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Fission time scale and viscosity for compound nucleus220Th formed in reaction
40Ar 1180Hf at E lab5180, 190, 216, and 249 MeV
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Double differential spectra of neutrons emitted from the reaction40Ar1180Hf at Elab5180, 190, 216, and
249 MeV were measured in coincidence with fission fragments using a multidetector array. Averaged prescis-
sion and postscission neutron multiplicites were extracted from the spectra together with temperature param-
eters. These values were analyzed in the framework of a modified version of the statistical model with
inclusion of dynamical hindrance of fission, which depends on nuclear dissipation. From comparison of the
experimental and calculated neutron multiplicities and temperatures it was deduced that nuclear viscosity is
strong at excitation energies higher than;40 MeV and decreases with the decrease of excitation energy during
evaporation cascade. The extracted fission time scale changes from 40310220 s to 17310220 s in the inves-
tigated projectile energy interval.@S0556-2813~98!03909-0#

PACS number~s!: 25.70.Jj, 25.85.Ge, 24.10.Pa, 24.75.1i
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I. INTRODUCTION

Studies of heavy-ion-induced fusion-fission reactions
came the main method to investigate large scale collec
nuclear motion. The main goal of these studies is the ext
tion of statistical and dynamical parameters of nuclear ma
at different stages of the fusion-fission process. Neutro
protons, a particles, and high-energyg rays are used a
probes of nuclear temperature and time scale in heavy-
induced fusion-fission reactions@1,2#. As compared to stan
dard statistical model predictions, there is a clear exces
prescission multiplicities of light particles andg quanta
@1,2#. This excess indicates dynamic hindrance of fiss
process possibly caused by~i! retardation in the formation o
fission degrees of freedom,~ii ! dissipation effects during col
lective motion towards the barrier and scission point, a
~iii ! light particle andg quanta emission at the descent sta
between the saddle and scission points.

The main bulk of information about fission time scale
heated rotating nuclei formed in heavy-ion-induced fusio
fission reactions has been obtained with neutron meas
ments@1#. From comparison of these data with a theoreti
model calculation one can derive the prescission time s
and friction coefficient. One of the important problems in t
fission dynamics is the dependence of friction paramete
the shape and temperature. However, conclusions abou
ture and strength of nuclear friction are still ambiguous@3#
and additional work in this direction is needed.

Only a few neutron measurements in40Ar-induced fusion-
fission reactions on141Pr, 169Tm, 165Ho, 181Ta, 197Au,
208Pb, and natU targets at Elab5249 MeV @4# and Elab
5216 MeV on 180Hf @5# were carried out. Up to presen
there has been no measurements for different40Ar-beam en-
ergies on the same target although an excitation functio
fusion-fission process characteristics is more informative
order to understand better the dynamics of a fusion-fiss
process, we undertook the investigation of the react
40Ar1180Hf at beam energies ranging from just above t
PRC 580556-2813/98/58~3!/1587~7!/$15.00
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fission barrier up to 249 MeV. The neutron measureme
for this reaction were made for the first time and they are
special interest because the compound nucleus220Th lies
near the maximum of prescission neutron multiplicity depe
dence on compound nucleus massMn

pre (ACN) observed by
Hinde et al. @4#. Our first results of the measurements
Elab~

40Ar!5216 MeV @5# were remeasured with more ad
vanced technique. Interpretation of the data is based
model calculations using a new codeSCRONMCD ~statistical
calculations for rotating nuclei by Monte Carlo method wi
dynamics! @6# that allows us to extract energy dependence
fission time scale from the measured prescission
postscission neutron multiplicities and evaporation resid
~ER! formation cross sections.

II. EXPERIMENT

The measurements were carried out using the HEND
~High Efficiency Neutron Detection System! facility @7# at
the Department of Physics, University of Jyva¨skylä. The
scheme of the experimental setup is shown in Fig. 1.
45 mg/cm2 layer of 180Hf evaporated on 70mg/cm2 thick
Al2O3 backing was bombarded with 180, 190, 216, and 2
MeV beams of40Ar. A typical beam spot diameter on th
target was 5 mm, the average beam intensity was abo
particle nA. To measure double-differential neutron spec
~recording both energy and angle! in coincidence with fission
fragments, two large, position sensitive avalanche coun
~PSACs! @8#, five position sensitive neutron detecto
~PSNDs! @9#, and one microchannel plate~MCP! start detec-
tor were used.

