.
Hydrodynamical inertia tensor was adopted with the
Werner-Wheeler approximation for the velocity field.
Two kinds of dissipation mechanisms were used; one is
the wall-and-window one-body dissipation and the other
is the hydrodynamical two-body dissipation [9].

Particle emissions [neutron, proton, a particle, and
giant-dipole-resonance (GDR) y rayl were included in
the continuous limit. Accordingly, the excitation energy
and the angular momentum of the compound nucleus
change continuously with time. The validity of this treat-
ment was studied in Ref. [11]. The effect of particle
evaporation on the Langevin equation is to continuously
decrease the temperature. The evaporation widths of
neutrons, protons, and a particles were calculated accord-
ing to Ref. [11]. The GDR y-emission width was calcu-
lated with the resonance energy and width equal to 15
and 8 MeV, respectively [12].

Nuclear shapes were described by the Legendre-poly-
nomial parametrization [9]. The numerical method to
solve the equation is given in Ref. [13]. Time develop-
ment is obtained by iterations with a small time step,
which was taken as 0.01A/MeV in the present work. In
order to obtain good accuracy, we expanded the equation
to the second order in the time step [13]. We prepared a
large number of trajectories, of the order of 10° for each
spin value. The Langevin calculation was performed up
to 200A/MeV, after which the quasistationary fission
width was used. This value is long enough to reach the
quasistationary regime when the fission barrier exists. It
is also long enough for all trajectories to cross the scission
line when the fission barrier vanishes.

Calculations have been made for the symmetric fission
of the 2°Pb nucleus since the following reactions have
been studied experimentally: '"F+'8Ta (E*=80.7
MeV) [14] and '°O+ '%4W (E* =195.8 MeV) [15]. Fig-
ure 1 shows the number of emitted particles from the
compound nucleus as functions of time for the initial ex-
citation energy E*=80.7 MeV. The stepwise behavior
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FIG. 1. Numbers of emitted neutrons (N,), protons (N,),
and a particles (V,) as a function of time for *°Pb with the ini-
tial excitation energy E* =80.7 MeV. Time dependence of the
excitation energy (E*) is also shown (dashed line).

clearly seen in N, is due to changes of neutron separation
energy caused by the shell and pairing corrections. The
excitation energy of the compound nucleus (denoted by
the dashed line in Fig. 1) decreases with time as a result
of the emission of the light particles and y rays. Figure 2
shows the fission widths as a function of time for the
same initial excitation energy with the one-body friction
and with £=0.014 MeV ~2. The fission width I’/ is cal-
culated as I'y(r) =—[1/N]IdN(1)/dt], where N(t) is
the number of trajectories which did not escape beyond
scission (saddle) at time ¢. One sees that the fission
widths (dotted lines at saddle and solid lines at scission)
approach the quasistationary value (dashed lines) after a
certain time. The transient time (z,;) is the time up to
which the dotted lines reach the dashed lines and the
saddle-to-scission time (74c) is the interval between the
dotted and the solid lines. From Fig. 2, both 7, and 7
are about 2x10 ™2 s for J < 50h, where the fission bar-
rier exists. This calculated transient time turns out to be
shorter than required by the phenomenological analysis
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FIG. 2. Time dependence of the fission width for the sym-
metric fission of 2Pb for two values of angular momentum
J=40h and 50#A, and initial excitation energy E* =80.7 MeV.
Solid lines are the widths calculated at scission and dotted lines
are those at saddle. Dashed lines denote quasistationary fission
widths.
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TABLE . Calculated results for the case of one-body friction. The columns contain the excitation energy (E*), the
temperature-dependence parameter (&), the fusion cross section (o), the fusion-fission cross section (ogss), the fusion-evaporation
cross section (oe), the prescission multiplicity of neutron (vpre), proton (mpre), @ particle (apre), the average total kinetic energy of the

fission fragments (TKE), and the variance (orkg).

