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Determination of nuclear friction in strongly damped reactions
from prescission neutron multiplicities
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Nonfusion, fissionlike reactions in collisions of four heavy systems~well below the fusion extra-push energ
threshold!, for which Hinde and co-workers had measured the prescission neutron multiplicities, have
analyzed in terms of the deterministic dynamic model of Feldmeier coupled to a time-dependent sta
cascade calculation. In order to reproduce the measured prescission multiplicities and the observed~nearly
symmetric! mass divisions, the energy dissipation must be dramatically changed with regard to the sta
one-body dissipation: In the entrance channel, in the process of forming a composite system, the
dissipation has to be reduced to at least half of the one-body dissipation strength (ks

in<0.5), and in the exit
channel~from a mononucleus shape to scission! it must be increased by a factor ranging for the studi
reactions fromks

out54 to ks
out512. These results are compared with the temperature dependence of the fr

coefficient, recently deduced by Hofman, Back, and Paul from data on the prescission giant dipole res
emission in fusion-fission reactions. The combined picture of the temperature dependence of the
coefficient, for both fusion-fission and nonfusion reactions, may indicate the onset of strong two-body
pation already at a nuclear temperature of about 2 MeV.@S0556-2813~96!05006-6#

PACS number~s!: 25.70.Lm, 24.10.2i
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I. INTRODUCTION

Following the early work by Kramers@1#, the formalism
of the Fokker-Planck equation was proposed for the desc
tion of fission by Grange´ et al. @2–4# and also by Wu and
Zhuo @5#. Within this concept, fission of a nucleus is de
scribed as a diffusion process of the fission degree of fr
dom over the fission barrier. The Brownian motion of th
fissioning system towards the barrier is driven by the co
pling ~by viscosity! of the collective motion with the heat
bath of the excited fissioning nucleus. Application of th
model to early results on prescission neutron multipliciti
led Grange´ et al. @6# to the conclusion that the viscosity o
the fissioning hot nuclei may reach quite a high level. On t
other hand, at low excitation energies, the competition b
tween fission and light-particle emission indicates that co
nuclei undergo fission in accordance with the standard Bo
Wheeler statistical theory~which predicts the fission width to
be nearly identical with that resulting from the Kramers fo
mula in the extreme case of a very small but nonzero visc
ity!.

Recent experiments on prescissiong rays from giant di-
pole resonances~see Ref.@7# and references therein! have
also been interpreted in terms of the diffusion model@2–4#.
Results of the analysis of the giant dipole resonance~GDR!
data for fissioning nuclei excited to several tens of MeV le
to a surprisingly large value of the nuclear friction coeffi
cient. The deduced value of the dimensionless friction co
ficient,g51063 @8#, implies strong overdamping of the col
lective mass flow.~In this dimensionless scale the critica
546/54~1!/325~7!/$10.00
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damping corresponds tog51.) It should be noted that the
value ofg510 greatly exceeds the strength of one-body di
sipation, commonly viewed as the most effective dissipatio
mechanism at low excitation energies.

In a recent work, Hofman, Back, and Paul@9# reanalyzed
earlier results on the prescission GDRg emission for a range
of relatively low excitation energies and found that the d
duced value of the friction coefficient rapidly increases wit
increasing temperature, reaching the valueg51063 @8# at
T'1.7 MeV. The sudden rise of nuclear viscosity can b
associated with the observation reported by Thoennessen
Bertsch@10# who examined the validity of the Bohr-Wheele
theory and found a clear effect of the reduction of the fissio
width ~relative to the Bohr-Wheeler predictions! at tempera-
tures above 1.5 MeV.

Since the unexpectedly large values of the friction coef
cient for hot nuclear matter@8,9# are based entirely on the
analysis of compound-nucleus fission data in terms of t
diffusion model @2–4#, we performed an analysis of some
selected experimental data that make it possible to estim
the value of the friction coefficient innonfusionreactions.
Contrary to fusion-fission reactions, nonfusion reactions~fast
fission or deep inelastic reactions! can be interpreted in terms
of a deterministicmodel of nucleus-nucleus dynamics base
on classical equations of motion with friction~Lagrange-
Rayleigh equations!. We will demonstrate that this com-
pletely independent method applied to a different class
nuclear processes also leads to very large values of the f
tion coefficient. Results of our analysis seem to be consist
with the effect of the temperature dependence of the fricti
325 © 1996 The American Physical Society
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TABLE I. Prescission neutron multiplicities for four selected nonfusion reactions studied by Hindeet al.
@14# and deduced values of the friction strength factorks

out . Values of the reduced friction coefficientb
~averaged over the outgoing part of the trajectory,b̄out) and the corresponding average temperature,T̄out are
also listed.

