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Nuclear viscosity of hot rotating 2*Th
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In a detailed investigation of giant dipole resonai&DR) y-ray yield from the'®0+2%%Ph system, the
absolutey-ray/fission multiplicities are extracted and reported over a wide range of excitation energy and
angular momentum. The enhanced yield of GDR degagys 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 parameter has been studied over a much wider range of excitation energy and angular
momentum than in earlier works. The measusedhy 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 numbgs): 25.70.Jj, 25.70.Gh, 24.30.Cz

. INTRODUCTION 160+298pp, 325+Ma\y,  and 3°S+2%%Ph systems prompted a
systematic measurement of GDRrays from these systems
The large scale mass flow across a barrier in a dissipativever a wider range of excitation energy and angular momen-
system is a central topic in contemporary phydits An  tum than reported in previous papers.
example of such a phenomenon in nuclear physics is the Here our primary goal is to investigate the behavior of the
nuclear fission process. Historica”y this prOblem was ﬁrstnudear Viscosity paramet@fover a re|ative|y |arge range of
addressed by Kramef&] who studied the role of viscosity pombarding energies and also to study fully its dependence
in slowing down the diffusion rate in comparison to the de-5, other observable parameters. Tdtesolute y-ray/fission
cay rate without viscosity as predicted _in earlier works Ofmultiplicity is extracted for the first time fof24Th and the
Bohr and Wheelef3]. A spate of experimental data from i retical spectra are fitted over a range of 2—22 MeV with-

heavy-ion-induced nuclear reaction studies, carried out in the . any arbitrary normalization in the low-energy region
last two decades, have rejuvenated interest in nuclear di53|.- )

X . : -This provides a very strong constraint on the set of input
pative processes. These experiments have resulted in the in-
teresting observation of unexpectedly large yields of prescisparamete_rs _for _the model used to extract a value for the
sion charged particle§4], neutrons[5], and giant dipole nuclear d|SS|pat|o_n. )
resonancéGDR) decayy rays[6] from the compound sys- A_n u_nderstgndlng of th? temperature dependence 'ST .
tem prior to fission. The standard statistical model calculaCrucial in settling the relative dominance of one-body dissi-
tion grossly underpredicts the enhanced yields of particle§ation[13] and two-body viscosity processes in slowing the
and y rays. This excess vield of rays from heavy com- fission motion. The previously reported very rapid rise in
pound systems has been analyzed by incorporating théScosity (up to y~10 at an excitation energy OEgy
nuclear viscosity parameter for the mass flow and transiers=84 MeV) is in qualitative agreement with two-body viscos-
effects inside the saddle allowing for the build-up time of theity process which has a strong dependence on temperature
fission flux[7-9]. The viscous diffusion motion reduces the [14]. However, the exact form of temperature dependence of
Bohr-Wheeler fission width as it builds up with a character-y within the framework of two-body damping is an open
istic time delay due to the coupling of the collective fissionquestion. The result of previous analyses slightly favored a
motion to single particle excitations. In addition, the saddleT? dependence over a line@rdependencgl2]. The present
to scission motion is also slowed down due to viscosity re-experiment, therefore, is aimed at extracting the viscosity
sulting in an overall increase in the fission time. This timeparametery over a wider range of excitation energy and also
delay enhances the production of particle and GipRay  to probe any turning over or reduction gfat higher excita-
decay as the system moves to the saddle point and also frotion energy[{15], as might be expected for a Fermi liquid.
saddle to scission. Therefore, the measurement of prefission The organization of the present paper is as follows: the
particle and GDR y-ray multiplicities provides suitable experimental details are presented in Sec. Il followed by the
clocks to probe fission time scale and nuclear viscosity. Thexperimental results in Sec. Ill. In Sec. IV we discuss the
results of the neutron data have been summarized bgifferent aspects of the statistical model catiesCADE in-
Hilscher and Rossn¢f0], while Paul and Thoennessen have cluding nuclear viscosity and transient effects behind the
reviewed they-decay result$11]. saddle point. Section V presents a comparison of different
The present paper follows a line of previous papers detheoretical calculations with our experimental results and
voted to the experimental investigation of fission dynamicsalso with known neutron multiplicities and known evapora-
in hot rotating nuclei through the GDR decay from the tion residue cross sections. The calculations are done using
fission fragments and the prescission compound systemiifferent level density approaches, and either temperature or
[7,8,12. The conclusions drawn from these works in deformation-dependent nuclear viscosity. In Sec. VI we dis-
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TABLE |. Summary of the reaction parameters for detail elsewher¢20] and only the salient features are men-
1%0-+2%%Pb—?2Th at different beam energies. The columns list thetioned here. The 25.4 cr88.1 cm cylindrical Nal crystal is
beam energyK,ay), the total fusion cross sectiomr(y), the excita-  syrrounded by an annular plastic veto detector and the whole
: " ) )
tion energy of the CN E¢y), the corresponding maximum(,)  gystem is inside a 10 cm thick lead shield along with a lead
and averagelg,g angular momenta, the average Sierk fission bar-q|jimator in front of the detector. The detector was placed
ner <.Bf> ft lave, 2and .the initial temperature%'ﬂ) of the CN a5* with the Nal crystal face 60 cm from the target position in
suming Egy=aTgy with a=A/9. The total fusion cross sections order to achieve good neutropray flight-time separation
were obtained by extrapolating from the experimental evaporation The Bak array consists of seven hexagonal crystals 'With

idue[16,1 d fissi tion$7,18,19. . - .
residue(16,17) and fission cross sectiofs7,18,19 an inscribed diameter of 5.6 cm and a length of 14[ed.

