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Dynamical models of the fission of compound nuclei formed in heavy-ion complete fusion
reactions are reviewed. In these models, the emission of light particles and vy rays, which competes
with fission and accompanies it, has an important influence. In these models, the fission

process is treated as the random walk of an imaginary Brownian particle in the space of collective
variables. The most important physical effects are the fluctuations of these variables and

energy dissipation. Stochastic equations of the type of the classical Langevin equation are used
as dynamical equations. Various questions that require urgent solution in connection with

the development of such models are identified. The main attention is devoted to the so-called
combined dynamical-statistical model, since it has been used up to the present time in

the investigation of more experimental data than in all the other models of this type taken together.
This analysis has made it possible to clarify which of the observables carry the most

complete information about the dissipative properties of the fission mode and to propose several
new experiments. © 1995 American Institute of Physics.

INTRODUCTION

In any branch of physics, the concept of “dissipation”
appears immediately and naturally after the division of the
degrees of freedom of the system into collective (slow) and
internal (fast, over which averaging is performed) variables.
On general grounds, one could have expected intensive use
of this concept in nuclear physics immediately after the fis-
sion reaction, discovered by Hahn and Strassmann in 1938
(the events of those years are described in Hilscher’s
review'), had been explained by Bohr and Wheeler on the
basis of liquid-drop ideas.> However, the success of the sta-
tistical model in interpreting the experimental data delayed
the investigation of the dissipative properties of nuclei in the
fission process for 30—40 years, so that the first theoretical®*
and experimental®® studies on this subject remained unused
for a long time. The concept of dissipation began to be used
intensively in nuclear physics in the first place through the
discovery of deep inelastic collisions of heavy ions™® and
only in the last 10—15 years became established in fission
physics.

This “‘reanimation” of dissipation in fission physics be-
gan at the end of the seventies and the beginning of the
eighties with the studies of Nix and his collaborators on the
mean kinetic energies of fission fragments™'© and with the
studies of Weidenmuller and collaborators, who analyzed the
effect of friction on the width of the distribution of the fis-
sion fragments with respect to the total kinetic energy.'""'?
The proposed approach was generalized to the case of sev-
eral collective degrees of freedom by Adeev and
collaborators'*!'* and was successfully used by this group to
describe the experimentally observed variances of the
mass,'>'® energy,'”'® and charge'® distributions of the frag-
ments (so-called diffusion model or fluctuation—dissipation
dynamics of formation of the fission-fragment distributions).

Simultaneously, Weidenmuiller and his collaborators ana-
lyzed the influence of friction on the fission rate®™?' and
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demonstrated”>* that dissipative effects can lead to the
emission of a greater number of neutrons from a fissioning
nucleus than is predicted by the equilibrium statistical model.
In the middle of the eighties, there was published a large
amount of experimental data’*~?’ that appeared to confirm
qualitatively the conclusions of the theoretical studies of
Refs. 22 and 23.

However, the problem of dissipation in the fission pro-
cess proved to be much more complicated than appeared
initially. The currently existing theoretical models predict a
value of the damping coefficient for the fission mode 8 from
10*-10° (Ref. 28) to 2—6 (Refs. 29 and 30) in units of 10%'
s' (a systematization of the theoretical values of B is given
in the review of Hilscher and Rossner’'). The dependence of
the nuclear viscosity on the temperature also varies very
widely: from approximately direct proportionality (with in-
creasing B from 0.4-10%! s™! at T=0.5 MeV to 7.6-10*' 5!
at T=4 MeV)*? to an inverse proportionality to the square of
the temperature, as it should be for a Fermi liquid.*?

The situation is complicated by the fact that nuclear fric-
tion is not an experimentally observable quantity and must
be extracted from data. We mention first the experimental
data on the energy distributions of the fission fragments,**~38
on which great hopes were place in this regard. However,
theoretical investigations extending over many years (Refs.
9, 10, 17, 18, and 39-44) showed that the strong dependence
of the calculated kinetic energies on the criteria of division of
a nucleus into two fragments does not make it possible to
deduce the type and magnitude of nuclear friction from the
data. We shall not return to this question, since it would
increase the length of the review too much.

The data on light particles emitted by a fissioning
nucleus form another group. Information about nuclear fric-
tion can also be extracted from these data only by means of
complicated theoretical models. Until recently, systematic
analysis of the experimental data had been done almost ex-
clusively by means of the statistical model, into which more
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or less arbitrary modifications were introduced in order to
model the influence of friction on the fission process. Only
recently have there appeared dynamical models that take into
account the effect of dissipation and the fluctuations in a
self-consistent manner.

The aim of this paper is to give a critical review of these
models and to identify some questions that require urgent
solution. The main attention will be devoted to the so-called
combined dynamical-statistical model, not only because the
author participated in its development but, mainly, because in
the framework of this model more experimental data have
been analyzed than by means of all the remaining models of
this type taken together.

In their dynamical aspect, the models that we are con-
sidering are based on a picture of the fission process as the
random walk of an imaginary Brownian particle in the space
of collective variables. Therefore, in Sec. 1, which is mainly
devoted to an analysis of the status of the problem at the end
of the eighties, we also discuss the mathematical formalism
used to describe a Markov process in a closed system.

In Sec. 2, we describe the combined dynamical-
statistical model (CDSM), which combines Langevin
fluctuation—dissipation dynamics with the standard statistical
model. We discuss in detail the matching of the dynamical
and statistical branches of this model.

Section 3 contains an analysis of the mean multiplicities
of prescission neutrons and the fission probabilities made by
means of the CDSM. We find here a set of parameters of the
model, called for brevity the standard parameter set, by
means of which it has proved possible to describe the experi-
mental data in a wide range of the fissility parameter and the
excitation energy of the compound nucleus.

In Sec. 4, we present the results of an analysis of the
spectra and multiplicities of prescission charged particles and
v rays, the time distributions of the fission events, and the
excitation energies of the nuclei at the scission point. Here
some theoretical predictions are made, and some experi-
ments are proposed.

1. STATUS OF THE PROBLEM

1.1. Diffusion model and its use to describe the
fission process

In the diffusion model (Refs. 13—19 and 43-47), the
fission process is described by means of several collective
variables, which usually correspond to the main deformation
modes. This system, which has a small number of degrees of
freedom and can be conveniently called the particle, inter-
acts with the large number of remaining (mainly single-
particle) degrees of freedom of the nucleus, the detailed in-
formation about which does not interest us. In such a case,
the dynamics of the collective variables is similar to the dy-
namics of a Brownian particle, since in one interaction event
with the heat bath the energy of the particle changes little.
The situation differs from ordinary Brownian motion in that
the fluctuations in the energy of the particle have a signifi-
cant influence on the energy of the “heat bath,” so that its
main characteristic—the temperature—becomes a function
of the collective variables.
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The basic equation of the diffusion model is the Fokker—
Planck equation, which can be written in the form

d
- PEN=L(HP(£1), M)
where the Fokker—Planck operator has the form
3 3
L(§):*T§‘I’i(§)+b§—ia?jl)ij(§)- (2)

Here £ is the vector of the collective coordinates and mo-
menta, ®; are drift coefficients, and D;; is the symmetric
tensor of the diffusion coefficients. Unless stated otherwise,
summation over repeated indices is understood everywhere.
The Latin indices take values from 1 to 2s (s is the number
of degrees of freedom of the particle). In fission, the drift
coefficients are usually associated with the right-hand sides
of the classical (i.e., without allowance for the fluctuations)
dissipative equations of motion for the collective momenta,

. 1
q)‘y(g)zpy:_i Mps,yPpP 6~ V,y‘ NByMBwP v s (€)
and coordinates,

D51 (E)=q,=ugypp- 4
Here the Greek indices take values from 1 to s, and the
dependence on the collective coordinates for the friction
(7g,) and inverse inertial (w4,) parameters, and also for the
potential energy V is not explicitly indicated. The index after
a comma indicates differentiation with respect to the given
variable. The inertial parameters m By in terms of which the
matrix of the inverse inertial parameters is expressed, are
usually calculated for excited nuclei by means of the
Werner—Wheeler method® in the hydrodynamic approach. It
is assumed that the friction parameters are related to the dif-
fusion parameters by Einstein’s relations:

Through the level-density parameter a, the temperature T is
related to the internal excitation energy by the relation of the
Fermi-gas model:

T(§=(E*/a)'?, (6)

in which the internal excitation energy E* is determined by
the initial (total) excitation energy E%,, and also by the po-
tential, V(q), and kinetic, E\;,(£), energies of the collective
degrees of freedom:

E*:E:’:)(— V(q)_Ekm(g) (7)

It is well known that the Fokker—Planck equation is
equivalent to a system of stochastic Langevin equations (see
Refs. 48-50). In the case of one degree of freedom, which is
the most interesting for us, the Langevin equations have the
form

.. P dV+5 )
= — = — —_—— t .
4= P==Bp dq (1) (
where p is the collective momentum conjugate to the coor-
dinate ¢, B is the damping coefficient (8=n/m; 7 is the

friction parameter), and b(t) is a d-correlated random force:
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(b(1)=0;  (b(t)b(15)y=27T8(t,~1,). (9)

The first study in which Langevin equations were used
to describe fission was purely methodological in nature and
was published by Abe and collaborators in 1986.%" They
showed that numerical modeling for a free Brownian particle
gives a result in agreement with the well-known analytic
solution.>® They also calculated the flux of particles through
the barrier—the fission rate—and showed that its numerical
value agrees with Kramers’s formula (23). We shall call such
an approach to the description of the process Langevin
fluctuation—dissipation dynamics (LFDD).

In the years 1988-92, Langevin equations were inten-
sively used by Frobrich and collaborators®>~%° to describe
collisions and fusion of heavy ions. They obtained a satisfac-
tory description of the experimental data on the cross sec-
tions of deep inelastic collisions and fusion, and also on the
distribution of the compound nuclei with respect to the spin;
moreover, in a number of cases the theoretical analysis made
it possible to find inaccuracies in the normalization of the
experimental data (see Ref. 55).

An important dimensionless parameter that determines
the nature of the solution of the system (8) is the ratio

B=B/Q2w), (10)

with collective “frequency”

[1 d*V(q)
w= n—quQ— (ll)

In the case B >1, the motion has the nature of aperiodic
damping (“overdamping”). In this process, the momentum
relaxes rapidly (during a time B8~ '), whereas a much longer
time, of the order of Bw‘z, is required for the relaxation of
the coordinate. If we are not interested in ““fast” (in the in-
dicated sense) processes, the dynamics of the Brownian par-
ticle can be described by the single Langevin equation

dq 1 [dV
ZZ—;(%)'F\/?/_‘”[)([) (12)

Here b(¢) has the same meaning as l;(t). We shall call this
equation, which in the diffusion model corresponds to
Smoluchowski’s equation, the reduced Langevin equation
(RLE). The step in the integration of the RLE increases with
increasing friction, and this permits a strong economization
on computer time.

The Fokker—Planck equation describing the Markov pro-
cess is the zeroth approximation in the relaxation time 7y, of
the heat bath, which is equal to the correlation time of the
random force. The extent to which such an approximation is
good for a particular collective mode can be gauged by com-
paring 7., with the characteristic time (relaxation time) of
that mode, 7. Qualitative estimates lead to the relation

B (13)

Teoll A
which for medium and heavy nuclei gives a good small pa-
rameter of order 0.1. Calculations of 7, were made in Ref.
57 in the framework of linear-response theory. The length of
the nucleus along the symmetry axis was taken as the collec-
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tive variable. The time 7, was found to be in the range
(0.2-0.3)- 107 2" 5. This result justifies the use of the Fokker—
Planck equation to describe the fission of excited nuclei. On
the other hand, a Langevin equation for fission was recently
derived microscopically from the so-called Boltzmann—
Langevin equation by Ayik and collaborators.’® This equa-
tion differs from the usual Boltzmann equation by the pres-
ence of an additional fluctuating term in the collision term.
The resulting Langevin equation is of non-Markov type, and
the time 7., is determined by

T 2
=80’an(—) s (14)
€F

Tther

where o is the nucleon scattering cross section, vy and &g
are, respectively, the Fermi velocity and Fermi energy, and n
is the number of particles per unit volume. In Ref. 59, in
which these parameters were given the values 0=5 F, eg=37
MeV, n=0.16 F3, the relaxation time of the heat bath was
estimated at 7, =2.6/T> MeV210~2! s, which for T=1-2
MeV leads to much larger numerical values than the result of
Ref. 57.

Thus, the situation with regard to the applicability of the
Markov description remains undecided. Practically all the
results of the diffusion model that have hitherto been com-
pared with experimental data were obtained by means of a
Fokker—Planck equation, and “memory” effects were ig-
nored.

1.2. Competition between fission and particle
emission

The decay of excited nuclei through any channel is a
purely fluctuation process, but the dynamics of the fluctua-
tions is probably important only for the fission mode. A cor-
rect description of the competition between fission and deex-
citation by particle emission is, thus, a topical dynamical
problem of fission. During the last five—seven years, effec-
tive experimental methods have been developed that make it
possible to separate out from the complete set of light par-
ticles (neutrons, protons, « particles) detected in coincidence
with fission events those that were emitted before the sciss-
ion of the neck connecting the incipient fragments. Follow-
ing Hilscher,®' we shall call these prescission neutrons. The
mean multiplicity of the prescission neutrons, (n.), is a
measure of the timescale of the fission process—it is a kind
of “nuclear clock.”!

The standard apparatus that traditionally has been used
in the theoretical analysis of nuclear deexcitation is the sta-
tistical model (it is described in Ref. 60 and analyzed criti-
cally in Ref. 61). However, at excitation energies E*>70-90
MeV calculations by means of this model led to values of
(npre) below the experimental value.”® A typical example of
the dependence of {n,.) on the energy of the projectile (ex-
perimental data and statistical calculation) is shown in Fig. I.
Note the “turning over” of the statistical curve, which, as we
found in Ref. 63 and 64, is due to the spin distribution of the
compound nuclei and is typical for reactions induced by
heavy ions.
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FIG. 1. Typical example of the dependence of (n,,) on Ey,,. The curve is
our statistical calculation for the 2*Si+'7°Er reaction. Experimental data:
2Si+!7°Er (O, Ref. 25); *°Ne+'8'Ta (half-filled diamonds, Ref. 62).