The time-of-flight ~TOF! method was used for detectio
of fission fragments and neutrons. In order to separate fis
from other possible reaction channels good knowledge
fragment velocity vectorsvW f was required. Also, sufficien
statistics was needed to carry out reliable unfolding of
spectra into prescission and postscission components.
both PSACs, the distance between the cathode’s center
the target was 230 mm. The in-plane angles between
1587 © 1998 The American Physical Society
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1588 PRC 58V. A. RUBCHENYA et al.
beam direction and centers of the first and second PS
were260° and170°, respectively. The angular acceptan
of both detectors was 56° in-plane and628° out-of-plane.
These angles were chosen to allow the detection of o
some elastically scattered particles as a reference poin
the subsequent data analysis. Both the PSACs and the M
detector were placed inside a spherical, stainless steel r
tion chamber with a diameter of 80 cm and wall thickness
2 mm.

Neutron energy determination was also based on the T
technique as described in our previous work@5#. The energy-
dependent position resolution of our neutron detect
changes from 20 cm for 1 MeV neutrons to 10 cm for 4 Me
neutron energies and above. This makes the set of 5 PS
equivalent to at least 25 individual detectors. We have a
estimated the influence of the reaction chamber and o
surrounding materials on the registration of neutron spec
About 105 events of triple coincidences between tw
complementary heavy fission fragments and a neutron
both 216 and 249 MeV and about 23104 events at 180 and
190 MeV were collected. The total number of coincidenc
between two fission fragments was considerably higher
provided normalization for the neutron spectra.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

A. Fission fragments

The aim of the analysis of fission fragment data was
determine primary fragment massesm1 andm2 and velocity
vectorsvW 1 and vW 2 . It was done with a successive approx
mation method. In the zero approximation, fragment veloc
vector vW f

0 was determined from the time of flight and fro
the registration coordinates. The main source of error at
stage comes from unaccounted energy loss in the STA
detector converter foil and in the target (DE'5 MeV for
symmetrical mass split in both cases!.

The first approximation for fragment massesm1,2
0 was cal-

culated using momentum conservation perpendicular to

FIG. 1. HENDES array: experimental lay-out during th
40Ar1180Hf experiment.
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' and assuming that the two fragme
masses add up to the mass of the compound system pri
fission (m11m25Mprojectile1M target2^Mpre&), where^Mpre&
is the mean total mass of particles evaporated from the c
pound nucleus before scission. Since, according to our m
predictions, neutrons dominate in prescission emission
^Mpre& was assumed to be equal to neutron prescission m
tiplicity ^Mn

pre&. The value of^Mn
pre& was first taken from

theoretical calculations and, at a later stage, substituted
the experimental value. The influence of uncertainty
^Mpre& determination turned out to be much smaller than
overall errors determined mostly by the time resolution
PSACs.

From vW 1,2
0 and m1,2

0 fragment energiesE1,2
0 were deter-

mined using nonrelativistic formulas. Known fragment ma
and energy allowed us to calculate consequently the en
losses in the START detector and the target. From the c
rected values ofE1,2

1 5E1,2
0 1DESTART1DEtarget and old val-

ues of fragment massesm1,2
0 , new values of the fragmen

velocities ‘‘in the target’’ were calculated; the above proc
dure was repeated until it converged. Usually, two iteratio
were sufficient. Using the extracted values ofvW 1,2 andm1,2,
experimental laboratory velocity of the compound nucle
systemVW CN, fragment velocities in the center of mass, and
total kinetic energy~TKE! distribution of fission fragments
were calculated. Separation fission events from full fus
compound nucleus had been made by requiring folding an
between two fission fragments to be distributed around
value corresponding to complete fusion. The fact that exp
mentally measured velocity of the compound system is c
tered around the value expected for full linear moment
transfer supports the assumption that contribution of reac
mechanisms with incomplete fusion is small. The me
value of total kinetic energy of the fission fragmen
^TKE&5~16664! MeV for all energies was found to be i
agreement with Viola systematics@10#. A full width at half
maximum~FWHM! of the primary fission fragment distribu
tion was found to be 42.3 u, which is consistent with t
FWHM543.3 u obtained earlier by us atElab5216 MeV
~see Ref.@5#!.

B. Neutron spectra

Each neutron event consisted of six parameters; th
from each of the two photomultipliers at the opposite ends
PSND: time, total, and fast components of the charge pu
Standard pulse shape analysis was used to separate neu
from g quanta.