= . E* | | (By) Ten The superior time resolution of BaBcintillators allowed the
(MeV) (mf)) (MS\N,) (”,’La)x #  (MeV) (Mev)  array to be placed 30 cm from the target making the solid
angle of the array~0.21 s) twice that of the Nal detector.

100 773.9 46.4 37 25.0 4.5 1.37 A cooling arrangement maintained the array at a constant
120 1267.7 64.9 54 36.4 34 1.61 temperature of-15 °C in order to eliminate gain fluctuations
140 1585.3 83.5 66 44.5 2.6 1.83 due to the well-known temperature dependence of,Bight

160 1741.5 102.1 75 50.3 1.8 2.03 output[22,23,24. In addition the array was frequently cali-
177 1811.8 1179 81 541 1.3 2.18 brated using low-energy rays from®y and 228Th.

The fission fragments were detected in four multiwire
avalanche counter@WAC) arranged in a lamp-shade ge-
cuss the results of these calculation and implications for furometry. This arrangement allows the detection of kinemati-
ther investigations. In the appendix we address some quesally coincident fragments, in coincidence with therays
tions about the validity of our approximations. emitted either parallel or perpendicular to the spin axis of the

fissioning system. Further details about the geometry, con-

struction, and functioning of the MWAC detectors are pro-
Il. EXPERIMENTAL PROCEDURE vided in Ref.[25].

The experimental setup follows that of earlier experi- All analog and timing signals from the and fission de-
ments[8]. A 99.9% isotopically enriched 98@g/cn? thick  tectors were digitized using FERA CAMAC modules and
self-supporting?®®Pb target was bombarded with a pulsedrecorded event by event. In order to measure absohutgy/

160 peam from the Stony Brook Tandem-LINAC facility. fission multiplicities,y-fission coincidences and down scaled
The beam pulse repetition time was 106 ns with an averaghssion single events were recorded. The event trigger was
bunch width of~800 ps. defined in the following manner. Coincidences of any of the

The 224Th compound nucleu¢CN) was formed at five ¥ detectors with any of the MWAC detectors along with
beam energies ranging from 100 to 177 MeV; the relevangcaled-down fission singles events were timed with respect
reaction parameters are summarized for each bombarding eff: the radio frequency signal of the accelerator to produce the
ergy in Table I. They rays were detected in coincidence with €Vent trigger. The event trigger started the readout of the
fission fragments in two different detector systeriy, a  digitized detector signals, and also served as a common start-
large Nal detector ant®) a compact seven element array of INd time reference. The FERA TDC's were stopped by the
BaF, detectors. The experimental configuration is shown inindividual detector signals.

Fig. 1. The target was perpendicular to the beam and the FOr the Nal detector a shof150 ns and a long(600 ns
y-ray detectors were placed @,=90° on opposite sides of [Ntegration gate were used, the short gate being placed over
the beam axis. The beam current on the target was maifl€ first part of the signal, whereas the long gate integrated
tained at around 5 pna for the entire experiment. the total duration time. In the Bafdetectors individual short

The large Stony Brook Nal detector has been described ifP0 N9 and long(1000 n3 gates were also applied. A valid
BaF, event was defined wheone of the seven crystals ob-
served ay ray above a preset high threshdtd2 MeV), then
each of the detector’s time and energy signals were recorded.
In the off-line analysis, two-dimensional cuts on energy and
time of flight were used to discriminate promptrays from
fast neutrons. Pileup rejection for both the Nal and the BaF
array was carried out as described in Rg&{,26 although

—._BaF.
2
@ the granularity of the Bafarray guaranteed that these events

[ MWAC

T~

Beam

were negligible in those detectors. The deposited energy
from all BaF, detectors satisfying these cuts were then
summed together on an event-by-event basis to create the
total Bak energy spectrum.

FIG. 1. Schematic diagram of the experimental setup. The Two-dimensional energy versus time-of-flight spectra
seven-element BaFarray and Nal detector are positioned on oppo_Were created for each of the MWAC detectors to isolate fis-
site sides of the beam axis 84,;,=90°, while the four MWAC's  sion fragments from elastically scatteré¥® and recoiling
are arranged for detection of forward focused fission fragments. 2°%Pb nuclei. Individual fission-gategray spectra were then

Target
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FIG. 3. Percent difference between measured and calculated
v-ray yields for the Bafarray (squaresand the Nal detectaftri-
angles.

@

Yield (arb. units)
N

=(2.98+0.1)x 10 y’s per proton, in good agreement
with the measured value. A similar comparison was per-
formed for the'B(p,y)'*C reaction using a 76Qg/cn?
thick B target. After measuring they, yield at E,

FIG. 2. Experimental spectra for the BaBrray compared to =22.56 MeV the target was chemically analyzed and found
results ofceanT simulation(solid line) with a measured resolution to contain (36 1)% !'B. The measureg, cross section of
of o(E,)/E,=0.023+ 0.045E>. The data are plotted on an arbi- (13.1*+1.1) ub/sr at6,,,=90° [30] and the measured angu-
trary scale except for th&C(p, o) **N data in panelc) for which  lar distribution of Ref[31] were included in &BEANT calcu-
the absolute number of resonantays per incident protonYg) is  |ation. The results of these comparisons for the Baffay
shown in units of 10*%,d Y /dE (250 keW ™. and the Nal detector are presented in Fig. 3 as the percent

] o _ difference between the experimental and the calculated
produced for each of the four MWACs in coincidence with yie|ds. The experimental and calculated yields differ by less
either the Baf or the Nal and the thermal neutron back- than 10% over the entire energy range of interest.
ground was subtracted. The background contribution was These investigations provide confidence that ¢EaNT
greater for the Nal due to its much larger neutron capturgjmulation of the Baf array and the Nal detector properly
cross section. , _ describes the experimental setup. A series®NT calcula-