Several attempts have been made to reproduce the ob-
served dependence of (n,,) on E* by means of the diffusion
model (see Weidenmiiller’s review in Ref. 65, which we
shall largely follow in this subsection, and also the original
studies?®*®). In the framework of this model, the excess neu-
trons (this is how we shall refer to the difference between the
experimental value of (n,.) and the result obtained by the
statistical calculation of this quantity) can be naturally ex-
plained by three physical effects:

1) emission in the process of establishment of a quasis-
tationary probability flux through the fission barrier (charac-
terized quantitatively by the delay time T,);

2) a decrease in the absolute value of this current due to
viscosity (characterized quantitatively by

f=TeIeY, (15)

the inverse ratio of the Bohr—Wheeler fission width, " to
the quasistationary fission width I'; with allowance for fric-
tion);

3) by the emission of neutrons on the path from the
saddle point to the scission point (characterized quantita-
tively by the time of descent from the saddle to scission: 7).

These effects will evidently be important if the charac-
teristic time of neutron emission (the mean lifetime (¢, with
respect to decay through the neutron channel) is less than or
of the order of 7, or 7, and also if f; is appreciably less than
unity.

The delay time can be estimated from the relations®®

7¢~B(2wl) " In(10B{/T) (16)
for B >2w,, (overdamping) or
74~B"" In(10B;/T) (17)

for B<2w,; (underdamping).

Here wy, is the frequency of (undamped) vibrations near
the potential-energy minimum of the fission mode, and B; is
the height of the fission barrier. The relations (16) and (17)
are very general. For example, they can be used to calculate
the relaxation time of the coordinate of the harmonic oscil-
lator if the logarithmic factor is replaced by unity.®” This
factor is characteristic only of the class of problems under
discussion (decay of a metastable state of a system through a
barrier), and the numerical factor in the argument of the
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FIG. 2. Delay time as a function of 3 for the compound nucleus *®Er at

E¥ = 207 MeV and angular momentum 65%. Also shown are the mean

lifetimes until neutron emission (#,) for several excitation energies (hori-
zontal lines with numbers). The delay time depends weakly on the excitation
energy [see Egs. (16) and (17)]. The figure is constructed using Fig. 3 of
Ref. 46 and Fig. 1 of Ref. 26.

logarithm is a particular feature associated with the particular
criterion of establishment of the quasistationary current
through the fission barrier chosen in Refs. 65 and 66.

The behavior of 74 as a function of B is illustrated in Fig.
2. This shows the typical behavior of a relaxation time that is
determined by competition between diffusion and dissipa-
tion. Figure 2 also shows the mean neutron emission times
for different excitation energies. Comparison of 74 and (t,)
shows that the process of establishment of the quasistation-
ary probability current through the fission barrier influences
primarily the emission of the first neutron and does so at high
excitation energies. Thus, one can hardly hope to explain the
“deficit” of 2—3 neutrons in the statistical analysis (see, for
example, Ref. 68) by the effect of the delay time.

The second dynamical factor, the decrease in the abso-
lute value of the quasistationary probability current through
the fission barrier due to viscosity, can be taken into account
by introducing a correction factor f; [see Eq. (15)]. This
factor f; has the form

2\ 1/2
B
2 PP
((“’sd+ 4) 2] hay

Wgy4 T

f= (18)

for B/wy=T/B. For B/wg<T/By (ie., in the case of ex-
tremely weak friction), f; takes the form

2 ’ITﬁBf
f=B—z—- (19)
In accordance with the Bohr—Wheeler formula, the fission
rate is

pw_ f B
f 27ThPCN(Ettt) 0

Here pey is the level density of the compound nucleus at the
deformation corresponding to the ground state, and p; is the
level density of the compound nucleus at the fission barrier.
We shall discuss the relationship between the Bohr—Wheeler
expression and Kramers’s expression for the quasistationary
fission rate in more detail below. Here we merely note that
the behavior of (R:-‘)fI as a function of B is the same as that
of 7, in Fig. 2, although the actual times may be very differ-

-B
'deps (E¥,—Bg—¢). (20)
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ent. This is natural, since the quasistationary decay of a
metastable state is simply relaxation. In this sense, we may
call 74 the “relaxation time of the relaxation time.”

The dynamical factor f; has a strong effect not only on
the multiplicity of the prescission neutrons but also on the
final fission and survival probabilities. Therefore, in Ref. 46
it was necessary to introduce a B-dependent correction to the
ratio ag/a, , where a; is the density parameter of the single-
particle levels in the fission channel (for the saddle deforma-
tion), and a, is the density parameter of the single-particle
levels in the neutron channel (for the ground state). However,
this correction does not agree with the predictions of the
theoretical models for the deformation dependence of the
density of the single-particle levels (see, for example, Ref.
69).

Finally, a third dynamical factor is the descent time. It
influences (n,,.) but does not affect the fission cross sections.
Its importance increases for heavier fissioning nuclei and
with increasing laboratory energy of the projectile for a
given reaction. It is therefore to be expected that it will be
this factor that is dominant in the experimentally observed
growth of (n,,) with increasing excitation energy in heavy-
ion reactions. In reactions induced by light particles, the situ-
ation may be very different.

The diffusion model*® was refined in Ref. 70 by Lanza
and Weidenmiiller, who took into account charged-particle
emission accompanying fission. They investigated only the
influence of the delay time on the mean multiplicity of
prescission protons, (p.), in the fissioning of 1526 at
E*=140 MeV, and the probability of fission after emission
of an « particle was found to be vanishingly small. They
found that the results of Ref. 46 for (n,.) remain essentially
unchanged, while the proton multiplicities do not exhibit
such a strong dependence on the delay time as the neutron
multiplicities. The conclusion of Ref. 70 is that {p ) can be
used to determine the parameters of the statistical model
more accurately but does not have independent value for the
study of dissipative effects.

Completing our discussion of the series of studies of
Weidenmiiller and his collaborators, we note that the values
of B at which it was possible to reproduce the experimental
values of () in Refs. 26 and 46 lie in the interval (4-6)
x10?! 7' If the authors of Ref. 27 are correct, and the
neutron multiplicities in the '°O+'**Nd reaction are much
greater than those published in Ref. 26, then the results of the
analysis of Refs. 26 and 46 must be radically reconsidered.

The authors of Ref. 71 were the first to formulate a gen-
eral approach to the mutual effect—the basis of the diffusion
model—of the slow relaxation of the collective degrees of
freedom and the emission of light particles on each other.
They calculated the prescission multiplicities of neutrons,
protons, and a particles for nuclei with A~ 180 at large an-
gular momenta (~40#%) and high excitation energies (T~5
MeV). Such temperatures were achieved in heavy-ion reac-
tions in GANIL.

We consider briefly some features of the model. The
emission of particles in it is studied in the continuous limit,
i.e., during a short time dt a small fraction of the total mul-
tiplicity of the particles of each species is emitted. These
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FIG. 3. Calculated dependences of {n,.) (a) and (Ppre) (b) on the tempera-
ture (Ref. 71, Figs. 8a and 9b): dynamical calculation @; statistical calcula-
tion A.

total multiplicities are then integrated, and the prescission
multiplicities are constructed by means of the resulting func-
tions of the time. The not too elegant but numerically very
effective continuous limit has since been widely used in the
literature, 4243

The diffusion model”” was constructed for the over-
damping regime. It was assumed that the distribution of the
collective momenta relaxes to the equilibrium distribution,
but a dependence of the friction and inertia parameters on the
collective coordinate was allowed, even though the calcula-
tions were made only for B=const. Only the mean multiplic-
ity of prescission neutrons was calculated, although in prin-
ciple the diffusion model must give the distribution of the
fission events with respect to the multiplicity of prescission
neutrons. At temperatures of a few mega-electron-volts, the
fissioning nucleus emits an appreciable number of neutrons
and charged particles. Therefore, the temperature changes
appreciably during the fission process, and it is necessary to
take into account the temperature dependence of the liquid-
drop “potential energy,”” as was done in Ref. 71 (we shall
discuss this effect in detail below and define the terminology
accurately there). In the diffusion model,2** this effect was
not taken into account.

Typical results of Ref. 71, taken from that study (Figs. 8a
and 9b) are reproduced in Fig. 3. It can be seen that the
increase of the prescission multiplicities in the dynamical
calculation as compared with the statistical one is very ap-
preciable, and the dependence of the dynamical curves
agrees qualitatively with the experimental dependence. How-
ever, the same can also be said of the curves corresponding
to the statistical calculation. Here the calculations were made
for one partial wave, and there is not the decrease of (n,.) at
high excitation energies inherent in the complete statistical
calculation with averaging over all partial waves. In Ref. 71,
a quantitative comparison with experiment was not made.

Such a comparison was made in the framework of the

]71
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diffusion model in Ref. 47, and we conclude this subsection
with a brief discussion of this study. As in Ref. 71, the con-
tinuous limit was used to describe the emission of particles.
Calculations were made of the multiplicities of prescission
neutrons, protons, and « particles, and also of their distribu-
tion with respect to the energy and angular momentum car-
ried away. The formalism used in Ref. 47 also makes it pos-
sible to calculate the probabilities of fission and survival, the
experimental data on which impose severe restrictions on the
values of the model parameters. For example, there is con-
sideration in Ref. 47 of a very wide spectrum of values of the
coefficient that controls the dependence of the surface com-
ponent of the potential energy on the temperature. This effect
has a radical influence on the results, but the value of the
coefficient was chosen arbitrarily, since a comparison of the
theoretical results was made only with experimental data on
(npre) in reactions for which data on the fission probability P¢
were absent. The results of the analysis of the experimental
data enabled the authors of Ref. 47 to establish only an upper
limit on the damping coefficient: B <8-10?! s™!. Moreover,
some of the data for analysis were taken from Ref. 26, and
these data, like the data used in Ref. 46, do not fit the sys-
tematics of (n,).

1.3. Open problems

Thus, at the beginning of the nineties, several attempts
were made in the framework of the diffusion model, which is
based on the Fokker—Planck equation, to analyze the multi-
plicities of prescission neutrons (by Weidenmiiller, Dela-
grange, Dietrich, and their collaborators: Refs. 20-23, 26,
46, 47, 65, 66, and 71). These studies, and also the work of
Hilscher’s group,?* made it possible to establish that the col-
lective nuclear damping with respect to the fission mode oc-
curs in the overdamping regime. It was not possible to draw
quantitative conclusions because of the contradictory nature
of some experimental data (in particular, those of Refs. 26
and 27), but primarily on account of the imperfection of the
theoretical models used for the analysis and the nonsystem-
atic nature of the effect. A fairly complete impression of the
spread of values of 8 extracted from the experiments is given
by Table 4.2 in the review of Ref. 31.

Thus:

a) it was necessary to create a dynamical model permit-
ting calculation of the distribution of fission events with re-
spect to the number of emitted neutrons (‘“‘the fission
chance’), which would permit the simultaneous analysis of
the probabilities of fission and the multiplicity of prescission
neutrons;

b) it was desirable to make such an analysis using the
greatest number of data of different groups in order to elimi-
nate the possibility of drawing conclusions based on incor-
rect data;

c) it was important to reduce to a minimum the number
of independent adjustable parameters of the model and, in
particular, to find restrictions on the coefficient that deter-
mines the temperature dependence of the surface energy (the
very formulation of this problem was subject to doubt);

d) it would be helpful to find additional observables (be-
sides (n ) sensitive to the fission dynamics.
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FIG. 4. Potential energy divided by the temperature (dotted curve) and the
entropy with reversed sign and normalized to zero in the ground state of the
nonrotating nucleus (continuous curve) as functions of the fission coordi-
nate. The calculation was made for the 2'°Ac nucleus at angular momentum
L=30and E¥ = 108 MeV (Ref. 78).
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2. THE COMBINED DYNAMICAL-STATISTICAL
MODEL (CDSM)8.72-78

2.1. The need to develop the one-dimensional LFDD
and to construct the CDSM

The attempts to develop a consistent dynamical model of
fission induced by heavy ions that included the emission of
particles and vy rays encountered considerable difficulties.

In particular, the computing time required to model the
trajectory of the Brownian particle making a random walk
near the ground state at excitation energies somewhat greater
than the height of the fission barrier exceeded all reasonable
bounds. In addition, for very large times the problem of the
stability of the solution arises. As a result, it was possible to
study only systems having a 100% probability of fission dur-
ing a comparatively short time. Physically, of course, the
situation was much richer. However, since after a certain
delay time the fissioning system reaches a quasistationary
limit, further dynamical modeling becomes redundant: The
regime of applicability of the statistical model is reached. In
Ref. 72, it was therefore proposed to combine the LFDD
with an appropriately modified statistical model.

For the purposes of describing the fission probability P
and the multiplicity of prescission particles, it appeared sen-
sible from the very beginning to restrict the dynamical treat-
ment to a single degree of freedom, corresponding to the
intercenter distance. The influence of the fission criterion on
P was assumed to be minimal, since the system “takes the
decision” whether or not to fission basically at the saddle
point (transition-state method). The length of the path from
the saddle to scission, which can significantly influence
(nprc), also depends weakly on the scission criterion (see, for
example, Fig. 4 in the review of Ref. 39). The large number
of neutrons emitted from the nucleus before scission at tem-
peratures 1-3 MeV indicates that the fission motion is slow
and takes place predominantly in the diffusion regime.
Therefore, to describe the process it was decided to use the
reduced Langevin equation corresponding to the overdamp-
ing regime. It was proposed to compensate these serious ap-
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proximations by systematic analysis of the experimental ma-
terial on the nucleon composition of the fissioning nuclei,
their excitation energies, and with respect to several different
observables.

2.2. Dynamical equation of the CDSM and the
quasistationary fission rate

In this subsection, we discuss the formulas that lead to a
consistent ““matching” of the LFDD to the statistical model.
We begin with the arguments for the need to modify the
traditional approach (Refs. 39, 40, 43, 72, 79, and 80-84).
For example, in Ref. 72 we used the RLE in the form (12). If
this or any other dynamical equation is used, the fission rate
can be calculated as

1 dN(1)
(Niu—Ng(1t)) dt

by recording the number of Langevin trajectories Ny (¢) that
have reached the scission point in a time less than ¢; N, is
the total number of trajectories.

In Ref. 72, after the transition from the dynamical to the
statistical calculations, we used the Bohr—Wheeler expres-
sion for the fission width, modified by taking into account
Kramers correction factor [see Eq. (8)]:

Re ()=

21

RKBW ﬂlsg% BW 22)
This expression is written down for the case of overdamping.
Here REV is the standard Bohr—Wheeler expression for the
fission rate’ [see the expression (20)], the most important
ingredients of which in the Fermi-gas model are the param-
eters a, and a;.