Reaction Elab npre
expt Mass number ks

out b̄out g T̄out

~MeV! range (1021 s21) ~MeV!

40Ar1238U 249 3.2560.2 100–175 1262
3 100616

24 5068
12 2.25

64Ni1197Au 418 3.1560.6 120–140 461
2 3468

16 1764
8 2.55

64Ni1208Pb 418 3.2560.6 105–165 461
2 3368

16 1764
8 2.50

64Ni1238U 418 4.0060.8 135–165 1063
6 80624

48 40612
24 2.40
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coefficient reported in Ref.@9#. However, our analysis sug-
gests that the fast rise of the friction coefficient with tem
perature is followed by a subsequent decrease at still hig
temperatures, indicating the onset of two-body dissipation

II. EVAPORATION CASCADE
IN DYNAMICAL CALCULATIONS

In Refs.@11,12# we proposed a dynamical method of ca
culating the fusion-fission time scales from measured ne
tron multiplicities. In this method we combine a simpl
Monte Carlo version of the time-dependent statistical mod
with Feldmeier’s dynamical codeHICOL, based on the con-
cept of one-body dissipation@13#. The statistical decay code
has been constructed in such a way that the excitation ene
generated in the composite system, and known at a gi
time from theHICOL calculation, is coupled with the evapo
ration cascade calculation and thus adjusts the actual exc
tion energy at a given instant of time. This differential mod
fication of the excitation energy is repeated step by step
each stage of the statistical decay sequence. More deta
information on the codeDYNSEQused in our calculations can
be found in Ref.@12#.

The codeDYNSEQ ~coupled to the nuclear dynamics cod
HICOL! predicts the accumulation in time of the multiplicity
of neutrons and other evaporated light particles along a giv
classical trajectory. In the application of this method for th
interpretation@12# of the prescission neutron multiplicities
@14# in fusion-fission reactions the code was used for calc
lating the neutron emission along a part of the trajecto
before fusion and then for the outgoing trajectory—fro
saddle to scission. In fusion-fission reactions these two co
ponents account only for a small part of the total presciss
multiplicity and therefore a possible dependence of the tim
scale~and thus the respective multiplicity! of the ingoing and
outgoing trajectories on nuclear dissipation could not be is
lated and investigated.~The essential part of the measure
effect of the prescission multiplicity in the fusion-fission re
actions is associated with the compound-nucleus stage
which theHICOL code can only be used for the determinatio
of a correct initial value of the excitation energy.! Summa-
rizing these remarks, in the case offusion-fissionreactions,
the analysis of the prescission neutron multiplicities in term
of the dynamical model of Ref.@12# leads to a determination
of the time scale of the reaction, but obviously it cannot gi
direct information on the viscosity of the compound nucleu

On the other hand, in the case ofnonfusionreactions, the
dynamical evolution of a colliding system can be trace
-
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along the whole trajectory. In that case information on th
time dependence of the thermal excitation is available fro
the codeHICOL all the way from the touching of the colliding
nuclei until scission. Consequently, the neutron multiplicit
predicted by the codeDYNSEQ directly depends on the time
scale of a given nonfusion trajectory and thus on the nucle
dissipation assumed in the dynamical code. Therefore, ana
sis of prescission neutron multiplicities in nonfusion rea
tions gives a possibility to deduce the effective strength
the nuclear dissipation.

III. NONFUSION REACTIONS

The likelihood of the surprisingly strong nuclear dissipa
tion ~suggested in Refs.@8,9# as a result of an analysis of the
compound-nucleus fission data in terms of the diffusio
model! can be verified in an independent way by the dete
mination of nuclear friction innonfusionreactions governed
by the deterministic dynamics. For this purpose, howeve
prescission neutron multiplicities have to be measured
colliding systems that forall partial waves do not fuse.