In the analysis of neutron events, each PSND was trea
as five separate detectors. Energy- and position-depen
efficiency was calculated withSITHA ~simulation transport of
hadron! code@11# which uses a multigroup approach bas
on the neutron cross section libraryGR175-V1, and the re-
sponse functions of the NE-213 scintillator@12#. Prior to the
experiment, the influence of 2 mm stainless steel walls of
reaction chamber on neutron spectra was measured,
energy- and position-dependent corrections were extrac
252Cf test was always used as a reference. From the m
sured neutron spectra and from the well-known parame
of 252Cf neutron emission, experimental PSND efficien
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FIG. 2. Measured angular dependence of ne
tron multiplicities atElab5180, 190, 216, and 249
MeV. The contributions of different sources a
obtained from the multiple-source fit are show
by lines: full lines: total, dashed lines: postsci
sion, dotted lines: prescission.
th

lic
d

ca
om
nt
b

y
eu
u
a

d
n

un

t
re
ne
ic

ne
s

nl

into
ose

e
is-
m-
s of

e
rk
ion
n
dis-
e

on
hod
-
ges:
n,
m-
om,
ciss-
on.
(

es
was extracted. The result was in agreement withSITHA cal-
culations. At low neutron energies~around 1 MeV! the main
source of the 13% error in energy determination is due to
uncertainty of the flight path. At higher energies~about 10
MeV! the errors are mostly due to finite time resolution~1.4
ns for all detectors! and amount to about 15%.

To extract prescission and postscission neutron multip
ties and temperature parameters, a multiple-source proce
was used. Neutrons were assumed to be emitted isotropi
in corresponding rest frames of three moving sources: c
pound nucleus and two fully accelerated fission fragme
Contribution of preequilibrium emission was estimated to
small (Mn

preeq,0.3) @4#; furthermore, due to the relativel
high energy of these neutrons their contribution in the n
tron energy range used for least-square fitting proced
~2–7 MeV! can be neglected. The following fitting formul
was used:

d2Mn

dEndVn
5

Mn
preAEnen

4p~Tpre!2 expS 2
en

TpreD
1(

i 51

2 Mn,i
postAEn

2~pTpost!3/2expS 2
en

TpostD , ~3.1!

where en5En22AEnEC(F) /AC(F) cos(FC(F))1EC(F) /AC(F) ,
En is the neutron energy in the lab system,Tpre is the average
temperature of the compound nucleus,Tpost is the average
temperature of fission fragments,EC is the average kinetic
energy of the compound nucleus,EF is the average kinetic
energy of fission fragments,AC is the mass of the compoun
nucleus,AF is the average mass of a fission fragment, a
FC(F) is the angle between neutron direction and compo
nucleus~fragment! velocity direction.

Such a parametrization was chosen to provide the bes
to measured neutron energy spectra. However, diffe
spectral shapes for prescission and postscission compo
have little influence on data in 2–7 MeV energy range wh
was used for spectrum deconvolution.

A nearly perfect 360° coverage in the horizontal pla
allowed us to build full neutron angular distribution thu
assuring good data for the fitting procedure. In the fit o
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neutrons with energies greater than 2 MeV were taken
account in order to reduce the influence of data points cl
to the registration threshold. Neutron multiplicities~inte-
grated for all energies! as a function of laboratory angle ar
shown in Fig. 2. Experimentally obtained values of presc
sion, postscission, and total neutron multiplicities and te
perature parameters are summarized in Table I. The value
Mn

pre and Mn
post for Elab5216 MeV are different from those

reported by us in Ref.@5#. The reason for that seems to b
twofold: ~a! much higher statistics collected in present wo
due to high efficiency fission fragment detectors and addit
of two more PSNDs;~b! a much more reliable deconvolutio
procedure used in present work, which relies on angular
tribution of neutrons~see Fig. 2! and is much less sensitiv
to spectral shape close to registration threshold.

IV. THEORETICAL MODEL ANALYSIS

To make estimations of fission time scale and fricti
strength from obtained experimental data the new met
and calculation codeSCRONMCD@5,6# were used. The fusion
fission process is supposed to go through four main sta
formation of compound nucleus in the heavy-ion collisio
deexcitation stage near equilibrium deformation of co
pound nucleus and formation of fission degrees of freed
deexcitation process at the descent from the saddle to s
ion point, and relaxation of fission fragments after scissi
In heavy-ion fusion reactions at low bombarding energyE

TABLE I. Prescission and postscission neutron multipliciti
Mn and temperature parametersT obtained from the multiple-
source fit. Errors were deduced fromx2 behavior~increase by 3%
from the minimum value!.