At times greater than the delay time, the fission rates
calculated dynamically [in accordance with (21)] and statis-
tically [in accordance with (22) for overdamping] must be
equal. However, in the RLE (12) there is no information at
all on the coordinate dependence of the level-density param-
eter, whereas it is precisely this dependence that determines
the difference between a,, and a; in the Bohr—Wheeler for-
mula. As is well known, the ratio a¢/a, is often used as an
adjustable parameter in the statistical model to reproduce the
data on the fission probabilities.®®**=%7 On the other hand, in
the Bohr—Wheeler formula (20) there is no information at all
about the scission point. Thus, we can expect agreement be-
tween the dynamical and statistical fission rates only if the
coordinate dependence of the level-density parameter and the
position of the scission point do not play any role.

In fact, R; (#) are usually compared with the Kramers
fission rate RY (Ref. 1):

T .
Ri‘(:ffm eflir-/’l' (23)

This expression can be obtained from (18) and (20) by using
the Fermi-gas model [p(E) ~ exp(2 \/a_E) and T
= JEF, la] in the approximation B¢/E5 < | and assuming
that the level-density parameters in the ground state and at
the saddle point are equal. Then
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1
27h exp(2 \/aEffn)

E¥ —B; N
X . de exp(2 Va(E}—Bs—¢€))

T
T 2wh

w
RV =

e Be/T, (24)

Comparisons of R; (f) and RF were made in Refs. 51, 79,
and 82, and the agreement was usually satisfactory. More-
over, it was shown in Ref. 79 that this agreement holds up to
B;/T>0.5, whereas originally Kramers formula (23) was de-
rived for the case B/ T>1. Unfortunately, all the compari-
sons of Refs. 51, 79, and 82 were made for the case of a
coordinate-independent level-density parameter and from a
scission point lying far from the saddle point. Thus, the dis-
crepancy between the dynamical and statistical descriptions
of the fission rate remained unnoted for a long time.

However, it is well known that for the description of a
heated nuclear system the potential energy in the dynamical
equations must be replaced by the free energy F(g,T) (Refs.
88-90). In the Fermi-gas model, which will be used through-
out in what follows, the free energy is related to the level-
density parameter as follows:

F(q,T)=V(q)—a(q)T*. (25)

A deformation dependence of the smooth part of the level-
density parameter appears because of the presence of a gra-
dient of the nucleon density on the nuclear surface®' and is a
general physical result.”? Thus, information on the deforma-
tion dependence of the level-density parameter appears in the
equation of motion, which takes the form

dg 1 (aF) (T)
+ \/ —|b(1). (26)
- 7

9q

The regular component of the force K= —(dF/dq)|r is now
given by the derivative of the free energy with respect to the
fission coordinate at constant temperature. Of course, the
choice of a specific thermodynamic potential is a matter of
taste.”> In what follows, we shall take it to be the entropy
S(E¥,, q), which is a function of only g, since the total ex-
citation energy E*(¢,S) remains constant.

The total excitation energy is a sum of three terms: the
kinetic energy E, of the collective motion, which in the
case of overdamping is of the order of the nuclear tempera-
ture; the potential energy V(gq), and the internal excitation
energy E*. Using the relation F = Ef — TS and ignoring
E\;,, we obtain for the regular component of the force

dt g

K=—9F/3q|;=T3S/3q| g+ . (27)
q EIOK

Since the nuclear system is closed, and E [’f‘n remains constant,
we use in what follows the total derivative with respect to the
coordinate instead of the partial derivative:

( ﬁs)
T JE—
aq

Then the reduced Langevin equation takes the form

=TdS/dg=TS'. (28)
£¥

tot
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dg T T
—=—5"+/|=]|b(1). (29)
dt g 7

In the calculations whose results are discussed below, the
Fermi-gas expression for the entropy was used:

S(q)=2Va(q)(E¥—V(q)). (30)

One of the reasons why the entropy rather than the free en-
ergy is used in the CDSM is that, being normalized to zero in
the ground state of the nucleus, the entropy plays the same
role as —V/T. It is well known that the value of this ratio at
the saddle point is the most important parameter of the stan-
dard statistical model.

In Ref. 63 a modified statistical expression for the fission
rate, which must replace R}( , was derived. The derivation is
based on the concept of the mean first passage time (MFPT),
which is widely used in many branches of physics and chem-
istry (see, for example, Refs. 48—50 and 94). The value of
the reciprocal MFPT is usually interpreted as the mean fis-

sion rate R yppr:
-1
dsc y
f dye——s(y)J’ dzeS(z)] . (31)

dgs -

R T
MEPT™ ",

This solution corresponds to an initial position g, of the
particle in the ground state. The expression (31) generalizes
to the case of heated closed systems the result obtained by
Andronov, Pontryagin, and Vitt 60 years ago.”

Thus, the replacement of the potential by the entropy
made it possible to derive a dynamical equation that contains
information about the level-density parameter and an expres-
sion for the statistical fission rate that includes the position of
the scission point. The inconsistency inherent in the expres-
sions (12) and (22) used in Ref. 72 is eliminated by the
replacement of them by (29) and (31), respectively.

In actual calculations, the use of the expression (31),
which involves multiple calculation of a double integral for
different A and Z, excitation energies, and angular momenta,
would require unrealistically large amounts of computing
time on the transition to the statistical branch of the model.
To avoid this, we replace (31) by the approximate expression
that is obtained by estimating the integrals by the method of
steepest descent. Then the inner integration must be extended
to infinity (y—), and in the outer integral we must set
qgs— —. The resulting approximate expression for the fis-
sion rate is

_ Wy
Rapp= 278

X 2(1 +erf [(gee— gog) @M/ 2T]) . (32)

The saddle point and ground state are determined by the
stationary points of the entropy and not by the potential en-
ergy, as in_the usual approach. The frequencies @y
= VIS"[T/m and @4 = VSI,T/m are now calculated in
terms of the second derivatives of the entropy at the station-
ary point.

The influence of the scission point on the fission rate is
also obvious from the expression (32). i the scission point is

exp[ S(qgs) - S(qsd)]
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far from the saddle point, erf [(g;. — ¢oq) @sqVm/2T]— 1. If
the saddle point and scission point coincide, the error func-
tion tends to zero, and this leads to an increase of Rapp by a
factor 2 compared with the previous situation. The need to
modify Kramers’s formula if the saddle point and scission
point are close to each other was noted by Strutinsky in Ref.
4.

Kramers’s expression Ry (Ref. 3) for the case of over-
damping can be obtained from (32) if the level-density pa-
rameter does not depend on the deformation, the scission
point is far from the saddle point, and E}, > V(gy)
>V(gg):

_ Wesgq

RK W CXP{( - V(qsd) + V(qgs))/T}, (33)

where wg, = Vi /m and oy = |V"|sq/m are now re-

lated to the curvature of the potential energy at the stationary
points.

In order to have the possibility of making systematic
calculations of observables in a wide range of nuclei, it is
necessary to develop an algorithm for rapid calculation of the
potential energy and the level-density parameter as functions
of the deformation. The following two subsections are de-
voted to these problems.

2.3. The potential energy™

Since we shall be mainly dealing with heated nuclei,
shell corrections can be ignored. In the CDSM the liquid-
drop set of parameters of Myers and Swiatecki®® is used. The
potential energy is given by

V(A,Z,L,q)=a,(1-kI*)A*3(B,(q)—1)
2
tes g (Bc(g)—1)

+c, L2A™%3B(q). (34)

We have here omitted the terms that do not depend on the
fission coordinate g. In accordance with Ref. 96, the param-
eters in (34) have the values

a;=17.9439 MeV, ¢3;=0.7053 MeV,
k=1.7826, ¢,=34.50 MeV. (35)

We do not take into account the corrections associated with
the finite range of the nuclear forces, since we do not know a
method for taking into account such corrections in the level-
density parameter, and it is desirable to have the same order
of accuracy in the potential energy and in the level-density
parameter.

As in the previous section, we use the c,h,a
parametrization97 to calculate B,(q),B(¢q),B,(q). We con-
sider only the symmetric case (@=0). In the case of over-
damping, which is what we investigate, the system “slides”
along the bottom of the fission valley, which then character-
izes a one-dimensional potential. It turns out that the bottom
of the fission valley of an individual nucleus passes near a
sequence of saddle points of different nuclei. In the region in
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which A, is a single-valued function of ¢, it is possible to characterize B, as a function of the deformation as follows:

[1+0.4.64/9-(¢—0.375)%, if ¢<0.452;
B.=10.983+0.439.(4-0.375), if 4=0.452;

(36)

To calculate B, we use the approximate expression by means of which the fission barrier B is expressed in terms of the

fissility parameter X (Ref. 98):

0.2599-0.2151X—-0.1643X%2—0.0673X?,
E_f= 0.7259Y3-0.3302Y%+0.6387Y°
ssp | +7.8727Y%—12.0061Y7, if X>0.6.

Here Y =1—X, and E, is the surface energy of a spherical
nucleus with fissility X. The dependence of the intercenter
distance at the saddle point, g4, on the fissility parameter,
which closes our one-dimensional parametrization of the po-
tential energy for zero angular momentum, has the form

0.875
1+exp(20(X—0.74))°

q=0.375+ (38)

The quantity B,(q) used in (34), is proportional to the
reciprocal of the rigid-body moment of inertia. In the (c,h)
parametrization, it is determined as

B,=J;' if J,<J, and ¢>0.375,

B,=JIl in all remaining cases;

J =cH{l+c3+4By[2c3+(4/15)Bgc®—11/35}/2,
Ji=cHc T3+ 4B [(4/15)Bgc®—11/35}. (39)

The nuclear shape parameter B, and our collective co-
ordinate g can be expressed in terms of ¢ and & as follows:

Bgy(c,h)=2h+(c—1)/2, (40)

3 2 )
q(c,h)=§c 1+EBshc . (41)

Our one-dimensional parametrization is not valid for
very light nuclei, since hy(gs) and gy (X) cease to be
single-valued functions. Therefore, the parametrization
works only if X= 0.55. However, this does not present too
great difficulties in practical calculations, since light nuclei
fission mainly at high angular momenta, which effectively
increase the fissility parameter.

The parametrization described in this subsection makes
it possible to perform calculations fairly rapidly for all cases
of practical interest.

2.4. Parameter of the single-particle density of states
and its dependence on the deformation’®

For the adequate description of fission, the level-density
parameter and its dependence on the deformation play a role
that is as important as that of the potential energy. Ignoring
the corrections for the curvature of the surface, we can ex-
press the smooth part of the single-particle level-density pa-
rameter in the form??

alg)=a,A+a,A*" B (q). (42)
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if X<0.6;

(37)

Following Smirenkin and collaborators,?” we chose
among the many possibilities the weakest coordinate depen-
dence that does not contradict the experimental data. It cor-
responds to the theoretical result of Ignatyuk and
collaborators’! obtained for the Woods—Saxon potential:

@,=0.073 MeV~! and d,=0.095 MeV~'. (43)

It is interesting to note that in the cruder approximation of a
rectangular or trapezoidal well the coefficient a, changes not
only the absolute magnitude but even the sign.

In this section, we have the aim of constructing a self-
consistent dynamical and statistical description of fission,
and therefore the specific value of the coefficient a, plays no
role. In contrast, in the following section, in which we com-
pare the results of calculations with numerical data, the nu-
merical value of a, will be extremely important.

Once we have chosen the parameters of the liquid-drop
potential energy and the level-density parameter, the entropy
S becomes a function of the mass and charge numbers, the
angular momentum, the coordinate, and the total excitation
energy:

S(A,Z,L,q.T)=2\a(A,q)(EX—V(A,Z,L,q)). (44)

There are no further free adjustable parameters in either the
dynamical or the statistical branch of the model except for
the damping coefficient 8, which occurs in both of them. It is
natural to assume that this coefficient is universal for all
nuclei. Thus, adjustable parameters of the type a,, a;/a,,
and B¢ for individual nuclei are not present in our model, and
we regard this as a serious advantage over the standard mac-
roscopic statistical model.

2.5. Consistency of the dynamical and statistical
descriptions of the fission rate’

We begin the discussion of the results with Fig. 4.
Traditionally,>®* the fission rate is defined as the ratio of the
difference of the potential energies at the saddle point and in
the ground state to the temperature [see Eq. (33)], whereas in
our approach this role is played by the difference of the
corresponding entropies, as in the most refined form of the
statistical model.” In Fig. 4, we therefore compare the po-
tential energy V(gq), divided by the temperature, with the
entropy taken with the opposite sign and normalized to zero
at the ground state of the nonrotating nucleus for the ex-
ample of 219Ac. It can be seen that, compared with the po-
tential energy, the entropy barrier is not only lowered but is
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FIG. 5. (a) Potential V(q) (dashed curves) and entropy (with reversed sign)
multiplied by the temperature (—ST, continuous curves) as functions of the
fission coordinate g for *W (X=0.637), '8Pt (X=0.671), *®Pb (X
=0.701), 2PFr (X=0.743), 2*Th (X=0.763), and Z'Es (X=0.834) (from
top to bottom). The calculations were made with the level-density parameter
of Ref. 91 for L=0 and E, = 50 MeV (Ref. 63). (b) The potential divided
by the temperature, V(q)/T (dashed curves), and the entropy (with reversed
sign) —S (continuous curves) as functions of the fission coordinate ¢ for the
same systems (Ref. 63).

also shifted to more compact configurations. The reason for
both effects is the coordinate dependence of the level-density
parameter.

It is interesting to trace the behaviors of the potential
energies and, especially, the entropies as functions of the
deformation for nuclei with different fissility parameters. The
details of this behavior can be clearly seen in Fig. 5. Figure
5a shows V and — ST, and Fig. 5b shows —S and V/T. Both
the potential and the entropy are normalized to zero in the
ground state. The calculations were made for a relatively low
excitation energy ~50 MeV and zero angular momentum.
For all representations of the results, we see a transition from
light systems with high barrier and saddle point lying close
to the fission point to heavy systems with low barrier and
long descent. These features, which are well known for the
potential energy, also persist for the entropy (taken with the
opposite sign and appropriately normalized). For the qualita-
tive understanding of the results of the CDSM in the lan-
guage of entropy, it must be identified with the potential
divided by the temperature. For example, —S=2 means
that the fission barrier (in mega-electron-volts) is approxi-
mately twice as large as the temperature, and the use of the
statistical approach is justified. In contrast, —S,4=0.2 means
that the fission barrier is five times smaller than the tempera-
ture, and to avoid order-of-magnitude errors it is necessary to
approach the problem dynamically. A discussion of the de-
tails of the mutual relationship of —S and V/T can be found
in Ref. 63.