An important aspect of the present experiment is the eXgjgns up toE,=30 MeV was then performed and used to
traction of absolutey-ray/fission multiplicitie27]. This re-  yild the resgonse matrices which were used to fold the the-
quired a measurement of the energy-dependent line shapgeatical calculations.
and an accurate calculation of the absolute detector efficien- T absolute-ray multiplicity spectrum for each MWAC
cie_s. The Iine_ shape for low-ray energies was determined \y4s optained by dividing the measured fission-gajedy
using tzk;e radioactive sourcé8y (E,=0.898, 1.836 MeY  spectrum by the total number of measured fission singles.
and 8Th2 (E772.61 MeV). ~ The proton-induced Because the MWAC efficiency enters equally in taéission
reactions **C(p,y)™N (E,=4.44, 15.066 MeY with  eyents and in the fission singles, the multiplicity 9§ per
E,=14.24 MeV and"'B(p,7)"’C (E,=18.12, 22.56 MeV fissjon is independent of the MWAC efficiency. The four
with E,=7.2 MeV) were used for higher energies. Figure ,.MwWAC multiplicity spectra were then averaged to give
2 shows the results of these line shape measurements for tfig final angle-averaged total multiplicity spectrum. In ear-
BaF, array compared to calculations of the Monte Carlo de4jer works[7,8,9,12,20 the theoretical spectra were normal-
tector simulation COdSEANT3 [28] inClUding the full detec- ized to the fission gate&_ray Spectra and no abso|ute mu'_
tor and target chamber geometries. tiplicities of y per fission were reported. This is the first use

The simulation of the detector system plays a central rolgy absolutey-ray multiplicities in *°0+2°%Ph and it elimi-

in the determination of they-ray/fission multiplicities. To  nates a significant uncertainty in comparing model calcula-
prove that the simulation is able to take into account th&jgns to the data.

complicated target geometry, the lead shieldiagd colli-
mator for the Nal detect@rand the add-back method for the
BaF, array, the same measurements were used for an effi-
ciency comparison. In the case of the radioactive sources, the Figure 4 presents the absolute multiplicity pfrays per
known activities were used. For tH&C(p,y)**N reaction, fission for the five beam energies measured, with the,BaF
the total vy resonant thick target yield from th&=3/2, T  and Nal spectra in the left and right panels, respectively. The
=3/2 resonance was measured with the Bafay to be top panels show that the low-energi (<8 MeV) y-ray/
YR(6=90°)=(2.82+0.1)x 10" * per incident proton. The fission multiplicities increase only modestly with increasing
known resonance strength dfz=(6.83+0.22)xX10 %y,'s bombarding energy, while the high-energi &8 MeV)

per incident proton af,,=125° and the known angular dis- yield exhibits a dramatic increase. The Nal spectra at 100,
tribution of Y(8)=Yg [1.0—(0.68+0.03)P,(cos)] [29] 120, and 140 MeV are also in good agreement with the pre-
gives a predicted yield for the BaRarray of Yg(6#=90°)  viously measured datf6,7,8]; the current data, however,

IIl. EXPERIMENTAL RESULTS

024613-3



. DIOSZEGl et al. PHYSICAL REVIEW C61 024613

Nal

<

d ol vl seoed o o

) [Ty

Ly

e, dM(E))/dE, [MeV-1]

AR v vl s ooy o cod B coud o ool voond 1o

vy \!
v v vy P e LT ca b e s o Ly o WOKE LN

5 10 15 2 5 10 15 20
E, (MeV) E, (MeV)

FIG. 4. Top panelst®0+2%%Pb absolutey-ray multiplicities measured with the BaBrray and the Nal detector are shown as histograms.
Bottom panels: the measured absolute multiplicifeguares for Baj-and triangles for Nalare compared ta@AsSCADE calculations(solid
lines) which do not include nuclear viscosity. The calculated spectra have been folded with the corresponding detector response function.

have a much lower energy threshold and are on an absolutiard” calculation is not able to provide a good fit to the
scale. The exponential spectra measured with the two detemeasured spectra. Note that without any normalization the
tors are strikingly similar, proving that the thermal stabiliza- agreement between theray data and the folded calculation
tion of the Bak array combined with frequent energy cali- is very good at low energy3—4 MeV). However, this cal-
brations satisfactorily overcame the temperature sensitivitgulation underestimates theray yield around 10 Me\(the
of the Bak crystals. region of the GDR in the CN systenand again for the

A “standard” cAscADE calculation folded with the re- higher bombarding energies. The same calculation also dras-
sponse function of each detector is compared to the data itically underpredicts the prescission neutron multiplicities
the bottom part of the figure. The “standard” calculation (not shown hergand while it fits the evaporation residue
includes no viscosity and uses the traditionahlofer in-  (ER) cross sections reasonably well near the barrier, it none-
terpolation[32] for the level densities with Dilg parameters theless fails to reproduce the general trend of the residue
below 7.5 MeV,a, py=A/9 in the liquid drop region above cross sections with increasing bombarding endsge Fig. 4
15 MeV, and using a linear interpolation of the parameterof Ref. [12]).
between the two regions. A Gaussian mass distribution was The strong increase in prescission yield of bgttays and
used for the fission fragment calculation and the total kinetimeutrons as a function of beam energy is an indication of an
energy(TKE) of the fragments was calculated according toincreasingly long-lived compound system which is not accu-
the Viola systematic$33] modified for asymmetric mass rately modeled by the *“standard” calculation. This is the
splits according to Ref.34]. The Sierk fission barries85]  motivation for including dissipative effects in the model,
were used, scaled by a factor kf=0.85 in order to bring which is discussed in the following section. Since the experi-
the residue cross sections into agreement for the lower bonmental spectra measured with the Baffray and the Nal
barding energies, and the level density parameter at theéetector are in good agreement and the Bd#&ta contain
saddle point was set equal to the level density parameter atiperior statistics, further calculations are presented here
the equilibrium deformatiofi.e.,as/a,=1), as in Ref[12].  only with the Bak spectra.
The GDRy decay of fission fragments was assumed to ex-
haust 100% of the classical sum rule, having a width of 6.5
MeV, and a centroid energy with the systematics of
Gaardhgije for giant dipole resonances built on excited states The analysis of the data was carried out with a modified
[36]. version of the codecAsCADE [7,32]. The code unifies the

