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Nuclear viscosity of hot rotating 224Th
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In a detailed investigation of giant dipole resonance~GDR! g-ray yield from the16O1208Pb system, the
absoluteg-ray/fission multiplicities are extracted and reported over a wide range of excitation energy and
angular momentum. The enhanced yield of GDR decayg rays from the compound system has been analyzed
within the framework of a modified statistical model containing the nuclear viscosity as a free parameter. The
nuclear viscosity parameterg has been studied over a much wider range of excitation energy and angular
momentum than in earlier works. The measuredg-ray multiplicities as well as known neutron multiplicities
and evaporation residue cross sections indicate a strongly damped fission motion. The systematics of the
extracted dissipation coefficient is fitted equally well with either temperature or a deformation-dependent
nuclear viscosity.

PACS number~s!: 25.70.Jj, 25.70.Gh, 24.30.Cz
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I. INTRODUCTION

The large scale mass flow across a barrier in a dissipa
system is a central topic in contemporary physics@1#. An
example of such a phenomenon in nuclear physics is
nuclear fission process. Historically this problem was fi
addressed by Kramers@2# who studied the role of viscosity
in slowing down the diffusion rate in comparison to the d
cay rate without viscosity as predicted in earlier works
Bohr and Wheeler@3#. A spate of experimental data from
heavy-ion-induced nuclear reaction studies, carried out in
last two decades, have rejuvenated interest in nuclear d
pative processes. These experiments have resulted in th
teresting observation of unexpectedly large yields of pres
sion charged particles@4#, neutrons@5#, and giant dipole
resonance~GDR! decayg rays @6# from the compound sys
tem prior to fission. The standard statistical model calcu
tion grossly underpredicts the enhanced yields of partic
and g rays. This excess yield ofg rays from heavy com-
pound systems has been analyzed by incorporating
nuclear viscosity parameter for the mass flow and trans
effects inside the saddle allowing for the build-up time of t
fission flux @7–9#. The viscous diffusion motion reduces th
Bohr-Wheeler fission width as it builds up with a charact
istic time delay due to the coupling of the collective fissi
motion to single particle excitations. In addition, the sad
to scission motion is also slowed down due to viscosity
sulting in an overall increase in the fission time. This tim
delay enhances the production of particle and GDRg-ray
decay as the system moves to the saddle point and also
saddle to scission. Therefore, the measurement of prefis
particle and GDRg-ray multiplicities provides suitable
clocks to probe fission time scale and nuclear viscosity. T
results of the neutron data have been summarized
Hilscher and Rossner@10#, while Paul and Thoennessen ha
reviewed theg-decay results@11#.

The present paper follows a line of previous papers
voted to the experimental investigation of fission dynam
in hot rotating nuclei through the GDRg decay from the
fission fragments and the prescission compound sys
@7,8,12#. The conclusions drawn from these works
0556-2813/2000/61~2!/024613~17!/$15.00 61 0246
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16O1208Pb, 32S1natW, and 32S1208Pb systems prompted
systematic measurement of GDRg rays from these system
over a wider range of excitation energy and angular mom
tum than reported in previous papers.

Here our primary goal is to investigate the behavior of t
nuclear viscosity parameterg over a relatively large range o
bombarding energies and also to study fully its depende
on other observable parameters. Theabsoluteg-ray/fission
multiplicity is extracted for the first time for224Th and the
theoretical spectra are fitted over a range of 2–22 MeV w
out any arbitrary normalization in the low-energy region
This provides a very strong constraint on the set of in
parameters for the model used to extract a value for
nuclear dissipation.

An understanding of the temperature dependence ofg is
crucial in settling the relative dominance of one-body dis
pation @13# and two-body viscosity processes in slowing t
fission motion. The previously reported very rapid rise
viscosity ~up to g'10 at an excitation energy ofECN*
.84 MeV) is in qualitative agreement with two-body visco
ity process which has a strong dependence on tempera
@14#. However, the exact form of temperature dependenc
g within the framework of two-body damping is an ope
question. The result of previous analyses slightly favore
T2 dependence over a linearT dependence@12#. The present
experiment, therefore, is aimed at extracting the visco
parameterg over a wider range of excitation energy and al
to probe any turning over or reduction ofg at higher excita-
tion energy@15#, as might be expected for a Fermi liquid.

The organization of the present paper is as follows:
experimental details are presented in Sec. II followed by
experimental results in Sec. III. In Sec. IV we discuss t
different aspects of the statistical model codeCASCADE in-
cluding nuclear viscosity and transient effects behind
saddle point. Section V presents a comparison of differ
theoretical calculations with our experimental results a
also with known neutron multiplicities and known evapor
tion residue cross sections. The calculations are done u
different level density approaches, and either temperatur
deformation-dependent nuclear viscosity. In Sec. VI we d
©2000 The American Physical Society13-1
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I. DIÓSZEGI et al. PHYSICAL REVIEW C 61 024613
cuss the results of these calculation and implications for
ther investigations. In the appendix we address some q
tions about the validity of our approximations.

II. EXPERIMENTAL PROCEDURE

The experimental setup follows that of earlier expe
ments@8#. A 99.9% isotopically enriched 980mg/cm2 thick
self-supporting208Pb target was bombarded with a puls
16O beam from the Stony Brook Tandem-LINAC facility
The beam pulse repetition time was 106 ns with an aver
bunch width of;800 ps.

The 224Th compound nucleus~CN! was formed at five
beam energies ranging from 100 to 177 MeV; the relev
reaction parameters are summarized for each bombarding
ergy in Table I. Theg rays were detected in coincidence wi
fission fragments in two different detector systems,~1! a
large NaI detector and~2! a compact seven element array
BaF2 detectors. The experimental configuration is shown
Fig. 1. The target was perpendicular to the beam and
g-ray detectors were placed atu lab590° on opposite sides o
the beam axis. The beam current on the target was m
tained at around 5 pna for the entire experiment.

The large Stony Brook NaI detector has been describe

TABLE I. Summary of the reaction parameters f
16O1208Pb→224Th at different beam energies. The columns list t
beam energy (Elab), the total fusion cross section (s tot), the excita-
tion energy of the CN (ECN* ), the corresponding maximum (l max)
and average (l ave) angular momenta, the average Sierk fission b
rier ^Bf& at l ave, and the initial temperature (TCN) of the CN as-
suming ECN* 5aTCN

2 with a5A/9. The total fusion cross section
were obtained by extrapolating from the experimental evapora
residue@16,17# and fission cross sections@17,18,19#.

Elab

~MeV!
s tot

~mb!
ECN*

~MeV!
l max

~\!
l ave

~\!
^Bf&

~MeV!
TCN

~MeV!

100 773.9 46.4 37 25.0 4.5 1.37
120 1267.7 64.9 54 36.4 3.4 1.61
140 1585.3 83.5 66 44.5 2.6 1.83
160 1741.5 102.1 75 50.3 1.8 2.03
177 1811.8 117.9 81 54.1 1.3 2.18

FIG. 1. Schematic diagram of the experimental setup. T
seven-element BaF2 array and NaI detector are positioned on opp
site sides of the beam axis atu tab590°, while the four MWAC’s
are arranged for detection of forward focused fission fragments
02461
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detail elsewhere@20# and only the salient features are me
tioned here. The 25.4 cm338.1 cm cylindrical NaI crystal is
surrounded by an annular plastic veto detector and the w
system is inside a 10 cm thick lead shield along with a le
collimator in front of the detector. The detector was plac
with the NaI crystal face 60 cm from the target position
order to achieve good neutron-g-ray flight-time separation.

The BaF2 array consists of seven hexagonal crystals w
an inscribed diameter of 5.6 cm and a length of 14 cm@21#.
The superior time resolution of BaF2 scintillators allowed the
array to be placed 30 cm from the target making the so
angle of the array~;0.21 sr! twice that of the NaI detector
A cooling arrangement maintained the array at a cons
temperature of;15 °C in order to eliminate gain fluctuation
due to the well-known temperature dependence of BaF2 light
output @22,23,24#. In addition the array was frequently cal
brated using low-energyg rays from88Y and 228Th.