Figure 6 compares the dynamical and statistical descrip-
tions of the fission rates. Here and until the end of this sec-
tion, B=15-10?' s™!, corresponding to overdamping. As was
to be expected, the dynamical fission rate Ry 4y, , calculated
in the traditional manner using Eq. (12), does not agree with
the statistical fission width R{®W [expression (22)], which
was widely used earlier (Refs. 22, 23, 26, 66, and 72).
Whereas Ry 4y, underestimates the true fission rate Ryypy,
ignoring the surface effects in the level-density parameter,
REPW in contrast, overestimates the influence of these ef-
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FIG. 6. Fission rates calculated by means of the traditional expressions
[Ry,, RLE (12); RE¥BY: Eq. (22)] and comparison with the results of the
modified approach [Rgy,: RLE (29); Ryppr: Eq. (31); and R, Eq. (32)].
The calculations were made with the level-density parameter of Ref. 91 for
E¥ = 50 MeV (Ref. 78).

fects, since it includes the ratio a;/a, , where the value of a;
is taken at the saddle point of the potential energy, which is
deformed much more than the saddle point of the entropy.
The upshot is that RKBY exceeds Ry, dyn Dy more than an
order of magnitude.

In our consistent approach, the value of Ry, , calculated
from the solution of Eq. (29), is close to the modified statis-
tical expression for R yppr [expression (31)]. In each specific
example, the approximate expression for the statistical fis-
sion rate R, [expression (32)] even agrees with the dynami-
cal result exactly, but this, of course, is fortuitous.

The dynamical and statistical descriptions of the process
are compared in Fig. 7 for the distribution with respect to the
deformations of the particles that have not yet reached the
scission point. Of course, the picture changes in time until a
quasistationary flux through the barrier is established. Figure
7 shows the “relaxed” situation, corresponding to the time
2-107' 5. Distributions of the particles corresponding to the
canonical [exp(—V(q)/T)] and microcanonical [exp(S(q)]
ensembles are compared. It can be seen that the second dis-

—
-}

-
»

209Bi,1 =0,Efne=236MeV

-
~

o LE after 2*10-19sec
= exp(-V/T)
—exp(S )

—
o o

particle distribution (arb.units)

0O N &~ &

FIG. 7. Distribution of particles that arise in the LFDD with the use of the
RLE (29) up to the time 2-10 195 (O) and equilibrium distributions ob-
tained using the potential (dotted curve) and centropy (continuous curve).
The values of all three distributions are taken to be the same as the
maximum.”™
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FIG. 8. Quasistationary fission rate obtained dynamically, R4y, (O, left-hand
axis), the ratio R ygpy/R 4y (dot—dash curves), and R, /R 4y, (dashed curves)
calculated (a) for 2PBi at L =0 as a function of the internal excitation en-
ergy, (b) for *Bi at E¥, = 108 MeV as a function of the angular momen-
tum, and (c) for L=0 and Ej%, = 288 MeV as a function of the fissility
parameter.’®

tribution agrees much better with the dynamical distribution
than the first.

We now turn to a discussion of the consistency of the
dynamical [(21) and (29)] and statistical [the “‘exact” (31)
and approximate (32)] fission rates for different excitation
energies, angular momenta, and values of the fissility param-
eter.

Figure 8a shows the dependence of the quasistationary
value of Ry, on the excitation energy for the 2098 nucleus at
zero angular momentum. Note that the absolute value of R,
ranges over almost two orders of magnitude. For the com-
parison of R, with the statistical fission rate, we show the

Fatios R /Ry, and Ry, /Ry, . As can be seen from the

figure, the deviations of these ratios from unity do not exceed

20%. The deviations of R yy.pp and R, from each other are

app
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also about the same. It can be seen that the exact agreement
of R,p, with R, in Fig. 6 is indeed fortuitous. A similar test
of the consistency of the dynamical and statistical branches
of the CDSM for different values of the angular momenta is
made in Fig. 8b for the example of *°Bi at E¥=108 MeV.
Only for very high angular momenta do we observe a dis-
crepancy between the dynamics and statistics greater than
25%. In the practical calculations for such large angular mo-
menta, transition to the statistical branch is not used, since
the nuclei fission rapidly in the dynamical regime. In Fig. 8c,
we compare the various methods of calculating the fission
rates in a wide range of the fissility parameter of the com-
pound nucleus at zero angular momentum and E*=288
MeV. For small values of X, Rygpr and R, exceed Ry, ,
but with increasing fissility parameter this tendency is re-
placed by the opposite one. The deviations of R \ppr and Rapp
from R, for not too small X again do not exceed 25%. As
we have already noted, for light nuclei (X<0.55) at zero
angular momentum our model ceases to be valid. The in-
creasing deviations of Rygpr/R gy, and R /R gy, from unity
in the region of heavy nuclei are unimportant, since in prac-
tical calculations for such nuclei the transition to the statis-
tical branch is not used.

2.6. Distribution of the compound nuclei with respect
to the spinsg®7274

The distribution of the compound nuclei with respect to
the spins has a strong influence of the values of the observ-
able quantities. For this purpose, we used in Refs. 63, 72, 73,
and 100 the surface-friction model developed by Frobrich
and collaborators (Refs. 56, 101, and 102) to describe fusion
and deep inelastic collisions of heavy ions (it should not be
confused with surface one-body dissipation!). This model is
based on the one-body mechanism of dissipation proposed
by Gross and collaborators (Ref. 8) and on Langevin equa-
tions for the collective variables, the role of which is played
by the intercenter distance and the deformation of the collid-
ing nuclei. After the calculations, the partial fusion cross
sections were approximated by

2w 21+1
D=5 =y
C
1 +exp( 3l )

(45)

which was used in the CDSM as a weight function with
respect to the partial waves in the dynamical and statistical
calculations. A typical dependence of the parameters /. and
ol on the energy of the incident ion for the example of the
160 +208pp—224Th reaction is shown in Fig. 9a. The behav-
ior of the diffusivity parameter &/ as a function of the energy
can be understood on the basis of the simple expression for
the mean-square displacement of a free Brownian particle:
(y)~T-t. At high energies, the temperature becomes
higher, the amplitude of the fluctuations is increased, and the
diffusivity parameter increases. At low energies, the relative
motion of the fusing nuclei becomes slow, and the weak
(because of the low temperature) fluctuations have sufficient
time to deflect the system significantly from the average path
in the phase space. As a result, the diffusivity again increases
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FIG. 9. (a) Parameters of the distribution of the compound nuclei with
respect to the spin /. and &I extracted from calculations in the surface-
friction model®!°"12 for 10+2%%pb as a function of the laboratory energy.
(b) Experimental fission cross sections for '°0+2%Pb—22*Th from Ref. 108
(X), Ref. 109 (<), Ref. 110 (OJ), and Ref. 111 (O), compared with the
results of calculations in the surface-friction model (Refs. 56, 101, and 102,
.)_73

with decreasing energy, but now for a different reason from
the case of high energies. The minimum value of &/ is at-
tained at intermediate energies of the projectile.

For the example of the '°0+2°Pb—??*Th reaction, Fig.
9b shows the quality of the agreement of the fusion cross
sections calculated in the surface-friction model’®'%! with
the experimental cross sections. This quality is typical for the
reactions discussed in the following two sections.

Later, a parametrization of the I, and &I obtained in the
surface-friction model was proposed.”* For [ ¢ » the parametri-
zation has the form

1.=0.22- (A, A, /A.,)- (A} +A]7)
X(1.54+0.93(Eqn—V.)), (46)

if the energy of the projectile in the center-of-mass system,
E .. is greater than the height of the fusion barrier V., for
which the simple Coulomb ansatz

Ve=5/3-a.2,Z,/(A,>+A]”+1.6) 47)
with a,=0.7053 MeV is used. For E_,—V .>120 MeV,

1.=2.5V(A, A, 1A.)- (A +A]"). (48)

It is more difficult to parametrize the diffuseness of the
distribution of the compound nuclei with respect to the spins.
For this purpose, we proposed the ansatz

(A, A)Y*-1073-(3+0.04E) for E>O0,
(A, A)**-1073-(3-0.08E) for E<O.
Here E=E_,—V.—10 MeV. Figure 10 illustrates the quality
of our parametrization. It is far from perfect, but it is helpful
to bear in mind the following. The deviations of the curve

sl= (49)
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FIG. 10. Results of calculation of the parameters /. and ! of the distribu-
tion of the compound nuclei with respect to the spin by means of the
surface-friction model (Refs. 56, 101, and 102), compared with the calcula-
tion in accordance with the approximating expressions (46)—(49).™

constructed in accordance with the expressions (49) from the
“exact” values (which, in their turn, are extracted from the
results of the calculation in the surface-friction model) play
no role in the below-barrier region, since the parametrization
was designed from the very beginning to obtain rapidly the
distributions of the compound nuclei with respect to the
spins when E_,>V.. Exact values of &/ are important
mainly for light compound systems by virtue of their low
fissility, and the most serious inconsistencies between the
parametrization and the exact &/ arise for comparatively
heavy systems (‘°0+'"’Au, ’F+2%2Th), which nevertheless
fission with almost 100% probability.

2.7. Algorithm for calculations in the CDSM

The calculations in the CDSM are made in accordance
with the following algorithm, which is illustrated in Fig. 11.
The Langevin dynamical calculations begin from the
ground state with total excitation energy E{, and angular

total energy exit 1

channel

entrance
| channel

emission

AN

energy

fusion saddle

int ound
po & scission \
state g4

point

L 2

center-of-mass distance

FIG. 11. Qualitative illustration of the logic of calculations in the CDSM.™
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momentum /. The number of trajectories with given initial
conditions is proportional to the partial fusion cross section
calculated in accordance with the surface-friction model or in
accordance with the parametrization from the previous sub-
section. Expressed in discrete form, the RLE is

T /(dS
du+1=9nt .;]- E

0+ T/ b’ (1). (50)

Here b'(t) is a normally distributed random variable with
variance 2. The emission of light particles and vy rays in the
dynamical branch is modeled as follows.”” For each step In
the time 6, the decay widths I', (v=n, p, &, d, ) are calcu-
lated. At the same time, we use the expressions for the cross
sections of the inverse reactions for the particles'® that best
approximate the exact calculations with optical potentials
and the expression for the width for emission of a giant di-
pole vy ray.m‘“o5 Then the random number &, which is ran-
domly distributed over the interval (0,1), is sampled and
compared with the ratio of the integration step of the RLE to
the mean emission time 7., (0<¢<1; T =Alo=3,1",). If
& <0/7y,,, then an emission event is assumed to have taken
place, and the species of the emitted particle is established by
the usual Monte Carlo scheme in accordance with the partial
decay widths, I', /T',,; . This procedure reproduces, in particu-
lar, the radioactive-decay law and is a numerical realization
of its differential form. The energy of the emitted particle is
calculated by Neumann’s method. The integrand in the ex-
pression for I', plays the role of the generating function.
After each emission event, the excitation energy, potential,
and temperature are recalculated, and the dynamical calcula-
tions are continued. The loss of angular momentum is taken
into account in a rough approximation: It is assumed that on
the average a neutron carries away 1%, a proton 1%, an «
particle 2%, a deuteron 2#, and a 7y ray 1%. These values
correspond to the upper bounds of the result obtained in the
standard statistical model by the method of Hauser and
Feshbach.”"'%¢

Ultimately, the dynamical trajectory either reaches the
scission point (in this case, a fission event is “detected’), or
the internal energy of the particle, which has still not yet
reached the saddle point (¢ <<qy), is reduced to a value

E*<min(B, ,By), (51)

where B, is the binding energy of the particle of species v,
and By is the fission barrier. The event is then detected as an
evaporation remnant.

If neither the one thing nor the other occurs during a
certain preassigned time =1, and the difference between the
entropy in the ground state and at the saddle point exceeds a
certain preassigned value Sqpar,

S(qgs)—S(qsa)> Ssrars (52)

then a transition to the statistical branch of the model is
made. If the relation (52) does not hold, the dynamical cal-
culations are continued.

Figure 12 shows the multiplicities of prescission neu-
trons as functions of the parameters ¢, and S¢pup calculated
in the CDSM for *®Pb at £, = 150 MeV. It can be seen that

(1) and the two components of this multiplicity—the part
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FIG. 12. Results of calculation of the multiplicity of prescission neutrons
(@) for 2°Pb at total excitation energy 150 MeV as a function of: a) the time
t4 during which the Langevin calculations are made; b) the parameter Sgp,r -
The contributions of the prefission (gs) and descent (ss) neutrons to (npm)
are also shown. All functions exhibit saturation at 1,>30-107%' s and
Sstar>>1.5. The calculations were made for L =50 and Sgrsr=2 in case (a)
and for L=60 and 14=0 in case (b).%*

emitted before the barrier, (n gs), and the neutrons evaporated
during the descent, {n )—cease to depend on the particular
values of ¢4 for t;>30-10"! s (Fig. 12a). The value of Sgyar
ceases to affect (n ) and the components of this multiplicity
when Sgpar=>1.5 (Fig. 12b). The actual values of the param-
eters t4 and Sgrar that were used in the calculations,
t4=100-10"2" s and Sgpsr=2, guarantee, thus, that the
physical results do not depend on the parameters of the
“switching” to the statistical branch.

~ After the transition to the statistical branch, the partial
widths I', for the emission of particles are calculated in the
same way as in the dynamical branch, while the fission width
I'¢=#%R ,,, is calculated in terms of the modified fission rate
(32). The usual Monte Carlo procedure is used to generate
“multichance” fission and subsequent emission of particles.
After each emission event, the excitation energy and angular
momentum are recalculated, and the calculations are contin-
ued until fission occurs or the excitation energy becomes
sufficiently small for the condition (52) to hold. Then the
event is detected as an evaporation remnant.