Elab ~MeV! Mn
pre Mn

post Mn
tot Tpre ~MeV!

Tpost

~MeV!

180 1.760.3 4.260.3 5.960.4 1.060.2 0.960.2
190 1.860.3 4.360.3 6.260.4 1.360.2 1.060.1
216 2.360.4 5.960.4 8.260.6 1.460.2 1.160.2
249 3.660.4 6.560.4 10.160.6 1.660.2 1.260.2
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1590 PRC 58V. A. RUBCHENYA et al.
<10 MeV/nucleon) the formation and deexcitation stag
are totally decoupled and these two phases are separate
several orders of magnitude in time. Hence the fission t
~prescission time! is decomposed into two parts

Tf5Teq→sd1Tsd→sc, ~4.1!

whereTeq→sd is time needed for transition from equilibrium
compound state to saddle point andTsd→sc is time of the
descent from saddle to scission point. The method for ca
lating averaged fission time and measured fission chara
istics was presented in Ref.@6# and is briefly described be
low.

The fusion cross section is calculated by Swiateck
extra-push model@13# using the proximity approximation
@14# for nuclear part of the nucleus-nucleus interaction. T
partial fusion cross sections fus(I ) parametrized by two val-
ues ~critical fusion angular momentumI cr and diffuseness
parameter of angular momentunm distributiondI) is deter-
mined by adjusting calculated fusion cross section. A liq
drop model fission barrier is calculated for symmetrical fi
sion using an parametrization in lemniscate coordinates@15#
taking into account the temperature dependence of pote
energy in the Thomas-Fermi model approximation@16#. In
addition, a scale factorCb for a liquid drop model fission
barrier is used as an adjusting parameter. A rigid-body m
mentum of inertia used for evaluation of rotation energy w
calculated taking into account the diffuseness of nuclear m
ter distribution.

The light particles andg-ray emission are assumed to sta
with their full statistical decay widths at timet50 when the
compound nucleus is formed at near equilibrium deformat
at given angular momentumI . The stationary fission prob
ability flow over the fission barrier approaches t
asymptotic value after some delay time. The time-depend
fission width is determined by the expression@17,18#

G f~ t !5G f
BW@12exp~2t/td!#@~11g2!1/22g#. ~4.2!

Heretd is a time delay parameter,G f
BW is a statistical Bohr-

Wheeller fission width, andg is a nuclear friction coefficien
g5b/2vb ; b denotes the reduced dissipation coefficient a
vb describes the potential curvature at the fission sad
point. For all decay channels level densities were calcula
using the parametrization proposed in Ref.@19#. To calculate
G f

BW the scale factor for level density parameter is introduc
af5Caaeq and zero values of shell corrections were us
The change of angular momentum after emission of parti
or g quanta with energye is taken into account in average
assuming thatDI 51 for the giant-dipole-resonance~GDR! g
ray and for particlesDI;Ae. The parameters of the GDR
strength function have been chosen supposing a collec
prolate shape for compound nucleus and a spherical s
for fission fragments.

After passing the saddle point light particles andg quanta
are emitted during the saddle-to-scission time which is
tered due to nuclear dissipation@20#

tssc5tssc~g50!@~11g2!1/21g#. ~4.3!

If friction coeffiecient depends on the excitation energy th
the tssc interval will effectively depend on the angular mo
s
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mentum and excitation energy of compound nucleus after
transition of fission barrier. The initial excitation energy
the saddle-to-scission descent stage is assumed to be a
erage value of excitation energy after presaddle particle
g-ray emission and excitation energy at the scission poin

The total kinetic energy of fission fragments is a sum
Coulomb interaction energy, kinetic energy at the sciss
point, and rotational energy

Ek5VCoul1Arot
relL~L11!1Ek

sc. ~4.4!

HereArot
rel is a rotational constant for relative rotation of tw

fragments, kinetic energyEk
sc at scission point is of the orde

of temperature, and relative angular momentumL is deter-
mined in the rigid rotation limit. The excitation energy of th
compound nucleus at scission point is calculated after s
traction of the energy removed by prescission particles ang
rays from initial total excitation energy. Characteristics
postscission light particles andg rays are calculated for av
erage excitation energies of fission fragments obtained in
framework of the simplified version of a fission scissio
point model developed recently@21#.

