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Time scales for fusion-fission and quasifission from giant dipole resonance decay
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Giant dipole resonance (GDR) y rays in coincidence with fission fragments were measured in the reac-
tions ' 0+ O'Pb at 120 and 140 MeV, Mg+' Pt at 150 MeV, and S+""W at 185 MeV. y-
ray —fission angular correlation measurements for ' 0+ Pb (120 and 140 MeV) and S+""Wconfirm
the strong contribution of prescission y rays to the total y-ray spectrum. The data were analyzed with a
modified statistical model code which includes the efFects of nuclear dissipation in the fission process, y
decay at equilibrium and between saddle and scission, and the decay of the mononucleus formed in
quasifission reactions. The extracted value for the nuclear friction coefficient of y =10+3 at tempera-
tures between 1 and 2 MeV is much larger than the upper limit for the ground state and indicates strong-
ly overdamped large-scale mass motion. The extracted total fission time scale ~y„(y =10)=2.9X 10 ' s
at 64 MeV excitation energy agrees with that extracted from recent neutron multiplicity experiments. A
strong dependence of the GDR y-ray yield on the target-projectile mass asymmetry is interpreted in
terms of the quasifission process. y-ray spectra and correlations could be fitted with the assumption of a
GDR contribution from the mononucleus but required an arbitrary reduction of the total fission frag-
ment excitation energy by 30 MeV. The quasifission lifetime was estimated to ~«=(2—9) X 10 s.

I. INTRODUCTION

Compelling evidence has recently been obtained from
evaporation measurements of prescission charged parti-
cles [1—3] and neutron multiplicities [4—13) and, in-
dependently, from giant dipole resonance (GDR) decay
studies [14,15] that the fission decay of hot nuclei is hin-
dered, i.e., slowed down relative to the expectations of
the standard statistical model. In the GDR studies the
slowing down is deduced from a comparison of the fission
decay branch relative to the y-ray decay of the com-
pound nucleus GDR which "ticks" with a characteristic
time given by one classical dipole sum rule. In the
neutron/charged-particles studies, the fission lifetime is
compared to the number of neutrons/charged particles
that are emitted by the compound nucleus before the sys-
tem reaches the scission point. The slowing down of the
fission process is interpreted in terms of a large-scale
mass diffusion process including the effects of nuclear
viscosity [16—22]. In these models the fission probability
is evaluated as a function of time, Aow velocity, and posi-
tion, starting from the equilibrium deformation to the
saddle-point configuration. Transient effects delay the
buildup of the fission probability Aow over the fission bar-
rier. As pointed out by Kramers [23] the fission decay
width, usually given by the Bohr-Wheeler expression [24]
determined at the saddle point, is reduced by the
diffusion process because the latter causes Aux to be
rejected back at the saddle point. This enhances the
emission of particles and y rays before the system passes
through its saddle-point configuration. Furthermore, nu-

clear dissipation will also slow down the motion of the
system on its way from the saddle point to the scission
configuration, thereby increasing the decay probability of
particles and y rays between the saddle-to-scission transi-
tion. Giant dipole y rays are emitted during the evolu-
tion from equilibrium to scission with an energy spec-
trurn related to the increasing deformation of the system.

A different time scale is brought into the fission process
when the system is not completely relaxed to the shape
and mass of the compound nucleus (CN), but is trapped
behind the conditional saddle in a highly deformed shape
called the mononucleus [25]. The fissioning of such an
intermediate system, called quasifission (or fast fission in
the absence of a fission barrier), is assumed to proceed
faster than the regular fission process of the CN [26—31].
However, some evidence, e.g. , the fact that no asym-
metries in the mass-angle correlation of the fragments are
observed, indicates that some systems rotate through
several cycles, leading to similar time scales for fusion
fission and quasifission. It is then conceivable that a
GDR excitation could be formed in the mononucleus for
sufFiciently long time to lead to observable GDR y-ray
decay. This offers the potential to determine some of the
properties of the mononucleus including its lifetime.

It has been shown in earlier work [15] that the angular
correlation between the GDR y rays and the spin axis of
the rotating fissioning system, defined by the plane deter-
mined by coincident fission fragments, is a sensitive indi-
cator for an intermediate system that lives for several ro-
tations. The form of the correlation as a function of y-
ray energy yields information about the GDR corn-
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ponents and thus the shape of the intermediate system,
and about its approximate temperature. In addition, a
simultaneous fit to the correlation and to the y-ray spec-
trum can determine the strengths of the pre- and
postscission GDR decays separately, which yield the time
scale of the fission process relative to the GDR decay
time.

It was demonstrated by Back et al. [29] that one can
vary the contribution of the regular and the quasifission
process by forming the same composite system in reac-
tions of different target and projectile combinations.
However, the quasifission process has never been investi-
gated in regard to a possible presence of a GDR.

Thus the purpose of this paper is twofold: (1) We ex-
tend the previous GDR-fission correlation measurement
[14] of the compound system Th from an excitation of
64 MeV (120 MeV bombarding energy) to 82 MeV (140
MeV), in order to study the temperature effect on the CN
fission process over a larger range, and to compare the
GDR results for fission lifetimes to those inferred from
neutron multiplicity measurements. (2) We then present
measurements on Th compound systems at nearly the
same excitation energy and spin formed in reactions of
various target-projectile asymmetries, ' 0+ Pb,
"Mg+'"Pt, and S+""~, in order to search for the
GDR of the mononucleus.

TABLE I. Summary of measured reactions. The columns
contain the reaction, the compound nucleus (CN), the beam en-

ergy (MeV), the excitation energy (MeV) corrected for energy
loss in the target, and the maximum angular momentum (fi).

Reaction

16O +208pb

4Mg+ 96Pt
"s+""w

CN

220Th
—216Th

Ebeam

100'
120
140
150
185

EcN

44
64
90
70
72

~max

45
56
75
58
57

'At 100 MeV only multiplicity gated singles y-ray spectra and
no y-fission coincidences were recorded [14].