3. ANALYSIS OF FISSION CROSS SECTIONS AND
THE MULTIPLICITIES OF PRESCISSION
NEUTRONSS7475

3.1. The role of the consistency of the dynamical and
statistical descriptions of the fission rate for the
analysis of experimental data

In the first subsection of the previous section, we dis-
cussed the need for a consistent description of the dynamical
and quasistationary stages of the fission process from a gen-
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FIG. 13. Multiplicities of prescission neutrons (n,.) and fission probabili-
ties P; for '°O+!Nd—'8Er, 'F+'8'Ta—2®Pb, and 'F+>’Th—>'Es
(Ps=100%) calculated using the Langevin equation (12) and the modified
Bohr—Wheeler expression (22) (points joined by solid lines), compared with
experimental data. Agreement can be achieved only by using different val-
ues of B: '*Er (8=20-10%' s7), ®'Es (8=7-10?! s71), 2®pPp (8=3-10?'
s™"). The symbols that show the experimental data for (n) are: O and
half-filled circles for '®*0+'3Sm (Ref. 112); O and half-filled diamonds for
2Ne+'81Ta (Ref. 62); half-filled triangles for '*0+'*“Sm (Ref. 114). The
symbols that show P and (g are: O (Ref. 115); O (Ref. 116); A (Ref. 117);
V (Ref. 118); the hatched region is from Ref. 62 (Ref. 63).

eral theoretical point of view. Here we show that analysis of
experimental data also forces us to the modification de-
scribed in the previous section.

In Ref. 72, the multiplicities (n,.) of prescission neu-
trons and the fission probabilities P; were calculated for the
F + 18173 200P} reaction. It was found that the correspond-
ing calculated excitation functions agreed with the experi-
ments for B=3-10*' s™!. The Sierk barriers'”’ and level-
density parameter a(g) of Toke and Swiatecki® were used.
Equation (12) was used to describe the dynamics of the pro-
cess, and the statistical fission rate was calculated in accor-
dance with (22). In the same approach, it is possible to re-
produce the excitation function {(n,.) and P; for the
160+ 12Nd— '58Er and '°F+2*2Th—%'Es reactions but with
different values of the damping coefficient: 8=20-10%! s~!
and B=7-10* 57", respectively.63 The results of these calcu-
lations are illustrated by Fig. 13. Such a situation cannot be
recognized as satisfactory, since we are convinced that a
physically sensible damping coefficient must be a universal
parameter for different systems. This conviction is confirmed
by the example shown in Fig. 14. It shows that the damping
coefficient calculated by the Werner—Wheeler method® for
two-body viscosity along the fission valley for nuclei in a
wide range of Z and A behaves as a universal function of the
fission coordinate ¢.

Thus, the traditional approach based on Egs. (12) and
(22) is unsatisfactory not only for purely theoretical reasons.
It does not enable us to extract a universal parameter 3 from
analysis of the experimental data.
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FIG. 14. The damping coefficient B calculated by the Werner—Wheeler
method® in the model of two-body viscosity as a function of g for three
different nuclei.'?' The open symbols are for B=17,,/m,,, and the black
symbols for B=17,,(m" l)qq. The curve is the calculation of Ref. 119 for
2I3A¢, which we have reduced to v,=2-10"2* MeV-s-F > (Ref. 63).

3.2. Choice of numerical values for the coefficients of
the deformation dependence of the level-
density parameter

The situation is changed when we use the CDSM based
on Egs. (29) and (32) and the entropy as a central quantity.
Figure 15 shows the results of calculations of the excitation
functions (n,,) and P for seven reactions with three differ-
ent values of B in a comparison with experimental data. The
calculations were made using the Toke—Swiatecki level-
density parameter.69 The experimental excitation functions
(np,e) are reproduced satisfactorily with the strong damping
B=20- 10*' s™! for almost all reactions. The excitation func-
tion P; can be reduced for all reactions with the much less
strong damping B8=3-10*' s~!. However, it is still not yet
possible to reproduce the multiplicity of the neutrons and the
fission probability with the same B. This is not a universal
description.

Besides B, there are two “parameters” in the problem
that can be varied. These are the set of liquid-drop coeffi-
cients in the potential energy [see the expressions (34) and
(35)] and the set of coefficients (43) in the expression (42)
for a(q).

The set of liquid-drop coefficients influences the height
of the fission barrier, the importance of which decreases with
increasing energy, as can be seen from the expression (44)
for the entropy in the Fermi-gas model. However, our prob-
lems are concentrated in the region of high energies; for
energies near the Coulomb barrier, the different 8 give ap-
proximately the same (n.). At the same time, the impor-
tance of the coordinate dependence of the level-density pa-
rameter increases with increasing energy. Therefore, in what
follows our attention will be concentrated on it.

To reproduce the experimental data on {n,,.) and Py si-
multaneously with the same damping coefficient, it is neces-
sary to weaken the coordinate dependence a(q) compared
with the dependence obtained in Ref. 69. This will make it
possible to “*close” the fission channel at high excitation
energies and to emit more neutrons without changing
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same symbols. Systematic agreement with the data on (npre) for all systems
can be achieved with 8=20-10*' s™' (dot—dash line), whereas for P; and
1=P; it is achieved with 8=3-10?' s™' (solid lines). The results of the
calculations with 8=10-10%' s™' are shown by the broken lines.®*

strongly the total fission probability, especially at not too
large angular momenta.

The existing sets of parameters a, and @, in the literature
were analyzed by Smirenkin and collaborators in Ref. 87. It
follows from this analysis that the Toke—Swiatecki
parameters® lead to almost the strongest coordinate depen-
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dence of the level-density parameter, whereas the parameters
of Ignatyuk and collaborators®' represent the opposite case.

The absolute value of the level-density parameter in the
ground state obtained by different authors is shown in Fig.
16a as a function of the mass number. The coordinate depen-
dence a(q) is shown in Fig. 16b for A=216. Using the
weaker coordinate dependence a(q) from Ref. 91, we obtain
a satisfactory description of both () and P for light and
medium nuclei (X<0.8) with damping coefficient 8=2-10?'
s~!, which corresponds to two-body viscosity yy=2-10"%
MeV-s-F 3. The results of the corresponding calculations
arc shown in Figs. 17a and 17b. However, there is still a
certain underestimation of (n,.) for 200pp (X=0.834), and
this discrepancy increases with increasing energy of the pro-
jectile. For heavy systems such as *>'Es (X=0.834) in Fig.
17c, the calculated multiplicity of the prescission neutrons is
much smaller than the experimental multiplicity. The reason
for this resides in the two main differences between light and
heavy nuclei. The former have a high fission barrier, and a
descent section is practically absent; the latter have a low
barrier and long descent. Therefore, in the case of *“Pb a
large proportion of the neutrons is evaporated when the
nucleus (the Brownian particle) fluctuates near the ground
state (at least, for not too large laboratory energies), attempt-
ing to overcome the higher barrier (prefission neutrons). For
5IEs, however, a large fraction of all the prescission neu-
trons must be identified with neutrons evaporated on the de-
scent from the saddle to scission (descent neutrons).

Thus, the comparative analysis of (n,.) and P for light

1. . Gonchar 408



a) 19F+81Ta=>200pPp

0'9
»

2
0
~ 100
€ w0
S 60
i
E 20
0

c) 19F4+332Theo231Bg ° o

3 2 o gt
0
70 90 110 130 150
Eib (MeV)

FIG. 17. (a) Multiplicities of prescission neutrons and (b) survival probabili-
ties for 2Pb calculated with the level-density parameter of Ref. 91 and
B=2:10"" 57! (dot-dash lines) and 3-10?' s (solid lines). (c) {n,,) for
BlEs (P=100%) calculated with the same values of the parameters. The
experimental data are identified as in Fig. 3 (Ref. 63).

and heavy systems shows that the dissipative properties of
the nuclei near the ground state and during the descent must
be different.

3.3. Choice of the damping coefficient of the
collective motion along the fission coordinate

In order to reconcile the results of the calculations of
(npre) With the experimental data for heavy systems and, si-
multaneously, to maintain this agreement for light systems, it
was proposed to use a coefficient 8 >2-10*' s™! but only in
the region of deformations where it no longer influences (or
influences to a minimal degree) the fissility. A universal (i.e.,
independent of the system) method of doing this is shown in
Fig. 18, which gives the damping coefficient 8 as a function
of the deformation. Near the ground state and as far as
g=0.6, at which a neck of the nucleus begins to form, we use
the constant value B=2-10%' s~'. For ¢>0.6, B increases
linearly and reaches the value B,.=30-10?' s™! at the sciss-
ion point (g =1.19).

This value of B is obtained by fitting the multiplicity of
prescission neutrons for the '°F+232Th—?'"Es reaction at en-
ergies E,,=102 and 137 MeV of the projectile, and it was
taken in what follows as universal for all fissioning systems
at all energies.

A systematic comparison with experimental data will be
made in the following subsection; for the moment, we at-
tempt to explain qualitatively the increase of the damping
coefficient. It appears that the dissipation mechanism begins
to change its nature when a neck appears in the nucleus. The
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FIG. 18. Damping coefficient B as a function of g. The solid line is the
approximation proposed in Ref. 63; the dot—dash curve is the calculation by
the Werner—Wheeler method for 2'>At in the model of two-body viscosity''®
reduced to our ¥,=2-10"2> MeV-s-F3; the dashed curve is the calculation
of Ref. 118 for 2'*At in the model of one-body dissipation; the solid symbols
represent the calculation in the model of surface one-body viscosity with
coefficient of reduction of the wall term equal to 0.27 (Ref. 121). The
vertical lines show the ground state (g=0.375) and the scission point (g
=1.19).

thinner the neck and the more strongly the incipient fission
fragments are individuated, the more the situation resembles
the entrance channel of the fusion—fission reaction, where
the surface-friction model'®""'% agrees excellently with ex-
periment. However, an estimate of the damping coefficient of
the radial motion in the surface-friction model leads to val-
ues even greater than 30-10?! s™'. On the other hand, the
entrance reaction channel corresponds to oblate shapes of the
reacting partners, whereas the fission fragments before fis-
sion have prolate shape. At the same time, the most popular
models of dissipation in fission—two-body viscosity,” the
“wall and window” model,!"* and the surface one-body
mechanism®>—do not lead to the dependence B(g) that is
required to reproduce systematically the experimental data
on (np,e) and P;. This can be seen in Fig. 18. Our conclusion
is that the main dissipation mechanism during the descent of
the nucleus from the saddle to scission is at present unknown
and that the problem does not reduce to a choice between
one-body dissipation and two-body viscosity.

3.4. Multiplicities of prescission neutrons and fission
probabilities: comparison with experimental data

In this subsection, we present the results of comparison
of the theoretical values of the mean multiplicities of prescis-
sion neutrons and the fission probabilities with the experi-
mental data for seven compound systems whose fissilities lie
in the interval from X=0.637 to X=0.834 and whose inter-
nal excitation energies range from 20 to 200 MeV. The cal-
culations were made with the level-density parameter from
Ref. 91 and with the coordinate-dependent damping coeffi-
cient from the previous section. For brevity, we shall refer to
this set of parameters as the standard parameter set. The
quality of the agreement between the CDSM and experiment
can be gauged from Fig. 19. It is important to note that in the
calculations we did not use a single adjustable parameter
with values different for different compound systems. Al-
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FIG. 19. The values of (n,.) and P (or the survival probability 1—Py)
(points connected by the solid continuous lines) calculated in the CDSM
with the level-density parameter of Ref. 91 and a damping coefficient that
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with experimental data. Figures 19a, 19¢, 19¢, 19g, 19i, 19k, and 19m also
show the prefission (gs) and descent (ss) contributions to (n,.). For B1gs
(P¢=100%) in Fig. 19n the calculated mean fission times (points connected
by the solid continuous lines) are compared with the characteristic fission
times extracted from the data on (i) in Ref. 62 (Fig. 5b) for the similar
system Ne+Th (hatched region). The symbols for {n,,) are as follows: O
and half-filled circles for 8Si+ ""°Er (Ref. 112); ¢ and half-filled diamonds
for *°Ne+''Ta (Ref. 62); A (Ref. 120); V and half-filled triangles for
B0+ 19Tm, ¢; 1°0+ "W, g; 80+ '7Auy, i; *'°0+2%U, m (Ref. 114). The
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same as in Fig. 15 are identificd by the same symbols (Refl. 63).
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though it does not give perfect agreement with the experi-
ments, our model obviously reproduces the main experimen-
tal tendencies in (n,,.) (see Figs. 19a, 19¢, 19, 19g, 19i, 19k,
and 19m) and P; (Figs. 19b, 19d, and 19f). Instead of the
fission probability, Figs. 19h, 19j, and 191 show the survival
probability 1 — P, for which satisfactory agreement with the
experiments is also achieved. The only case in which there is
serious disagreement with the data is the survival probability
for the '®°0+2%8Pb—22*Th reaction (see Fig. 191). This reac-
tion is discussed in detail in the following section.

Figure 19n shows instead of P; the mean fission life-
times, which are obtained naturally in the CDSM. They are
in satisfactory agreement with the characteristic, so-called
fusion—fission time scales obtained from analysis of experi-
mental data in Ref. 62. The time distributions of fission
events will be discussed in more detail in the following sec-
tion.

We now concentrate our attention on the behavior of
(npre) and the two components of it, (ny) and (n), as the
internal excitation energy is changed (Figs. 19a, 19c, 19e,
19¢, 19i, 19k, and 19m). In these figures, it can be seen that
there are two sections with different slopes of (). These
slopes are determined by the two different contributions to
the prescission multiplicity: the prefission neutrons {n,) and
the descent neutrons {n), which are also shown in the fig-
ures. For light systems with a fission barrier greater than or
equal to the neutron binding energy and for small projectile
energies, the values of (ny) are small compared with (n),
and therefore the low-energy part of (np,e) is determined by
(ngs). For heavy systems and high excitation energies, the
(n,) contribution increases. For the systems with the longest
descent and the lowest fission barrier, the descent neutrons
are predominant at all energies (see Fig. 19m).

The recently published experimental study of Ref. 123
discussed the question of how much of (n.) is evaporated
before the saddle and how much during the descent. The
conclusions drawn by the authors from the analysis of the
distributions of the fragments with respect to the masses and
energies qualitatively confirm our theoretical results: For
light nuclei at E*~50-100 MeV, most of the neutrons are
evaporated before the saddle point is passed, whereas for
heavy compound systems there must be an appreciable con-
tribution of (n).

The experimentally found slope d(n,e)/dE* [see Ref.
31, Eq. (3.11)] agrees with the slope of our theoretical curves
in the range of energies in which it is determined by the
descent neutrons. In this region of energies, the (ngs)(E*)
curves reach a plateau. The reasons for this “saturation” and
the role of the angular momentum in the energy dependence
of (1) (ny), and (n) are discussed in detail in Refs. 63
and 64. We mention here that this is a purely heavy-ion
effect—it must be absent in reactions induced by light par-
ticles.