The fission fragments were detected in four multiw
avalanche counters~MWAC! arranged in a lamp-shade ge
ometry. This arrangement allows the detection of kinem
cally coincident fragments, in coincidence with theg-rays
emitted either parallel or perpendicular to the spin axis of
fissioning system. Further details about the geometry, c
struction, and functioning of the MWAC detectors are pr
vided in Ref.@25#.

All analog and timing signals from theg and fission de-
tectors were digitized using FERA CAMAC modules an
recorded event by event. In order to measure absoluteg-ray/
fission multiplicities,g-fission coincidences and down scale
fission single events were recorded. The event trigger
defined in the following manner. Coincidences of any of t
g detectors with any of the MWAC detectors along wi
scaled-down fission singles events were timed with resp
to the radio frequency signal of the accelerator to produce
event trigger. The event trigger started the readout of
digitized detector signals, and also served as a common s
ing time reference. The FERA TDC’s were stopped by t
individual detector signals.

For the NaI detector a short~150 ns! and a long~600 ns!
integration gate were used, the short gate being placed
the first part of the signal, whereas the long gate integra
the total duration time. In the BaF2 detectors individual shor
~50 ns! and long~1000 ns! gates were also applied. A vali
BaF2 event was defined whenoneof the seven crystals ob
served ag ray above a preset high threshold~;2 MeV!, then
each of the detector’s time and energy signals were recor
In the off-line analysis, two-dimensional cuts on energy a
time of flight were used to discriminate promptg rays from
fast neutrons. Pileup rejection for both the NaI and the B2
array was carried out as described in Refs.@21,26# although
the granularity of the BaF2 array guaranteed that these even
were negligible in those detectors. The deposited ene
from all BaF2 detectors satisfying these cuts were th
summed together on an event-by-event basis to create
total BaF2 energy spectrum.

Two-dimensional energy versus time-of-flight spec
were created for each of the MWAC detectors to isolate
sion fragments from elastically scattered16O and recoiling
208Pb nuclei. Individual fission-gatedg-ray spectra were then
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NUCLEAR VISCOSITY OF HOT ROTATING224Th PHYSICAL REVIEW C 61 024613
produced for each of the four MWACs in coincidence w
either the BaF2 or the NaI and the thermal neutron bac
ground was subtracted. The background contribution w
greater for the NaI due to its much larger neutron capt
cross section.

An important aspect of the present experiment is the
traction of absoluteg-ray/fission multiplicities@27#. This re-
quired a measurement of the energy-dependent line s
and an accurate calculation of the absolute detector effic
cies. The line shape for lowg-ray energies was determine
using the radioactive sources88Y (Eg50.898, 1.836 MeV!
and 228Th (Eg52.61 MeV). The proton-induced
reactions 12C(p,g)13N (Eg54.44, 15.066 MeV! with
Ep514.24 MeV and11B(p,g)12C (Eg518.12, 22.56 MeV
with Ep57.2 MeV) were used for higher energies. Figu
2 shows the results of these line shape measurements fo
BaF2 array compared to calculations of the Monte Carlo d
tector simulation codeGEANT3 @28# including the full detec-
tor and target chamber geometries.

The simulation of the detector system plays a central r
in the determination of theg-ray/fission multiplicities. To
prove that the simulation is able to take into account
complicated target geometry, the lead shielding~and colli-
mator for the NaI detector!, and the add-back method for th
BaF2 array, the same measurements were used for an
ciency comparison. In the case of the radioactive sources
known activities were used. For the12C(p,g)13N reaction,
the totalg0 resonant thick target yield from theJ53/2, T
53/2 resonance was measured with the BaF2 array to be
YR(u590°)5(2.8260.1)310211 per incident proton. The
known resonance strength ofYR5(6.8360.22)31029g0’s
per incident proton atu lab5125° and the known angular dis
tribution of Y(u)5YR @1.02(0.6860.03)P2(cosu)# @29#
gives a predicted yield for the BaF2 array of YR(u590°)

FIG. 2. Experimental spectra for the BaF2 array compared to
results ofGEANT simulation~solid line! with a measured resolution
of s(Eg)/Eg50.02310.045/Eg

1/2. The data are plotted on an arb
trary scale except for the12C(p,g0)13N data in panel~c! for which
the absolute number of resonantg rays per incident proton (YR) is
shown in units of 10212egdYR /dEg(250 keV!21.
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5(2.9860.1)310211g0’s per proton, in good agreemen
with the measured value. A similar comparison was p
formed for the 11B(p,g)12C reaction using a 760mg/cm2

thick 11B target. After measuring theg0 yield at Eg
522.56 MeV the target was chemically analyzed and fou
to contain (3661)% 11B. The measuredg0 cross section of
(13.161.1)mb/sr atu lab590° @30# and the measured angu
lar distribution of Ref.@31# were included in aGEANT calcu-
lation. The results of these comparisons for the BaF2 array
and the NaI detector are presented in Fig. 3 as the per
difference between the experimental and the calcula
yields. The experimental and calculated yields differ by le
than 10% over the entire energy range of interest.

These investigations provide confidence that theGEANT

simulation of the BaF2 array and the NaI detector proper
describes the experimental setup. A series ofGEANT calcula-
tions up toEg530 MeV was then performed and used
build the response matrices which were used to fold the
oretical calculations.

The absoluteg-ray multiplicity spectrum for each MWAC
was obtained by dividing the measured fission-gatedg-ray
spectrum by the total number of measured fission sing
Because the MWAC efficiency enters equally in theg-fission
events and in the fission singles, the multiplicity ofg’s per
fission is independent of the MWAC efficiency. The fo
g-MWAC multiplicity spectra were then averaged to giv
the final angle-averaged total multiplicity spectrum. In e
lier works @7,8,9,12,20# the theoretical spectra were norma
ized to the fission gatedg-ray spectra and no absolute mu
tiplicities of g per fission were reported. This is the first u
of absoluteg-ray multiplicities in 16O1208Pb and it elimi-
nates a significant uncertainty in comparing model calcu
tions to the data.

III. EXPERIMENTAL RESULTS

Figure 4 presents the absolute multiplicity ofg rays per
fission for the five beam energies measured, with the B2
and NaI spectra in the left and right panels, respectively. T
top panels show that the low-energy (Eg<8 MeV) g-ray/
fission multiplicities increase only modestly with increasi
bombarding energy, while the high-energy (Eg.8 MeV)
yield exhibits a dramatic increase. The NaI spectra at 1
120, and 140 MeV are also in good agreement with the p
viously measured data@6,7,8#; the current data, however

FIG. 3. Percent difference between measured and calcul
g-ray yields for the BaF2 array ~squares! and the NaI detector~tri-
angles!.
3-3
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FIG. 4. Top panels:16O1208Pb absoluteg-ray multiplicities measured with the BaF2 array and the NaI detector are shown as histogra
Bottom panels: the measured absolute multiplicities~squares for BaF2 and triangles for NaI! are compared toCASCADE calculations~solid
lines! which do not include nuclear viscosity. The calculated spectra have been folded with the corresponding detector response
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have a much lower energy threshold and are on an abso
scale. The exponential spectra measured with the two de
tors are strikingly similar, proving that the thermal stabiliz
tion of the BaF2 array combined with frequent energy ca
brations satisfactorily overcame the temperature sensiti
of the BaF2 crystals.

