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Quasifission reactions as a probe of nuclear viscosity

J. Velkovska, C. R. Morton,* R. L. McGrath, P. Chung, and I. Dio´szegi
Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794

~Received 27 July 1998!

Fission fragment mass and angular distributions were measured from the64Ni1 197Au reaction at 418 MeV
and 383 MeV incident energy. A detailed data analysis was performed, using the one-body dissipation theory
implemented in the codeHICOL. The effect of the window and the wall friction on the experimental observables
was investigated. Friction stronger than one body was also considered. The mass and angular distributions
were consistent with one-body dissipation. An evaporation codeDIFHEAT coupled toHICOL was developed in
order to predict reaction time scales required to describe available data on prescission neutron multiplicities.
The multiplicity data were again consistent with one-body dissipation. The cross sections for touch, capture
and quasifission were also obtained.@S0556-2813~99!05803-3#

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

The mechanism through which energy is dissipated in
energy heavy ion reactions is a topic widely discussed in
last 20 years. The study of deep-inelastic collisions in
1970s stimulated the development of dissipative theorie
nuclear dynamics@1,2#. Following this, the quasifission phe
nomenon was discovered in the 1980s. As well as fusi
fission, it belongs to the class of the completely damp
reactions, where all the initial kinetic energy is dissipat
but depending on the entrance channel, the mass asymm
degree of freedom may be fully or partially equilibrated@3#.
Large mass transfer is achieved in a relatively short ti
(2 –10310221 s) @4# and the system quickly reseparates d
to the absence of a fission barrier.

In heavy symmetric systems, quasifission is the domin
reaction mechanism. A number of systematic studies don
GSI @4–6# using 238U and 208Pb beams incident on targe
ranging from 16O to 89Y have identified the following ex-
perimental signatures of quasifission:~i! fragment mass dis
tributions wider than the mass distributions resulting fro
fusion-fission reactions,~ii ! asymmetries in the mass-ang
correlations increasing with the target mass, and~iii ! angular
anisotropies significantly larger than those in fusion-fiss
reactions.

Because of their unique nature, quasifission reactions
provide a testing ground for different models of dissipat
heavy ion collisions. While in fusion-fission reactions t
fragment mass distributions are not informative of the re
tion dynamics, in quasifission the mass drift towards symm
try is a sensitive probe of the dissipative forces acting
tween the reaction partners. The asymmetry in the m
angle correlations, wherever present, is directly related to
time the system spends in the coalesced state, before re
ration. In the GSI measurements it was determined that
all targets heavier than40Ca the system made less than o
turn before reseparating and the turning angle of the in
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mediate complex was used to extract the dynamical t
scale of the reaction. The data analysis found that the
evant friction mechanism is one body in nature and is te
perature independent. As a result of these works, the ex
push model parameters were established in a systematic
They were also used in the development of the one-b
dissipation model implemented in Feldmeier’s codeHICOL

@7#.
Another experimental approach for determining the re

tion time scale is the measurement of prescission neu
multiplicities. This approach is not limited to quasifissio
reactions, but was also used to deduce fusion-fission t
scales@8,9#. When the excitation energy of the coalesc
system is high enough, the neutron evaporation times
much shorter than the scission time and, thus, the prescis
neutron multiplicity can be used as a clock. The theoreti
treatment of the data involves a statistical model code, wh
is used to predict the prescission neutron lifetimes and
deduce the reaction time. Although the dynamics of the
action cannot be treated with this model, and a direct co
parison with the different dissipation theories has not be
done, the quasifission time scales derived from prescis
neutron multiplicities are comparable to the results obtain
with mass-angle correlations in similar systems and temp
ture regimes@4–6#.

In recent work, Wilczynski and co-workers@10,11# reana-
lyzed prescission neutron multiplicity data of Hindeet al.
@8,9# using an evaporation codeDYNSEQ coupled to the out-
puts ofHICOL. In that way, the dynamics of the reaction w
taken into account. The time scales obtained were an orde
magnitude longer than the original results of Hindeet al.
Surprisingly large values for the dimensionless friction co
ficient g517–50 were reported. These were derived af
scaling the one-body dissipation inHICOL by a factor ks
54 –12. Using this new analysis, and results of the analy
@12# of the GDRg rays in coincidence with fission for th
O1Pb,S1W,Pb reactions@13#, the authors claimed to ob
serve strong two-body dissipation setting in at nuclear te
perature of about 2 MeV withg following 1/T2 temperature
dependence. One-body friction, for comparison, yieldsg
;4 independent of temperature.

The strength of two-body dissipation is still an open qu
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PRC 59 1507QUASIFISSION REACTIONS AS A PROBE OF . . .
tion in the literature. While most authors find that two-bo
dissipation is weaker than one body and yields sho
prescission time scales@14,15#, there are some theoretica
works that predict strong two-body viscosity and long tim
scales associated with this~e.g., @16#!. Such strong dissipa
tion, if present, would influence significantly the quasifissi
reaction dynamics and the observables associated wit
fragment mass distributions and mass-angle correlations.
desirable to compare dissipation results deduced f
prescission neutron multiplicities and from fragment ma
and angular distributions. At present, there are four quas
sion reactions in which the prescission neutron multiplicit
have been measured@9#. The data set of mass-angle corre
tions is larger, but until now, there was no measuremen
both observables in the same reaction at the same cent
mass~c.m.! energy, and hence, the same nuclear temp
ture.