In agreement with earlier results it is clear that this “stan-Hauser-Feshbach formalism of statistical decay of excited

IV. THE MODEL
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nuclei and the dynamical build up of the fission probability The fission rate is determined by integrating over all avail-
flow over the fission barrier as modeled in the worksable states at the saddle point:
of Grange Weidenmiler, and their collaborators37—-42.

The originalcASCADE code, written by Pllhofer in 1977, _ 1 fEi*Eb E_E—EJVE (4
is a pure statistical model code. The excited CN is charac- "5 277p,(E;,J)) Jo po(Bi~Bpy—E,J)dE, (4)
terized by an initial excitation energy and angular momen-
tum distribution, realized in afE,J) matrix. For each matrix where E(J;) =E,o(J;) + E+(J;); E, is the rotational en-
element the neutron, protow, vy, and fission decay prob- ergy andE;(J;) is the spin dependent fission barrier, is
abilities are calculated, and the corresponding population ithe level density at the initial stat&(,J;), whereag, is the
transferred to newE,J) matrices, representing the daughter |eve] density at the saddle point.
nuclei. This procedure is continued until the nuclei cool be-  The balance between different decay modes of the excited
low the particle emission threshold, then finished by calcunucleus crucially depends on the nuclear level density of the

lating the low-energyy-ray emissions. compound nucleus and its daughters. The particular func-
The particle decay rates are determined as tional form used incASCADE for the level density at a fixed
excitation energ\e and angular momentumhis given by
RydE, =2 ) e e (D) 2041 _exg2yau)
PP hp(E J p/YEp s ex a
hei(E;,J0) p(Ed)= Togam Va7 5

wherep; andp; are the level densities of the initial and final

nuclei. T(Ey) is the transmission coefficient of the particle of ergy of the systemg’ = 6(1+ 63+ 5'J%) represents the

energyE, carrying the appropriate angular momentum CON moment of inertia of a deformable rotating liquid drop with

sistent with conservation of total angular momentum. The mall deformability coefficientss and & an% qus the ripid

transmission coefficients are calculated from the optica y €0 ' 9
ody moment of inertia.

model. o L .
In CASCADE, as developed in Rihofer’s original version,

In this work the optical model parameters of Wilmore and o . . :
- . the variation of level density with temperature is handled by
Hodgson[43] were used for the neutron transmission coeffi- . S
treating the parametets and A separately in different re-

cients. This parameter set was measured for 1-5 MeV neu-. e .
tron scattering, which fits well the energy range of the evapo-gIons of e>_<C|tat|on energy. Fdt<10 MeV the parametriza-
rated neutrons in the present reaction. Optical mode‘Ion of Dilg etal. [49] IS u_sed for a and .A' For E
parameters of Rapapdi4] were measured for neutron en- >20MeV _the nucleus is cons!dered as a liquid drop and the
dfavel density parameter= A/K is used where the value &f

ergies of 6—26 MeV, and should not be used in this case. F . e
the protons andv particles the parameters of Pefeb] and IS handled as a_freg Input parameter. Th? backahift this
Huizenga and 19846 were sed, respectve. o energy regon s cakulted 2 e diference o e cal
The rate ofy decay is given by a similar formula: sured binding energiess = M oy~ My oy . At high excitation
energy the pairing and shell effects are assumed to have van-
R dE :} pi(Ef,J1) E f(E)E2*1dE ) ished leaving a smooth mass dependenca ahdA. In the
T h (B L) TR T v intermediate region of 10 MeE<20MeV a linear inter-
polation ofa andA is carried out between the Dilg and liquid

whereL denotes the multipolarity of theray. Later versions drop model values. . _

of CASCADE [20,47] also consider the emission of giant di-  The first major extension ofASCADE was to includey
pole resonancéGDR) y rays from highly excited states. The and particle decay of the fission fragments themse[G6$
decay of such a resonance state can be deduced with th this version the computed fission cross sections were
reciprocity theorem using the photon absorption cross sectored, the ﬂssmrQ value and total kinetic energy release
tion. The absorption cross section for a giant dipole photori TKE) were taken into account, and n@ASCADE runs were
for a spherical nucleus is well reproduced by a Lorentziarstarted to calculate the decay of the fragments. Realistic fis-

distribution. The strength function for GDR emission has theSion fragment mass distributions were used.
form As was shown by Kramerf2], the presence of nuclear

viscosity reduces the fission rate, so the full Bohr-Wheeler
fission rate as given in Ed4) is never attained. The fission

HereU=E—A—J(J+1)42%/2¢" is the internal thermal en-

f opr(E) = 2.09% 1075N_ZS , {GDFZ‘EV s, width, related to the fission rate dy=7%R;s is reduced:
Y A (E;—Egpr) “*+1'GprEY
©) rfemers= Y1+ %~ y), (6)
whereSis the fraction of the classical Thomas-Reiche-Kuhnwhere the dimensionless nuclear viscosity paramgtiater-
sum rule[48] which is exhausted by the resonance. mines the extent of the reduction and is related to the re-