II. EXPERIMENTAL PROCEDURE

In the experiments, beams of ' 0, Mg, and S from
the Stony Brook LINAC were incident on targets of

8Pb, ' 6Pt, and ""W, respectively, producing systems
with properties listed in Table I. y-ray energy spectra in
coincidence with fission fragments were recorded in a
shielded 25.4 X 38. 1-cm cylindrical NaI(T1) detector
placed at 90' to the beam direction. Four silicon
surface-barrier detectors were configured in a plane 90 to
the beam with one pair perpendicular to, and the other
collinear with, the NaI detector axis. This permits the
measurement of coincident y rays emitted parallel (0 )

and perpendicular (90 ) to the compound nucleus spin
axis. The ratio of these yields, W(0', Er )/W(90', Er ), is
the y-ray energy-dependent angular anisotropy which is
a sensitive indicator for the presence of the GDR of a de-
formed long-lived nuclear system [15]. A detailed

description of the experimental setup, calibration pro-
cedures, extraction of y-ray energy spectra, and the
GDR y-ray —fission angular correlation can be found in
earlier publications [15,32,33].

III. EXPERIMENTAL RESULTS
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FIG. 1. Difference spectra (top) between the calculated spec-
tra and the measured y-ray spectra (normalized to the experi-
ment) for the reaction ' 0+ Pb at 120 MeV (a) and 140 MeV
(b). The calculations were performed using standard statistical
model parameters for the decay of the thorium compound nu-

cleus including regular COMDR, particle, and fission competition,
but without dissipation effects. The bottom part shows the an-

gular anisotropy as a function of y-ray energy.

Since fission overwhelmingly dominates the decay of
the Th composite system the y-ray spectra should reflect
the predominance of postscission y rays emitted from the
highly excited fission fragments, including y rays associ-
ated with the decay of the GDR built on highly excited
states of the fission fragments. In particular, one does
not expect a priori to observe the y-ray decay from the
GDR of the CN. However, matching earlier observa-
tions in y-ray singles energy spectra [14], the y-ray spec-
trum in coincidence with fission fragments in the
' 0+ Pb reaction shows the typical distinct bump
around 11 MeV where the GDR of the CN is expected.
This is an immediate indication of the presence of a pre-
scission GDR in hot thorium systems [14]. In the
present work these measurements were extended to 140
MeV bombarding energy, in coincidence with fission
fragments, and including the determination of the g-
ray —fission fragment angular anisotropy. Figures 1(a)
and 1(b) show the coincidence y-ray energy spectra for
120 and 140 MeV in a representation which differs from
the usual one. To bring out the enhanced contribution
from the prescission CN GDR the experimental y-ray
spectra have been subtracted from the predicted spectra
computed with the standard statistical decay of the thori-
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um compound nucleus including regular GDR, particle,
and fission decay. These calculations have been per-
formed with a modified version [15] of CASCADE [34]
with parameters described elsewhere [14]. Clearly, the
standard statistical model underpredicts the yield of
high-energy y rays in the region of the CN GDR, thus
demonstrating a stronger than expected presence of the
GDR of the prescission system. Even more convincing
evidence for prescission GDR decay comes from the y-
ray —fission angular correlation depicted in the bottom
panels of Fig. 1. They show the characteristic pattern for
a GDR y-ray decay in fissile systems with the appropri-
ate width and position of the lower GDR component in a
deformed hot CN [15]. Thus, it is evident that these hot
thorium compound systems formed in the ' 0+ Pb re-
action live long enough to establish a GDR before the
system fissions, allowing therefore a determination of the
fission time scale.

The pattern observed in Fig. 1 changes significantly for
the S+""W reaction whose y-ray spectrum is shown in
Fig. 2(a) in the same representation as Fig. 1. Using the
same standard statistical model parameters as for the
120-MeV ' 0+ Pb reaction the calculations now over-
predict the yield of y rays in the CN-GDR region, indi-
cating a reduced presence of the GDR. However, the
"correlation bump" persists [Fig. 2(b)], indicating that a
"long-lived" intermediate system is responsible for the
emission of GDR-like y rays. To investigate this surpris-
ing behavior an additional measurement was performed
using the Mg+ ' Pt reaction which has a target-
projectile mass asymmetry between the two other reac-
tions. Figure 3 summarizes the y-ray spectra in coin-
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cidence with fission fragments observed in the reactions
120-MeV ' 0+ Pb (solid), 150-MeV Mg+' Pt (dot-
ted), and 185-MeV S+""W (dashed). The energies were
chosen so that the three reactions produce thorium com-
pound systems at nearly the same excitation energy and
angular momenta (see Table I). The data are normalized
to each other at E =6—7 MeV to bring out the relative
strengths in the energy region of the compound nucleus
GDR (Ez = 8 —15 MeV). The spectra exhibit a systemati-
cally decreasing presence of GDR y rays as the projectile
mass increases and the CN becomes lighter. 3 priori, one
does not expect a drastic change in the y-ray spectral
shape since nearly the same compound nuclei were
formed with almost identical excitation energy and max-
imum angular momentum. It is easy to establish with the
statistical model that the small decrease in neutron num-
ber (N= 134 for ' 0+ Pb, N —126 for S+""W) and,
thus, a small increase in the fissility of the various com-
pound systems cannot be responsible for the observed
spectral changes. Rather, the difterence suggests a
change in reaction mechanism. It has been previously re-
ported that in the 177-MeV S+' W reaction approxi-
mately 50%%uo of the capture cross section is due to
quasifission [31]. This possibility will be explored more
fully in a later section.

IV. STATISTICAL MODEL ANALYSIS
INCLUDING DISSIPATION

FIG. 3. y-ray spectra of the three reactions ' 0+ 'Pb at 120
MeV (solid), Mg+' Pt at 150 MeV (dotted), and ' S+""Wat
185 MeV (dashed). The spectra were normalized to each other
between 6 and 7 MeV.

FIG. 2. Same as Fig. 1 for the reaction ' S+""W at 185
MeV.

This section outlines further modifications to the sta-
tistical model code CASCADE [34] that had been previous-
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ly modified to include the statistical decay of excited
fission fragments [15]. The relevant equations for particle
decay (neutron, proton, alpha), y-ray decay including the
decay of the GDR and fission without nuclear dissipation
have been summarized elsewhere [32]. Here, we will de-
scribe additional ingredients which account for the effects
of nuclear dissipation in the fission degree of freedom.
From these a fission time scale will be derived.

Following Refs. [16—21] we consider the fission pro-
cess at three difFerent stages of evolution: (1) the buildup
of the fission motion in the potential minimum; (2) the
movement over the barrier; and (3) the motion from the
saddle to the scission point.