In this work the mass and angular distributions were m
sured in the64Ni1197Au reaction at 418 MeV and 383 MeV
laboratory energies. The mass-angle correlations were
constructed. For the first bombarding energy, presciss
neutron data exist and a comparison of the two experime
approaches is possible. The second energy was used t
vestigate the temperature dependence of the friction. W
the development of the codeHICOL, a detailed analysis of the
mass distributions became possible and the relative contr
tion of the window and the wall friction could be determine
from the data. An upper limit to the reaction time, and t
friction, was determined by an analysis of the mass-an
correlations using the one-body dissipation modelHICOL. An
evaporation codeDIFHEAT, coupled toHICOL, was developed
and applied for analysis of the prescission neutron data p
lished in Ref.@9# and a comparison with Wilczynski’s resul
~obtained with a different code! is presented. The deep in
elastic, capture and touch cross sections were also obta

II. EXPERIMENT

The experiment was performed at the Stony Bro
Nuclear Structure Laboratory, using64Ni beam from the FN
Tandem Van de Graaff and superconducting LINAC acc
erators.

The reactions, for which the prescission neutron mu
plicities were measured and the two existing interpretati
for the reaction times, determined in Refs.@9# and @10# are
given in Table I. To complement the prescission neut
multiplicity data, we measured the mass and angular dis
butions of the fragments produced from64Ni1197Au at 418
MeV incident energy. Although in this case the discrepan
shown in Table I is mild compared to the64Ni1238U and
40Ar1238U reactions, the197Au target was chosen for it
lower fissility. The measurements were performed
‘‘singles’’ mode with silicon surface barrier detecto
~SSB’s! and the event reconstruction was done assuming
nary fission.

The experimental layout in the 2.4 m diameter ‘‘BigMac
scattering chamber is shown in Fig. 1. Eight large area SS
~EG&G Ortec BF-028-400-60! were mounted on a movabl
platform 10° apart located at distances 50 cm and 40
from the target. Measurements were done at two position
the platform, covering from 20° to 90° laboratory angles
r
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the forward position and from 80° to 150° in the backwa
position. The platform was connected to a cooling syst
and the detectors were cooled to210 °C, which allowed
over-biasing without damaging the detectors. Operating
SSB’s in high field strength was crucial, since this minimiz
the pulse-height defect and the plasma delay. For the he
ions studied in this experiment, the plasma delay time w
between 0.2 and 1.5 ns. Corrections were made to com
sate for this effect. The pulse-height defects wereEphd
55 – 25 MeV. Although systematic studies of the two e
fects listed above are present in the literature@17,18#, the
correct mass reconstruction for ions as heavy as the fis
fragments measured in this experiment was difficult.
original procedure for mass reconstruction was develope
this work and is discussed in Ref.@19#. In addition, two
small area ion-implanted silicon detectors~EG&G Ortec BU-
013-25-300! were placed at620° with respect to the beam
axis at a distance 81 cm from the target to monitor the be
quality and for normalization of the measured fission fra
ment yield to the Rutherford scattering cross section.

The reconstruction of the mass and the energy of the
tected fragments requires an energy and absolute time
fight ~TOF! calibration of the detectors and the subsequ
electronics. The energy calibration was done using
228Th a source and the elastic peak from a 247 MeV64Ni
beam. At the Elab5418 MeV energy, additional calibration
points from elastic scattering were used for the detectors
were within the reaction grazing angle. The energy reso

TABLE I. Quasifission reactions, prescission neutron multipli
ties, and reaction times.

Reaction Elab ~MeV! npre t f310221 sa t f310221 sb

40Ar1238U 249 3.2560.2 30610 390660
80

64Ni1197Au 418 3.1560.6 1869 80625
55

64Ni1208Pb 418 3.2560.6 28610 70625
35

64Ni1238U 418 4.0060.8 1568 120640
90

aFrom Ref.@9#.
bFrom Ref.@10#.

FIG. 1. The experimental layout in the ‘‘BigMac’’ scatterin
chamber.
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1508 PRC 59J. VELKOVSKA et al.
tion was;2% for the elastically scattered beam and;1.2%
for a particles. An absolute timing calibration was done u
ing the reference rf signal of the LINAC accelerator and
elastic peak from the 247 MeV run. A thin~100 mg/cm2!
self-supporting Au target was used in the calibration an
250 mg/cm2 Au target was chosen for the measureme
compromising between good timing and a reasonably h
count rate. The width of the beam pulse at the target w
<600 ps full width at half maximum~FWHM!. Corrections
were made for the plasma delay time of the heavy fragme
and the overall timing resolution for the elastic reacti
products measured was<1 ns.

In addition, the relative solid angles of the SSB’s and
monitors were calibrated using the Rutherford scatter
yield. Several calibration runs at 247 MeV, bracketing
time the higher energy data, were recorded during the co
of the experiment.

III. DATA ANALYSIS

A. Mass reconstruction

Two-dimensional~2D! scatter plots energy versus TO
were made for each detector, and the reaction products w
separated from the slit scattered beam and low-energy-n
backgrounds by applying 2D gates. An example of suc
plot and the gate applied for detector 3, located at 40° in
laboratory system, is shown in Fig. 2~a!. The high-energy
elastic peak dominates the yield. Quasielastic events are
at an energy lower than the elastics and with similar TO
The regions of the deep-inelastic and the quasifission f
ments are indicated in the figure. Although the elastic a
quasielastic channels are not of interest for the quasifis
reaction studied here, these events~wherever present! pro-
vided an important check for the mass reconstruction;
they were included in the first step of the data analysis. La
when only the damped reaction products were studied, t
kinetic energy~TKE! versus mass scatter plots were ma
for each detector and a gate was applied to select the d
inelastic and quasifission events only. See Fig. 2~b! for
u540° ~lab!.

After selecting the events of interest,the mass was rec
structed, as described in Ref.@19#, with overall mass resolu
tion better than 10 mass units.