The fission channel was later added to the code y-Pu duced dissipation coefficier® by y= /2w, [38,41 where
hofer, calculating the fission using the Bohr-Wheeler for-wy describes the potential curvature at the saddle point. A
mula based upon the saddle-point transition state m@el common approximation used here takeg=10?'s 1.
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An additional effect of nuclear viscosity is the transient ;% s the time constant without dissipation and following
buildup time of the fission flux moving over the barrf{@8]. i [54] is estimated to be 3:010~2s for 24Th. Whereas
This build-up of the fission motion with a characteristic time ho cN and also the fission fragments have no time limit for

constantr; has its origin in the coupling of fission motion 10 qir decay, the saddle to scission decay is limited to the
nucleonic excitations. While the particle ameay decays of saddle to scission time according to Eg0)

the CN start with their full widths at the moment of CN Due to the higher excitation energies exhibited in our ex-

formation time (=0), the fission decay is hindered and time erimental data computational improvements were neces-
dependent. The dynamical fission width is parametrized as” P b ;
sary. We also took advantage of the higher speed and

Ff(t)th(t)r;«amers’ 7) memory capacity of present day computers. These changes
included extension of théE,J) matrix sizes, improved han-
where dling of the level densities and book-keeping. In the previous
paperd7,8,13 the 7; delay time was calculated only for the
Xp(t)=[1—exp(—2.3t/7)] (8)  average angular momentum and the initial temperafuoé

the system. In the present code we introduced an angular
is the fission buildup factor. Semiquantitative analytical ex-momentum and temperature-dependent delay tingé,T)
pressions for the transient time; as the fission width by calculating the temperature for ea@hJ) matrix element.

reaches its asymptotic value are given by Rp4.42. For In Ref.[12] a temperature dependence of the nuclear vis-
overdamped motion cosity has been observed. The approach used, however, was
P internally inconsistent, because the viscosity parameter, al-
7i=——5In(10B/T), 9) though depe'ndmg on the initial 'exgltatlon energy, was kept
w7 constant during the entire deexcitation process, as the system

decays from the initial CN to the Yrast states or fissions. To
wherew, characterizes the frequency inside the barBeris  handle this quantity accurately in the present code we intro-
the angular momentum dependent fission barrier hEight, ar@ijce the viscosity parametaras a temperature-dependent
T is the nuclear temperatufehere the Boltzmann constant gyantity y(T), and the temperature dependence is properly
is taken as unjt We can approximate again;=10*'s™",  aken into account during the cooling process. The tempera-

and in this case we can describe the system using only ongye dependence of is an input function in the present ver-
dimensionless parametei= B/2w,= B2w. sio

Time does not play an explicit role in the original statis-

tl_cal r_no_del: decay rates a.re.d.eter_mlned,. and the d_ecangss than the temperatutiefor the higher angular momenta
yield is integrated over an infinite time. Since the ratios Ofand a fast fission process takes over. It was shown by

the integrated decay yields are identical to those of the deca\X/eidenmllIer and Jing-Shan§ag] and further discussed by

widths, the integration is not carried out in the calculation, ; . : S .
9 Grange[40] that in this case the entire fission process is

the daughter populations are transferred to the neXCADE ; X -
according to the ratios of the decay widths. governed by transients, and the stationary probability flow

The dynamical time concept was introducedcscape ~ OVer the barrier may never be.reached. Then the Kramers
in Ref.[7]. The decay rate for each step and each populatiofP'mula, Eq.(6), becomes meaningless and the buildup time
(representing a given nucleus in the decay chandeter- ~constantrs characterizes the presaddle lifetime. In fast fis-
mined by the statistical model. The most probable lifetime ofsion the fully equilibrated CN is formed. However, because
the system is exactly determined by this decay rate. Theredf the small barrier and high temperature the average time to
fore for the dynamical time step the most probable lifetimereach the saddle-point configuration is much shorter than the
of that given population was chosen. Since neutron emissioneutron orvy lifetime and the fission decay rate greatly ex-
is the dominant decay channel, the neutron lifetime has beeteeds other decay rates. Therefore, the particle mnaly
used to describe the time evolution. The time step is calcuemission take place during the saddle to scission motlan.
lated from the neutron decay for each decaying nucleus, anchse of vanishing fission barrier, naturally, the system is
the elapsed time is then stored. It was later shown in Refformed right at the saddle poihtThe viscosity in the fast
[51,52, that other, slightly different time step concepts canfission process still affects the saddle to scission time accord-
also be introduced. ing to Eq.(10). Although the saddle point is passed and the

Having introduced the dynamical time into the Ca'CU'ationdecision to fission is made very quick|y, the total time to
the time-dependent fission width is calculated at each dec%ach the scission poin'[ still can be |0ng due to the |arge
step, and at the stationary limit the Kramers fission widthsyiscosity.
are used. In this extended code the decay occurring between |n our calculations we introduced the fast fission process
the saddle and scission points was included. The presence #f the following manner. For eactE,J) matrix element we
viscosity will also slow down the fission motion along the calculate the temperatufieand the fission barrieB; . When
saddle to scission path and the saddle to scission time i§,/T<k, wherek is an input parameter for the calculation,

n.
The fission barrier in highly fissile, hot systems can be

given as[53] particle andy decay are not allowed. Instead, this population
0 is transferred to the saddle point and will undergo only the
Tss™ Tssd V1 ¥+ 7). (100 saddle to scission decay. Although the choicek i some-
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what arbitrary,k=0.5 was chosen, for which according to parameter in this way is in agreement with Charity’s state-
Weidenmiier and Jing-Shangj39] the transients have be- ment[61] that temperature-dependent barriers should not be
come dominant. used in statistical model calculations.