Analyzing existing data on prescission multiplicities, w
found four reactions studied by Hindeet al. @14# and listed in
Table I which, most probably, do not undergo fusion even
central collisions. Classical trajectory calculations with th
HICOL code lead for all partial waves to reseparation of the
systems. Figure 1 shows fusion excitation functions for the
systems calculated with the codeHICOL. It is seen that at the
studied energies, indicated in Fig. 1 by arrows, the ent
reaction cross section is comprised of nonfusion reactio
Predicted energy thresholds for fusion are located at mu
higher energies~in the case of the heaviest system,64Ni 1
238U, the fusion threshold is about 500 MeV above the bea
energy!. Clearly, a considerable ‘‘extra-push’’ energy@15# is
needed for fusion of these colliding systems.

Figure 2 illustrates predictions@13# of the time depen-
dence of the thermal energyEdiss, dissipated along selected
trajectories, for the64Ni1 238U reaction taken as an example
In the considered collisions the kinetic energy is quickly di
sipated within a time shorter than 10221 s, and subsequently
the combined system slowly moves on the potential ener
surface towards scission, continuously converting the Co
lomb energy into heat.~In Fig. 2, scission corresponds to the
end point of each curve.! It is seen from Fig. 2 that the
interaction time increases with decreasing angular mome
tum and the longest interaction time corresponds to a cen
collision, t int511310221 s for l 50. As discussed in Sec. II,
the dependence ofEdiss on time, calculated with the code
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HICOL, is fed to our statististical decay codeDYNSEQ in order
to calculate the average number of neutrons emitted alo
given trajectory.

It is clear that if the interaction time dictated by the on
body dissipation model is correct, the neutron multiplic
calculated along the slowest trajectory~for l 50) should
approximately reproduce the measured value.~As a matter of
fact, the calculated multiplicity should even exceed the m
sured value because in experiments the multiplicity is av
aged over a range of partial vaves corresponding to the
teraction times shorter than that for the central collisio!
Figure 3 demonstrates that this is not the case. In two par
this figure is presented the time dependence of the accu
lated multiplicity ~bottom! in correlation with the time de-
pendence of the thermal excitation energy along the tra
tory ~top!. Predictions based on standard one-bo
dissipation dynamics are indicated by dashed lines. It is s
that the longest interaction timet int511310221 s, corre-
sponding tol 50, evidently is too short because within th
time ~until scission! only about 0.5 neutrons can be emitte
while the measured value of the multiplicity
npre
expt54.060.8. In order to slow down the relative motion
such an extent that the calculated multiplicity will rise to t
experimental value, it is necessary to considerably incre
the nuclear dissipation, well above the fixed level of on
body dissipation that is assumed in Feldmeier’s codeHICOL.
The solid lines in Fig. 3 represent results of a calculat
with a considerably incresed friction. It is seen that then

FIG. 1. Energy dependence of the fusion~hatched! and the re-
action cross section predicted byHICOL calculations for four sys-
tems for which prescission neutron multiplicities had been m
sured@14# at energies indicated by the arrows.
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FIG. 2. Thermal excitation energyEdiss of the
64Ni1 238U com-

posite system as a function of time for selectedl values~predicted
with the codeHICOL!. The excitation energy of the compoun
nucleus,Qg.s.

fusion1Ec.m., is indicated by the dashed line.

FIG. 3. Accumulated neutron multiplicity in time~bottom!
calculated assuming generation of the excitation energyEdiss as
predicted by theHICOL code ~top! for the 64Ni1 238U reaction
(Elab5418 MeV, l 50). Predictions corresponding to the standa
one-body dissipation (ks51) are shown by dashed lines. In order
reach the experimental value of the multiplicitynpre

expt, the friction
strength must be increased~solid lines forks510).
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‘‘creeping’’ motion towards scission becomes much slowe
Since the calculated interaction time directly depends on
assumed strength of the nuclear dissipation, the measu
neutron multiplicity can be used for the determination of th
dissipation coefficient. In other words, the ‘‘neutron clock
can be used as a ‘‘friction meter’’@16#.