We assume that particle and y-ray decay start with
their full decay widths at time t =0, when the compound
nucleus is formed at the equilibrium deformation. The
buildup of the fission motion, however, occurs with a
time constant ~& due to transient effects that have their
origin in the coupling of the collective fission degrees of
freedom to nucleonic excitations. We describe this by a
time-dependent fission decay width at the saddle point:

rI(t ) = I ~[1—exp( —t /~~) ],
where ~& can be viewed as a delay time for the fission
probability flow to reach the saddle point. This fission
delay leads to a relatively enhanced particle and y-ray
emission while the nucleus is near the equilibrium
configuration.

As the fission motion reaches t'he saddle point the
viscous diffusion process results in a reduction of the nor-
mal fission width, as was recognized by Kramers [23].
Using the Bohr-Wheeler expression for the normal, non-
dissipative, fission width, Kramers solution is given by

I Kramers —I Bw( Q 1 +7
2f f

with the nuclear friction coefficient y =P/2coo. P denotes
the reduced dissipation coefficient [17,18] and coo de-
scribes the potential curvature at the fission saddle point.

Identifying I & with the Kramers width we obtain a
modified fission decay width to be used in the CASCADE
calculations of

I I(t)=I /" "'[1—exp( —t/r/)] .

One would expect that nuclear dissipation will affect all
large-amplitude nuclear collective motions, i.e., not only
fission, but also the collective vibration of protons versus
neutrons inside the nucleus which manifests itself in the
decay of the giant dipole resonance. Recent observations,
however, of the prescission GDR decay in hot, fissile nu-
clei [14,15] indicate that the CrDR energy and y transi-
tion strength, empirically one classical dipole sum rule,
are not affected by nuclear dissipation mechanisms. This
may be explained within the model of nuclear elastoplas-
ticity proposed by Norenberg [35].

Nuclear dissipation also slows down the fission motion
from the saddle to the scission point. As it was shown by
Hofman and Nix [36], the saddle-to-scission time, includ-
ing dissipation, ~„„may be approximated by

r„,=P„,(&1+7'+ y ),

with ~„,being the time without dissipation. (For the re-
actions under consideration ~„, can be calculated to be
[37] v;„=3 X 10 ' s.) Thus, for a large saddle-to-
scission time scale, particle and y-ray emission may be
enhanced further before the nucleus scissions. Thus
viscosity introduces three additional parameters into the
statistical model ealeulations: the dimensionless friction
coefficient y, the fission delay time ~&, and the saddle-to-
scission time ~„,.

Whereas enhanced neutron emission has been analyzed
[6,13] in terms of the two time constants r& and ~„„we
elect to analyze our data in terms of the friction constant
y. This requires a relationship between ~& and y. In the
limit of overdamped motion (P))2', ) the relation be-
tween r& and the reduced nuclear dissipation coefficient P
may be taken as [17]

ln( 10B//T ),
2co

(3)

Since m, =coo we use cuo=m, = 1 X 10 s to compute the21 —1

fission delay time and the saddle-to-scission time from y,
BI, and T. Thus, the parameter set (y, 7&,r„,) contains
only one independent parameter, y.

The effects just described were included in CASCADE as
follows. Starting with a given excitation energy E;* of the
CN, determined by the projectile energy and ground-state
Q values, the partial decay widths for each decay channel
k, I 1, (E;",J;), summed over all final states that are al-
lowed by the transferred angular momentum and kinetic
energy of the emitted "particles" (neutron, proton, alpha,
y ray, fission), were calculated for each spin value J; of
the initial CN spin distribution. For each "box" (E,*,J, )

a lifetime for this first decay step was calculated from
~k(E;*,J; ) =A/I „(E;*,J; ). Since neutron evaporation
dominates completely the particle decay, the neutron life-
time was used to calculate the elapsed time (r,i, , ) and to
describe the time evolution of the decaying system. For
the decay of the initial compound nucleus population,
(r,i,„,) is zero; therefore, the time t in the argument of the
exponential in Eq. (1) is given by the neutron lifetime
~„(E;*,J;) for each initial (E,J, ) configuration. This
time was then used to calculate the fission decay width
for fission of the original CN for each (E;*,J; ) combina-
tion.

Having determined the decay of the initial CN popula-
tion, an average lifetime for each decay channel k,
weighted with the fusion population cross section,
or"'(E, J; ), was calculated from the average partial de-
cay width by using

y y r„(E,*,J, )~'" (E,*,J, )
EQ J

(4)g g o "'(E;*,J, )
EQ J

l

with ~& being the assault frequency, 8I the height of the
fission barrier, and T the nuclear temperature. For un-
derdamped motion (P «2', ) rI is given by

1
rf —ln( 10B&/T )
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Again, the average time to populate the "daughter"
nucleus after particle and y-ray decay is given by the
average neutron lifetime ~„=A/I „. This time plus the
time r„(E*,J) calculated from the decay of the daughter
population is now used as the elapsed time ~,&, , for each
(E*,J) box in the daughter population to calculate the
fission decay width in the daughter nucleus, etc.

During the complete decay of the compound system at
equilibrium deformation, at each decay step, and for each
(E',J) combination, the corresponding fission popula-
tions at the saddle-point configuration are created for the
fission of the initial compound nucleus and of each
daughter nucleus. In addition, all particle and y-ray
spectra were calculated during equilibrium decay. We
shall refer to the associated y-ray spectrum as the presad-
dle y-ray spectrum.

These fission populations for each fissioning nucleus
were then used to calculate the additional statistical de-
cay of particles and y rays during the saddle-to-scission
motion. We note that, at this point, the nucleus is al-
ready committed to fission. Therefore, fission competi-
tion was excluded during the saddle-to-scission decay.
To this end, a new CASCADE decay structure was calcu-
lated for each fissioning nucleus. The fission population
of a particular fissioning nucleus was then used as a new
"compound nucleus" population and the statistical decay
of that nucleus was calculated.

To determine the appropriate excitation energy for the
particle and y-ray decay during saddle-to-scission transi-
tion, and thus the appropriate level densities, we evalu-
ated the thermal excitation energies at the saddle and
scission points according to

Usaddle ECN Bf Erot, s
(5)

Uscission EcN +Qf + rot, sc Edef

The various quantities are ECN, the excitation energy of
the compound nucleus; B&, the fission barrier height, cal-
culated at the mean spin of the fusion spin distribution
according to the finite-range liquid drop model [38];
E„,„the rotational energy of the complex at the saddle
point, calculated for the mean spin of the fusion spin dis-
tribution using moments of inertia according to the
finite-range liquid drop model [38]; Q&, the fission Q
value determined by the difference in binding energies
from both fragments (assuming symmetric fission) and
the compound nucleus; TKE, the total-kinetic-energy
release in fission according to the Viola systematic [39];
E„t„, the rotational energy corresponding to fragment
spins that were determined by parametrizing [15] the re-
sults from Schmitt et al. [40]; and Ed,t, the deformation
energy bound in fragment deformation and taken to be 12
MeV [31]. The excitation energy of the fission population
for the saddle-to-scission decay was then determined
from the average value 0.5 ( U„dd„+ U„;„;,„)[13].