B. Efficiency simulations

A Monte Carlo simulation program was developed to d
termine the detection efficiency for each mass at each de
tor position. Events were generated in the c.m. with flat m
distribution andds/dVc.m.51/sinu ~assuming an isotropic
distribution in the azimuthal angleu!. The kinetic energy of
the fragments was drawn from a Gaussian distribution w
parameters determined from the measured TKE distributio
as discussed later. The simulations included energy los
the target and in the front Au electrode of the detector, pu
height-defect and plasma delay, electronics energy thr
olds, TOF, and velocity cuts. After applying the experime
tal cuts and the experimental mass reconstruction proced
the events were transformed back into the c.m. and the ‘
tected’’ yield was compared to the input. The efficien
curves for the two energies studied and for the two positi
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of the platform holding the detectors are shown in Fig. 3. F
small masses, the input angular distribution is recove
from the ‘‘data,’’ in the intermediate mass region~A5125–
130!, the detection efficiency is reduced in the three m
backward detector positions, and the heavy fragments~A
.150! can only be detected in the forward position of t
platform ~from 20° to 90° in the laboratory system!.

The mass cuts observed in this experiment agree v
well with the simulated efficiency curves. This gives con
dence that the mass reconstruction in the experimental
was done correctly and, also, that all relevant effects w
included in the simulations. Based on the simulated e
ciency, a correction to the experimental yield was done
the mass bins in which the efficiency was between 0.5 an
For lower efficiencies, the centroid of the fragment kine

FIG. 2. Scatter plots from detector 3 located at 40° in the la
ratory system forElab5418 MeV. ~a! Energy versus TOF~uncali-
brated!. The ‘‘banana’’ gate applied to select the events of inter
is shown. ~b! TKE ~MeV! versus mass~amu!. The gate shown
separates the quasifission and the deep-inelastic events from
elastic and quasielastic scattering. The line shows Viola system
TKE.
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PRC 59 1509QUASIFISSION REACTIONS AS A PROBE OF . . .
energy distribution is not covered; so these data were
cluded from the analysis.

IV. RESULTS AND DISCUSSION

A. Fragment mass-TKE distributions

Two-dimensional scatter plots of TKE~in the c.m.! versus
mass were generated for each detector. The data were
rected for prescission and postscission neutron emission
ing the measured quantities from Ref.@9#: for 418 MeV,
npre53.15,npost52 – 5 depending on the mass of the fra
ment. ForElab5383 MeV, experimental data are not ava
able; so values estimated on the basis ofHICOL’s predictions
for the heat along the trajectory and in each fragment at
scission point were used:npre51.5 andnpost51 – 3, increas-
ing with the fragment mass. In Fig. 2~b! an example of TKE-
mass scatter plot is shown. The line indicates the Vio
systematics energy. The measured centroids of the T
distributions agree with Viola systematics and with previo
quasifission studies@4–6#. The variance of the distribution
for which systematic data and empirical formulas do not
ist, was determined to be'15% from the centroid and is
again consistent with the measurements in Ref.@6#. The
HICOL calculations, discussed later, predict correctly the c
troid of the TKE distribution, which shows that the frictio
mechanism implemented in the code produces the r
amount of damping.

B. Fragment angular distributions

1. Experimental results

The energy-integrated cross sections binned in 10 m
units, ds/duc.m.52p sinuc.m.ds/dVc.m., were constructed
after laboratory to c.m. transformation and normalization
the Rutherford scattering yield.

Figures 4 and 5 show the results from the two energ
measured. The data for the masses up to the symmetric

FIG. 3. Efficiency curves for all eight detectors in the two p
sitions of the platform forElab5418 MeV andElab5383 MeV.
x-
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split are shown with solid circles. Above symmetry, only
limited angular range was covered, due to the various fac
restricting the measurement and the mass reconstruction.
data obtained in this region were used for a consiste
check and are plotted with open points in their complem
tary mass bins. The error bars shown in the figures repre
the statistical errors from the measurement. The data sho
significant forward-backward asymmetry typical for sho
time scale reactions in which the rotational period of t
system is longer than the reaction time. This behavior
consistent with one-body friction.

FIG. 4. Fragment angular distributions in bins of 10 mass un
from the Elab5418 MeV measurement. The fits to the data a
described in the text. The values of the measured cross section
given. The open points come from the measurements in the com
mentary mass bin with the assumption that binary fission is
served.

FIG. 5. As per Fig. 4 but forElab5383 MeV.
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1510 PRC 59J. VELKOVSKA et al.
2. HICOL calculations along the trajectory

A series ofHICOL calculations was performed to invest
gate the dissipation mechanism responsible for the forw
backward asymmetry in the experimental angular distri
tions. The code implements a macroscopic description
dissipative heavy ion collisions@7#. A set of collective shape
and angular coordinates is used and their evolution is
lowed, solving the equations of motion. The coupling of t
macroscopic and the intrinsic degrees of freedom is con
ered explicitly in the derivation of the friction and the ma
diffusion tensors, in which Fermi gas one-body formulas
used. A typical ‘‘along-the-trajectory’’ calculation, whic
will be used as an illustrative example, is shown in Fig.
We will consider a quasifission reaction of64Ni1197Au at

FIG. 6. Along the trajectory calculations:~a! potential energy
and shapes.~b! Kinetic energy in the shape degrees of freedo
Tshape, relative rotationTrel , and intrinsic rotationTint . ~c! Dissi-
pated energy: total heat and the relative contributions from the w
dow and wall dissipation.
d-
-

of

l-

d-

e

.