It is interesting to consider whether the results of the
calculations for other observables agree with the experiments
and to establish which of these observables are particularly
sensitive to the behavior of B(¢). The following, final sec-
tion is devoted to this question.
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FIG. 20. Spectra of prescission neutrons (n), giant dipole v rays (y), pro-
tons (p), and « particles (@), normalized to the corresponding mean multi-
plicities. The calculations were made for '%O+2%Pb—?2*Th at projectile
energy E,,=140 MeV. As is indicated in the figure, the spectra are multi-
plied by 10, 10%, 10°, and 10° for n, ¥, p, and a, respectively. The vertical
lines show the mean energies of the corresponding particles (Ref. 73).

4. ANALYSIS OF OTHER OBSERVABLES BY MEANS
OF THE CDSM (REFS. 72-76, 100, AND
124-127)

The search for the manifestation of dissipative effects in
nuclear fission in other observables besides the energy distri-
butions of the fragments and the mean multiplicities of the
prescission neutrons has recently become the subject of
many experimental and theoretical studies.'?%!28-142

In particular, the unexpectedly large yield of 7y rays in
coincidence with fission events found in Refs. 128—131 is
interpreted by the authors of those studies as evidence of
strong friction with respect to the fission mode in compact
configurations. This conclusion contradicts our results pre-
sented in the previous section.

To resolve this contradiction, and also to establish which
of the observables are most sensitive to the value of the
damping coefficient, we made a series of calculations, the
results of which are presented in this section. An important
difference between these calculations and the ones presented
earlier is the greater statistics. Whereas for the analysis of
(e it is sufficient to calculate several thousand trajectories
for one reaction, in this section we present the results of
calculations with several hundreds of thousands of trajecto-
ries for each reaction. Such a high statistics makes it possible
to analyze not only the multiplicity of the neutrons but also
that of the charged particles and giant dipole 7y rays, and also
the spectra of all evaporated particles.

A typical example of such calculated spectra “detected”
in coincidence with fission is shown in Fig. 20. The calcula-
tions were made with the standard parameter set. The spectra
are normalized to the total number of fission events. The
calculations were made for the '*O+%%Pb reaction at labo-
ratory energy 140 MeV. If these spectra are integrated over
the energies of the particles, the corresponding prescission
multiplicities are obtained. The figure clearly reveals a
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FIG. 21. Results of calculations of the multiplicity (n,.) of prescission
neutrons for the '0+2%Pb—?2*Th reaction in comparison with the experi-
mental data of Refs. 120 and 114 (O) as a function of the excitation energy
E¥ . The calculations in the CDSM were made with (a) the standard param-
eter set (SPS) and (b) 8=20-10%' s™! (heavy continuous curve). The dot—
dash curve shows the contribution of the descent neutrons (ss), and the
dashed curve shows the contribution of the prefission neutrons (gs). The thin
continuous curve shows the result of the statistical calculation (SM).”?

threshold for emission of protons and « particles that reflects
the Coulomb barrier.

4.1. Spectra and multiplicities of prescission
neutrons’

The influence of the fission dynamics on the spectra and
multiplicities of prescission neutrons was investigated theo-
retically in Refs. 138 and 144. The results of these studies
led to the conclusion that the value of the delay time influ-
ences the shape of these spectra and that allowance for
charged-particle emission leads to an increase in (np,e). We
made calculations of the spectra of prescission neutrons for
the '90+2%Pb—22*Th reaction. This reaction is interesting
in that it has been studied by several groups of experimen-
talists (Refs. 110, 120, 122, and 128-132). Calculations
were made not only for the standard parameter set but also
for B=20- 10%' s7!, which was extracted in Refs. 128—130
from the spectra of prescission 7y rays. This value of B is
close to the value obtained in the wall-and-window model
for compact configurations (see Fig. 18). This figure also
shows the results of calculations in the statistical model
made by means of a statistical code that, essentially, is the
statistical branch of the program that realizes the CDSM. It
differs from the standard statistical codes in using the en-
tropy instead of the potential energy.

In Fig. 21, we compare the results of calculations of
(npre) With the experimental data of Refs. 120 and 114 on the
multiplicities of prescission neutrons, which are usually re-
garded as the main indicator of dynamical effects in fission.
Figure 21a shows the result of the calculation with the stan-
dard parameter set that we have already seen in Fig. 19k and
also the purely statistical result. It is obvious that the latter is
unsatisfactory. Figure 21b shows the result to which the
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CDSM with constant damping coefficient 8=20-10*" s~

leads. As can be seen from the figure, this value also leads to
reasonable values of the neutron multiplicities, except for the
high-energy point. The two calculations in the CDSM that
are compared in Fig. 21 lead to very different (n ) compo-
nents, which, unfortunately, are not measured in the experi-
ments. These components are also shown in the figures. With
the standard parameter set, the prefission multiplicities (n,)
are saturated at comparatively low energies, and the ob-
served growth of (n ) is entirely due to the descent neutrons
(n,,) (Fig. 21a). For 8=20-10?' s™', the prefission contribu-
tion (n,) is predominant up to hlgh energies (Fig. 21b).
However, the analysis of the anisotropy of the fragment an-
gular distributions for the considered reaction made by Ross-
ner and collaborators in Ref. 120 shows that for high excita-
tion energies an appreciable number of neutrons are emitted
after the saddle point has been passed. This result agrees
with the one given in Fig. 21a for the standard parameter set
and contradicts the large constant value 8=20-10*' s™! of
the damping coefficient. However, this is only an indirect
confirmation of the adequacy of our standard parameter set.

Comparing the results of the calculations of the neutron
multiplicities, we are forced to the conclusion that by them-
selves they do not allow us to give preference to one particu-
lar coordinate dependence of B over another. However, they
do show that the value of 8 averaged over all deformations
has the order of magnitude (10-20)-10*' s™!. This value is a
few times larger than the value B8<4-10*' s~' obtained in
Ref. 144 and the value B<(5-6)-10' s~! obtained in Refs.
26 and 36. Thus, the neutron multiplicities carry information
about the mean value of the damping coefficient (which is
found to be rather large) but are unsuitable for investigating
its coordinate dependence.

In accordance with the conclusions of Refs. 138 and
144, independent information about 8 must be contained in
the spectra of the prescission neutrons. These spectra were
measured, in particular, by Rossner and collaborators in Ref.
120 for the '°0+2®Pb—??*Th reaction. They approximated
their results by the Watt spectrum

dN, En” En
= (53)

pre
377 €Xp
ds,,p I‘(3/2)Tpre Tpre

For laboratory energy E\,,= 128 MeV, the parameter 7'y
was found to be 1.7*0.1 MeV. The corresponding spectrum
that we calculated using the standard parameter set is shown
in Fig. 22. It agrees well with the experimental spectrum
without any special fitting.

In Fig. 23, we compare the measured mean energies of
the prescission neutrons as functions of the total excitation
energy E with the results of the CDSM obtained with two
coordinate dependences of B (standard parameter set and
p=20- 102 s_'). For comparison, this figure also shows the
results of statistical calculations. It can be seen clearly that
all three calculations differ very little. Thus, the mean ener-
gies of the prescission neutrons do not carry information
about the dissipative properties of the fission mode.
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FIG. 22. Spectrum of prescission neutrons (histogram) calculated in the

CDSM with the standard parameter set for (128 MeV)'*0+2%®Pb—2**Th in

comparison with the experimental results of Ref. 120, where the spectra

were approximated by the Watt spectra with parameter Tp.=1.7+0.1 MeV.

The dashed curve and the dot-dash curve correspond to 7'.=1.8 MeV and
ore=1.6 MeV.?

4.2. Multi Pllcities and spectra of charged prescission
particles’375.76

We now turn to the charged prescission particles: pro-
tons, « particles, and deuterons. Here the experimental situ-
ation is rather contradictory. Thus, lkezoe and
collaborators! assert that the results of their measurements
of the multiplicities of prescission protons, {p ), and « par-
ticles, (), can be reproduced in the framework of the sta-
tistical model without any dissipation ("°F+2%pb reaction).
On the other hand, Lestone and collaborators'*>!3¢ had to
introduce a delay time in order to reproduce the experimental
values of (p,,.) and (a,) in the 164167.1T0F + 28G; reactions.

In Fig. 24, we compare the prescission multiplicities
(Ppre) and (@ ) calculated for the '*0+7%®Pb reaction with
the experimental data of Ref. 139 obtained in the similar
reaction '°F+2%Pb (the region of comparatively low ener-
gies) and with the data of Ref. 143 obtained in our reaction
(point at high energies). The situation is very similar to that

- B =20%1 02 sec-!
--SM

< &,,> MeV)
o= N W s W

100 140 180
Efot (MeV)

20 60

FIG. 23. Mcan cncrgics of prescission ncutrons calculated for the
160 +208pb—22%Th reaction as functions of the excitation energy. The calcu-
lations were made in the CDSM with the standard paramcter set (hcavy
continuous curve, SPS); with B=20- 10" s ' (dashed curve); and in the
statistical model (thin continuous curve, SM). The experimental data (O) are
from Refs. 120 and 114.7*

I. 1. Gonchar 412



0.15}
So.10
[-Y)
Y0.05 ,
0.00 = X
20 60 100 140 180
Efx (MeYV)

FIG. 24. Mean multiplicities of prescission protons calculated for the
160+ 29%ph—224Th reaction as functions of the excitation energy. The calcu-
lations were made in the CDSM (a) with the standard parameter set (SPS)
and (b) with 8=20-10%' s™! (heavy continuous line) and also in the statis-
tical model (thin continuous line, SM). Also shown are the descent (dot—
dash lines) and prefission (dashed curve) contributions. The experimental
data: O (Refs. 140 and 141) and A (Ref. 143).7

of the previous subsection for (n,,). Our statistical calcula-
tion leads to too low values of (p,.) and {a), particularly
at high energies, indicating the need to take into account
dissipative effects. The values of the multiplicities of prescis-
sion protons obtained in the CDSM with the standard param-
eter set (Fig. 24a) are practically indistinguishable from the
values corresponding to 8=20- 102 57! (Fig. 24b). Only the
prefission and descent contributions differ in magnitude, but
they are not measured in the experiments. The same can be
said of the « particles (see Ref. 73, Fig. 7). The agreement of
the calculations with the experiments in Fig. 24 is far from
perfect. It can easily be improved, for example, by reducing
the Coulomb barrier at low energies (this is a standard fitting
device; see, for example, Refs. 136 and 139—141). However,
such fitting is not our aim. With regard to high energies, here
one expects an enhancement of the preequilibrium emission,
leading effectively to a decrease of the excitation energy of
the compound nucleus. The experimental points are then
shifted toward the theoretical curves.

We also calculated for the '®*0+2%®Pb reaction the deu-
teron prescission multiplicity (d,.). At E;,=215 MeV, it
was found to be 0.037 and 0.034 for the standard parameter
set and for 8=20-10?! s, respectively. Both values are
close to the experimental value 0.030*+0.01 of Ref. 143.

The prescission multiplicities of « particles that we cal-
culated with the standard parameter set for the *’Ne+'"’Au
reaction are also in satisfactory agreement with the data of
Refs. 140 and 141 obtained for the similar '’F+'""Ar reac-
tion.

Thus, dissipative effects are manifested in the multiplici-
ties of the charged prescission particles only “on the aver-
age,” and new (compared with (n,.)) information cannot be
extracted.

The situation with regard to the charged-particle spectra
appears significantly worse than it does for the multiplicities.

pre:
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In many studies (Refs. 135, 136, 139—141, and 143), it has
been noted that the spectra calculated in the framework of
the statistical model are shifted to higher energies compared
with the experimental spectra. The qualitative explanation of
this effect usually reduces to the conclusion that the charged
particles are emitted mainly by deformed nuclei, for which
the Coulomb barrier is lower than for spherical nuclei. The
recent studies of Refs. 135 and 136 discussed one further
effect that leads to a softening of the spectrum of charged
particles and an enhanced yield of them. This is the decrease
in the binding energy of charged particles with increasing
deformation of the nucleus. The analysis in Refs. 135 and
136 was made on the basis of the statistical model, and it was
assumed that a nucleus emits particles for two fixed defor-
mations, corresponding to the ground state and to the descent
from the saddle. This second deformation is an adjustable
parameter of the model. The authors were forced to introduce
two further adjustable (although universal for the considered
systems) parameters: the delay time and the descent time. In
Refs. 135 and 136, they used a deformation-dependent level-
density parameter a, in the particle-emission channel but a
ratio a¢/a,=1; this is clearly contradictory. Other contradic-
tions are that all the adjustable parameters are independent of
the angular momentum and of each other, whereas the delay
time and descent time are manifestations of the same dissi-
pative effect. The anomalously large deformation for the
nucleus emitting particles during the descent is noteworthy—
its value is actually equal to the scission deformation. It can-
not be excluded that this is an indication of prompt fission,
which one must expect in more symmetric systems and with
increasing laboratory energy. It is interesting that much ear-
lier Aleshin'*>1%6 had already used the mechanism of prompt
fission and a deformation-dependent particle binding energy
to explain the large values of (p,.) and (e,.) in reactions
leading to comparatively light systems.

To study these dynamical effects in more detail, we cal-
culated the multiplicities and spectra of the charged particles
for the 28Si+'*Er—192pp reaction, which was studied in
Refs. 135 and 136. The results are presented in Fig. 25, in
which they are compared with the experimental data of Ref.
136. We see that the CDSM with the standard parameter set
(solid curves) reproduces quite well the measured (p ) and
(@) but definitely overestimates the mean kinetic energies
of these particles. The same picture is observed for the other
reactions. To improve the agreement of the CDSM with ex-
periment for the charged-particle spectra, we took into ac-
count, following Ref. 136, the dependence of the particle
binding energy and the Coulomb barrier on the deformation.
The results of such calculations are shown in Fig. 25 by the
dot—dash curve. We find that in a systematic dynamical cal-
culation the influence of these dependences is slight on both
the mean multiplicities and the mean energies. The next
modification consisted of an additional decrease of the Cou-
lomb barriers in order to bring them into correspondence
with the “experimental” values 9.4 MeV for protons and
18.8 MeV for «a particles (see Figs. 5 and 6 in Ref. 136).
However, this modification too, as can be seen from Fig. 25,
does not lead to elimination of the discrepancies with experi-
ment for the mean energies of the prescission « particles. For
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FIG. 25. Mean multiplicities of prescission protons (a) and «a patticles (b),
and also mean energies of prescission protons (c) and « particles (d) calcu-
lated for the %S+ '**Er—'9?Pb reaction as functions of the laboratory en-
ergy. The calculations were made in the CDSM with the standard parameter
set (@, heavy continuous line), with deformation dependence of the binding
energy and the Coulomb barrier (filled inverted triangle, dot—dash line), and
with additional reduction of the Coulomb barrier (A, dashed line). Experi-
mental data: O (Ref. 136).

the protons, the agreement with experiment for the mean
energies becomes much better, but the prescission multiplici-
ties of the a particles now significantly exceed the experi-
mental values.