IV. RESULTS OF CALCULATIONS AND DISCUSSION

In the present work we investigate what information o
the strength of the friction force can be deduced from t
data listed in Table I. As demonstrated in Fig. 3, the on
body dissipation mechanism assumed in Feldmeier’s co
HICOL is insufficient to explain the measured prescissio
neutron multiplicities. In the codeHICOL the friction force is
determined by the rate of one-body dissipation given by t
‘‘wall-and-window’’ formula @17,18,13#:

2S dEdt D
wall

5r v̄ R ~ ṅ2D !2ds, ~1!

wherer is the nuclear mass density,v̄ is the average speed
of nucleons~equal to 3

4vF), ṅ is the normal velocity of the
surface elementds, andD is the normal component of the
average drift velocity of nucleons about to impinge on th
surface elementds. For two nuclei interacting through a
window of areaDs, the rate of energy dissipation is give
by two ‘‘wall’’ terms, Eq. ~1!, one for each fragment, plus a
‘‘window’’ contribution

2S dEdt D
window

5
1

4
r v̄Ds~ut

212ur
2!1

16

9

r v̄
Ds

V̇1
2 . ~2!

In this equation,ut andur are the tangential and radial com
ponents of the relative velocity of the two fragments an
V̇1 is the rate of change of the volume of one of the fra
ments.@The second term in Eq.~3! represents the dissipation
associated with the mass asymmetry degree of freedom.#

In spite of the fact that the wall-and-window formula ha
no adjustable parameters, in our calculations we scaled
rate of one-body dissipation by a factorks treated as a free
parameter:

2
dE

dt
5ks3~wall-and-window formula!. ~3!

Here we keep the notation used by Nix and Sierk@19# who
scaled the wall formula by a factorks in their ‘‘surface-plus-
window’’ expression. On the grounds of the concept of on
body dissipation one can interpretks as the average probabil-
ity of an energy-changing~i.e., unblocked! collision between
a single nucleon and the moving one-body potential. Th
justifies a possible reduction of the standard strength of o
body dissipation by a factorks<1 @19#. However, in the
present study we treatks as a completely free parameter, als
allowing values ofks.1. Certainly, in the case ofks.1 the
concept of one-body dissipation is no longer applicable, a
such a result should be interpreted as evidence of a str
two-body dissipation mechanism.

Returning now to Fig. 3 and the question of fitting exper
mental values of the prescission neutron multiplicities in t
r.
the
red
e
’’

n
he
e-
de
n

he

e

n

-
d
g-

s
the

e-

is
ne-

o

nd
ong

i-
he

model calculations, we would like to note that a straigh
application of the scaling of the wall-and-window formula
with the strength parameterks leads to a certain inconsis-
tency within the data: The very strong friction, necessary
sufficiently extend the fusion-scission time interval, preven
the colliding nuclei from penetrating deep enough in th
early stage of the collision. Consequently, the mass asymm
try degree of freedom is almost completely frozen, preven
ing symmetric mass divisions. This contradicts the expe
mental observation@14# of symmetric and nearly symmetric
fissionlike processes.~A range of mass numbers correspond
ing to the measured multiplicity for each reaction is given
Table I.!

Within the model of nucleus-nucleus dynamics used
our calculations, the only possibility to reproduce a fas
fission process with an approximately symmetric mass div
sion is todecreasenuclear dissipation in theentrancechan-
nel at least to about half of the one-body dissipation valu
ks<0.5. We recall, however, that this conclusion is based
predictions of a strictly deterministic model that exclude
fluctuations. Therefore arguments relying on the differen
between the observed and calculated~most probable! mass
split are only indicative of the decreased friction in the en
trance channel~i.e., for relativelycold nuclear matter!. This
conclusion is, however, supported by results of the analy
of isoscalar giant quadrupole and octupole widths by Nix a
Sierk @19# who found that the friction strength factor for this
set of low-energy data isks50.27. Our indirect conclusion
that at the ‘‘warm-up’’ stage of a collision the nuclear diss
pation is weak, i.e., well below the full one-body dissipatio
limit, agrees also with results of the analysis of Hofma
Back, and Paul@9#, suggesting that for cold compound nucle
of T,1.2 MeV the effect of nuclear dissipation is negligible

Taking into account the above arguments, for all fou
studied reactions we assumed identical weak friction
ks
in50.5 throughout the entrance part of the trajectory~until
reaching a compact mononucleus configuration!, and for the
rest of the trajectory the friction strength was allowed to ris
~in one step, for simplicity! to a valueks

out necessary to fit the
neutron multiplicitynpre

expt. Since the entrance-channel part o
the trajectory is very fast, independently of the value o
ks
in , the prescission neutrons are emitted mostly during t
outgoing part of the trajectory. Therefore the determinatio
of ks

out practically does not depend on the assumed entran
channel friction.