418 MeV laboratory energy and initial orbital angular m
mentumL550\. The potential energy, the kinetic energy
the shape degrees of freedomTshape, in the angular degree
of freedom (Trel and Tint), and the dissipated energy a
plotted as a function of time. In panel~a!, the actual shapes
along the trajectory are also shown. The trajectory start
time t50 when the nuclei are 14 fm apart. All the energ
available to the system resides in kinetic energy of the sh
and relative rotation. Within 6310222 s, the nuclei come
into contact. At that time, the proximity friction has alread
produced about 8 MeV of heat. After the touching point,
the window opens, the radial motion is rapidly damped. W
this, the shape loses most of its kinetic energy, since
other two shape coordinates—the neck and
asymmetry–do not possess any initial momentum. The
cous drag in the window sets into motion the intrinsic ro
tion. At t515310222 s the window has produced 68 MeV o
heat and is already widely open. At this point the sha
changes from a necked-in to a convex type. The system
ters the mononuclear regime, and a uniform wall is cons
ered for the subsequent evolution. A long creeping mot
with practically no kinetic energy in the shape follows. Wit
out the window friction against the net particle flux, th
asymmetry degree of freedom begins relaxing. It has b
severely hindered up to now. As we move along the traj
tory, the deformation develops again, the window com
back, and the total dissipation increases. The potential is
idly falling, the system gains back kinetic energy in th
shape~10 MeV in this case!, and it scissions separating wit
final angular momentumL f543\ and final fragment mass
numbersA15137 andA25124. The TKE of the fragments
is 221 MeV, consistent with our measurement and w
Viola systematics. The mass variance issAA

2 5888 and the
total number of exchanged particles through the windo
Nex56614. Within the reaction time of.140310222 s the
system does not complete one full rotation~the scattering
angle is254°!. The fragment masses are correlated with
emission angles, which will result in asymmetric mass-an
distributions. This is a typical quasifission trajectory, wi
the system scissions bypassing the compound nucleus s
The mass asymmetry is not fully relaxed, but almost all
initial kinetic energy is dissipated and the fragments fly ap
driven by the strong Coulomb repulsion.

In the model implemented inHICOL, there are no free
parameters. The onlyad hocprocedure used is in the com
bination of window-plus-wall and monowall friction. Fo
shapes with a ‘‘fat’’ neck, there is an ambiguity in the choi
of a window plus two walls or a mononucleus shape witho
a window. To make a smooth transition between the t
regions, a form factorf (xn) multiplying the rate of energy
dissipationQ̇ is introduced as follows:

Q̇5@12 f ~xn!#Q̇win1wall1 f ~xn!Q̇mono, ~1!

with xn5Rneck/min(R1 ,R2) measuring the ratio between th
neck radius and the radius of the smaller nucleus. For ‘‘thi
necks (0,xn,0.8), f (xn)50 and the full window-plus-
wall friction is used. In the region 0.8<xn<1, where the
shape makes the dinucleus to mononucleus transition,f (xn)
is smoothly rising from 0 to 1 and both window-plus-wa
and monowall are used. Forxn.1, the energy dissipation is

-
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PRC 59 1511QUASIFISSION REACTIONS AS A PROBE OF . . .
calculated with the monowall formula. In the outgoing pa
of the trajectory, when the neck develops again,f (xn) drops
from 1 to 0 after which, the full window-plus-wall friction is
used until the scission point. The functional form off (xn)
and the limiting valuexn50.8 are arbitrarily chosen. Th
concern when using such a description comes from the
that the two formulas~window-plus-wall or monowall! give
different results when applied to the same shape.
window-plus-wall formula can produce 4–8 times strong
friction against the mass-asymmetry equilibration than
wall formula alone. Figure 7~a! illustrates the mass evolutio
of the projectilelike and the targetlike fragment along t
Elab5418 MeV, L550 \ trajectory. The evolution of the
form factor f (xn) is shown below it in Fig. 7~b!. One can
easily see that the main mass transfer from the target to
projectile happens during the mononucleus part of the tra
tory, when the window friction is turned off. In Figs. 7~c!
and 7~d! we have calculated the mass evolution in the t
extreme cases: monowall friction along the whole traject
or full window-plus-wall everywhere, respectively. Bo
these cases are clearly unphysical. Without the window f
tion, all trajectories proceed rather rapidly to symmet
which is in contradiction with the experimental results~Sec.
IV D ! , while with the window-plus-wall acting everywhere
there are no trajectories that produce symmetric mass sp
In view of the above, we consider that the form factorf (xn)
should be used as a free parameter and adjusted to matc
experimental mass distributions.

In the dynamical analysis of the prescission neutron d
of Hinde et al. @9#, Wilczynski, Siwek-Wliczynska, and

FIG. 7. Window-plus-wall or monowall?~a! The mass evolution
of the projectilelike and the targetlike fragments is calculated
the Elab5418 MeV, L550\ trajectory with window-plus-wall and
monowall friction mixed with a form factorf (xn) as described in
the text.~b! The evolution of the form factorf (xn) along the same
trajectory.~c! Fragment mass evolution calculated without the w
dow friction @ f (xn)51 along the whole trajectory independent
the shape# and~d! the mass evolution withf (xn)50, window-plus-
wall everywhere.
t
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Wilschut @11# scaled the energy dissipation rateQ̇ by an
additional factorks , which was treated as a free paramet
The factor ks was allowed to obtain values smaller tha
unity, when a reduction of the full one-body friction wa
needed, andks.1 was interpreted as evidence for two-bo
dissipation. Along the trajectory, the authors of Ref.@11#
dividedks into ks

in andks
out. In the early stage of the reaction

when the system is reasonably cold, a factorks
in50.5 was

used, and after the mononucleus stage is reached and
system has converted a significant amount of kinetic ene
into heat —ks

out54 –12 was applied to make the reactio
time long enough to allow the emission of the requisite nu
ber of prescission neutrons. The justification for using suc
description was the expected temperature dependenc
nuclear viscosity.