The shape and temperature dependences of fric
strength is an important problem in fission dynamics and
present no definite conclusions can be made about its be
ior @1,3#. It was found that the energy dependence of dis
pation strength reveals threshold character and the diss
tion sets up rather rapidly at nuclear excitation energ
around;40 MeV @22,2#. In this study we used the following
ansatz for the energy dependence of the reduced friction
efficient:

b~E* !5H 0 if E* or Eco* ,Eth*

b~Eco* !~E* /Eco* !p if E* >Eth* ,
~4.5!

where Eco* is an initial excitation energy of compoun
nucleus,E* is an excitation energy during evaporation ca
cade, and the exponentp is considered as an adjusting p
rameter.

Monte Carlo simulation procedure was used to model i
natural way the timing of the process. For each event
time of transition from equilibrium state over fission barri
is calculated by summing partial life times during sequen
cascade decay

teq→sd5
\

G f~ tNc
!

1(
i 51

Nc \

Gp
i , ~4.6!

wheretNc
is average time needed to emitNc particles before

passing barrier and equals the second term of the right
of the equation,Nc is a number of emitted light particles an
g quanta, andGp

i is total particle emission width at thei th
cascade step. The presaddle timeTeq→sd is obtained by aver-
aging ofteq→sd over compound nucleus momentum distrib
tion and fission events. The postsaddle fission timeTsd→sc is
calculated as an averaged value oftssc from Eq. ~4.3!. The
multiplicity distributions and energy spectra of light particl
~neutron, proton,a particle, andg quanta! emitted before
passing the saddle point, at the descent stage, and after s
ion are also calculated.
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PRC 58 1591FISSION TIME SCALE AND VISCOSITY FOR . . .
In Fig. 3 the calculated fission cross section~open circles!
is compared with experimental one~solid circles! @23#. The
theoretical values of fusion barrier and its position are 14
MeV and 11.79 fm, respectively. One can see from Fig
that the model describes well the fission cross section.
calculated ER cross section~open triangles! and the mea-
suredsER ~solid triangles! are also displayed in Fig. 3. In
comparison with our previous estimation of the ER cro
section@5# the present updated calculation gives significan
lower values. But at the present it is unclear for us how
describe experimental values ofsER reported in Ref.@23#.
Comparison with analysis ofsER for compound nuclei216Th
and 224Th, presented in Ref.@24#, shows that available ex
perimental information about the ER cross section
neutron-deficient Th compound nuclei formed in fusio
fission reactions is insufficient. The values ofsER provide
restrictions on the parameters describing fission width,
we found these parameters to betd530310220 s, Cb
50.95,Ca51.03.

Calculated prescission light particle multiplicities are d
fined as the sum of multiplicities emitted before transiti
through fission barrier and at descent from the saddle
scission point:

Mpre5Meq→sd1M sd→sc. ~4.7!

With the increase of projectile energy the contribution
particles emitted at the descent stage to total prescission
tiplicity increases. Presaddle neutron multiplicities decre
with the increase of compound nucleus spin because the
sion barrier decreases as well. There is a strong correla
between the evaporation residue cross section and pres
neutron multiplicity. Therefore ratio ofMeq→sd/Mpre de-
creases with increasing fissility of compound nuclei form
in heavy-ion fusion reactions. Comparison of experimen
~open symbols! with calculated~solid symbols! values of
prescission~squares!, postscission~circles!, and total ~tri-
angles! neutron multiplicities is made in Fig. 4. The mod

FIG. 3. Comparison between calculated~open symbols! and ex-
perimental~solid symbols! values of fission~circles! and evapora-
tion residue cross sections~triangles! for the fusion-fission reaction
40Ar1180Hf. Experimental data are taken from from Ref.@23#.
3
3
e

s
y
o

r
-

d

-

to

f
ul-
e
s-

on
dle

d
l

describes well the experimental dependence of neutron m
tiplicities on 40Ar energy. From comparison of theoretic
and experimental data the parameters describing the en
dependence of the friction coefficient@see formula~4.3!# and
the saddle-to-scission time for collective motion without fri
tion @see formula ~4.2!# were estimated:b (Eco* )540
31021 s21, Eth* 540 MeV, p55, tssc~g50!55310221 s. The
averaged slopes of calculated neutron multiplicities a
function of Elab are

~dMpre/dElab!
21527.1 MeV/neutron,

~dMpost/dElab!
21548.8 MeV/neutron,

~dM tot/dElab!
21517.4 MeV/neutron.