A ‘‘standard’’ CASCADE calculation folded with the re-
sponse function of each detector is compared to the dat
the bottom part of the figure. The ‘‘standard’’ calculatio
includes no viscosity and uses the traditional Pu¨hlhofer in-
terpolation@32# for the level densities with Dilg paramete
below 7.5 MeV,aLDM5A/9 in the liquid drop region above
15 MeV, and using a linear interpolation of the paramet
between the two regions. A Gaussian mass distribution
used for the fission fragment calculation and the total kine
energy~TKE! of the fragments was calculated according
the Viola systematics@33# modified for asymmetric mas
splits according to Ref.@34#. The Sierk fission barriers@35#
were used, scaled by a factor ofkf50.85 in order to bring
the residue cross sections into agreement for the lower b
barding energies, and the level density parameter at
saddle point was set equal to the level density paramete
the equilibrium deformation~i.e., af /an51), as in Ref.@12#.
The GDRg decay of fission fragments was assumed to
haust 100% of the classical sum rule, having a width of
MeV, and a centroid energy with the systematics
Gaardhøje for giant dipole resonances built on excited st
@36#.

In agreement with earlier results it is clear that this ‘‘sta
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dard’’ calculation is not able to provide a good fit to th
measured spectra. Note that without any normalization
agreement between theg-ray data and the folded calculatio
is very good at low energy~3–4 MeV!. However, this cal-
culation underestimates theg-ray yield around 10 MeV~the
region of the GDR in the CN system! and again for the
higher bombarding energies. The same calculation also d
tically underpredicts the prescission neutron multipliciti
~not shown here! and while it fits the evaporation residu
~ER! cross sections reasonably well near the barrier, it no
theless fails to reproduce the general trend of the resi
cross sections with increasing bombarding energy~see Fig. 4
of Ref. @12#!.

The strong increase in prescission yield of bothg rays and
neutrons as a function of beam energy is an indication of
increasingly long-lived compound system which is not ac
rately modeled by the ‘‘standard’’ calculation. This is th
motivation for including dissipative effects in the mode
which is discussed in the following section. Since the expe
mental spectra measured with the BaF2 array and the NaI
detector are in good agreement and the BaF2 data contain
superior statistics, further calculations are presented h
only with the BaF2 spectra.

IV. THE MODEL

The analysis of the data was carried out with a modifi
version of the codeCASCADE @7,32#. The code unifies the
Hauser-Feshbach formalism of statistical decay of exc
3-4
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NUCLEAR VISCOSITY OF HOT ROTATING224Th PHYSICAL REVIEW C 61 024613
nuclei and the dynamical build up of the fission probabil
flow over the fission barrier as modeled in the wor
of Grangé, Weidenmu¨ller, and their collaborators@37–42#.

The originalCASCADEcode, written by Pu¨hlhofer in 1977,
is a pure statistical model code. The excited CN is char
terized by an initial excitation energy and angular mom
tum distribution, realized in an~E,J! matrix. For each matrix
element the neutron, proton,a, g, and fission decay prob
abilities are calculated, and the corresponding populatio
transferred to new~E,J! matrices, representing the daught
nuclei. This procedure is continued until the nuclei cool b
low the particle emission threshold, then finished by cal
lating the low-energyg-ray emissions.

The particle decay rates are determined as

RpdEp5
r f ~Ef ,Jf !

hr i~Ei ,Ji !
T~Ep!dEp , ~1!

wherer i andr f are the level densities of the initial and fin
nuclei.T(Ep) is the transmission coefficient of the particle
energyEp carrying the appropriate angular momentum co
sistent with conservation of total angular momentum. T
transmission coefficients are calculated from the opt
model.

In this work the optical model parameters of Wilmore a
Hodgson@43# were used for the neutron transmission coe
cients. This parameter set was measured for 1–5 MeV n
tron scattering, which fits well the energy range of the eva
rated neutrons in the present reaction. Optical mo
parameters of Rapaport@44# were measured for neutron en
ergies of 6–26 MeV, and should not be used in this case.
the protons anda particles the parameters of Perey@45# and
Huizenga and Igo@46# were used, respectively.

The rate ofg decay is given by a similar formula:

RgdEg5
1

h

r f~Ef ,Jf !

r i~Ei ,Ji !
(
L

f L~Eg!Eg
2L11dEg , ~2!

whereL denotes the multipolarity of theg ray. Later versions
of CASCADE @20,47# also consider the emission of giant d
pole resonance~GDR! g rays from highly excited states. Th
decay of such a resonance state can be deduced with
reciprocity theorem using the photon absorption cross s
tion. The absorption cross section for a giant dipole pho
for a spherical nucleus is well reproduced by a Lorentz
distribution. The strength function for GDR emission has
form

f GDR~Eg!52.0931025
NZ

A
S

GGDREg

~Eg
22EGDR

2 !21GGDR
2 Eg

2 ,

~3!

whereS is the fraction of the classical Thomas-Reiche-Ku
sum rule@48# which is exhausted by the resonance.

The fission channel was later added to the code by P¨hl-
hofer, calculating the fission using the Bohr-Wheeler f
mula based upon the saddle-point transition state model@3#.
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The fission rate is determined by integrating over all ava
able states at the saddle point:

Rfiss5
1

2p\r1~Ei ,Ji !
E

0

Ei2Eb
r2~Ei2Eb2E,Ji !dE, ~4!

where Eb(Ji)5Erot(Ji)1Ef(Ji); Erot is the rotational en-
ergy andEf(Ji) is the spin dependent fission barrier,r1 is
the level density at the initial state (Ei ,Ji), whereasr2 is the
level density at the saddle point.

The balance between different decay modes of the exc
nucleus crucially depends on the nuclear level density of
compound nucleus and its daughters. The particular fu
tional form used inCASCADE for the level density at a fixed
excitation energyE and angular momentumJ is given by

r~E,J!5
2J11

12u3/2 Aa
exp~2AaU!

U2 . ~5!

Here U5E2D2J(J11)\2/2u8 is the internal thermal en
ergy of the system,u85u(11dJ21d8J4) represents the
moment of inertia of a deformable rotating liquid drop wi
small deformability coefficientsd andd8, andu is the rigid
body moment of inertia.

In CASCADE, as developed in Pu¨hlhofer’s original version,
the variation of level density with temperature is handled
treating the parametersa and D separately in different re-
gions of excitation energy. ForE,10 MeV the parametriza-
tion of Dilg et al. @49# is used for a and D. For E
.20 MeV the nucleus is considered as a liquid drop and
level density parametera5A/K is used where the value ofK
is handled as a free input parameter. The backshiftD in this
high-energy region is calculated as the difference of the
culated~liquid drop model, LDM! and experimentally mea
sured binding energies:D5Mexp2MLDM . At high excitation
energy the pairing and shell effects are assumed to have
ished leaving a smooth mass dependence ofa andD. In the
intermediate region of 10 MeV,E,20 MeV a linear inter-
polation ofa andD is carried out between the Dilg and liqui
drop model values.

The first major extension ofCASCADE was to includeg
and particle decay of the fission fragments themselves@50#.
In this version the computed fission cross sections w
stored, the fissionQ value and total kinetic energy releas
~TKE! were taken into account, and newCASCADE runs were
started to calculate the decay of the fragments. Realistic
sion fragment mass distributions were used.