Figure 8 shows theL550\ trajectory calculation

r

-

FIG. 8. As per Fig. 6 but calculated with large friction as in Re
@11#.
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1512 PRC 59J. VELKOVSKA et al.
for 64Ni1197Au at Elab5418 MeV, which was done using
ks

in50.5 andks
out54 as described in Ref.@11#. The quantities

plotted are the same as in Fig. 6 which was for the stand
(ks51) HICOL trajectory. By comparing the two calculation
one sees that the shape of the potential energy, kinetic
ergy, and total heat curves is similar, but the time scale
stretched in the large friction trajectory. The relative con
butions from window and wall dissipation are different. B
scaling down the friction in the early stage of the react
when the window-plus-wall formula is used, the windo
contribution is reduced. Then, in the mononucleus stage,
weaker wall friction is scaled by a factor of 4. This brings t
system into a relatively flat region of the potential with ve
little kinetic energy~mainly in rotation! and strong friction
hindering its motion towards scission. It takes 3.5 tim
longer to develop the deformation and find its way to t
steep slope of the potential that leads to scission. During
long reaction time, the system makes more than two
rotations, as seen in the shape evolution in the figure.
calculated final scattering angle is2760°. This will lead to
orbiting type (;1/sinu) angular distribution of the frag
ments, instead of the asymmetric distribution expected fr
the trajectory in Fig. 6, which agrees qualitatively with t
experimental results. The mass drift in the large-friction t
jectory is similar to the one-body case, since the wind
friction was initially reduced (ks

in50.5), and later increased
in the final part of the trajectory.

C. Cross sections

The experimental angular distributions were extrapola
to 0° and 180° as described by Backet al. in Ref. @20#. For
fusion-fission reactions the angular distributions of the fr
ments are given by@21#

W~u!5(
I 50

`

~2I 11!TI

3

(
K52I

I 1

2
~2I 11!ud0K

I ~u!u2exp@2K2/2K0
2#

(
K52I

I

exp@2K2/2K0
2#

. ~2!

Here I is the total spin of the fissioning nucleus,K is the
projection of I on the fission axis,TI is the transmission
coefficient for fusion of theI th partial wave, andd0K

I (u) are
the real parts of the WignerD functions. Equation~2! gives
angular distributions symmetric about 90° which approa
the 1/sinu classical distribution forI @0. These are not ap
plicable to describe the asymmetric angular distribution
short-time scale quasifission reactions. However, since a
oretical prescription for this type reactions is not availab
Back et al. @20# used the following expression to fit the da
from a measurement similar to the one done in this work

ds

duc.m.
52p sinuc.m.exp@b~uc.m.2p/2!#W~uc.m.!, ~3!

whereb is the angular slope parameter. The same appro
was adopted here. The transmission coefficientsTI were cal-
rd

n-
is
-

he

s

is
ll
e

m

-

d

-

h

n
e-
,

ch

culated using the extra-push estimate to the complete fu
cross section with a program due to Back@22#. The Wigner
D functions for I ,K<25 were calculated using the CER
library routineDDJMNB, and the recursion relations@23# were
used for larger spins. The value ofK0 was determined from
the mass bin closest to symmetry, and kept fixed in the o
mass bins. Best results were obtained withK0

2525210
125 for the

418 MeV data andK0
251525

120 at 383 MeV. The overall nor-
malization and the parameterb were varied to produce bes
fits to the data. In the systems studied by Backet al. @20# the
clean separation of the quasifission and deep-inelastic ev
was possible, since the mass distributions were peake
symmetry. In the case studied here, the mass distribution
a minimum at symmetry and these two reaction chann
could not be separated~see also Fig. 2!. The deep-inelastic
scattering exhibits a maximum at the grazing angle of
reaction for A,80 ~right panels in Figs. 4 and 5! and the
above description of the angular distribution does not app
The laboratory grazing angles forElab418 MeV and 383
MeV are 55° and 65°, respectively. In order to fit the data
Gaussian distribution was added to the distribution given
Eq. ~3! and the relative contributions of the two distribution
were adjusted to obtain agreement with the measurem
With this, an attempt was made to estimate the deep-inela
and the capture cross sections separately. For theA>80
mass bins~left panels in Figs. 4 and 5!, the cross section is
only due to capture reactions. The values for the total cr
section measured,s touch5sDI1scapture, and the estimated
contributions from the two reaction channels are given
Figs. 4 and 5. The errors ins touch, around 25%, come from
the quality of the fits and the uncertainty in determining t
monitor position and the detector solid angle ratios. The c
tribution from the statistical errors of the data is mu
smaller. The upper limit of the deep-inelastic cross sect
sDI was estimated with the assumption that forA,80 all the
cross section forward of the grazing angle is in this chann
This brings the corresponding reduction in the capture cr
section. The angle-integrated cross sections for the diffe
mass bins are listed in Table II.

D. Mass distribution

After integrating the angular distributions in the differe
mass bins, the mass distributions for the two energies m
sured were obtained~see Fig. 9!. At both energies, the dis
tributions differ dramatically from the mass distributions
fusion-fission reactions, which are narrower and peaked
symmetry. This behavior can be qualitatively explain
since, for this system which has fissilityx50.915, the sym-
metric saddle does not exist. The potential energy landsc
always favors asymmetric mass division. Theoretical m
distributions were obtained usingHICOL’s predictions for the
final mean fragment masses and their variances for each
jectory that leads to a damped reaction. A weighted sum o
angular momentum was constructed, using the meas
cross sections. The resulting mass distributions are plo
together with the experimental data in Fig. 9. The dash
line histograms give theHICOL predicted mass distributions
Although the general trend of the data is reproduced, a qu
titative agreement is not achieved. The code underpred
the deep-inelastic scattering and overpredicts the yield at
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TABLE II. Angle-integrated cross sections in bins of 10 mass units from the two energies studied

Elab5418 MeV Elab5383 MeV

Mass sc sDI s touch sc sDI s touch

~amu! ~mb! ~mb! ~mb! ~mb! ~mb! ~mb!