At equilibrium deformation, the CN has no time re-
striction for its statistical decay. During the saddle-to-
scission transition the decay is, however, restricted by the
mean saddle-to-scission time. At each decay step j the
remaining time to the scission point is

',(r„)and was calculated with

1—
1 —exp( —iL„rj„„i)

where A,„,=I „ /A' with I „J the average neutron decay
width at step j [see Eq. (4), with the weighting now of the
cross section of the fission population]. Equation (6) has
its origin in the definition of a mean lifetime restricted,
however, by the time ~~„„&..

J t exp( A,„t)d—t.
(r ) — 0

f ""
exp( —

A,„,t )dt

Because of this time restriction only that part of the
cross section of the fission population is allowed to decay
to a daughter nucleus that occurs within the limits of the
remaining time to scission. The cross sections at a given
(E*,J) were then multiplied by a factor
1 —exp[ rJ„„,I—„, (E',J.)/fi], with I „, .(E*,J) being
the total decay width at step j for a given (E*,J) com-
bination, to calculate the population of a daughter nu-
cleus. The remaining cross-section population at each
decay step j was stored internally. At each decay step j it
was checked whether ~,„„,has reached zero, i.e., whether
the system has reached its scission configuration. In that
case, the saddle-to-scission calculation was stopped and
the remaining cross-section populations for all previous
decay steps were then used to create the cross-section
populations for the fission fragments, including a mass
and TKE distribution following the description detailed
elsewhere [15]. The procedure just outlined for the
saddle-to-scission decay was repeated for each fission
population obtained during the equilibrium decay and
yielded the energy spectra of the postsaddle particles and

y rays.
Having finished the saddle-to-scission decay of all

fission populations the population of each fission frag-
ment becomes the starting point of a new CASCADE calcu-
lation of that fragment. The sum of all particle and y-ray
spectra of all fragments yields the total postscission parti-
cle and y-ray spectrum, respectively.

In summary, this modified version of the statistical
model code CASCADE provides a time-dependent treat-
ment of the complete decay of an excited compound nu-
cleus including a dissipation mechanism in the fission de-
gree of freedom, yielding presaddle, postsaddle, and
postscission particle and y-ray spectra. We emphasize
that the dissipation mechanism is included with only one
free parameter, y.

V. FISSION LIFETIMES
IN THE ' O+ Pb REACTION

In this section we analyze the data obtained in the
' 0+ Pb reaction in order to extract the friction
coefficient and a time scale for fission from the COMDR de-
cay. These can then be compared to the results obtained
from other studies.

The input parameters for the statistical model analysis,
such as GDR parameters for the CN and fission frag-
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ments, and multiplication constants for the fission bar-
riers, were taken from previous work [14], leaving the nu-
clear friction coefBcient y as the only new fit parameter.
The initial calculations were performed using the level
density parameter reported in Ref. [14]. However, it
turned out that, for very strong damping (y ~ 10), the
high-energy slope of the calculated spectrum (Er ) 15
MeV) cannot be reproduced since the contribution of y
rays from fission fragments is now substantially smaller
than those emitted prior to scission. This can be onset by
either lowering the fission barrier height or the level den-
sity parameter a for fission fragment decay, both of which
would result in an increased y-ray contribution from
fission fragments. Lowering the fission barrier height in-
creases the fission fragment y-ray cross section without
changing very much the postscission y-ray spectral
shape. Since an increased amount of prescission y rays at
the energy of the lower component of the CN GDR is
needed to describe the y-ray spectral shape and the g-
ray —fission angular correlation this solution was rejected.
Thus, a = A /10 were used for fragment y decay with the
large viscosity case (y=10) and gave satisfactory fits.
Using a = 2/12 (as frequently quoted in the analysis of
neutron multiplicity data [13]) improves the fit quality at
the highest energies but overpredicts the fission fragment
y-ray contribution at the CN-GDR energy. The calcu-
lated spectra were normalized to the measured spectra at
low y-ray energies where the postfission contribution

+fiss g o""(i) SSC

dominates. The normalization constants so obtained
agreed within 20%%uo with those derived from the (simul-
taneously measured) fission singles counts.

Figure 4 shows the fits obtained for the y-ray spectrum
in coincidence with fission fragments, and for the y-
fission angular correlation, at 140 MeV, for four values
for y: underdamped (y=0. 1), critical damping (y= 1),
overdamped (y=5), and very strong damping (y =10).
First, we note that the calculated spectrum is indeed sen-
sitive to the viscosity. Clearly, the underdamped case
(y=0. 1) cannot account for the excess y rays observed
in the CN-GDR energy region. Strong damping with y
between 5 and 10 is required. The same result is obtained
from the fits to the data at 100 and 120 MeV. Thus we
conclude that, at high excitation energies, fission is
strongly overdamped. Using 5~y ~10 in Eq. (3) yields a
delay time for the onset of fission of
rf ——1 X 10 —3 X 10 s (using Bf= 1.8 to 4.1 MeV for
the fission barrier height at the mean spin of the fusion
spin distribution, and temperatures T=1.3 to 1.9 MeV
for the initial compound nucleus, for the three bombard-
ing energies), and from Eq. (2) a saddle-to-scission time of
r„,=(3—6) X 10 s. The total fission time scale can be
obtained from
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FIG. 4. y-ray spectra (top row) and anisotropy spectra (bottom row) for the reaction ' 0+ 'Pb at 140 MeV. The fits correspond
to different values of the nuclear friction coefficient y. The contributions to the total y-ray spectrum (solid) are presaddle (short
dashed), postsaddle (dot dashed) and postscission (long dashed). The GDR parameters for the saddle-to-scission decay were El =9.8

MeV, I 1
=3.0 MeV and E,= 15.5 MeV, I 2= 5.0 MeV.
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TABLE II. Average fission times ~z„, calculated at the mean
excitation energy E;„" (in MeV), and ~y„, deduced from the
fission cross section of the first step. All times are in s and are
obtained for an initial excitation energy of 64 MeV for different
values of the friction coeScient y. y =0 corresponds to calcula-
tions using standard statistical model parameters (without dissi-
pation). Step y=0. 1

TABLE III. Relative fission cross sections normalized to the
fusion cross section as a function of nuclear viscosity calculated
at different decay steps for 120-MeV ' 0+ Pb. The steps refer
to consecutive daughter nuclei populated through neutron de-
cay.