The dependence of the calculated prescission neut
multiplicity npre

expt on the assumed friction strength facto
ks
out, for all four studied reactions, is shown in Fig. 4. It is
seen that in order to explain the measured prescission mu
plicities, the process of descending from the mononucle
configuration to scission must be slowed down by a ve
strong friction, ranging from 4 to 12 times the strength o
one-body dissipation. All the calculations presented in Fig.
correspond to central collisions characterized by the long
interaction time. Therefore the deduced values of th
strength factorks

out ~see Table I! represent thelower limit of
the required dissipation. Note, however, that for largerl
values the mass division becomes asymmetric and, con
quently, those noncentral collisions have been effectively e
cluded in the experiment@14# by the applied gates on the
fragment mass~see Table I!.
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The analysis presented in Fig. 4 gives evidence of
strong nuclear dissipation in fast-fission-type reactions. W
associate this result with a large value of the friction coeffi
cient deduced by Butschet al. @8# from the analysis of the
GDR data in fusion-fission reactions. In order to quantita
tively compare our estimates of the friction strength for ho
nuclear matter with the results for the compound-nucle
fission, we have to translate the energy dissipation in t
functional form of the wall-and-window formula into the
form of the reduced friction coefficientb used in the diffu-
sion model@2–4#. Figure 5 shows the dependence of

b5
1

Ekin
S dEdt D

diss

~4!

on the relative distance parametersout ~on the way to sciss-
ion! calculated with the codeHICOL for the 64Ni1 238U reac-
tion, for two values of the friction strength paramete
ks
out51 andks

out510. In Eq.~4!, b is expressed by the rate of
the dissipated energy, (dE/dt)diss, relative to the actual
value of the kinetic energy of the dinuclear system,Ekin .

As shown in Fig. 5, for the standard value of one-bod
dissipation (ks

out51), the friction coefficientb takes values
in the range from 531021 s21 to 1531021 s21. A curve for
ks
out510 shows thatb scales almost linearly with the factor
ks
out. It should be noted, however, that to some extentb is
trajectory dependent. The radial dependence ofb is con-
nected with the functional form of the wall-and-window for
mula which, however, is not applicable in the diffusion

FIG. 4. Prescission neutron multiplicity as a function of an a
sumed value of the friction strength factorks

out for the four studied
reactions. Experimental valuesnpre

expt determine the factorks
out for

each reaction individually.
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model based on the concept of two-body dissipation. The
fore, for comparisons with the results of Refs.@8# and@9# we
use an effective value ofb averaged over the outgoing pa
of the trajectory, b̄out. Using the example of the
64Ni1 238U system, we show in Fig. 5 that a rough estima
of b' v̄/R, based on the functional form of the wall-and
window formula@17#, is a fairly accurate approximation fo
the average valueb̄out. ~In Fig. 5 a value ofv̄/R5831021

s21, calculated for the64Ni1 238U composite system, is in-
dicated by a dashed horizontal line. We recall here thatv̄ is
the internal average speed of nucleons, andR is the radius of
the combined system.! In Table I we list the estimated value
of the reduced friction coefficient

b̄out'ks
out v̄
R

5ks
out5431021

A1/3 s21, ~5!

which is evaluated for the Fermi momentumpF51.36
\/fm andR51.15A1/3 fm. The reduced friction coefficient
b is directly related to the dimensionless friction coefficie
g used in Refs.@8# and@9# in the analysis of the compound
nucleus fission data:

g5
b

2v
'
ks
outv̄

2vR
, ~6!

wherev is the frequency parameter determined by the c
vature of the potential energy surface at the saddle point
Refs. @8# and @9# the frequencyg was assumed to be
v51021 s21.