An effort to simultaneously fit pre- and postscission neu- An additional complication in handling level density cal-
tron multiplicities, y-ray multiplicities, and evaporation resi- culations has to do with the temperature dependence of the
due cross sections revealed problems relatedascAbe's  level density parameter. While the Ignatyuk-Reisdorf method
level density interpolation method discussed above. Similadescribed above has some temperature dependence, it is rela-
difficulties were previously noted by Kicska-Habioret al.  tively weak since it merely accounts for the smoothing away
[55,564 in fitting GDR +-ray spectra from nuclei in thé of the nuclear shell structure. For example?#Th, which
=60 region. has a shell correction ofW=1.45MeV, the level density

An alternative approach to this interpolation method wagparameter changes by only 7% froh¥ 0 MeV (a=A/9.8)
suggested by Ignatyulet al. [57] who proposed a form to T=2 MeV (a=A/10.5). Thomas-Fermi calculations,
which reflects the nuclear shell structure at low excitationhowever, indicate that the temperature dependence may be
energy and goes smoothly to the liquid drop behavior exmuch stronger in reality when effects related to the finite size
pected at high excitation energy. In the backshifted Fermiof the nucleus, the continuum states, shell effects, the mo-
gas model, the shell structure makes its appearance throughentum and frequency dependence of the effective mass and
the level density parameter. In Ignatyuk’s approach the levethe variation of these effects with temperature are taken into
density parameter is itself taken as a smooth function ofccount. One much cited work is that of Shlomo and Natow-
mass but with an energy-dependent factor which introduceiz [62] in which their model(described in Ref[63]) was
the shell structure explicitly: utilized to calculate the temperature dependence of the level
density parameter. While the basic model has seen many
refinements in recent yeaf84,65, Fig. 1 of Ref.[62] pro-
vides guidance about the temperature dependence of nuclear
level densities. FOA=210, an increase of roughly 20% is

f(U)=1—exp(—U/Ep), indicated for the inverse level density parametér; A/a,
which is significantly larger than the modest temperature de-
whereU is the thermal energy of the CR,is the asymptotic ~Pendence already included in E3.1).
(or liquid drop level density parameteEp, determines the ~ Thus an additional temperature dependent factor which
rate at which the shell effects melt away, aiW is the shell ~ retains the good agreement with low-energy level density
correction taken from the difference between the experimendata was included as an option @ascape The final form
tal and LDM masses,qW=M g,;— M\ py).- of the level density parameter is then

One implementation of Ignatyuk’s basic approach was
proposed by Reisdof68] and has been favored by numer- a(T)=a(U)[1-«f(T)], (13
ous authors. It has as its primary contribution a formula for
the asymptotic level density parameter reminiscent of liquid
drop mass calculations:

f(U)

a(U)=%a 1+T5W)’ (11

f(T)=1—exg —(TAY321)?],

wherea(U) is calculated according to E¢L1) and x deter-
520-045438A+0-1355 SA2’3BS+0.14260A1’3BK, mir_les the_stre_ngth of the additional temperature dependence.
(12) This function is drawn from expressions for the temperature
dependence of the mean-field parameters in R&Z]; a
whereA is the nuclear mass, is the nuclear radius, arii st_rength ofk=0.4 provides a reasonable fit to the curves in
andB, are the surface and curvature terms of the liquid drog~1g- 1 of that work(see also Ref.66]).
model, respectively58]. The pairing energy is given as
=x(p/AY?) where y=+1,—1,0 for even-even, odd-odd, V. ANALYSIS
and odd nuclei, respectively. A fit to the availatdevave
resonance neutron spacings resulted in the valyed.153
+0.01fm, p=10.5+2 MeV andEp=18.5 MeV. It was shown in Fig. 4 that @ASCADE calculation without
Equation(12) is especially appropriate for fusion-fission nuclear viscosity fails to fit the-ray multiplicities. As a next
reaction calculations because of the explicit dependence @ttep, similar to the previous work3,8], we included nuclear
the level density parameter on the nuclear shape. Ha€§e Viscosity. As an example, a calculation for the 120 MeV data
gives an expansion for the shape dependereandB,, as IS compared to the measuredray multiplicity spectra in
a function of nuclear deformation which has now beenFig. 5. In order to emphasize the excess prescission yield in
implemented as an option TASCADE (Alternatively, Myers  the experimental data, a linear “divided” spectrum is also
and Swiateck[60] give a tabulation 0B, andB, as a func-  provided, where the excess of the total experimental or cal-
tion of fissility which gives an equivalent resuliThe spe- culatedy spectrum compared to the calculated fission frag-
cific application in this case is a calculation of the saddlementy yield divided by the same calculated fragmentay
point level density parameteg() which is entirely consis- contribution. We plot #1'%%'—M?°%)/M?°*, whereM ™ is
tent with the level density parameter at the equilibrium de-the measured absoluteray/fission multiplicity andv EjOSt is
formation @,). Calculating the saddle point level density the calculated postscissiopray/fission multiplicity. While