As was shown by Kramers@2#, the presence of nuclea
viscosity reduces the fission rate, so the full Bohr-Whee
fission rate as given in Eq.~4! is never attained. The fissio
width, related to the fission rate byG f5\Rfiss is reduced:

G f
Kramers5G f

BW~A11g22g!, ~6!

where the dimensionless nuclear viscosity parameterg deter-
mines the extent of the reduction and is related to the
duced dissipation coefficientb by g5b/2v0 @38,41# where
v0 describes the potential curvature at the saddle point
common approximation used here takesv051021s21.
3-5



n

e
o

N
e

as

x

a
t

o

is-
y
o
c
n

tio

o
er

e
sio
e
lc
a
e

an

on
c
th
e

ce
e
e

g

for
the

x-
es-

and
ges

-
us

e

ular

is-
, was

al-
ept
stem
To
tro-
nt
rly

era-
r-

be
a

by
y

is
ow
ers
e

s-
se
e to
the

x-

is

ord-
he
to
rge

ess

n,
on
the

I. DIÓSZEGI et al. PHYSICAL REVIEW C 61 024613
An additional effect of nuclear viscosity is the transie
buildup time of the fission flux moving over the barrier@38#.
This build-up of the fission motion with a characteristic tim
constantt f has its origin in the coupling of fission motion t
nucleonic excitations. While the particle andg-ray decays of
the CN start with their full widths at the moment of C
formation time (t50), the fission decay is hindered and tim
dependent. The dynamical fission width is parametrized

G f~ t !5xh~ t !G f
Kramers, ~7!

where

xh~ t !5@12exp~22.3t/t f !# ~8!

is the fission buildup factor. Semiquantitative analytical e
pressions for the transient timet f as the fission width
reaches its asymptotic value are given by Refs.@41,42#. For
overdamped motion

t f5
b

2v1
2 ln~10Bf /T!, ~9!

wherev1 characterizes the frequency inside the barrier,Bf is
the angular momentum dependent fission barrier height,
T is the nuclear temperature~where the Boltzmann constan
is taken as unit!. We can approximate againv151021s21,
and in this case we can describe the system using only
dimensionless parameterg5b/2v15b/2v0 .

Time does not play an explicit role in the original stat
tical model: decay rates are determined, and the deca
yield is integrated over an infinite time. Since the ratios
the integrated decay yields are identical to those of the de
widths, the integration is not carried out in the calculatio
the daughter populations are transferred to the nextCASCADE

according to the ratios of the decay widths.
The dynamical time concept was introduced toCASCADE

in Ref. @7#. The decay rate for each step and each popula
~representing a given nucleus in the decay chain! is deter-
mined by the statistical model. The most probable lifetime
the system is exactly determined by this decay rate. Th
fore for the dynamical time step the most probable lifetim
of that given population was chosen. Since neutron emis
is the dominant decay channel, the neutron lifetime has b
used to describe the time evolution. The time step is ca
lated from the neutron decay for each decaying nucleus,
the elapsed time is then stored. It was later shown in R
@51,52#, that other, slightly different time step concepts c
also be introduced.

Having introduced the dynamical time into the calculati
the time-dependent fission width is calculated at each de
step, and at the stationary limit the Kramers fission wid
are used. In this extended code the decay occurring betw
the saddle and scission points was included. The presen
viscosity will also slow down the fission motion along th
saddle to scission path and the saddle to scission tim
given as@53#

tssc5tssc
0 ~A11g21g!. ~10!
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tssc
0 is the time constant without dissipation and followin

Nix @54# is estimated to be 3.0310221s for 224Th. Whereas
the CN and also the fission fragments have no time limit
their decay, the saddle to scission decay is limited to
saddle to scission time according to Eq.~10!.

Due to the higher excitation energies exhibited in our e
perimental data computational improvements were nec
sary. We also took advantage of the higher speed
memory capacity of present day computers. These chan
included extension of the~E,J! matrix sizes, improved han
dling of the level densities and book-keeping. In the previo
papers@7,8,12# the t f delay time was calculated only for th
average angular momentum and the initial temperatureT of
the system. In the present code we introduced an ang
momentum and temperature-dependent delay timet f(J,T)
by calculating the temperature for each~E,J! matrix element.

In Ref. @12# a temperature dependence of the nuclear v
cosity has been observed. The approach used, however
internally inconsistent, because the viscosity parameter,
though depending on the initial excitation energy, was k
constant during the entire deexcitation process, as the sy
decays from the initial CN to the Yrast states or fissions.
handle this quantity accurately in the present code we in
duce the viscosity parameterg as a temperature-depende
quantity g(T), and the temperature dependence is prope
taken into account during the cooling process. The temp
ture dependence ofg is an input function in the present ve
sion.

The fission barrier in highly fissile, hot systems can
less than the temperatureT for the higher angular moment
and a fast fission process takes over. It was shown
Weidenmu¨ller and Jing-Shang@39# and further discussed b
Grangé@40# that in this case the entire fission process
governed by transients, and the stationary probability fl
over the barrier may never be reached. Then the Kram
formula, Eq.~6!, becomes meaningless and the buildup tim
constantt f characterizes the presaddle lifetime. In fast fi
sion the fully equilibrated CN is formed. However, becau
of the small barrier and high temperature the average tim
reach the saddle-point configuration is much shorter than
neutron org lifetime and the fission decay rate greatly e
ceeds other decay rates. Therefore, the particle andg-ray
emission take place during the saddle to scission motion.~In
case of vanishing fission barrier, naturally, the system
formed right at the saddle point.! The viscosity in the fast
fission process still affects the saddle to scission time acc
ing to Eq.~10!. Although the saddle point is passed and t
decision to fission is made very quickly, the total time
reach the scission point still can be long due to the la
viscosity.

In our calculations we introduced the fast fission proc
in the following manner. For each~E,J! matrix element we
calculate the temperatureT and the fission barrierBf . When
Bf /T,k, wherek is an input parameter for the calculatio
particle andg decay are not allowed. Instead, this populati
is transferred to the saddle point and will undergo only
saddle to scission decay. Although the choice ofk is some-
3-6
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NUCLEAR VISCOSITY OF HOT ROTATING224Th PHYSICAL REVIEW C 61 024613
what arbitrary,k50.5 was chosen, for which according
Weidenmu¨ller and Jing-Shang@39# the transients have be
come dominant.

An effort to simultaneously fit pre- and postscission ne
tron multiplicities,g-ray multiplicities, and evaporation res
due cross sections revealed problems related toCASCADE’s
level density interpolation method discussed above. Sim
difficulties were previously noted by Kicin´ska-Habioret al.
@55,56# in fitting GDR g-ray spectra from nuclei in theA
560 region.

An alternative approach to this interpolation method w
suggested by Ignatyuket al. @57# who proposed a form
which reflects the nuclear shell structure at low excitat
energy and goes smoothly to the liquid drop behavior
pected at high excitation energy. In the backshifted Fer
gas model, the shell structure makes its appearance thr
the level density parameter. In Ignatyuk’s approach the le
density parameter is itself taken as a smooth function
mass but with an energy-dependent factor which introdu
the shell structure explicitly:

a~U !5ãS 11
f ~U !

U
dWD , ~11!

f ~U !512exp~2U/ED!,

whereU is the thermal energy of the CN,ã is the asymptotic
~or liquid drop! level density parameter,ED determines the
rate at which the shell effects melt away, anddW is the shell
correction taken from the difference between the experim
tal and LDM masses, (dW5Mexp2MLDM).

One implementation of Ignatyuk’s basic approach w
proposed by Reisdorf@58# and has been favored by nume
ous authors. It has as its primary contribution a formula
the asymptotic level density parameter reminiscent of liq
drop mass calculations:

ã50.04543r 0
3A10.1355r 0

2A2/3Bs10.1426r 0A1/3Bk ,
~12!

whereA is the nuclear mass,r 0 is the nuclear radius, andBs
andBk are the surface and curvature terms of the liquid d
model, respectively@58#. The pairing energy is given asD
5x(p/A1/2) where x511,21,0 for even-even, odd-odd
and odd nuclei, respectively. A fit to the availables-wave
resonance neutron spacings resulted in the valuesr 051.153
60.01 fm, p510.562 MeV andED518.5 MeV.

Equation~12! is especially appropriate for fusion-fissio
reaction calculations because of the explicit dependenc
the level density parameter on the nuclear shape. Hasse@59#
gives an expansion for the shape dependences,Bs andBk , as
a function of nuclear deformation which has now be
implemented as an option inCASCADE. ~Alternatively, Myers
and Swiatecki@60# give a tabulation ofBs andBk as a func-
tion of fissility which gives an equivalent result.! The spe-
cific application in this case is a calculation of the sad
point level density parameter (af) which is entirely consis-
tent with the level density parameter at the equilibrium d
formation (an). Calculating the saddle point level densi
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parameter in this way is in agreement with Charity’s sta
ment @61# that temperature-dependent barriers should no
used in statistical model calculations.