120–130 95621 95621 43610 43610
110–120 128629 128629 46611 46611
100–110 162637 162637 63615 63615
90–100 199645 199645 70616 70616
80–90 206647 206647 106624 106624
70–80 137268

134 75219
138 212659 62231

115 62215
131 124632

60–70 95248
124 186246

192 281679 50225
112 194249

197 245665
50–60 29215

17 113228
156 142640 6.323.1

11.5 134233
167 140636

Total 10532350
1263 374293

1190 14276357 4502194
1135 3912117

1194 8416210
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symmetric mass division for both energies. Since the m
drift is governed by the window friction, and inHICOL the
relative contributions of window-plus-wall and monowa
friction are mixed with a form factor determined from th
shape of the system along the trajectory, as discussed ab
a variation of the form factor was considered in this work,
order to reproduce the experimental results. Allowing for
window friction to contribute for largerRneck by changing
the limits of xn from 0.8<xn<1 to 0.95<xn<1 gave a sat-
isfactory result for the 418 MeV data and a trend in the rig
direction for the 383 MeV data~the solid-line histograms in
the figure!. Further increase in the lower limit ofxn still did
not reproduce the large deep-inelastic cross section meas
at Elab5383 MeV.

The discrepancy betweenHICOL and the data in the deep
inelastic channel was addressed by Feldmeier@7# and was
attributed to the fact that the narrowly peaked phase sp
approximation is not strictly valid for the deep-inelastic tr

FIG. 9. Mass distributions:~a! Elab5418 MeV and ~b! Elab

5383 MeV. The data are shown with points. The histograms g
HICOL calculations: dashed lines, unmodifiedHICOL; solid lines, the
window-plus-wall to monowall form factor is modified as describ
in the text.
ss

ve,

e
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red

ce

jectories. The mass variance is underpredicted in this reg
which limits the partial waves that can contribute to the cro
section in the near-projectile and target mass bins. Includ
fluctuations in the trajectory model will probably improv
the agreement with the data. The code gives a reason
description of the 418 MeV data, in which the deep-inelas
events comprise'1/4 of the total touch cross section. At th
lower energy, where almost half of the touch cross sectio
in the deep-inelastic channel, only the shape of the distri
tion is reproduced by the calculations.

Comparison of theElab5418 MeV mass distribution data
with other theoretical descriptions from the literature is p
sented in Fig. 10. In the work by Shenet al. @6#, it was found
that the full window-plus-wall dissipation gave reactio
times which were too long and inconsistent with the tim
scales derived from the mass-angle correlations. The aut
came to the conclusion that the window friction should n

e FIG. 10. Mass distribution calculations forElab5418 MeV in
comparison to the data:~a! a calculation without the window fric-
tion, ~b! a calculation with friction scaling according to Wilczynsk
et al. @11#, and~c! 0.33~window1wall! along the whole trajectory.



th
as

s
ion

t
ng

ri-
w
b
i-
o
s
1
e
rif
is

jec
nt
-
e
e

r
-
e
r
re

n

ar
ch
e
sm

ot

tia

rin

in
th
u
is

at

rag-
um
of

an-
ion

ing
est
-
in
-

ing

els

1514 PRC 59J. VELKOVSKA et al.
be included in the calculation.
In Fig. 10~a!, a calculation without the window friction is

presented. It differs dramatically from the data, since
window friction is the main mechanism that prevents the f
equilibration of the mass asymmetry. Figure 10~b! shows a
calculation done using a prescription of Wilczynskiet al.
@11# for scaling the friction along the trajectory, which wa
already discussed in Sec. IV B 2. Although this calculat
reproduces the mass distribution, it does not reproduce
mass-angle correlations, since the reaction times are lo
than the rotational period of the system~see Sec. IV B 2!.

A frequently used approach to implement friction in va
ous descriptions of heavy ion reactions is to use windo
plus-wall dissipation during the whole reaction, but scaled
a factor of'0.3, which was determined from fitting exper
mental fission fragment TKE distributions and giant res
nance widths@24#. Figure 10~c! shows the calculated mas
distribution using this approach, in comparison to the 4
MeV data. With the window friction present during th
whole trajectory, even if it is scaled down, the mass d
towards symmetry is hindered significantly resulting in d
agreement with the data.

Using a shape dependent friction along the whole tra
tory, as was done inHICOL, reproduces in a self-consiste
way the mass distributions@Fig. 9~a!#, the mass-angle corre
lations ~Figs. 4 and 11! and the fission fragment TKE. Th
other approaches discussed here fail to reproduce all obs
ables at once. There are minor discrepancies between
model and the experimental results which show that the fo
factor mixing window-plus-wall and monowall friction re
quires further investigation. The mass variances for the de
inelastic trajectories also need further refinements in orde
yield better agreement with the experimentally measu
cross sections.

E. Mass-angle correlations and reaction times

From the measured angular distributions extrapolated
0° and 180°, the double differential cross sectio
d2s/(duc.m.dA) were constructed.

The results are plotted in Fig. 11. The contour levels
listed in the figure. A forward-backward asymmetry, whi
reveals the short-time scale of the reaction, is clearly evid
for both energies measured. A two-body friction mechani
with 1/T2 temperature dependence, as suggested in Ref.@11#,
would require friction scaling factors ofks

out510212 for
Elab5383 MeV andks

out54 for the higher energy, which in
both cases results in time scale much longer than the r
tional period of the system and flatds/duc.m. distributions.
Only the deep-inelastic component of thetouchcross section
would retain the asymmetry aboutuc.m.590°. Since the data
do not show this behavior, the large-friction scenario isruled
out. A direct comparison of the measured double differen
cross sectionsd2s/(duc.m.dA) andHICOL could not be done,
since the code predicts the mean value of the scatte
angle, but does not calculate its variance.

For all partial waves, the calculated mean scatter
angles are smaller than 180°, which is consistent with
experimental observation of a nonorbiting angular distrib
tion. AlthoughHICOL suggests the correct behavior, there
an indication that the reaction times for the intermedi
e
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masses are overpredicted, since in the experiment all f
ments in this range are peaked forward with a maxim
yield angle in the vicinity of 20° and an average angle
60°–80°. A larger saturation angle~'100°! is obtained from
the calculation. The correct description of the measured
gular distributions would require a considerable dispers
around the mean values, which is not calculated byHICOL,
and mean angles smaller by'30°.