EBV
ex

+fiss

51
4.2X 10
1.7X 10

48
3.4X10-"
1.2X10-"

46
6.4X10-"
2.9X 10

0.64
0.26
0.07
0.01

0.20
0.26
0.24
0.17
0.10
0.01

0.08
0.18
0.24
0.24
0.17
0.04

where r,i, ,(i) is the elapsed mean time from the begin-
ning of the CN decay to the ith decay step up to saddle
point, as described in Sec. IV. The total fission times for
the 120-MeV data (initial excitation energy of 64 MeV)
are listed in Table II for y=0, 5, and 10. We note that,
while the initial excitation energy is the same for the hin-
dered and the nonhindered case, the average excitation
energies are different. Averaging over six decay steps
yields the different mean excitation energies E,'," as shown
in Table II. The fission time scale of the first step, i.e., at
E„=64 MeV, can be obtained from the fraction of
fission that occurs during the first step,

r,i, ,(1)
in[1 —o „„(1)/o'„",,"]

The fission time scales rs„at E,„=64 MeV (Table II)
are shorter than the excitation energy averaged fission
times o.y„. A comparison of the fission times with and
without hindrance shows that friction slows the fission
process down by a factor of 8 —15.

Over the range of excitation energies covered in this
experiment, from 44 to 90 MeV, our fits do not show any
dependence of nuclear friction on the excitation energy,
within the accuracy of the procedure, i e., of the
potential-energy surface or the oscillator frequencies, and
of the fission barrier height.

It is interesting to note that y=0. 1 (underdamped
case) and y =5 (overdamped case) yield exactly the same
value for the fission delay time ~& inside the saddle and
thus produce comparable total fission time scales ~&„.
One might at first suspect that comparable times would
lead to comparable GDR y intensities making the spec-
tra insensitive to the viscosity. The fact that the y-ray
spectra are sensitive to the viscosity stems largely from
the Kramers factor, which modifies the fission width and
thus enhances y-ray and particle emission, and which is
missed if the decay multiplicities are directly analyzed in
terms of time scales. Importantly, the Kramers factor
does not change the total fission width significantly, but
merely redistributes the cross section for fission from the
earlier to the later decay steps. This is demonstrated in
Table III, which lists the relative fission cross sections
(normalized to the fusion cross section), computed with
the fit parameters of Fig. 4, over the first five steps, for
underdamped and overdamped cases. The case y=10

gives a residue cross section o.„,=19 mb and a fission
cross section o.

&
=1228 mb, and y =0. 1 gives o.„,& 1 mb

and oI=1248 mb, which are both compatible with all
available data [41]. A precision measurement of the resi-
due cross section would clearly be desirable.

Finally, we address the question whether other than
compound nuclear reaction mechanisms may contribute
to the observed excess GDR y rays in the i6O+2osPb re-
action, specifically, quasifission reactions and incomplete
fusion reactions. As can be concluded from the basic
work of Back and collaborators [28,29] we do not expect
an inhuence of quasifission in the ' 0+ Pb reaction.
However, at the highest bombarding energy of 140 MeV,
corresponding to E/A =8.8 MeV, y rays emerging from
incomplete fusion (ICF) reactions might contribute to the
observed spectrum.

To estimate the fraction of ICF to the measured fission
cross section we follow the description of Morgenstern
et al. [42]. From their Fig. 2 we extract that approxi-
mately 4% and 20% of the experimental cross section
[29] of 1200 and 1500 mb are due to ICF, for 120-MeV
and 140-MeV ' 0+ o Pb, respectively. In the following,
we concentrate on the highest bombarding energy and
neglect ICF at 120 MeV.

According to Wilczynski's sum-rule model [43] we
consider the a channel to have the strongest effect on the
y-ray spectrum. Having determined the effective labora-
tory energy of the "' C projectile" and the corresponding
ICF cross section, the angular momentum space due to
ICF can be transformed into the "pseudocompound" re-
action ' C+ Pb. Standard CASCADE calculations (i.e.,
without fission hindrance) were then performed using the
proper angular momentum windows for ' 0+ Pb and
' C+ Pb and the resulting y-ray spectra were added.
This sum spectrum did not differ significantly from the
standard compound nucleus calculations for the full an-
gular momentum space. Thus, we conclude that ICF in
the 140-MeV ' O+ Pb reaction cannot account for the
excess y rays observed in the CN-GDR energy region.

VI. COMPARISON %'ITH NEUTRON
MULTIPLICITIES

A series of recent experiments has focused on the neu-
tron multiplicity [11,13] to deduce fission lifetimes by
comparison with the "neutron emission clock." This ap-
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$ neutron data
Calculations:
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FIG. 5. Prescission neutron multiplicity as a function of exci-
tation energy. Results from statistical model calculations with
y=0. 1 (o), y=1 (X), @=5 (E), and y=10 (Q) are compared
to experimental values (~ ) from Ref. [12].

proach is very similar to the one used in the present pa-
per, and the results should be consistent.

Since in our procedure particle multiplicities are ob-
tained along with the calculation of the y-ray spectrum,
our results also make detailed predictions about the neu-
tron multiplicities for equilibrium decay (i.e. , presaddle)
and for neutrons that are emitted during the saddle-to-
scission motion (postsaddle). These calculations indicate
that most of the y rays (see Fig. 4) and neutrons are emit-
ted before the system reaches the saddle point. This
differs significantly from some of the neutron multiplicity
analyses that assumed that neutrons were predominantly
emitted during the saddle-to-scission motion. Our com-
puted multiplicities for the ' 0+ Pb reaction are com-
pared in Fig. 5 to recent neutron multiplicity measure-
ments [12] obtained with ' 0+ Pb and very similar re-
actions. The results obtained for a viscosity parameter
y = 10 agree quantitatively with the neutron data.
Viscosities of y & 5 seem to be ruled out. From the com-
bined fits to y-ray spectrum and neutron multiplicity we
conclude that the viscosity parameter y = 10+3.