Thus, the contradiction between the CDSM and experi-
ment for (sam) and & ppm) remains uneliminated. However, it
is unlikely that we are dealing here with dynamical effects,
since there is the same contradiction for the statistical model.
It is more likely that there is an effect of the difference be-
tween the reaction with absorption of a charged particle by a
cold nucleus (this reaction is a source of information about
the optical transmission coefficients) and the reaction in
which a particle is emitted by a hot rotating nucleus (it is
such a reaction with which we are dealing in the decay of the
compound system).

4.3. Multiplicities and spectra of prescission y
rays73,75

We now discuss the multiplicities of prescission (giant
dipole) y rays (V) and their spectra. Although there do
exist data on the spectra of 7y rays in coincidence with fission
events,'2 13! we could not extract from the published infor-
mation experimental spectra of prescission 7y rays. There is
also no direct experimental information about {y,). The cor-
responding data of the theoretical analysis of Ref. 129 dis-
cussed below were communicated to us by D. Hofmann.'"
The aim of our calculations is to confirm the assertion of
Ref. 129 that the prescission vy rays are very sensitive to the
dynamics of the fission process. In the calculations, we used
the standard expression'™ for the rate of decay through the
given channel with energy E;=80/A"" MeV of the giant
dipole resonance and width I';=5 MeV of the resonance.
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FIG. 26. Mean multiplicities of prescission giant dipole <y rays calculated for
the '0+2%Pb—22*Th reaction as functions of the excitation energy. a) The
calculations were made in the CDSM with the standard parameter set (heavy
solid line) and in the statistical model (thin solid line). Also shown are the
descent (dot-dash line) and prefission (broken curve) contributions. b) The
same as in (a) but the calculations in the CDSM were made with 8=20-10%'
s~ !. The figures also show the prescission (V), descent (CJ), and prefission
(A) y-ray multiplicities from Ref. 147 (Ref. 73).

As earlier in this section, we compare the results ob-
tained in the CDSM with the standard parameter set and with
B=20-10*' 57", and also in the statistical approach. The cor-
responding {7y} are shown in Fig. 26. It can be seen from
comparison of Figs. 26a and 26b that the multiplicities cal-
culated with different B differ by a factor in the range 2-7,
depending on the excitation energy. The greatest difference is
obtained at low excitation energies, where there are no mea-
sured data. However, at a total excitation energy around 100
MeV too the prescission y multiplicities are, as can be seen
from the figure, sensitive to the type of friction used in the
calculations. For total excitation energy Ef, = 83 MeV,
which corresponds to E,,=140 MeV and the energy at
which the measurements were made in Ref. 129, the y mul-
tiplicities calculated in the CDSM with different 3 differ by
a factor of about 3 (cf. Figs. 26a and 26b). This difference is
much larger than the difference between the corresponding
multiplicities of the neutrons and charged particles. Besides
our calculations, Fig. 26 also shows the (y,,) that we ex-
tracted from the calculated spectra of Ref. 147 that best ap-
proximate the experimental data at E;,=140 MeV (Ref.
129). Against the expectation, these multiplicities agree with
ours calculated with the standard parameter set and not with
B=20-10?" s~!, with which the analysis of Refs. 129 and
147 was made. The reason for this unnatural situation is that
the authors of Refs. 128—131 do not take into account cor-
rections in the expression for the y width associated with
exchange effects and with the tensor nature of the nuclear
forces. As is shown in Ref. 105, these corrections increase
the y width (or the integrated total cross section for photo-
absorption) by a factor 1.75 compared with the classical
Thomas—Reiche—Kuhn sum rule.'*® After multiplication of
the () extracted from Ref. 147 by 1.75, these multiplici-
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FIG. 27. Mean energies of prescission 7y rays calculated for the
160+ 2%%ph—,224Th reaction as functions of the excitation energy. Calcula-
tions were made in the CDSM with the standard parameter set (heavy solid
line, SPS), with 8=20-10%! s™! (broken line), and in the statistical model
(thin solid line, SM).”

ties lead, as was to be expected, to satisfactory agreement
with our multiplicities calculated with 8=20-10*' s™'.

We now discuss the prefission ((¥,s)) and descent ({y))
contributions to (%,), Which are also shown in Fig. 26 for
the calculations in the CDSM by the dashed and dot—dash
curves, respectively, and for the analysis of Ref. 129 by the
open symbols.'*” The prefission contribution is predominant
in (¥ from Ref. 147 and in our calculation with
B=20-10%" 57!, as was to be expected. In our dynamical
calculations with the standard parameter set, the prefission
and descent contributions are approximately equal to each
other for the considered total excitation energy EX = 83
MeV. This was to be expected, since friction in the case of
the standard parameter set is weak in compact configura-
tions.

Thus, the multiplicities of the prescission vy rays are,
judging from everything, very informative as regards the co-
ordinate dependence of the damping coefficient, especially at
moderate energies. It would be extremely desirable to obtain
direct experimental information about them. We see evidence
of strong friction during descent in the enhanced yield of
prescission 7y rays observed for the spontaneous fission of
22Cf in Ref. 133.

We now turn to a discussion of the spectra of prescission
v rays. The mean energies of the prescission vy rays <87pre>’
calculated in the statistical model and in the CDSM, are
shown in Fig. 27. These energies, calculated for 20-10%' s™!,
are much lower than for the standard choice of the param-
eters or in the statistical model. Thus, in the case of y rays
the mean energies are more sensitive to the coordinate de-
pendence of the damping coefficient than in the case of neu-
trons and charged particles.

The same features in the behavior of (y,,) and (sym)
are also found in the calculations that we made for the
ONe+'""Au reaction.

Summarizing this subsection, we can say that according
to the predictions of the CDSM the prescission dipole 7y rays
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FIG. 28. Cross sections for production of evaporation remnants in the
150+2%%Pb—?2*Th reaction as functions of the excitation energy. The thin
solid line gives the calculation in the CDSM with the standard parameter set
(SPS), the dotted curve gives the calculation in the CDSM with 8=20-10%
s”!, and the thin solid line gives the calculation in the statistical model
(SM). The curves to which the arrows point in the lower part of the figure
give the contribution of xn reactions. Experimental data: V (Ref. 132), A
(Ref. 122), O (Ref. 110).

must carry valuable information about the deformation de-
pendence of the damping coefficient. In this respect, their
multiplicities, which hitherto have been extracted from the
experimental data in a very uncertain manner, are especially
informative. Measurement of these multiplicities would be
extremely desirable.

The present status of the experimental data on vy rays do
not enable us to give preference to one form of friction over
another.

4.4. Cross sections for production of evaporation
remnants’3-7®

As we already discussed in the previous section, any
analysis of experimental data on fusion—fission reactions de-
serves to be taken seriously only when not only the multi-
plicities of the prescission particles are reproduced but also
the fission probabilities P; (the fission cross sections divided
by the complete-fusion cross section) or the survival prob-
abilities 1—P; (or the corresponding cross sections). Indeed,
it was by analyzing the excitation functions n,. and Py in a
wide range of Z and A that in the previous section we ob-
tained the standard parameter set.

For the '90+2%%pp reaction, the cross sections for the
production of evaporation remnants, oy , were measured by
Vulgaries and collaborators in Ref. 110 and by Hartel in Ref.
122 for energies near the fusion threshold; the cross sections
obtained in Ref. 122 were about three times larger. Recently,
we learnt of the study of Brinkmann and collaborators,'*?
who measured oy from the threshold to laboratory energy
140.5 MeV. These cross sections exceeded by more than a
factor 10 at the maximum the results of Vulgaris.''® All these
experimental data are shown in Fig. 28 together with the
results of our calculations. The results of the calculations of
o With different damping coefficients (8=20-10?' s™' and
the standard parameter set) differ by an order of magnitude,
but no conclusions should be drawn, since the spread of the
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FIG. 29. Cross sections for production of evaporation remnants in the
20Ne+ "7 Au—2"7Ac reaction as functions of the excitation energy. The con-
tinuous line gives the calculation of the CDSM with the standard parameter
set, and the dotted line gives the calculation in the CDSM with 8=20- 10"
s~!. Experimental data: O (Ref. 142).7

experimental data is too great. It is obvious that the situation
must be clarified in the first place by the experimentalists.
Figure 28 shows the contribution of the xn reactions to
the total og . It can be seen that the high-energy part of the
excitation function for production of evaporation remnants
owes its existence entirely to reactions with emission of a
charged particle (or particles). The growth of ogg in the re-
gion of high laboratory energies is explained by the fact that
after the emission of a proton or an « particle the daughter
nucleus becomes less fissile and survives with a greater prob-
ability. This mechanism works with ever increasing effi-
ciency with increasing excitation energy, since then the im-
portance of the Coulomb barrier decreases. The
corresponding growth appears to be revealed in Fig. 28 in the
experimental data of Ref. 132. The effect was apparently
observed by Hessberger and collaborators'* for the
2Ne+'"’Au reaction. The corresponding experimental data
are shown in Fig. 29, where the results of our calculations in
the CDSM are compared with them. It can be seen that the
standard parameter set leads to good agreement with the ex-
perimental values of opg, whereas the calculation with
B=20-10%" s~! overestimates these cross sections by a factor
in the range 5-10. It is interesting that Hessberger and his
collaborators'* interpreted the growth of oy as a manifes-
tation of dissipative effects. In our calculation with the stan-
dard parameter set, everything that occurs up to the saddle
point does not differ too much from the results of the stan-

dard statistical model; it is during the descent from the
saddle to scission that dynamics mainly plays a role. The
growth of opi at high energies in the CDSM is a purely
statistical effect; the numerical value of 8 determines only
the absolute magnitude of oy, but not the energy dependence
of this cross section. Recalling that for this reaction we also
have reasonable agreement with the data on the multiplicities
of charged particles, we may conclude that the analysis of
the 2Ne+'“7Au reaction appears to support the conclusion
that the main features of the coordinate dependence of the
level-density parameter and the damping coefficient are cor-
rectly reproduced in our standard parameter set.

4.5. Time distributions of fission events (Refs. 63, 73,
100, and 124-127)

The most direct information about the dynamics of fis-
sion and, in particular, its dissipative properties, is contained
in the time distribution P(tg) of the fission events. However,
attempts to extract this information encounter serious ob-
stacles. First, it is rather difficult to measure P(t;) directly.
Second, the influence of the dynamics on P(f;) may be
masked by purely statistical effects.

The first difficulty can be overcome by measuring only a
part of the distribution P(¢¢) that is of the greatest interest.
For example, in Refs. 116 and 149 measurements were made
of the lifetimes to fission of compound nuclei from Hg to Fr
produced in reactions induced by heavy ions. In these mea-
surements, which were made by the blocking method, %3 a
so-called long-lived fission component was found. It is char-
acterized by a quantity y; that, by definition, is the fraction
of fission events corresponding to times greater than a certain
time 1, ; usually, 7, is taken equal to 10™'% s (x,) or 3-107"7
s (x317)- The particular choice of ¢, is due to the details of the
blocking method.

The appearance of a long-lived fission component for
compound nuclei from Hg to Fr is explained in Ref. 116 by
fission events that occur in the final state of an evaporation
cascade. In this region of compound nuclei, it was found to
be possible to describe the magnitude and energy depen-
dence of x3;7 (or x;¢) by means of a statistical model that
takes into account shell and pairing effects.!*

However, as the calculations of Refs. 124 and 125
showed, macroscopic statistical effects play the decisive role
in the appearance of the long-lived fission component. Ex-
amples of the results of such calculations are presented in
Table I. They show that the macroscopic statistical calcula-

TABLE I. Comparison of the results of calculations of the long-lived fission component in the macroscopic statistical model with experimental data.

X‘I]g‘xvg"
Elabv E*:

Reaction MeV MeV theor. exp. Reference
12Cmtw L, Hg 80-87 56-63 12 14 [116]
150+ "W Pb 90-115 50-73 12 22 [116]
19F+ 181y —2%pp 90-120 51-78 12 16 [149]
12C Mty Bi 95 52 14 16 [116]

— 108 64 8 10 [116]
190 + "7 Au—2"Fr 90 43 6 <10 [116]
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TABLE II. Comparison of the results of calculations of the long-lived fis-
sion component in the macroscopic statistical model for reactions that have
not yet been studied experimentally.

Elab’ E*, X16 Oy,
MeV MeV (%) (mb)
|2C+209Bi—*229AC
55 29.7 52 0.103
60 34.4 12.7 20.2
65 39.1 11.1 266
70 439 2.5 555
75 48.6 0.4 798
14C+IWAU—->2“RH
65 39.1 22.0 0.309
70 438 275 37.5
75 48.4 25.8 231
80 53.1 10.4 457
85 57.8 9.2 693
l60+ ISITa—')l97T1
80 46.0 0.1 4.56
85 50.6 39 20.7
90 552 8.4 70.6
95 59.7 9.1 192
100 64.3 11.2 373
110 735 8.4 710
40Ca+ '35Ba—»'7505
170 51.4 0.5 0.130
175 552 8.1 2.47
180 59.1 153 259
185 62.9 43 95.9

tion agrees satisfactorily with the data of Refs. 116 and 149.

The quantity x[¢* given in this table is the maximum
value of y,¢ for the given energy interval. It is interesting to
note that in Ref. 152 Bugrov and Karamyan “did not find a
large contribution of a long-lived (7>10""® 5) component to
the total fission cross section” for the '°0+"*W—Pb reac-
tion (second row in Table I). Thus, from the experimental
point of view the situation is not entirely definite.

In Ref. 124, macroscopic statistical calculations of the
time distributions of fission events for reactions that have not
yet been studied by the blocking method were made. The
results of these calculations, which can be regarded as theo-
retical predictions, are presented in Table II.

For compound nuclei for which the fission barrier at zero
angular momentum is above the neutron binding energy, the
results of the calculations in the framework of the CDSM
with the standard parameter set and with 8=20-10?! s! give
a result for the long-lived fission component close to the
statistical result. This is demonstrated in Fig. 30. However, it
should be noted that the calculation corresponding to a large
constant damping coefficient was made with the level-
density parameter of Ref. 69, whereas the standard parameter
set includes the level-density parameter of Ref. 91.