A. Traditional level density approach with nuclear viscosity
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TABLE Il. GDR parameters for each stage of thescaDe cal-
16() 4208 224
10-2 o5 1|20| Ilwle\ljl .(?-t- - le _) | Tl:ll culation: compound nucleU€£N), saddle to scissiofSSQ, fission
! fragments(FF). A positive (negative deformation parameter indi-
— 10-% B3 BaF N cates a prolaténoncollective oblatedeformation. The GDR cen-
L E %) il troid is 11.5 MeV for both the CN and SSC decay.
= 104k .
= N E, r, E, r,
= 10-8 b 4 System B (MeV) (MeV) (MeV) (MeV)
o E
>?~ 10-6 E_ _ CN -0.1 11.2 4.5 12.2 5.3
5 SsC  +0.3 9.7 45 12.4 7.3
s 0 L ] FF 0.0  Ref[36] 6.5
o £~
~ s ]
Y o108 -
E * ¢ $ =2.5MeV) data reveal that the calculated curve then crosses
10-9 | ; the data at low energy. This shows that the free choice of

L normalization can affect the comparison in an arbitrary way.
L To further extend our investigation we also compared the
available prescission neutron emiss{@&T] and evaporation
residue(ER) cross sectiorf16,17 data to the calculations.
The “standard” calculation underpredicts the prescission
neutron multiplicities and ER cross sections. With the intro-
duction of the nuclear viscosity the prescission neutron mul-
tiplicities rise fromv,=0.64 to 2.17, but are still low by
about one neutron. On the other hand, the predicted ER cross
section becomes much too large, increasing from
oer=1.5—-60 mb, whereas the measured value:i9 mb.
Since evaporation residues are highly sensitive to the de-
N RN AR PR B cay of the excited compound system from the initial steps all
5 10 15 20 the way down to the ground state, the disproportionate in-
E,(MeV) crease of the ER cross sections relative to theay and
neutron multiplicities prompted a closer examination of the
FIG. 5. y-ray multiplicities for 120 MeV%0+2%%Ph compared decay process. Figure 6 displays the neutrgrand fission
to a calculation with Paihofer’s level density interpolation method, decay widths as a function of time as well as the excitation
now including viscosity ¢=6). The upper panels show the various energy of the system and the population transferred to sub-
calculated statisticaj-ray components: presaddldashed, saddle sequent daughter nuclei, as calculated dyscape The
to scission(dotted-dashex postscissior{dotted, and total(solid).  circles correspond to the calculation of Fig. 5, wherélPu
The lower panels display a comparison in the more sensitive dihofer’'s original interpolation methotMethod A was used
vided representatiofsee text The experimental multiplicities in i the level density calculation. Results of the alternative
excess of the calculated fission fragment yield are shown on thBrocedure(Method B, using the Ignatyuk-Reisdorf formula
absolute scalériangleg, while the calculated excess over the frag- (11), are plotted as squares. An unusual kink appears in the
m_ent yie_Id is pk_)tted as solid !in@see te>¢_ A scaling _factor of 0.7 widths of the Method A calculation a%2><10*183, where
(c.lrcleé is requw.ed for experimental points to achieve agreemen&he neutron width increases suddenly and the system cools
with the calculations. off much more quickly in one step than is consistent with
previous steps. This occurs aroufid =20 MeV which is
this representation is model dependent, it provides a sensitivgspiciously near the interpolation region used for the level
scale to see even minor disagreements between the data ai¢hsity handling. It has been noted in the literature that
the theoretical calculation that would otherwise not be apparMethod A can have undesirable consequeréss6 and a
ent from the strongly exponential spectra. plot of the spin-integrated nuclear level density along with
The input parameters for this calculation were similar tothe neutron and fission widths as a function of excitation
that of Ref.[12]: a temperature-independent viscosityof energy in Fig. 5 is revealing. While the neutron apdidths
=6 was included, the Sierk barrier was scaled by a factor otinexpectedly increase near the interpolation regiathod
ki=0.73, anda;/a,=1. The high-energy CN level density A), the fission width actually drops, thus explaining the over-
parameter was, py=A/8.8 and for the fragmentsg, pu estimated residue cross sections relative to the neutron and
=A/9. The GDR parameters for the CN, saddle to scissiony-ray multiplicities.
and fragments are shown in Table II. Thus, the interpolation method of Rihofer has intrinsic
On an absolute scale, this calculation fails to agree withdeficiencies for a fusion-fission reaction. The discontinuities
the absolute experimental data exceptEges5 MeV. Nor- in the nuclear level density caused by the change of slope at
malizing the calculation to the data improves the agreemerthe interpolation region result in a large overprediction of the
substantially although the present low-thresholl, (,esn  ER cross sections. In previous works &1Th, this resulted

[

(M;otal _ M7post) /M};ost

(=
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FIG. 6. VariousCASCADE quantities from the calculation shown in Fig. 5, and the same using the Ignatyuk-Reisdorf level density
formula. The squares are calculations with thecabe default level density formalisrtMethod A), whereas the circles are calculated with
the Ignatyuk-Reisdorf level density formu{dethod B. Panel(a) displays the average neutr¢m and fission widths, panel®) and(c)
show the average* and population of the daughter nuclei, respectively, as a function of time. Rhr=ntains the widths of panéd),
but now as a function of excitation energy, and paeglthe spin-integrated nuclear level density f8fTh. Note the strong effects in the
interpolation region between 7.5 and 15 MeV for the A calculation.