The quantitative success of our neutron multiplicity
calculations lends support to the model assumptions that
were used in the present analysis of the time evolution of
the fission process and that indicates that most GDR y
rays, neutrons, and particles are emitted prior to the sad-
dle. Our analysis explicitly includes Kramers' reduction
of the fission decay width whereas Hinde et al. [6] use the
unmodified transition state value. Since the Krarners fac-
tor considerably decreases the probability for fission (e.g. ,
critical damping with @=1 reduces the fission decay
width to —, of the unmodified fission decay width), parti-
cle and y-ray emission inside the fission saddle point is

enhanced. Several additional recent experiments on the
emission of charged particles [45] and complex fragments
[44] support this conclusion. Thus we conclude that in-
clusion of the Kramer's factor into any time analysis is
essential.

Some recent neutron multiplicity data obtained in
coincidence with evaporation residues appear to argue
against friction eff'ects inside the fission barrier [5] since
the fission probability and the neutron multiplicity associ-
ated with evaporation residues are correctly reproduced
with standard statistical model parameters. On the other
hand, the neutron multiplicity associated with fission is
underpredicted, from which Zank et al. concluded that
the observed excess neutrons in coincidence with fission
are emitted between saddle and scission point. However,
multiplicities do not provide a sensitive test for statistical
model parameters since various combinations of the
latter may yield approximately the same multiplicity
numbers.

Finally, it is interesting that a recent experiment by the
HMI group [46—48] found no dependence of the total-
kinetic-energy (TKE) release in fission on the prescission
neutron multiplicities. Since the TKE is assumed to be a
measure of the scission configuration, this result suggests
that the majority of excess particles/y rays is indeed
emitted inside the fission saddle point. This conclusion
was also drawn from the fission lifetime analysis of exci-
tation function data [49].

VII. GDR DECAY AND THK QUASIFISSION
PROCESS

As was shown in Fig. 2 standard (i.e., without fission
hindrance) statistical model calculations which under-
predict the GDR yield observed in the 16O+2osPb reac
tion, overpredict the GDR decay strength of the thorium
system when it is formed with the S+""%reaction. In-
clusion of dissipation only increases the discrepancy. The
observed systematic change of the spectral shapes as the
projectile mass is increased from ' 0 to Mg to S (Fig.
3) is too large to be explained within the statistical decay
of a fully equilibrated compound nucleus. This is because
the compound systems are formed at similar excitation
energies and angular momenta (Table I) and the
differences in the fissilities xcN are negligible (Table IV).
Variations of parameters (nuclear friction coefficient y,
level densities, GDR parameters for compound nucleus
and fission fragment decay) did not yield any satisfactory
fits for the reaction S+

On the other hand, the probability for the quasifission
process increases rapidly as the mass asymmetry in the
entrance channel decreases; specifically, a 50 /o

quasifission contribution to the capture cross section has
been determined in the S+""W reaction at nearly the
same excitation energy [31]of our study.

The onset of quasifission may be characterized by a
mean fissility parameter [50] x =—', xcN+ —,'x,a., which
contains the compound nucleus fissility xcN and the
"effective fissility" x,z, which is a function of the mass
and charge asymmetry of the projectile and target. These
fissilities are listed in Table IV for the three reactions.
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TABLE IV. The important parameters for the onset of quasifission. The compound nucleus fissility

(xcN), effective fissility (x,&), and the mean fissility (x ) are listed together with the quasifission spin
cut (Jqf ) and the cross sections for complete fusion ( o.cN ) and quasifission ( o.

qf ) for the three measured

systems.

Reaction

16O+ 208Pba

Mg+' Pt

CN

244Th

220Th
-216Th

XCN

0.76
0.77
0.78

&ea

0.44
0.54
0.61

&m

0.65
0.69
0.72

53
34

OCN

(mb)

1250
576
200

(mb)

200
300

'These values correspond to a beam energy of E1,b = 120 MeV.

The larger values of x,& and x for the more symmetric
reactions lead to increasing contributions of the
quasifission process to the total cross section. Included in
Table IV are the experimentally determined fusion-fission
and quasifission cross sections for ' 0+ Pb [28] and

S+""W [31]. The cross sections for Mg+ ' Pt were
calculated using the extra push model of Ref. [25]. The
quasifission contributions to the total cross section are as-
sociated with the highest partial waves in the entrance
channel, above a spin J f. The values for J f listed in
Table IV were obtained by matching the fusion and
quasifission cross sections, assuming a triangular spin dis-
tribution of the entrance channel population.

In the following, we attempt to compute the GDR de-
cay in the presence of the quasifission process in a simple
model. First, we neglect any y-ray and particle decay
contribution from the short-lived mononucleus, i.e.,
above Jqf fission is the only decay mode. Then, the total
y-ray spectrum is the sum of CN presaddle, postsaddle,
and fission fragment y rays originating from J & Jqf and

y rays from fission fragments following quasifission. We
treat the decay of the fragments from CN fission and
from quasifission exactly the same [15] (although it has
been noted [51,52] that the spins in quasifission fragments
may not be fully equilibrated). Using then the GDR pa-
rameters and friction coefficient from the ' 0+ Pb re-
action it was impossible to fit the y-ray spectra or the an-
gular correlations of the S+""W reaction. In fact, the

y rays from the fragments alone may explain the whole
y-ray spectrum. However, the observation of an anisot-
ropy in the fission-y angular correlation proves that
GDR y rays are emitted from an intermediate system
and not just from the fragments (which would essentially
yield isotropy).

We are thus forced to consider GDR decay in the
mononucleus, i.e., the intermediate system formed in the
quasifission process. This may not be unreasonable, since
the dissipation mechanism e6'ective in the CN system
should also slow down the quasifission process. If the in-
termediate system formed in quasifission stays together
long enough, particles and y rays may be emitted. Of
course, the assumption of a statistical decay of the
mononucleus is questionable. However, it is justified to
some extent in our case by the observation of rapid ener-

gy equilibration in quasifission [30] and almost full mass
equilibration in the S+""W reaction [31] (implied by
the almost constant average fragment mass as a function

410
I I I I

I

I I I I

I

I I

103

102

10
10

E (MeV)

FICx. 6. Results from cAsCADE calculations for the reaction
S+""W including statistical decay of the mononucleus. The

different contributions to the total y-ray spectrum are presaddle
(short dashed), postsaddle (dot dashed), quasifission (dotted),
and postscission (long dashed) ~ The postscission calculation is a
sum of the contribution following compound nucleus formation
and quasifission.

of scattering angle).
The decay of the mononucleus involves some assump-

tions regarding its excitation energy, lifetime, and GDR
parameters. The excitation energy of the mononucleus
increases continuously as the system evolves from the ini-
tial ion-ion potential to the fully reorganized system with
equilibrated mass and charge (but not shape). An initial
excitation energy of 38 MeV was estimated from the
center-of-mass energy and the potential minimum behind
the fusion barrier for the ion-ion proximity potential [53].
The final excitation energy was estimated as 75 MeV
from the assumption that the fragments reseparate at a
scissionlike configuration [see Sec. III, Eq. (5)]. The
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value for the mean excitation energy of the mononucleus
depends on the energy equilibration time and is thus not
well defined.