Thus, in the region of nuclei for which the fission barrier
at zero angular momentum lies above the neutron binding
energy the long-lived fission component does not carry in-
formation about the dynamics of the fission process. At the
same time, this quantity (for reactions with heavy ions) has
hitherto been measured by only two groups, the results of
which do not agree. According to the calculations of Refs.
124 and 125, the presence of a long-lived component in the
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FIG. 30. Long-lived fission component as a function of the laboratory en-
ergy for the '"F+ '®'Ta—2%Pb reaction. The dot—dash line gives the calcu-
lation in the statistical model (SM), the solid line gives the calculation in the
CDSM with the standard parameter set (SPS), and the broken line gives the
calculation in the CDSM with 8=20-10*' s~

fission of nuclei with Z*/A<36 produced in reactions with
heavy ions for (I;) ~ I _is the rule rather than the exception.

Corresponding measurements would be extremely desirable
and could be informative with regard to the statistical aspects
of the process. Thus, the detailed measurements of the life-
time of actinides under the influence of light particles made
by Yuminov and collaborators'>® demonstrated the impor-
tance of taking into account the coefficient of rotational en-
hancement of the level density.

The situation with regard to the extent to which the long-
lived fission component gives information about the dynam-
ics will evidently be radically changed on the transition to
the heaviest fissioning systems produced in heavy-ion reac-
tions. For excited intermediate systems with Z%/A=38, the
fission barrier decreases rapidly, and its role could be taken
over by nuclear friction if it is not so small, as in our stan-
dard parameter set. The existence of a long-lived fission
component for such systems would be a direct confirmation
of appreciable dissipation in the region of compact nuclear
configurations. Therefore, measurements of the long-lived
fission component for heavy systems must be very informa-
tive about the dynamics of the fission process in general and
the dissipative properties of the fission mode in particular.
We shall discuss below the results of Ref. 100, which con-
firm this conclusion.

In addition to the model described in Sec. 2, this work
took into account the temperature-dependent shell correc-
tions to the entropy, which, as before, determines the dynam-
ics of the process. The allowance was done by the method
proposed by Ignatyuk and collaborators in Ref. 91. The “re-
generation” of the shells that accompanies cooling of a
nucleus as it emits neutrons must have a decisive effect on
the entire fission process of excited actinide nuclei.

Figure 31 shows time distributions of fission events for
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FIG. 31. Distribution of fission events with respect to the time calculated for
the (98 MeV)'*F+2*>Th—2'Es reaction. The calculations made in the sta-
tistical model are represented by the dashed histograms, and those in the

CDSM by the solid histograms. The values of 8 are shown in units of 10"
s”!. The vertical lines are the mean values of the corresponding

distributions.'®

the F+2?Th—?'Es reaction. We emphasize that in these
calculations we used not the standard parameter set but con-
stant (not dependent on the deformation) values of B and
agl/a,=1. It can be seen that the histograms obtained by
means of the CDSM differ appreciably from the statistical
ones, especially at large values of B. Independently of the
method of calculation, the distributions are found to be very
broad and asymmetric (the logarithm is plotted along the
abscissa!). These distributions are not at all similar to the
familiar Gaussian distribution, and therefore the mean fission
time (¢, which is shown in Fig. 31 by the vertical lines, does
not reflect the lifetime of the majority of events. In other
words, (t;) is appreciably greater than the most probable fis-
sion time ¢{'?; sometimes, they do not even agree in order of
magnitude. As can be seen from Fig. 31, the mean fission
time (t;) reflects if anything the behavior of the long-lived
“tail”” of the distribution P(r). For 8=7-10*' s7!, a few
percent of the events occur at times greater than 10718 5.
According to Refs. 150 and 151, such times can be measured
by means of the blocking method. In the reaction that we are
discussing ('>F+232Th), the reason for the occurrence of the
long-lived component is nevertheless ‘“multiple chance” fis-
sion. However, the factor that suppresses fission in the first
stages of the evaporation cascade is here friction, whereas for
19F+181Ta, for example, the fission competes strongly with
neutron emission, where it is found that the condition

Bt(lc)%Bn (54)

holds.'"® Here B; () is the height of the fission barrier,
which depends on the angular momentum, B, is the neutron
binding energy, and [, is the critical angular momentum for
fusion. Thus, for heavy systems the long-lived fission com-
ponent contains information about nuclear dissipation for
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FIG. 32. Excess of statistical values for the mean fission time [see Eq. (55)]
and for the multiplicity of prescission neutrons [see Eq. (56)] as functions of
B. The calculations were made for the (98 MeV)'"F+22Th—2'Es
reaction,'®

compact configurations, and in this sense has advantages
over the mean multiplicity of prescission neutrons.
Figure 32 presents the results of calculations of

d
o D= (15

o= —(thM) (55)
and
dyn\ _ /_SSM
n n
8gyn:< pre> SS<M pre . (56)
(npre

which show qualitatively the extent to which the mean fis-
sion time and the mean multiplicity of the prescission neu-
trons give information about the value of the damping coef-
ficient. As we have seen in this section, at the present time
(npe) is the only measured quantity that exhibits systematic
deviations from the predictions of the statistical model. Here
we demonstrate, following Ref. 100, that y; for heavy sys-
tems may also be a more sensitive indicator of dynamical
effects. First, as can be seen from Fig. 32, for large values of
B the quantity e exceeds €™ by more than an order of
magnitude. The rate of growth of &”" with increasing damp-
ing coefficient is also much larger than for sgy". Recalling
that the behavior of (t;) is determined by the long-lived
“tail”” of the distribution of the fission events with respect to
the time, we arrive at the conclusion that the long-lived fis-
sion component is not only an indicator of dynamical effects
but is even their “enhancer.”

Fragmentary experimental information on the existence
of x,6 Or x2;7 was published by Karamyan and collaborators
for the reactions 2*®U+'2C (Ref. 154) and 2*8U+2*Ne (Ref.
155). The existence of x,;3 and xo,5 Was apparently detected
by Molitoris and collaborators'** in the fission of uranium-
like products after deep inelastic collisions of 2*®U nuclei
with each other. The authors of Refs. 154 and 155 assume
that x; arises in their experiment through fission of weakly
excited target-like products of transfer reactions. It would be
very important to confirm or refute this explanation by
means of additional and more systematic measurements. For
this, we proposed'® the investigation of y, in reactions with
nonfissioning targets, for example, 2S+2%Pb or *'P+2"Bi.
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TABLE II1. Long-lived fission components for the 2®Pb+*2S(176 McV) reaction calculated in the framework of the CDSM and in the statistical model. The

liquid-drop and shell parts of the fission barrier are B and B"

, respectively; xyg is the long-lived fission component for £, =3-10"® s calculated in the

CDSM; (¢PSM) and (/$5™) are the mean fission times calculated in the CDSM and in the statistical model, respectively.

Ala,, B, B Xors (15 G
MeV asla, MeV MeV % 107 107"%s
9.1 1.01 1.8 42 4.0 8.3 0.011
— - — 52 9.8 50.6 0.013
— — — 32 2.5 1.6 0.009
— — 2.8 42 13.4 54.1 0.406
— — 0.8 — 0.4 0.3 0.005
— 1.00 1.8 — 4.6 8.8 0.024
— 0.9 — — 5.7 8.4 0.033
8.0 1.01 — - 2.7 3.4 0.012
10.0 — - — 7.0 40 0.011
12.0 — — — 8.3 15.6 0.013

In order to make some predictions about the possible
results of such experiments, calculations were made in Ref.
100 of the lifetime until fission for the 2*®Pb+32S(176 MeV)
reaction with 8=20-10%! s™!, this being a value that the
authors of the measurements of the spectra of prescission y
rays extract from their data.'” The results of these calcula-
tions, made in the CDSM and the statistical model, are pre-
sented in Table III. It can be seen that the existence of x5
for B=20-10?' s~ ! is clearly predicted by the CDSM inde-
pendently of the uncertainties in the parameters of the model.
On the other hand, no variation of the parameters of the
statistical model can make the mean fission times calculated
by means of it similar to the dynamical times.

Thus, systematic and detailed experimental investigation
of the phenomenon of the long-lived fission component for
reactions that lead to heavy intermediate systems may open
up a possibility for a definitive conclusion concerning
nuclear friction for compact configurations. Such an investi-
gation would help to resolve the contradiction that arises
between different authors in the determination of the damp-
ing coefficients.

As we have already mentioned, the mean fission times
often differ very strongly from the most probable times. Fig-
ure 33 shows the mean fission times (¢;) and the most prob-
able fission times f{'? obtained in the framework of the
CDSM with the standard parameter set. The calculation was

L
Q
g L]
(- 100 | - e '..
S 4 3
— 10 p “
A .
e B
E:' 102 Q .
A mg
& e T
v
'm A 'l A 2 A A A 1 A 2 A A
50 60 70 80 9% 100 (10 120 130

FIG. 33. Mcan fission time (r;) (dashed linc, @) and most probable fission
time /7" (solid line, @) as functions of the charge number of the compound
nucleus. The calculations were made in the CDSM with the standard param-
cter set. Experimental data: O (Rel. 114).
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made for 11 reactions that lead to a compound nucleus with
excitation energy 100 MeV. To ensure that the distributions
of the compound nuclei with respect to the spin do not de-
pend too strongly on the reaction, the '°F ion was used
throughout as the projectile. Figure 33 also shows the char-
acteristic experimental fission times extracted from data on
(npe).''* They agree reasonably with t{' in the complete
range of Z. In contrast, the mean times approach ¢f'? and the
experimental times only for heavy compound systems.

Thus, the mean multiplicity of prescission neutrons and
the long-lived fission component are mutually complemen-
tary sources of information about nuclear viscosity and the
characteristic times of the fission process. Whereas (n,,.) car-
ries information about the viscosity averaged over all defor-
mations and about the most probable times of the process,
the long-lived fission component carries information about
friction in compact configurations and about the mean fission
time.

4.6. Fragment excitation energy at the scission
point'2®

The large prescission neutron multiplicities indicate that
the fission process is sufficiently slow for the compound
nucleus to lose a significant fraction of its initial excitation
energy. Since the neutron emission time (f,) depends
strongly on the excitation energy, most systems will evapo-
rate neutrons until {¢,) for the last prescission neutron is
equal in magnitude to the most probable fission time. As a
result of this, the internal excitation energy of most systems
at the scission point must be small and should not depend
strongly on the initial excitation energy. Hinde and
collaborators'*® proved this by analyzing the mean postscis-
sion neutron multiplicities (n ) for a wide range of com-
pound nuclei. In the framework of the CDSM, it is not pos-
sible to calculate (n ).

However, it is possible to compare the calculated values
of the mean internal excitation energies of the system before
scission with the values extracted from the data on (n).
Such a comparison is shown in Fig. 34 for seven different
compound systems. The curves correspond to the calculation
in the CDSM with the standard parameter set. The satisfac-
tory agreement with experiment confirms the conclusion that

I. 1. Gonchar 419



06[ 4 ISF+153Tb=>1718W

0.4

02 /Q?//

0.0

0.6["p) 1SF+1 69Tm=>188Pt o) 160+197Au=5213Fr
04

02 ,@D)/

0.0

06[" ) 305 +170Er=>200Pb f) 160+208Pb=>224Th

—~
J 0.4
~~
% 02 G0
S oo
N’
+ 8
m 0.6
- d)l9F+lllT.=>ZWPb 8)|9F+231Th=>25|ﬂl
0.4
02 M 2,
00 . ,
5060 100 140 180 20 60 100 140 180
]
E:.. (MeV)

FIG. 34. Excitation energy per nucleon at the scission point as a function of
the initial excitation energy for seven compound systems. The calculations
were made in the CDSM with the standard parameter set (curves). Experi-
mental data: O (Ref. 112), ¢ (Ref. 34), V (Ref. 114), (I (Ref. 120) (Ref.
126).

on the average the damping coefficient is fairly large. How-
ever, data of this kind do not carry information about the
details of the coordinate dependence of B.

CONCLUSIONS

The main content of this review has been an analysis of
experimental data that carry information about the dissipa-
tive properties of the fission mode. This analysis has been
mainly made. by means of the combined dynamical-
statistical model, which has been developed during the last
four years.

It was shown that it is possible, without using adjustable
parameters for individual nuclei, to reproduce the data on the
fission cross sections and also on the multiplicities of
prescission neutrons and charged particles in a wide range of
the fissility parameter and the excitation energy of the com-
pound nuclei obtained in heavy-ion fusion. Agreement with
the experiments is achieved by using the so-called standard
parameter set: with a comparatively weak deformation de-
pendence of the level-density parameter and with a damping
coefticient of the fission mode that depends strongly on the
deformation. This coefficient is comparatively small for
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weakly deformed configurations and increases sharply on the
formation of a neck between the incipient fragments, reach-
ing its maximum value at the scission point. None of the
models of nuclear viscosity existing in the literature predicts
such behavior of the damping coefficient. Thus, the problem
arises of creating an adequate model of nuclear dissipation.

The analysis has also shown that all the observable
quantities can be divided into three classes.

In the first class, we must put those observables that can
be reproduced in the framework of the statistical model.
They are the probability (or cross section) of fission and its
“conjugate” observable—the survival probability—and also
the mean energies of the prescission neutrons and charged
particles. By themselves, they do not carry information about
the damping coefficient B of the collective motion, but their
values impose restrictions on the parameters of the statistical
model. Here there has been accumulated a huge volume of
experimental data, and the task of the theory is to describe
them without the use of unjustified adjustable parameters
that take values that cannot be predicted for each new com-
pound system.

In the second class, we put the quantities that contain
information, averaged over all deformations, about the dissi-
pative properties of the fission mode. We have here the mul-
tiplicities of prescission and postscission particles. The set of
data indicates that on the average B is large compared with
the predictions of two-body viscosity, which is capable of
reproducing the data on the distributions of the fragments
with respect to the kinetic energies. Here the amount of ex-
perimental material is also great. However, there remain gaps
for reactions induced by light particles.

Finally, in the third class we have the observables that
apparently contain information about the dependence of the
dissipative properties on the shape of the fissioning nucleus.
These are the cross sections for production of evaporation
remnants and the long-lived fission component for nuclei
with a low barrier, and also the mean multiplicities and en-
ergies of the prescission 7y rays. Here the experimental data
are as yet insufficient, and they are often contradictory.
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