An additional complication in handling level density ca
culations has to do with the temperature dependence of
level density parameter. While the Ignatyuk-Reisdorf meth
described above has some temperature dependence, it is
tively weak since it merely accounts for the smoothing aw
of the nuclear shell structure. For example in224Th, which
has a shell correction ofdW.1.45 MeV, the level density
parameter changes by only 7% fromT50 MeV (a5A/9.8)
to T52 MeV (a5A/10.5). Thomas-Fermi calculations
however, indicate that the temperature dependence ma
much stronger in reality when effects related to the finite s
of the nucleus, the continuum states, shell effects, the
mentum and frequency dependence of the effective mass
the variation of these effects with temperature are taken
account. One much cited work is that of Shlomo and Nato
itz @62# in which their model~described in Ref.@63#! was
utilized to calculate the temperature dependence of the l
density parameter. While the basic model has seen m
refinements in recent years@64,65#, Fig. 1 of Ref.@62# pro-
vides guidance about the temperature dependence of nu
level densities. ForA5210, an increase of roughly 20% i
indicated for the inverse level density parameter,K5A/a,
which is significantly larger than the modest temperature
pendence already included in Eq.~11!.

Thus an additional temperature dependent factor wh
retains the good agreement with low-energy level den
data was included as an option inCASCADE. The final form
of the level density parameter is then

a~T!5a~U !@12k f ~T!#, ~13!

f ~T!512exp@2~TA1/3/21!2#,

wherea(U) is calculated according to Eq.~11! andk deter-
mines the strength of the additional temperature depende
This function is drawn from expressions for the temperat
dependence of the mean-field parameters in Ref.@62#; a
strength ofk50.4 provides a reasonable fit to the curves
Fig. 1 of that work~see also Ref.@66#!.

V. ANALYSIS

A. Traditional level density approach with nuclear viscosity

It was shown in Fig. 4 that aCASCADE calculation without
nuclear viscosity fails to fit theg-ray multiplicities. As a next
step, similar to the previous works@7,8#, we included nuclear
viscosity. As an example, a calculation for the 120 MeV d
is compared to the measuredg-ray multiplicity spectra in
Fig. 5. In order to emphasize the excess prescission yiel
the experimental data, a linear ‘‘divided’’ spectrum is al
provided, where the excess of the total experimental or
culatedg spectrum compared to the calculated fission fra
mentg yield divided by the same calculated fragmentg-ray
contribution. We plot (Mg

total2Mg
post)/Mg

post, whereMg
total is

the measured absoluteg-ray/fission multiplicity andMg
post is

the calculated postscissiong-ray/fission multiplicity. While
3-7



iti
a
a

to

r o
y

io

it

e

ses
of

ay.
the

.
ion
ro-
ul-

ross
om

de-
all
in-

he

ion
ub-

ive

the

ools
ith

vel
hat

ith
ion

er-
and

ies
e at
he

,
s

d

th
g-

en

-

I. DIÓSZEGI et al. PHYSICAL REVIEW C 61 024613
this representation is model dependent, it provides a sens
scale to see even minor disagreements between the dat
the theoretical calculation that would otherwise not be app
ent from the strongly exponential spectra.

The input parameters for this calculation were similar
that of Ref.@12#: a temperature-independent viscosity ofg
56 was included, the Sierk barrier was scaled by a facto
kf50.73, andaf /an51. The high-energy CN level densit
parameter wasaLDM5A/8.8 and for the fragments,aLDM
5A/9. The GDR parameters for the CN, saddle to sciss
and fragments are shown in Table II.

On an absolute scale, this calculation fails to agree w
the absolute experimental data except forEg<5 MeV. Nor-
malizing the calculation to the data improves the agreem
substantially although the present low-threshold (Eg,thresh

FIG. 5. g-ray multiplicities for 120 MeV16O1208Pb compared
to a calculation with Pu¨hlhofer’s level density interpolation method
now including viscosity (g56). The upper panels show the variou
calculated statisticalg-ray components: presaddle~dashed!, saddle
to scission~dotted-dashed!, postscission~dotted!, and total~solid!.
The lower panels display a comparison in the more sensitive
vided representation~see text!. The experimental multiplicities in
excess of the calculated fission fragment yield are shown on
absolute scale~triangles!, while the calculated excess over the fra
ment yield is plotted as solid line~see text!. A scaling factor of 0.7
~circles! is required for experimental points to achieve agreem
with the calculations.
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.2.5 MeV) data reveal that the calculated curve then cros
the data at low energy. This shows that the free choice
normalization can affect the comparison in an arbitrary w

To further extend our investigation we also compared
available prescission neutron emission@67# and evaporation
residue~ER! cross section@16,17# data to the calculations
The ‘‘standard’’ calculation underpredicts the presciss
neutron multiplicities and ER cross sections. With the int
duction of the nuclear viscosity the prescission neutron m
tiplicities rise fromvpre50.64 to 2.17, but are still low by
about one neutron. On the other hand, the predicted ER c
section becomes much too large, increasing fr
sER51.5–60 mb, whereas the measured value is'10 mb.

Since evaporation residues are highly sensitive to the
cay of the excited compound system from the initial steps
the way down to the ground state, the disproportionate
crease of the ER cross sections relative to theg-ray and
neutron multiplicities prompted a closer examination of t
decay process. Figure 6 displays the neutron,g, and fission
decay widths as a function of time as well as the excitat
energy of the system and the population transferred to s
sequent daughter nuclei, as calculated byCASCADE. The
circles correspond to the calculation of Fig. 5, where Pu¨hl-
hofer’s original interpolation method~Method A! was used
in the level density calculation. Results of the alternat
procedure~Method B!, using the Ignatyuk-Reisdorf formula
~11!, are plotted as squares. An unusual kink appears in
widths of the Method A calculation at;2310218s, where
the neutron width increases suddenly and the system c
off much more quickly in one step than is consistent w
previous steps. This occurs aroundE* 520 MeV which is
suspiciously near the interpolation region used for the le
density handling. It has been noted in the literature t
Method A can have undesirable consequences@55,56# and a
plot of the spin-integrated nuclear level density along w
the neutron and fission widths as a function of excitat
energy in Fig. 5 is revealing. While the neutron andg widths
unexpectedly increase near the interpolation region~Method
A!, the fission width actually drops, thus explaining the ov
estimated residue cross sections relative to the neutron
g-ray multiplicities.

Thus, the interpolation method of Pu¨hlhofer has intrinsic
deficiencies for a fusion-fission reaction. The discontinuit
in the nuclear level density caused by the change of slop
the interpolation region result in a large overprediction of t
ER cross sections. In previous works on224Th, this resulted

i-

e

t

TABLE II. GDR parameters for each stage of theCASCADE cal-
culation: compound nucleus~CN!, saddle to scission~SSC!, fission
fragments~FF!. A positive ~negative! deformation parameter indi
cates a prolate~noncollective oblate! deformation. The GDR cen-
troid is 11.5 MeV for both the CN and SSC decay.

System b
E1

~MeV!
G1

~MeV!
E2

~MeV!
G2

~MeV!