Since the mononucleus never penetrates inside the
fission barrier, its lifetime is not given by the total decay
width of all possible decay channels, but is of the same
nature as the saddle-to-scission time discussed in Sec. III.
We introduce a quasifission lifetime (rq„) for the time
from the formation of the mononucleus to its resepara-
tion.

Although the shape of the mononucleus changes con-
tinuously during the quasifission process, theoretical cal-
culations indicate [54] that the radial distance between
the two "ion centers" does not change drastically. Thus,
GDR parameters corresponding to a constant deforma-
tion larger than for the CN GDR were used. A descrip-
tion for the level densities was the same as for the fully
equilibrated compound nucleus.

The decay of the mononucleus was then included in
CASCADE as follows. For J(Jqf the y-ray spectra for the
presaddle, postsaddle, and postscission decay were calcu-
lated for the CN as described in Sec. IV. For J)Jqf, the
saddle-to-scission part of the code described in Sec. IV
was used for the decay of the mononucleus, with the fol-
lowing minor modifications. The entrance channel popu-
lation of the mononucleus was transferred immediately to
the saddle-to-scission population. The saddle-to-scission
lifetime ~„, is replaced by ~qf and the excitation energy
for the saddle-to-scission decay (Sec. IV) is now given by
the average excitation energy of the mononucleus. The
subsequent decay of the fission fragments was treated ex-
actly as for the compound nucleus.

The final y-ray spectra is then composed of five
separate sources: presaddle, postsaddle, and postscission
from the CN, and "postsaddle" and postscission from the
mononucleus. Figure 6 shows a fit to the y-ray spectrum
of the reaction S+""W and the diA'erent contributions.
All CN parameters were taken from the (good) fit to
' 0+ Pb data (with a = 2 /g for the CN and the fission
fragments). Initial fits started with quasifission lifetimes
[30] r f=2X10 s and a mean excitation energy of 75
MeV, thus assuming a rapid energy equilibration, and
GDR parameters for the mononucleus EII=9.8 MeV,
I

l~

=2. 5 Mev and EJ = 15.5 Mev, r J
=5.0 Mev, corre-

sponding to a deformation of P=0.56. This deformation
is equivalent to a radial separation of -9 fm of the
quasifission system, in agreement with the closest ap-
proach of the nuclei in the ion-ion potential. No fits to
the y-ray spectrum with variations of the relevant param-
eters J f, ~ f, and the GDR parameters could be achieved.
Even adjusting the mean excitation energy of the
mononucleus continuously during the decay failed. It
seems not possible to describe the spectral shape as well
as the anisotropy with a consistent set of parameters
within this model.

However, by arbitrarily reducing the total excitation
energy of the quasifission fragments by 30 MeV good fits
could be obtained immediately with the parameters listed
above. Figure 7 shows the fits to the y-ray spectra from
the S+""W (a) and Mg+' Pt reactions (b). In par-
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FIG. 7. Fits to the y-ray spectra for the reactions S+""W
{a) and Mg+ ' Pt {b) with the parameters described in the text
and the different contributions as explained in Fig. 6.
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FIG. 8. Fission —y-ray anisotropy data for the reaction
' S+""W. The solid curve was calculated using the parameters
from the Ats of Fig. 7.

ticular, the calculations correctly yield the increasing
contribution of y rays from the mononucleus (dotted
curve in Fig. 7) from the Mg to the S spectrum. We em-
phasize that no parameter was changed between the fit in
Fig. 6 or from the S+""W to the Mg+' Pt fits (ex-
cept for using the appropriate J f values from Table IV).
As in the earlier cases the normalization constants agreed
within 20% with those derived from the fission singles
counts.

Figure 8 shows that the angular correlation calculated
with the parameters from the fit to the y-ray spectrum of
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Fig. 7 can reproduce the anisotropy around 9 MeV of the
data.

A good fit with the chosen quasifission lifetime of
T f 2 X 10 s requires a mean excitation energy of 75

qf
MeV for the mononucleus. An equally good fit could be
achieved with a reduced excitation energy (55 MeV) and
a longer quasifission lifetime of ~ &=9X10 s. Thus,
estimates of the quasifission lifetime are possible (al-

though the reduction of the fission fragment excitation
energy is not understood). We obtain a lifetime of the
mononucleus 2X10 &7qf 9X10 s which is to be
compared to fusion-fission lifetimes [3—6X10 ' s] ex-
tracted for the ' 0+ Pb reaction. Theoretical esti-
mates [54] are r&r-10 s. Quasifission measurements
with U induced reactions indicate a reaction time for
quasifission of mass equilibrated systems of (1—2) X 10
s [30].

The necessary reduction of excitation energy in the
fission fragments might be explained by a larger deforma-
tion energy stored in these fragments. Alternatively, re-
cent experiments [51,52] suggest that the quasifission
fragment spin degree of freedom is not fully equilibrated.
This leads to higher spins for the more symmetric fission
fragments and a decrease for the asymmetric fragments.
Since the mass distribution in the S+""W reaction at
185 MeV is dominated by nearly symmetric fission [31],
the higher spin values are favored leading to an
effectively reduced excitation energy in the fragments.