An upper limit to the reaction time can be estimated us
the characteristic rotational time of the system for the long
lasting trajectories. AtElab5418 MeV, for the average quas
ifission trajectory, contributing in the symmetric mass b
A5120– 140,L546\, and moment of inertia of two touch
ing spheres we estimatet;30310221 s. In HICOL, the rota-
tional frequency and the moment of inertia are chang

FIG. 11. Double differential cross sectionsd2s/(duc.m.dA)
~mb/rad/amu! from the two energies measured. The contour lev
are shown in the plots.



an

-
en

ifis

e
ion
le
c-
th
la
ch
th
rs

itie
tim
en

is
g

u
th
e
l-

la
li

is

e
nt
o
it,
re
n
tio
to
r
h

at

to

-
ing

. A
t

-

and
del,
of

is
ere

on
as

icle

for

ody
e
At
ac-

tion

eac-
in

dis-
he
ail-

c

d

PRC 59 1515QUASIFISSION REACTIONS AS A PROBE OF . . .
along the trajectory and reflect the evolution of the shape
rotational degrees of freedom.HICOL’s result for the same
trajectory is t515310221 s, which is in excellent agree
ment with the time extracted from the neutron measurem
t51869310221 s @9#. In contrast the calculation@10# of
Siwek-Wilczynskaet al. extractedt580225

155310221 s from
the same data. Table III gives theHICOL results obtained for
the average trajectories contributing in symmetric quas
sion for the two energies measured.

The two completely different physics approaches of R
@9# and this work have yielded similar results for the react
time scale, which indicates that the one-body friction imp
mented inHICOL gives a satisfactory description of the rea
tion mechanism. However, a dynamical calculation of
prescission particle emission is necessary, in order to re
the prescission neutron multiplicity to the viscosity. Su
calculations were done in this work and are presented in
Appendix. After adjusting the statistical model paramete
so that both the measured prescission neutron multiplic
and mean neutron kinetic energies are reproduced, the
scale derived from our dynamical calculation is in agreem
with the original ‘‘static’’ results of Ref.@9#.

V. ONE-BODY DISSIPATION LIMITS

To determine the experimental limits to the one-body v
cosity, implemented inHICOL, calculations were done usin
scaling factors to the friction tensor ranging fromks50.5 to
ks54 and tested versus the experimental mass and ang
distributions. These factors were kept constant along
whole trajectory, thus preserving the original shape dep
dence of friction, which would be destroyed if different sca
ing factors were used in different parts of the trajectory.

Figure 12 shows the results forks51.7 and ks50.8,
which we determine as the limits beyond which the calcu
tions are in considerable disagreement with the data. Sca
factorsks>1.7 lead to scattering angles>180° @Fig. 12~b!#
and orbiting-type angular distributions, which are incons
tent with the data~see also Figs. 4 and 11!. The mean ex-
perimental angles in Fig. 12~b! were determined using th
fits to the angular distributions in Fig. 4 and plotted as poi
in the middle of the corresponding mass bins. The err
were derived from the quality of the fits. In the lower lim
ks<0.8, although the mean scattering angles are in ag
ment with the experiment, there is considerable discrepa
between the calculated and the measured mass distribu
@Fig. 12~a!#. This analysis sets the upper and lower limits
the one-body friction scaling factors for the temperatu
range of the quasifission reactions studied in this work. T
two measurements in the present study cover the temper
range of the prescission neutron data from Ref.@9#. In con-
trast to the calculations in Ref.@11# which found that scaling
factorsks54 – 12, varying with temperature, were needed

TABLE III. Reaction times for the average quasifission traje
tories contributing in theA5120– 140 mass range.

Elab (MeV) ^L& \ time310221 s

418 46 15
383 22 16
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describe the data in Ref.@9#, we consider both our measure
ments are consistent with one-body viscosity. Support
this conclusion, Feldmeier in@7# analyzed the238U148Ca at
Elab55.9 MeV/nucleon data from Shenet al. @6#, and repro-
duced the measured mass distributions with his code
prescission giant dipole resonance GDRg-ray measuremen
and analysis@25# in the quasifission reaction of58Ni
1165Ho at Elab5368 MeV was also consistent with one
body friction.

There have been a number of studies in fusion-fission
fusion-evaporation reactions based on the statistical mo
which show the need for dissipation in the fission degree
freedom. Systematic studies by the Stony Brook group~see
Ref. @12# and references therein! on prescission GDRg rays
indicates that viscosity increases with temperature and
larger than the one-body value. Some of these results w
used in Ref.@11# and together with the prescission neutr
multiplicity calculations discussed above were interpreted
evidence for two-body viscosity setting in at temperatureT
<2 MeV.

On the other hand, other studies from prescission part
multiplicities ~e.g., Refs.@26,27#! and GDRg rays~e.g., Ref.
@28#! in the same temperature range do not find evidence
such large viscosity. A recent measurement of Mortonet al.
@29# of GDR g-ray multiplicities for the 32S1 natW, 208Pb
reactions also found a delay time consistent with one-b
dissipation andg-fission angular correlations that could b
described without temperature dependent viscosity.
present, the dissipation mechanisms in fusion-fission re
tions and the temperature at which the two-body dissipa
sets in is still a subject of considerable debate.