E* 4 Ofus Ofiss Oev TKE OTKE
(MeV) (MeV 72) (mb) (mb) (mb) Vpre Tpre Apre (MeV) (MeV)
0.014 1150 790 360 2.93 0.0092 0.0037 135.1 8.46
80.7 0.009 1150 758 392 3.08 0.0091 0.0036 135.5 8.33
exp. 1150 767 383 3.2+0.3
0.014 1400 1244 156 7.33 0.363 0.140 137.0 10.2
195.8 0.009 1400 1223 177 7.64 0.385 0.140 137.5 9.82
exp. 1400 cee 7.7%£0.3 : s 139 16.5

In order to facilitate a direct comparison with experi-
ment, we calculated multiplicities of neutrons emitted
prior to scission and kinetic energy distributions of fission
fragments, averaged over the spin distribution of the com-
pound nucleus. The spin distribution is parametrized
as follows: ops=mA22; QJ+1)/[1 +exp((J —J.)/A)],
where J. and A, are determined to reproduce the experi-
mental fusion cross section (of,s). We assign an event as
fusion evaporation if the corresponding trajectory did not
escape before the fission width becomes smaller than the
y decay width. Calculated results are given in Table I for
the one-body dissipation case and for the two values of &
(0.014 and 0.009 MeV ~2), which turned out to give not
so much difference in all the results, particle multiplici-
ties, kinetic energies, etc. It is remarkable that the calcu-
lated prescission neutron multiplicity (vpe) coincides
with the experimental one within the error bar. The
fusion-fission cross section is also quite well reproduced.
With the same prescription, we have made calculations
starting at E* =195.8 MeV; the results are also given in
Table I. Again the neutron multiplicity is quite well
reproduced. As for the kinetic energy distribution, the
calculated mean value (TKE) is in good agreement with
Viola systematics and in good agreement with the experi-
mental one at E* =195.8 MeV. The calculated variance
(oTke), however, is too small to reproduce the experi-
ment at E* =195.8 MeV. It should be noted that the ex-
perimental variance includes all masses, not only sym-
metric fission products. The small ok indicates that the

present two-dimensional description of the nuclear shape
is not sufficient to describe all possible scission configu-
rations.

Results with the hydrodynamical two-body viscosity
are given in Table II. One can see that the case with
#=0.06 TP (1 P=0.1 Pas) gives too small vye. The
cross sections are poorly reproduced as well. With
1 =0.20 TP, v is closer to experiment but TKE is far
smaller than Viola systematics. This tendency does not
change when we take &=0.009 MeV ~2. Therefore, one
can conclude that the hydrodynamical two-body viscosity
cannot give a consistent explanation of both neutron mul-
tiplicities and kinetic energies, while the one-body friction
can. The only remaining problem is the too small oTkg.
An improvement of the scission configuration description
is now being made by including a mass asymmetry coor-
dinate. As for prescission emission of charged particles,
we do not have experimental data for the same system to
compare. As is seen in Table I, the calculated multiplici-
ties are very small anyway.

Now we can understand why the calculated vy have
reproduced the experimental values, as shown in Table I,
even though the calculated transient time is shorter than
the “delay time” in the phenomenological analysis. The
reason is that prescission neutron multiplicities are in-
fluenced by fission dynamics in three significant ways.
The first, of course, is the transient time. The second is
the time for descent from saddle to scission, which be-
comes longer for stronger dissipation. In addition, the

TABLE II. Calculated results for the case of two-body viscosity and for & =0.014 MeV ~2.

E* H Ofus Ofiss Oev TKE OTKE
(MeV) (TP) (mb) (mb) (mb) Vpre Tore Apre (MeV) (MeV)
0.06 1150 928 222 2.06 0.0084 0.0035 124.9 10.2
80.7 0.20 1150 817 333 2.84 0.0108 0.0037 108.6 9.92
exp. 1150 767 383 32103
0.06 1400 1338 62 4.79 0.242 0.106 123.6 13.9
195.8 0.20 1400 1261 139 7.03 0.350 0.137 107.4 11.5
exp. 1400 7.7£0.3 139 16.5
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quasistationary fission width is smaller than the Bohr-
Wheeler width adopted in usual statistical analyses; this
is known as the Kramers’ factor [4]. All contribute to
additional emitted neutrons as compared with usual sta-
tistical calculation. In the present case, the contributions
from the transient time and the saddle-to-scission time
are found to be fairly small, which are about 10% and
20% of the total calculated neutron multiplicities for 80.7
and 195.8 MeV, respectively. They are obtained from
the comparison with the case that stationary values
(dashed lines in Fig. 2) of fission widths are used from
the beginning. Therefore, reproductions of the experi-
mental data are mainly due to the small stationary widths
calculated with the Langevin equation. Actually, a rough
comparison of them with Bohr-Wheeler widths gives fac-
tors of 1/several, which will be discussed in detail in a
forthcoming paper. It should be noted here that in higher
excitation energies the contributions increase more and
more, because the fission life gets shorter while the tran-
sient time remains rather constant. In the phenomeno-
logical analysis [1], the fission width is set to zero during
the “delay time” and to the Bohr-Wheeler value after-
wards. It should also be noted that a large part of the
fusion-fission events comes from the large values of J
where the fission barrier does not exist any more. In our
dynamical calculation, the average of the traveling time
from the initial point to the scission line is long due to
strong friction and the distribution of this traveling time
is broad due to strong random force.