VIII. CONCLUSIONS
The present work demonstrates in an independent way

the important result obtained from neutron emission
data, i.e., that the fission process slows down
significantly, relative to the statistical model, as the com-
pound nucleus is heated up to moderate temperatures.
The GDR y-ray decay brings two advantageous charac-
teristics to bear on the details of the slowing down pro-
cess: (1) The "clock rate, " which corresponds to one
classical dipole sum rule =10 ' s, is always much
slower than the fission time scale, and (2) the GDR spec-
trum depends on the deformation of the nucleus at the
time of emission. Thus the quantitative analysis of the
GDR spectra shows that the GDR y rays are mostly
emitted. before the system passes over the fission saddle,
rather than during the path from the saddle to the scis-
sion point. Thus the fission process is already strongly
slowed down as the fission Aux builds up at the equilibri-
um deformation. A consistent treatment of the motion
across the barrier using the concept of nuclear viscosity
then shows the importance of including the Kramer
reduction factor in the barrier penetrability. Overall, in
our analysis the fission process is slowed down by a factor
of about 17 in the first, hottest phase after the CN has
been formed. The overall fission time scale is in the order
of (3—6) X 10 ' s.

The slowing down of the fission process enhances the
emission of prescission neutrons, which is consistent with
neutron multiplicity data [12]. The large fission time
scale agrees also with fission times extracted from the ex-
citation function data [49]. Increased transient times for
fission are also observed in periphera1 heavy-ion reactions

[44] with fission hindrances of about a factor of 2 in Ac,
Ra, and Fr nuclei, above excitation energies of =50
MeV.

It is well known [55] that the liquid-drop barrier
should decrease with increasing temperature because of
the reduction in the surface tension. The recent interest
in the fission of hot nuclei has led to a renewed considera-
tion of the temperature dependence of the fission barrier
height and of the saddle configuration. Garcias et al.
[56] have recently calculated the temperature- and
angular-momentum-dependent fission barrier of Pu. It
indicates that B& should decrease by 40% as T increases
from 1 to 2 MeV (at constant J). Newton et al. [57] have
incorporated a temperature-dependent fission barrier into
the statistical code and discuss the various connections
between a T dependence and level density parameters for
the ' F+ ' 'Ta reaction near the barrier. The present
analysis has used the T-independent Sierk barrier. This
barrier applies to the regime where shell corrections are
washed out, say, T=1 MeV. It is usually reduced by a
factor 0.8 to fit experimental fission cross sections. With
the inclusion of fission hindrance in the temperature re-
gime from T= 1 to 2 MeV we had to reduce the Sierk
barrier by a factor of 0.66 to 0.60, in order not to exceed
the evaporation residue cross section. This reduced bar-
rier agrees reasonably well with the temperature and an-
gular momentum averaged barrier of Garcias et al. Thus
the analysis used in this work effectively includes the tem-
perature dependence of the fission barrier.

The interesting physics of this paper is contained in the
nuclear viscosity parameter y. The result, y=10+3,
averaged over the temperature range between 1 and 2
MeV, corresponds to a surprisingly large viscosity, lead-
ing to strongly overdamped large-scale nuclear mass
motion (y=1 for critical damping). It should be em-
phasized again that our consistent fits to the data in
terms of a nuclear viscosity allow one to discriminate be-
tween underdamped and overdamped motion (which lead
to similar time scales). The present definition of the di-
mensionless parameter y is related to the reduced nuclear
dissipation coefficient P, which is used in the neutron
multiplicity analyses, by y=P/2co0. Thus it depends on
the oscillation frequency, which we took to be
co0=1X10 ' s ', and the numerical value of y is not as
well determined as the experimental error would indicate.
The main message of this work is that CN fission at T = 1

to 2 MeV is strongly overdamped.
We will briefly discuss how the strong damping ex-

tracted in this work and from neutron multiplicity data
compares to other types of experiments and whether it
can be reconciled with general theoretical expectations.
Of particular interest is the question of whether the nu-
clear dissipation is temperature dependent. The fact that
in the present analysis the normal statistical fission had to
be restored at low excitation energies in order to fit the
residue cross section already indicates that the viscosity
increases with temperature. This was already inferred by
Dagdeviren and Weidenmiiller [58] in their analysis of
the viscosity in the ground-state fission of uranium where
they obtain y & 0.22.

At low temperatures the mean-free path of the nu-
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cleons is of the order of the nuclear dimensions and one-
body dissipation should predominate. The so-called Wall
formula [59] gives a parameter-free description of this
efFect, which is only weakly dependent on temperature.
We use the description of Jensen et al. [61] to translate
the Wall formula dissipation into our parameter y. The
one-body dissipation is expressed in terms of the friction
parameter M . The relation between our y and M is
given by y=M /2mcoo, where m represents the inertia
parameter. They obtain for the Wall formula in the
second minimum of the fission of U Mqq 400%& which
corresponds to y =2. A recent reanalysis of fission-
fragment mean kinetic energies by Nix and Sierk [60], as-
suming a temperature of 2 MeV, shows that for nuclei
near Th (Z /A '~ =1300) the data are compatible with
0. 1 —0.5 times the Wall formula dissipation, thus indicat-
ing critical to somewhat underdamped fission motion.
The linear response theory with one-body dissipation of
Ref. [61] yields at T= 1 MeV about half the Wall formu-
la, in agreement with the kinetic-energy data. Calcula-
tions including two-body dissipation [62] predict a very
small viscosity at T= 1 MeV, of y=0.02 (y„ in Ref.
[62]=Mqz). As one expects the two-body viscosity shows
a strong temperature dependence. At T=2 MeV y has
increased by a factor of 3. When reviewing these theoret-
ical calculations it becomes clear that the value for y ex-
tracted in this work and inferred from the neutron multi-
plicity data is unexpectedly large. It exceeds the Wall
formula and the existent two-body dissipation calcula-
tions.

In the second part of this paper we observe the effect
that the y-ray spectra and the anisotropy for the more
symmetrically formed compound systems could not be

described within the statistical model with or without in-
clusion of dissipation. The anisotropy data strongly sug-
gest the presence of the GDR in a long-lived system
different from the CN. We take this system to be the
mononucleus. However, even after inclusion of the possi-
ble decay of the mononucleus in the calculations the data
could not be fitted. One might question the application
of the statistical model to the mononucleus decay for the
following reasons. The statistical decay of the compound
nucleus is assumed to start at a time zero after the nu-
cleus is fully equilibrated. In the case of the mononucleus
decay, however, the statistical decay is calculated during
equilibration. A more detailed incorporation of this
effect is necessary in order to understand the data. Obvi-
ously, these questions need to be addressed further by ex-
perimental and theoretical work. In addition, the popu-
lation and decay of the fission fragments following the
quasifission process have to be better understand before
the quasifission lifetime can be reliably extracted from the
data. The present fits span the range from
rqt=(2 —9)X 10 s. This agrees with schematic predic-
tions for the evolution of the quasifission process through
the mononucleus.
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