CN 20.1 11.2 4.5 12.2 5.3
SSC 10.3 9.7 4.5 12.4 7.3
FF 0.0 Ref.@36# 6.5
3-8
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FIG. 6. VariousCASCADE quantities from the calculation shown in Fig. 5, and the same using the Ignatyuk-Reisdorf level d
formula. The squares are calculations with theCASCADE default level density formalism~Method A!, whereas the circles are calculated wi
the Ignatyuk-Reisdorf level density formula~Method B!. Panel~a! displays the average neutron~n! and fission widths, panels~b! and ~c!
show the averageE* and population of the daughter nuclei, respectively, as a function of time. Panel~d! contains the widths of panel~a!,
but now as a function of excitation energy, and panel~e! the spin-integrated nuclear level density for224Th. Note the strong effects in the
interpolation region between 7.5 and 15 MeV for the A calculation.
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in the need for a drastic scaling of the Sierk barriers~ranging
from kf50.89 to 0.66!, with the additional consequence th
the prescission neutron multiplicities could not be fitted
multaneously with the ER cross sections. Additionally, t
low-energyg-ray yield was underpredicted, which had n
been noticed in previous studies of224Th due to the arbitrary
normalization of the data to the calculations@68#. Therefore,
we implemented the Ignatyuk-Reisdorf level density p
scription ~Method B! in our code, as described in Sec. IV
Figure 6 demonstrates that the discontinuities that re
from the interpolation method are not present when using
Ignatyuk-Reisdorf approach.

B. Ignatyuk-Reisdorf approach with temperature-dependent
nuclear viscosity

A series of calculations using this Ignatyuk-Reisdo
method@Eq. ~11!#, without the additional temperature depe
dence of Eq.~13!, now for all the available observables
shown in Fig. 7. Here the nuclear radius parameter@which is
used in calculating the level density parameter accordin
Eq. ~12!# was set to the default value ofr 051.153 along with
the other default parameters of Ref.@58#. For the fission frag-
ments, the radius parameter was set tor 051.10 which is in
agreement with the work of Kicin´ska-Habioret al. @55,56#
for lighter mass nuclei. In the present work this value of t
radius parameter also provides a superior fit to the lo
02461
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energy (Eg,8 MeV) fission fragmentg rays. The full Sierk
fission barriers were used. The work of Bolsterliet al. @69#
based on the liquid drop model provides an estimated sad
point deformation ofb50.88 for a fissility ofx50.763~for
zero angular momentum!. The evaporation residues are pr
duced at low angular momenta; therefore to produce a g
fit for the residues we used this zero angular moment
saddle-point deformation in calculating the saddle-po
level density parameter according to Eq.~12!. This corre-
sponds toaf /an51.04. Since particle andg spectra are less
sensitive toaf /an , the same saddle-point level deformatio
was used for higher angular momenta, and also for the sa
to scission decay. For high CN angular momenta the sad
point deformation can be much smaller, but the deformat
will increase during the saddle to scission decay, sob
50.88 reflects the large average deformation during
saddle to scission decay.

For the neutron multiplicities and ER cross sections,
curves show calculated results as a function of bombard
energy, obtained with fixed viscosity of different give
strength for each bombarding energy. The plottedg-ray
spectra were then calculated with the viscosity value (gfit)
that most closely predicts the prescission neutron multiplic
at that beam energy.

Several interesting conclusions can be drawn from an
spection of Fig. 7. The first is the observation that, for
3-9
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FIG. 7. All available experimental observables for16O1208Pb→224Th compared to calculations using the Ignatyuk-Reisdorf level den
prescription combined with constant viscosities indicated. The upper panels display theg-ray multiplicities~measured with the BaF2 array!
in both the full and divided representation. For each bombarding energy the viscosity which gave the best fit to both theg-ray and neutron
multiplicities was used. Four curves from calculations with constantg51 ~short dashed!, 2 ~long dashed!, 5 ~dotted-short dashed!, and 10
~dotted-long dashed! are compared to the experimental neutron multiplicities@67#, fission cross sections@17–19#, and ER cross section
@16,17# in the bottom panels.
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bombarding energies, the absolute multiplicity ofg rays is
very well fitted for energies below 10 MeV where the pre
ous method failed to reproduce both the slope as well as
absolute multiplicities. The second conclusion regarding
g-ray spectra is the increasing~with the bombarding energy!
disagreement between the experimental and calculated h
energy tail. This will be a topic of further discussion.

The third conclusion is that a constant viscosity of a giv
strength is unable to describe all of the experimental obs
ables within the present assumptions; the nuclear visco
clearly changes with temperature. This can be seen in b
the prescission multiplicities and the ER cross secti
where the experimental data crosses the lines of cons
viscosity with increasing bombarding energy. It is also int
esting that a much smaller viscosity parameter is require
fit the ER cross sections at a given bombarding energy c
pared to the multiplicities of eitherg rays or prescission neu
trons. For instance, atElab5120 MeV, the prescission neu
tron multiplicity yields gfit;7 – 8. But for the ER cross
section at the same bombarding energy, the data clearly
dicate a viscositygfit<5.

The top panel of Fig. 8 shows the viscosity valuesgfit
extracted from the neutron andg-ray multiplicities, plotted
as a function of the initial CN temperature. The two curv
compared togfit are

g50.215T, ~14!
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and

g50.213T2, ~15!

whereg50.2 is assumed@70,71# for T50.
These functions were used in the next series ofCASCADE

calculations, i.e., the initialg is replaced by the correspond
ing temperature-dependentg in each stage of the cooling
process. The results are compared to the experimental
tron multiplicities and ER cross sections in the bottom pan
of Fig. 8. The calculatedg-ray spectra~not shown here! are
virtually unchanged from Fig. 7 since the initial viscosi
obtained from these functions is similar to the earlier e
tractedgfit , the calculated high-energyg-ray tail is still un-
derpredicted. High-energyg rays come primarily from the
CN in the first few decay steps and thus are only sensitiv
the viscosity at the initial temperature.

As can be seen in Fig. 8, the agreement with the neu
multiplicities is comparable using either function althou
the linear form slightly overestimates the prescission mu
plicities at the lower bombarding energies. The ER cro
sections, on the other hand, are definitely better descr
with the T2 dependence, as the linear function overpredi
the ER data at all but the highest energy. This may be
cause the ER cross sections are sensitive to the nuclear
cosity at a much later stage in the decay process than
neutron org-ray multiplicities.
3-10
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NUCLEAR VISCOSITY OF HOT ROTATING224Th PHYSICAL REVIEW C 61 024613
The good fits to the ER and neutron spectra are enc
aging and justify the soundness of the model in correc
reproducing the decay cascade. However, the agreement
the g-ray multiplicities for Eg.10 MeV ~i.e., above the
GDR peak! is poor, except for the lowest bombarding e
ergy: the high-energy (Eg.10 MeV) tail was underpredicted
by the calculations.

We will now discuss how to improve the agreement of t
high-energyg-ray multiplicities without destroying the goo
fits to the neutron multiplicities and ER measurements. T
first possible solution to improve the high-energyg-ray mul-
tiplicities is to introduce a nonstatisticalg-ray source such a
bremsstrahlung. Obviously this can improve the calcula
g-ray spectrum, while retaining the good agreement achie
for the neutron multiplicities and ER cross sections. Ho
ever, the systematics of bremsstrahlung@72,73# combined
with the comparatively low bombarding energies used h
(Elab,12 MeV/nucleon) suggest that neutron-proton brem
strahlung cross sections cannot account for the large ex
observed fromEg510 MeV to 20 MeV. Measurements wit
similar bombarding energies as in the present work@74–77#
indicate that bremsstrahlung emission becomes compar

FIG. 8. The upper panel shows the fitted viscosity values
tracted from Fig. 7 plotted as a function of the initial temperature
the CN. A linear fit withg50.215T ~dashed line! and a quadratic
fit with g50.213T2 ~solid line! are also shown. The lower pane
display the results ofCASCADE calculations for neutron multiplici-
ties, ER’s, and fission cross sections, using both the linear~dashed!
and the quadratic~solid! fits for the nuclear viscosity.
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in magnitude to the statistical components only forg-ray
energies in excess ofEg520 MeV. Therefore, we consider i
unlikely that bremsstrahlung is the primary source of t
excessg rays observed although we can not rule out t
presence of some bremsstrahlung yield for the highest b
barding energies studied.