We have investigated the fission dynamics of hot nuclei
using the two-dimensional Langevin equation. Including
the particle emission in the continuous limit, we have cal-
culated the prescission multiplicities of neutrons, protons,
and a particles as well as the kinetic energy distribution
of fission fragments. The obtained numbers of prescission
neutrons agree well with the experimental ones when we
adopt the one-body dissipation. Unusually strong (u
=(.20 TP or larger) two-body viscosity is necessary to
reproduce the observed neutron multiplicity, but this as-
sumption is incompatible with the fission-fragment kinet-
ic energy. We conclude that the fission of hot nuclei is
strongly dissipative. A consistent explanation of neutron
multiplicities and fragment kinetic energies indeed sup-
ports the one-body friction and not the hydrodynamical
two-body viscosity. This means that the fission phenome-
na require a dissipation mechanism which is very strong
and makes scission configuration compact. It is, there-

fore, extremely interesting to derive the one-body friction
or its equivalent by microscopic theories. Recent micro-
scopic calculations of diffusion coefficient [16] and fric-
tion constant [17], however, appear to give too strong dis-
sipation for nuclear collective motions. Yamaji et al.
[18], on the other hand, obtained a friction coefficient
comparable with the wall formula using the linear re-
sponse theory.

This work is performed in part (T.W.) under the
auspices of the Special Researcher’s Basic Science Pro-
gram. Y.A. is grateful for financial support by the
Grant-in-Aid for Scientific Research of Japan Ministry of
Education, Science and Culture under Grant No.
03640269. The authors are indebted to Dr. D. J. Hinde
for valuable discussions.

(@present address: Department of Mathematical Sciences,
Osaka Dental University, 1-4-4 Makino-Honmachi, Hira-
kata, Osaka 573, Japan.

[1]1 D. J. Hinde, D. Hilscher, and H. Rossner, Nucl. Phys.
A502, 497c (1989).

[2] 1. P. Lestone et al., Phys. Rev. Lett. 67, 1078 (1991).

[3] M. Thoennessen et al., Phys. Rev. Lett. 59, 2860 (1987).

[4] H. A. Kramers, Physica (Utrecht) 7, 284 (1940).

[5] T. Wada, N. Carjan, and Y. Abe, Nucl. Phys. A538, 283c
(1992); see also, G. R. Tillack et al., Phys. Lett. B 278,
403 (1992).

{61 K. T. R. Davis et al., Phys. Rev. C 13, 2385 (1976).

[7]1 V. E. Viola et al., Phys. Rev. C 31, 1550 (1985).

[8]1 J. Toke and W. J. Swiatecki, Nucl. Phys. A372, 141
(1981).

[9] N. Carjan, A. J. Sierk, and J. R. Nix, Nucl. Phys. A452,
381 (1986), and references therein.

[10] X. Campi and S. Stringari, Z. Phys. A 309, 239 (1983).

[11] H. Delagrange et al., Z. Phys. A 323, 437 (1986).

(12] R. Butsch et al., Phys. Rev. C 41, 1530 (1990).

[13]1 Y. Abe, C. Grégoire, and H. Delagrange, J. Phys. (Paris),
Collog. 47, C4-329 (1986); N. Carjan, T. Wada, and Y.
Abe, in Towards a Unified Picture of Nuclear Dynamics,
AIP Conf. Proc. No. 250 (AIP, New York, 1992).

[14] D. J. Hinde et al., Nucl. Phys. A452, 550 (1986).

{15] D. J. Hinde et al., Phys. Rev. C 45, 1229 (1992).

[16] D. Cha and G. F. Bertsch, Phys. Rev. C 46, 306 (1992).

[17] D. Boilley, E. Suraud, Y. Abe, and S. Ayik, Nucl. Phys.
A (to be published); see also M. C. Nemes and H. A.
Weidenmiiller, Phys. Rev. C 24, 944 (1981), for the ran-
dom matrix approach.

[18] S. Yamaji et al., Nucl. Phys. A475, 487 (1988).

3541