VI. CONCLUSIONS

The present study concentrated on the quasifission r
tion dynamics, exploiting the unique observables available
this type of reactions: mass-angle correlations and mass
tributions. It aimed to clarify and reconcile the data and t
theoretical descriptions of nuclear viscosity that were av

-

FIG. 12. Mass distributions~a! and mean scattering angles~b!
calculated withHICOL with scaling factors:ks51.7, long-dashed
histograms and curves;ks50.8, short-dashed histograms an
curves; ks51, solid lines. The experimental data forElab

5418 MeV are shown with points.
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1516 PRC 59J. VELKOVSKA et al.
able prior to this. We find that two different experiment
observables — mass-angle correlations, and prescission
tron multiplicities — have yielded similar results. Our da
analysis in terms of the one-body dissipation theory w
qualitatively successful. The reaction times obtained fr
this study were in very good agreement with the results
duced from prescission neutron multiplicities using a co
pletely different physics approach. Our own dynamic
evaporation calculation with the codeDIFHEAT was per-
formed for the neutron data~see the Appendix! and recon-
ciled with the original statistical model analysis of Hind
et al. In this work it was shown how the mass distributio
by themselves are also sensitive to the dissipation me
nism. The new results do not confirm the onset of two-bo
viscosity in the temperature range belowT52.5 MeV.
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APPENDIX: HICOL PLUS EVAPORATION

In the approach of Siwek-Wilczynskaet al. @10#, HICOL’s
trajectory was divided into time steps. A statistical mod
calculation was applied for each step, replacing the exc
tion energy withHICOL’s dissipated energy minus the ener
lost in evaporation from the previous step.

A similar code was developed independently in this wo
using a somewhat different approach. Instead of dividing
trajectory into time steps, a continuous evaporation proc
was assumed, following Refs.@30,31#. The results of Refs
@10,11# could be reproduced with our codeDIFHEAT.

Calculating the accumulated neutron multiplicity alo
theL540\ trajectory in64Ni1197Au at Elab5418 MeV, us-
ing a level density parametera5A/9 MeV21 ~the value used
in the neutron measurement!, one finds that the calculate
prescission multiplicity does not reach the experimen
value. In Refs.@10,11#, the authors concluded that the rea
tion time predicted byHICOL using one-body friction is too
short to be able to accommodate the measured prescis
neutron multiplicities.

A different approach to reconcile the measured pres
sion neutron multiplicity with the dynamical trajectory ca
culation was applied in this work. It appears that the discr
ancy between the calculations of Hindeet al. @9# and
Wilczynski’s et al. @10,11# does not stem from the ‘‘static’
versus ‘‘dynamical’’ approach, but rather reflects the diffe
ent nuclear temperature achieved in the two cases. In
calculation of Hindeet al. the level density parameter wa
kept fixed at the valuea5A/9 MeV21, but the excitation
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energy of the system was treated as a free parameter1 and
adjusted in order to reproduceboth the measured prescissio
neutron multiplicity and spectral shapes. Although routine
in statistical model calculations the level density paramete
varied, while the excitation energy is fixed, as Hindeet al.
pointed out, both observables are sensitive to the nuc
temperatureT5AE* /a, which contains the ratio of the two
quantities. The authors of Ref.@10# argued that the dynami
cally calculated excitation energy, as predicted byHICOL2

should be used. Keeping the level density parameter at
same value ofa5A/9 MeV21, but using a lower excitation
energy along the trajectory (E* ;100 MeV), results in a
lower nuclear temperature. Consequently, this calcula
yields longer neutron lifetimes and, in addition,does not
reproduce the mean neutron kinetic energy.

The dashed curves in Fig. 13 show the neutron multip
ity and the mean neutron kinetic energy along the trajecto
calculated witha5A/9 MeV21 and an input heat curve ob
tained by scaling the friction inHICOL by a factorks54. The
shaded regions indicate the experimental multiplicity a
mean kinetic energy values reported in Ref.@9#.

Since HICOL indeed provides a more consistent descr
tion of the excitation energy, than the fitting procedure us
in Ref. @9#, in order to produce the same temperatureT
'2.2 MeV), as derived from the neutron spectra measu
by Hindeet al., we need to vary the level density paramet
From Fig. 6~c! we find thatE* '100 MeV, and we estimate
that a5A/12.7 MeV21 should reproduceboth the neutron
lifetimes and mean kinetic energy. The solid lines in Fig.
show the result fromDIFHEAT, using a level density param
etera5A/13 MeV21 and a one-body dissipation heat cur
coming fromHICOL.

Unlike the conclusion in Ref.@11# that large friction is
necessary to reproduce the experimental prescission neu

1E* 5Ex1DEx . Ex595.3 MeV was determined from theQ
value of the reaction andDEx550 MeV was obtained from the fi
to the data.

2See the total heat curve in Fig. 6~c!.

FIG. 13. Prescission neutron multiplicity and mean neutron
netic energy along the trajectory.
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multiplicities—we find that the reaction time extracted fro
the neutron data,;20310221 s is consistent withHICOL’s
predictions and with the evaporation calculation us
DIFHEAT, if the statistical model parameters are properly co
strained. WhileHICOL is free of adjustable parameters, in a
statistical model calculation one needs at least two obs
ables, to be able to constrain the multiparameter model
culation. It is beyond the scope of this work to investiga
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the influence of all statistical model parameters on the res
from DIFHEAT. There is a significant deformation dependen
both in the particle transmission coefficients and their bin
ing energies@32,26#. Accounting for these effects migh
change the value of the level density parameter neede
describe the data. However, we note that values as sma
a;A/13 MeV21 have been previously deduced from pa
ticle spectral shapes in heavy hot systems@33,34#.
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@2# W. U. Schröder and J. R. Huizenga, inTreatise of Heavy-Ion
Science~Plenum Press, New York, 1984!, Vol. 2.

@3# B.B. Back, R.R. Betts, J.E. Gindler, B.D. Wilkins, S. Sina
M.B. Tsang, C.K. Gelbke, W.G. Lynch, M.A. McMahan, an
P.A. Baisden, Phys. Rev. C32, 195 ~1985!.
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