Another, more realistic approach for fitting the hig
energy spectrum is to modify the level density parameter
has been noticed in earlier works@7–9,12# that the inverse
level density parameter had to be increased to describe
high-energy tail of theg spectra. In the current approach, n
such free parameter exists; an arbitrary modification of
radius parameterr 0 in Eq. ~12! will adversely affect agree-
ment with nuclear level density data at low energies. As
been discussed in Sec. IV, an additional temperatu
dependent factor can be introduced into the Ignaty
Reisdorf level density prescription. This method simul
neously retains the good agreement with low-energy le
density data while providing some flexibility in the high
energy regime.

We ran a full set of calculations, but now introducing th
added temperature dependence of the level density param
given in Eq.~13! with a strength ofk50.8. Inspection of the
neutron multiplicity and ER fits now reveals a new pictur
as seen in Fig. 9. While the neutrons fit quite well wi
constantg55 viscosity, the ER show a good fit withg52.

-
f

FIG. 9. The same as Fig. 8 now using the Ignatyuk-Reisd
level density prescription with an added temperature depende
(k50.8).
3-11
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FIG. 10. The same as Fig. 7 now using the temperature-dependent level density according to Eq.~13! and viscosity according to Eq.~16!.
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The top part of the figure shows the viscosities needed
obtain the best fit for theg-ray data~not shown here!. Now
the high-energy tail was nicely fitted, and we observed
weaker temperature dependence:

g50.211.7T2. ~16!

As a final step we ran calculations for all data with bo
the temperature-dependent level density parameter acco
to Eq. ~13! and the temperature-dependent viscosity of q
dratic dependence. Figure 10 shows the excellent agree
of the data and the calculations.

The temperature dependence of the level density par
eter used in these calculations is rather large, decreasin
asymptotic level density parameter fromã5A/9.6 atT50 to
ã5A/12.3 atT52 MeV. But it improves dramatically the
agreement with theg-ray data at higher bombarding energi
and removes the need to include bremsstrahlung compon

C. Ignatyuk-Reisdorf approach with deformation dependent
nuclear viscosity

Calculations of partB performed with temperature
independent level density parameters~Figs. 7 and 8! demon-
strated rather convincingly that a temperature-dependent
cosity was needed in order to bring the calculations i
agreement with the data. After introducing the temperatu
dependent level densities in order to improve the fit of
high-energyg spectra the need for a temperature-depend
viscosity becomes less obvious. As was shown in the pr
ous section, the ER cross sections could be fit by a cons
viscosity parametergfit52 and the prescission neutron mu
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tiplicities are well described by a constantgfit55 as well~see
Fig. 9!. The prescission neutron andg multiplicities have
two sources: CN emission behind the saddle before the
tem has ‘‘decided’’ to fission, and saddle to scission em
sion. The ER’s, on the other hand, only experience con
tions behind the saddle point since by definition they do
pass the saddle.

The difference between the nuclear viscosity experien
by the ER’s and that reflected in the neutron andg-ray mul-
tiplicities suggests the possibility of a scenario along
lines of that proposed by Fro¨brich and Gontchar@78–80#. In
their original combined dynamical statistical model, nucle
viscosity is determined not by temperature but by the nuc
deformation. Since the CN is in a more compact configu
tion behind the saddle point~i.e., bCN'0), the ER’s which
experienceonly this configuration could reflect a differen
viscosity than the neutrons org rays which are emitted dur
ing both stages of the CN decay.

The apparent increase in the nuclear viscosity may also
explained if we suppose different viscosities inside and o
side the saddle point. As the bombarding energy is increa
the fusion cross section and thus the average angular
mentum of the fused system increases. A significant frac
of the cross section then experiences a low or vanishing
sion barrier so that the fast fission process begins strong
influence the fission process. In consequence the sadd
scission emission gains more importance at higher bomb
ing energies. Figure 11 shows the Sierk fission barrier,
calculated total cross section, and calculated ER cross
tion, all as a function of angular momentum. Arrows indica
the angular momentum at which a fast fission cut ofk50.5
3-12
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(Ef /T,k) is applied in the CASCADE calculation for
TCN51.37 MeV and TCN52.18 MeV, corresponding to
Elab5100 and 177 MeV bombarding energies, respective
The right panels show the corresponding calculatedg spec-
tra. Whereas for the 100 MeV bombarding energy
prescissiong decay is dominated by the presaddle emissi
at 177 MeV the presaddle and saddle to scission emis
have equal probability. Panel~d! of Fig. 11 displays the fast
fission fraction of total cross section for two values ofk. For
Elab5100 MeV, no fast fission occurs since the cut is high
than the maximum angular momentum for bothk50.5 and
k51. ForElab5177 MeV, however, 50% of the cross sectio
undergoes fast fission fork50.5. It was observed in earlie
papers@7,8#, that theg-fission angular correlations do no
change significantly with the bombarding energy. The f
fission process affects theg emission in a special way: th
saddle to scission deformation has larger deformation, in
encing the energy split in the GDR emission. However,
GDR emitted outside the saddle is mostly emitted in the fi
few decay steps, before the system cools down during
saddle to scission emission, and the deformation reflecte
the GDR is close to the saddle-point deformation. In case
high fissility the saddle-point shape is rather compact. W
the increasing bombarding energy the fast fission proc
takes over, saturating the angular correlation.

If the nuclear viscosity is different inside and outside t
saddle point, the measuredg and particle spectra will greatly
depend on the fraction of the cross section where fast fis

FIG. 11. Calculated angular momentum dependent~a! Sierk fis-
sion barrier,~b! total cross section, and~c! ER cross section for the
Elab5100 and 177 MeV beam energies. Arrows in panel~a! indi-
cate the angular momenta at which a fast fission cut ofk50.5
(EfT,k) occurs forTCN51.37 MeV ~solid! and TCN52.18 MeV
~dashed!. Panel~d! displays the % of the total cross section whi
will undergo fast fission fork50.5. The right panels display th
calculated unfoldedg spectra~full lines!, consisting of the pre-
saddle~dashed!, saddle to scission~dashed-dotted! and postscission
~dotted! components.
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occurs. On the other hand, the ER’s are not affected by
fast fission cut (k,1) due to their much lower average a
gular momentum.

Figure 12 compares the experimentalg and neutron mul-
tiplicities, and ER cross sections to a series of calculati
using the same model parameters as in Fig. 9 but now se
the viscosity inside the saddle tog i52 and outside the
saddle tog0510. As expected, the agreement with the E
cross sections is completely unchanged from Fig. 9. The n
tron multiplicities, on the other hand, are now well describ
within this temperature-independent viscosity prescripti
The calculatedg-ray multiplicity spectra fits are equally de
scribed by this approach as they were using temperat
dependent viscosities.

VI. DISCUSSION

The experimental data presented here confirmed the
viously observed large increase of the GDRg-ray yield over
the statistical model with the bombarding energy, now ove
wider temperature range ofT51.0– 2.2 MeV. Fitting the
g-ray multiplicities on an absolute scale provided a very
rious constraint on the fit parameters. Following the previo
attempt@12# we simultaneously fitted the available neutro
multiplicities and ER cross sections as well for this reactio
This global fit demonstrates unambiguously that the exp
mentalg spectra can be fitted only including large nucle
dissipation.

The detailed calculations revealed that the ER cross
tions can not be fitted with the traditional level density a
proach implemented inCASCADE, the interpolation region
produces an unnatural behavior of the fission width. The
fore, we had to use the Ignatyuk-Reisdorf level density
proximation, which provides a smooth function of the lev
density parameter with the temperature. Remarkably
needed a strong temperature dependence of the level de
parameter such as predicted by Shlomo and Natowitz@62# in
order to explain the high-energy tail of theg spectra. The
observed temperature dependence is even stronger than
predict, and it is in good agreement with the experimen
results from charged particle emission@81#. Although the
observed temperature dependence of the level density pa
eter is very strong, it is not unreasonable and the inve
level density parameter is still below the Fermi-gas val
Using this approximation we were able to fit simultaneou
all the availableg-ray, neutron multiplicity and ER data fo
the 16O1208Pb reaction. We observed a large nuclear visc
ity g which is increasing with the bombarding energy.