As is seen from Table I, the dimensionless friction coe
ficient g, deduced in our analysis, takes strikingly large va
ues in the range fromg517 tog550. These values consid

s-

FIG. 5. Friction coefficientb calculated with the codeHICOL for
the 64Ni1 238U reaction atElab5418 MeV as a function of the
radial distance parametersout on the way from a mononucleus shap
to scission forks

out51 andks
out510.
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erably exceed even the well-known result of Butschet al. @8#
(g51063) obtained in an analysis of GDR data. In spite o
a conceptual difference between our analysis of the non
sion reactions~in terms of a deterministic model! and the
study of the fusion-fission reactions of Refs.@8,9# ~in terms
of the diffusion model!, it seems that both analyses consis
tently lead to the same conclusion, that a very strong nucl
dissipation sets in when a composite system is sufficien
hot. In a recent paper, Hofman, Back, and Paul@9# presented
the temperature dependence of the friction coefficientg de-
duced from reanalyzed GDR data.~The data have been ana
lyzed with the Stony Brook modification of theCASCADE
code which according to van ’t Hof@20# may overestimate
the friction coefficient.! In Fig. 6 we show a plot combining
our results with those of Ref.@9#, both as a function of the
temperature.

In the analysis of the fusion-fission data, Hofmanet al. @9#
examined the dependence of the deduced friction coeffici
on the temperature of the compound nucleus, correspond
to the excitation energy at the saddle point,Tsaddle. In the
case ofnonfusion reactions, the excitation energy of the
composite system is gradually generated throughout the
tire trajectory~see Fig. 2!. Therefore, in order to compare ou
results with the fusion-fission data we need to define an
fective temperature characterizing the composite system
its way to scission, which would be equivalent to the tem
perature of the compound nucleus in the case of a fusio
fission reaction. For simplicity, as an equivalent ofTsaddlewe
took the mean value of the temperature in the outgoing p
of the trajectory,T̄ out, calculated with the codeHICOL. The
values ofT̄ out for all four studied reactions are included in
Table I. In Fig. 6 we have included the results of Hofma
et al. @9# ~open circles! together with theg values deduced in
our analysis, jointly plotted as a function ofTsaddle and

T̄out, respectively. It is seen that the effective temperatur

FIG. 6. Dimensionless dissipation coefficientg derived in Ref.
@9# from the prescissiong-ray multiplicities plotted as a function of
the temperature at the saddle point~left!, and the same quantityg
deduced in the present analysis of the prescission neutron mu
plicities in nonfusion reactions, plotted as a function of the me
temperatureT̄out during the descent from a mononucleus shape
scission~right!.
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T̄out in the studied nonfusion reactions considerably exce
the compound-nucleus temperatures in reactions reporte
Ref. @9#. Both parts of Fig. 6 seem to complement each oth

The combined data shown in Fig. 6 represent a consist
trend of a steep rise of the dissipation coefficient at nucle
temperatures in the range from 1 to 2 MeV, followed appa
ently by a maximum value (g'50) at a temperature between
2 and 2.5 MeV, and subsequent fall at higher temperatur
Our estimates of the upper limit of the friction coefficient i
the first stage of the reaction (ks

in<0.5 forTin,1.7 MeV! are
not shown in Fig. 6, but they also qualitatively agree wit
this dependence. We recall here that a value ofg correspond-
ing to full one-body dissipation is aboutg54 ~for v51021

s21). From Fig. 6 it is seen that this value is reached at
temperature of about 1.5 MeV. Therefore the further rise
the friction coefficient with temperature has to be related
the onset of two-body dissipation. A strong two-body diss
pation has been predicted in a series of theoretical stud
@21–23#. As a rule, a decreasing dependence of the fricti
coefficient on the temperature,b}1/T2, is expected in these
models. Our results do allow for such a dependence. Ho
ever, an open question is at what temperature is the onse
the two-body dissipation and the turnover from the increa
ing to the decreasing dependence ofg on T expected theo-
retically. As is seen from Fig. 6, the evidence of the turnov
of the g vs temperature dependence is mostly based on
result for the 40Ar1 238U reaction. However, it cannot be
excluded that the friction coefficient for this reaction is ove
estimated to some extent because the potential-energy
face for this system has a distinct compound-nucleus mi
mum ~contrary to the other three systems!, and thus fusion,
although not allowed in the deterministic calculation, ma
occur with a small probability due to fluctuations. Withou
the data point for the40Ar1 238U reaction, Fig. 6 would sug-
gest a rather monotonically increasing friction throughout t
whole studied range of temperatures. The theoretically e
pected decline of the friction coefficient would then have
begin at still higher temperatures, i.e., above 2.5 Me
Therefore additional studies that could verify the temperatu
dependence of the friction coefficient would be of great i
terest. If the results presented in Fig. 6 indeed represent
effect of a strong two-body dissipation, they could be us
for empirical determination of the temperature dependen
of the mean free path of nucleons in nuclear matter and th
for establishing some solid grounds for dynamical models
hot nuclear matter.