The calculated averaged excitation energy at the scis
point which originates from the initial excitation energy
the compound nucleus increases almost lineally from 3
MeV at Elab5180 MeV to 59.5 MeV atElab5249 MeV.

Theoretical distributions of the presaddle time for fo
values of 40Ar energies are presented in Fig. 5. With th
increase of bombarding energy the width of this distributi
decreases and the very long time tail disappears. The a
aged fission~prescission! time Tf , evaluated from compari-
son of experimental data with theoretical calculations,
shown in Fig. 6~solid squares! together with presaddle time
Teq→sd calculated with friction~solid triangles! and without
friction ~open triangles!. The fission time decreases ve
slowly with increasing of bombarding energy atElab
.220 MeV. One can see from Fig. 6 that dissipation h
dered fission probability by about two orders of magnitud
There is no other estimation of the fission time scale for
reaction under consideration. We can only compare our
sult with the fission time scale obtained for the closest co
pound nucleus221Pa formed in reaction40Ar1181Ta at Elab
5249 MeV. In Ref.@4# Hinde et al. obtained a value ofTf
of about 5310220 s, and Siwek-Wilczyn´skaet al. @25# gave
a value of Tf of about 60310220 s. Our result for com-

FIG. 4. Experimental~open symbols! and calculated~solid sym-
bols! values of prescission~squares!, postscission~circles!, and total
~triangles! neutron multiplicities.
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1592 PRC 58V. A. RUBCHENYA et al.
pound nucleus220Th formed in reaction40Ar1180Hf at the
same energy falls between these two estimations (Tf517
310220 s).

V. SUMMARY AND CONCLUSION

The results of our measurements of prescission
postscission neutron multiplicities in fusion-fission reacti
40Ar1180Hf at Elab5249 MeV are in good agreement wit
the systematics obtained in Ref.@4#. We think that the local
maximum of Mpre(ACN) at ACN;220 ~Fig. 13 in Ref.@4#!
may be connected with the proximity to the closed neut
shell N5126. The total neutron multiplicityM total obtained
in the present work is somewhat higher than that in Ref.@4#
and it cannot be completely explained by the difference
excitation energies of the compound nucleus@Ec* (220Th)
2Ec* (221Pa)54.1 MeV#.

The measured data were analyzed using the new ver
of time-dependent statistical model built into the co
SCRONMCD @6#. The dynamical effects: retardation of th
large scale collective motion, emission of light particles a
g quanta during the saddle-to-scission transition, and de
citation process of fission fragments are included in the co
From the comparison of the experimental data with mo
calculations, model parameters were determined and the
sion time scale for compound nucleus was extracted. It
found that collective motion along the fission path is ov
damped at excitations exceeding the threshold valueEth*
;40 MeV. This supports the conclusion made in Ref.@22#.
The reduced friction coefficient is supposed to depend
excitation energy to describe consistently the presciss

FIG. 5. Calculated distribution of presaddle time for four valu
of 40Ar energies.
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characteristics and evaporation residue cross sections. C
lations were carried out with a large initial value of frictio
coefficient b(Eco* )54031021 s21 @g(Eco* )520# which is
constant in the considered projectile energy interval but
effective value of the friction coefficient decreases during
evaporation cascade@see formula~4.5!#. In this case the ef-
fective friction coefficient averaged over the prescission n
tron cascade decreases with the increase of the initial ex
tion energy of a compound nucleus in a way similar to t
temperature dependence of two-body friction. Although
do not introduce explicitly the dependence of the fricti
coefficient on nuclear deformation, the effective value of t
friction coefficient at the descent stage is greater than
near the equilibrium state due to the energy gain during
descent. Hoffmanet al. @26# found that their results on the
emission of prescission giant dipole resonanceg rays de-
mand that the friction coefficient increases with temperat
above the threshold value. However, this temperatu
dependent friction ansatz seems to contradict the coordin
dependent friction ansatz introduced by Fro¨brich et al. @27#.
It was shown recently@28# that both approaches reproduc
the main trends of experimental data because only ave
friction strengths near equilibrium state and at descent ar
importance.

The dependence of prescission time on bombarding
ergy was obtained. In the measured energy intervalTf de-
creases from 40310220 s to 17310220 s. At Elab
.200 MeV the descent time from saddle to scission po
becomes larger than the presaddle time.
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FIG. 6. Averaged prescission timeTf ~solid squares! and pre-
saddle timeTeq→sd calculated with friction~solid triangles! and
without friction ~open triangles! as a funtion of40Ar-ion energy.
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