A recent paper@82# states that all previous works involv
ing the statistical model may have incorrectly calculated
sion rates by neglecting a proper handling of the rotatio
degrees of freedom of compound nuclei. Reference@82#
states that calculations including a proposed handling of
nuclear orientation reproduce ER and fission cross sect
and prescission neutron multiplicities from O-induced re
tions without the use of strong nuclear dissipation. We no
however, that these calculations rely not only on a modifi
fission rate formula, but also on a novel temperatu
dependent prescription for the nuclear potential energy
3-13
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FIG. 12. 16O1208Pb g and neutron multiplicities, and ER cross sections compared to calculation with Ignatyuk-Reisdorf level d
prescription and additional temperature dependence (k50.8). Nuclear viscosities are constantg i52 inside the saddle andg0510 outside
the saddle point.
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face which results in fission barriers that can increase
decrease as a function of temperature. Figs. 1 and 5 of
@82# reveal that without this added temperature depende
the proposed prescription fails to describe the data.CASCADE

calculations using fission rates modified according to Eq.~8!
of Ref. @82# reveal a similar trend: while the modification
decrease the fission width, they fail to reproduce the d
unless the fission barrier is modified or nuclear dissipatio
included. The ramifications of this proposal for the pres
work appear to be minor. Within the model presented in S
IV, inclusion of the proposed modified fission rates wou
somewhat reduce the absolute value of the viscosity par
eter but not the overall trends drawn from the present an
sis.

Since the increase in bombarding energy simultaneo
increases the temperature and also the average angula
mentum of the224Th system, the exact dependence of t
viscosity on either the temperature or on the deformation
the system cannot be unambiguously determined. We c
fit the data with two different nuclear viscosity functions:~i!
A viscosity increasing withT2. This strong temperature de
pendence would indicate two-body dissipation and is con
tent with the volume dissipation of a Fermi liquid. The vi
cosity does not saturate within the measured tempera
range. This is reasonable, as most calculation predict
saturation of the viscosity of the Fermi liquid should not
reached below a temperature of 3–4 MeV. On the ot
hand, it is not clear from simple dimensional consideratio
that a hot224Th nucleus would show pure volume dissipati
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effects.~ii ! Deformation-dependent viscosityg~b!. We fitted
the data with constantg i52 inside the saddle, and consta
go510 outside the saddle, that is during the saddle to sc
ion motion. This type of deformation dependence would s
gest one-body dissipation mechanism.

The extraction of the reduced nuclear dissipation coe
cient b52v0g from the determined saddle to scission tim
requires the precise knowledge of the curvature of the fiss
barrier~described by the frequencyv0) and thetssc

0 saddle to
scission time for nonviscous saddle to scission motion.
though these are angular momentum and temperature de
dent quantities,tssc

0 can be determined as 3.0310221s with
relatively small error.

In the present systemg rays and neutrons are emitte
more or less equally inside and outside the saddle poin
the hot 224Th nucleus. In order to differentiate the two po
sibilities, i.e., a temperature-dependentg or a deformation
dependentg, this system should be studied in reaction
which favor emission either inside, or outside of the sadd
The saddle-point shape of the nucleus becomes more c
pact with increasing fissility. Also with increasing nucle
temperature the fast fission process takes over, therefor
heavy, fissile systems with large angular momenta
prescission particle andg emission occurs mostly outside th
saddle. This allows the measurement of the viscosity at
proximately constant deformation, as a function of tempe
ture. The32S1208Pb system is presently being studied alo
these lines.
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APPENDIX

The conclusions of the present paper are dependent o
detailed model calculations including various assumpti
about nuclear dissipation. Our model, especially the ea
version of it @7#, has been recently criticized in Refs.@51,
52#. That work considered a hot156Dy nucleus formed in a
fusion reaction, for which theTIMCASC program, developed
at KVI Groningen, and the Stony BrookCASCADE calcula-
tions yielded very different results. This was blamed on
different time step concept used in the two codes. In
Stony Brook code the time step is defined by the neut
width as

Dtn5
\

Gn~E,J!
, ~A1!

whereas inTIMCASC the full decay width was used to defin
the time step:

Dt total5
\

~Gn1Gp1Ga1G f !
. ~A2!

To examine the difference we introduced the KVI tim
concept into our code, and did detailed calculations w
both methods. Figure 13 shows the results. As one expe
the KVI method produces shorter time steps, especially
the later decay steps, where the fission width becomes la
than the neutron width. However, the size of the time ste
important only in the first four steps, before thexh fission
buildup time saturates.@The saturation point is marked by a
arrow on panel~b!.# After that the stationary, i.e.,time-
independentfission width has been reached, and the ti
step size plays no role in the further calculation. The fiss
and neutron widths still change with the excitation ener
but the time of each step does not change the branc
ratios between the decay channels. However, before the
tionary fission phase has been reached, the neutron wid
much larger than the fission width, so the two time-step
proximations are equally good in describing the fiss
buildup curve@see Eq.~8!#. When the fission widths be
comes large enough to play a role (10219s in the present
case! the stationary phase is already reached. The scen
changes only slightly for a small viscosity: in this case t
fission width becomes large, but thet f fission buildup delay
time becomes short. Equation~9! shows thatt f is propor-
tional to the viscosity, and the stationary phase is reac
basically in one step.

In general we can state that for large viscosity (g.1)
~always the case in the present paper!, both approaches yield
equal results. Calculations with both methods implemen
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in our code did not differ by more than 1%. However, f
small viscosity (g!1) the time step calculated with the fu
decay width may be better.

The other difference mentioned in Refs.@51,52# is that the
fission delay timetd was calculated for the average spin
the Stony Brook code, whereas inTIMCASC it is calculated
for each~E,J! matrix element. In our present code we intr
duced this change and calculatedt f for each ~E,J! matrix
element. However, the arguments of the previous paragra
apply again: the difference in handling the transients
only a secondary effect on the process, as it is dominated
the stationary phase.

The two codes are based on the same formalism, outli
in Sec. IV of the present paper. However, the implemen
tion of the model into computer codes is completely diffe
ent: the Stony Brook method starts with the highly excit
CN, and the bookkeeping of the matrices follows the syst
as it cools down, then to the saddle to scission decay,
finally the fission fragment decay. InTIMCASC the calculation
starts from a large fission spectrum data base, and mo
backwards in time from the scission point, calculating t
presaddle and saddle to scission processes together, as
rives back at the CN.

Although the underlying physical model is the same, t
results of the two codes for156Dy were very different. With
the Stony Brook code a large viscosity (g55 – 10) was
needed to describe the data, whereas inTIMCASC a very small
viscosity, g50.01 ~corresponding to 1% change in the fi
sion width! sufficed to describe theg spectra. InTIMCASC the
introduction of this very small viscosity increased th
prescissiong emission by an order of magnitude, then fu

FIG. 13. Comparison of calculations using two definitions f
the elapsed time step,Dtn ~circles! and Dt total ~squares!, for 140
MeV 16O1208Pb. Panel~a! displays the neutron~open symbols! and
fission widths~solid symbols!, ~b! the hindrance factorxh , ~c! the
excitation energyE* , and~d! the calculated daughter populationPd

transferred to the next time step, all plotted as a function of
elapsed time.
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ther increase up tog54 ~corresponding to 88% change
the fission width! did not change the spectra noticeably. In
very simple approximation the decrease in the normali
fission widths is equal to the increase of the normalized p
ticle andg width, similarly the change in the saddle to scis
t,
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ion time scales with the saddle to scission emission, thus
total prescission emission scales with viscosity parameteg.
The observed order of magnitude change in the prescissig
yield in TIMCASC with negligible change in the viscosity pa
rameter appears unphysical.
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