V. CONCLUSIONS

Summarizing, we have analyzed a set of fournonfusion
reactions of known prescission neutron multiplicities~mea-
sured by Hinde and co-workers@14#! in terms of the deter-
ministic dynamic model of Feldmeier coupled to a time
dependent statistical cascade calculation. Since the stud
composite systems cannot fuse at all, the measured pres
sion neutron multiplicities must be accumulated during th
fast-fissionprocess that can be described throughout with
deterministic model based on the Lagrange-Rayleigh eq
tions of motion. By using Feldmeier’s model, we demon
strated that in order to reproduce the measured presciss
multiplicities and the observed~nearly symmetric! mass di-
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visions, the energy dissipation must be dramatically chang
with regard to standard one-body dissipation: In the entran
channel, on the way to form a composite system, the ene
dissipation has to be reduced to at least half of the one-b
dissipation strength (ks

in<0.5), and in the exit channel~from
a mononucleus shape to scission! it must be increased by a
factor ranging for the studied reactions fromks

out54 to
ks
out512. Since the excitation energy of the colliding syste
gradually increases along the trajectory, our result indica
that nuclear friction is relatively weak at low excitation en
ergies and becomes very strong when the composite sys
gets hot. This conclusion is consistent with earlier results
Butschet al. @8# and the reanalysis of GDR data by Hofman
Back, and Paul@9#, demonstrating a fast rise of the friction
coefficient in compound nuclei at temperatures in the ran
1.2–1.7 MeV. It should be emphasized that consistent res
have been obtained for completely different types of nucle
processes interpreted with different theoretical tools: f
compound-nucleus fission interpreted in terms of a stocha
model and~in the present work! for nonfusion reactions ana-
lyzed in terms of the deterministic model of nucleus-nucle
dynamics.
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The results of our analysis give information on the ma
nitude of the friction coefficient at higher temperatures th
those accessible in Ref.@9#. They are consistent with a de
creasing dependence of the friction coefficient with tempe
ture ~for T.2.2 MeV! that can be associated with the 1/T2

dependence expected for two-body dissipation. Theref
the temperature dependence of the friction coefficient t
emerges from the combined results of Ref.@9# and the
present work can be interpreted as evidence of the onset
strong two-body dissipation at rather unexpectedly low te
peratures, already belowT52 MeV.
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H.W. Wilschut, in Proceedings of XXIV Mazurian Lakes
School of Physics, Piaski, 1995, Acta Phys. Pol.27, 517
~1996!.

@17# J. Blocki, Y. Boneh, J.R. Nix, J. Randrup, M. Robel, A.J
Sierk, and W.J. Swiatecki, Ann. Phys.~N.Y.! 113, 330~1978!.

@18# J. Randrup and W.J. Swiatecki, Nucl. Phys.A429, 105~1984!.
@19# R.J. Nix and A.J. Sierk, in Proceedings of the Internation

School-Seminar on Heavy-Ion Physics, Dubna, 1986, Rep
No. JINR-D7-87-68, 1987, p. 453.

@20# G. van ’t Hof, Ph.D. thesis, Vrije Universiteit, Amsterdam
The Netherlands, 1995.

@21# P. Danielewicz, Phys. Lett.146B, 168 ~1984!.
@22# B.W. Bush, G.F. Bertsch, and B.A. Brown, Phys. Rev. C45,

1709 ~1992!.
@23# D. Boilley, E. Suraud, Y. Abe, and S. Ayik, Nucl. Phys.A556,

67 ~1993!.