in the need for a drastic scaling of the Sierk barrigasging  energy €,<8 MeV) fission fragmenty rays. The full Sierk
from k;=0.89 to 0.66, with the additional consequence that fissjon barriers were used. The work of Bolstetial. [69)]

the prescission neutron multiplicities could not be fitted si-pased on the liquid drop model provides an estimated saddle-
multaneously with the ER cross sections. Additionally, thepoint deformation of3=0.88 for a fissility ofx=0.763 (for
low-energy y-ray yield was underpredicted, which had not z¢rg angular momentumThe evaporation residues are pro-
been noticed in previous studies BfTh due to the arbitrary q,ceq at low angular momenta; therefore to produce a good
normalization of the data to the calculatidi@i8]. Therefore, i ¢ the residues we used this zero angular momentum
we implemented the Ignatyuk-Reisdorf level density Iore'saddle—point deformation in calculating the saddle-point

sc_:rlptlon (Method B in our code, as desc_rlbgq in Sec. V. fevel density parameter according to HG2). This corre-
Figure 6 demonstrates that the discontinuities that result . .
gponds toa; /a,=1.04. Since particle angt spectra are less

from the interpolation meth re not present when using th .. . .
om the interpolation method are not present when using t Sensitive toas/a,, the same saddle-point level deformation

Ignatyuk-Reisdorf approach. was used for higher angular momenta, and also for the saddle
to scission decay. For high CN angular momenta the saddle-
point deformation can be much smaller, but the deformation
will increase during the saddle to scission decay, %0

A series of calculations using this Ignatyuk-Reisdorf =0.88 reflects the large average deformation during the
method Eq. (11)], without the additional temperature depen- saddle to scission decay.
dence of Eq(13), now for all the available observables is  For the neutron multiplicities and ER cross sections, the
shown in Fig. 7. Here the nuclear radius paramp#drich is  curves show calculated results as a function of bombarding
used in calculating the level density parameter according tenergy, obtained with fixed viscosity of different given
Eqg.(12)] was set to the default value ogf=1.153 along with  strength for each bombarding energy. The plotteday
the other default parameters of REg8]. For the fission frag-  spectra were then calculated with the viscosity valyg)(
ments, the radius parameter was setde 1.10 which is in  that most closely predicts the prescission neutron multiplicity
agreement with the work of Kicska-Habioret al. [55,56  at that beam energy.
for lighter mass nuclei. In the present work this value of the Several interesting conclusions can be drawn from an in-
radius parameter also provides a superior fit to the lowspection of Fig. 7. The first is the observation that, for all

B. Ignatyuk-Reisdorf approach with temperature-dependent
nuclear viscosity
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FIG. 7. All available experimental observables 80+2°%b—22*Th compared to calculations using the Ignatyuk-Reisdorf level density
prescription combined with constant viscosities indicated. The upper panels displayahenultiplicities (measured with the BaFarray
in both the full and divided representation. For each bombarding energy the viscosity which gave the best fit to ppodly dwed neutron
multiplicities was used. Four curves from calculations with consjanfl (short dashed 2 (long dashej 5 (dotted-short dashgdand 10
(dotted-long dashedare compared to the experimental neutron multiplicifi@g|, fission cross sectiod7-19, and ER cross sections
[16,17] in the bottom panels.

bombarding energies, the absolute multiplicity pfays is  and

very well fitted for energies below 10 MeV where the previ-

ous method failed to reproduce both the slope as well as the y=0.2+3T?, (19

absolute multiplicities. The second conclusion regarding the

y-ray spectra is the increasirfgith the bombarding energy ~Wherey=0.2 is assume{i70,71 for T=0.

disagreement between the experimental and calculated high- These functions were used in the next seriesA8CADE

energy tail. This will be a topic of further discussion. calculations, i.e., the initiay is replaced by the correspond-
The third conclusion is that a constant viscosity of a givening temperature-dependentin each stage of the cooling

strength is unable to describe all of the experimental obserwrocess. The results are compared to the experimental neu-

ables within the present assumptions; the nuclear viscositffon multiplicities and ER cross sections in the bottom panels

clearly changes with temperature. This can be seen in bot®f Fig. 8. The calculated-ray spectrgnot shown hereare

the prescission multiplicities and the ER cross sectiongirtually unchanged from Fig. 7 since the initial viscosity

where the experimentgd data crosses the lines of Constaﬁptained from these functions is similar to the earlier ex-

viscosity with increasing bombarding energy. It is also inter-tractedyg, the calculated high-energyray tail is still un-

esting that a much smaller viscosity parameter is required tgerpredicted. High-energy rays come primarily from the

fit the ER cross sections at a given bombarding energy concN in the first few decay steps and thus are only sensitive to

pared to the multiplicities of eithey rays or prescission neu- the viscosity at the initial temperature.

trons. For instance, d,,=120MeV, the prescission neu-  As can be seen in Fig. 8, the agreement with the neutron

tron multiplicity yields ys~7—8. But for the ER cross multiplicities is comparable using either function although

section at the same bombarding energy, the data clearly ifhe linear form slightly overestimates the prescission multi-
dicate a viscosityy<5. plicities at the lower bombarding energies. The ER cross

The top panel of Fig. 8 shows the viscosity valugs  S€ctions, on the other hand, are definitely better described

extracted from the neutron angray multiplicities, plotted with the T? dependence, as the linear function overpredicts

as a function of the initial CN temperature. The two curvesthe ER data at all but the highest energy. This may be be-
compared toyy, are cause the ER cross sections are sensitive to the nuclear vis-

cosity at a much later stage in the decay process than the
vy=0.2+5T, (14 neutron ory-ray multiplicities.
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FIG. 8. The upper panel shows the fitted viscosity values ex- FIG. 9._The same as F'.g' 8 now using the Ignatyuk-Reisdorf
tracted from Fig. 7 plotted as a function of the initial temperature ofleV6| density prescription with an added temperature dependence
the CN. A linear fit withy=0.2+ 5T (dashed lingand a quadratic (<~ 0-8)-
fit with y=0.2+3T? (solid line) are also shown. The lower panels ) o
display the results ofAscaDE calculations for neutron multiplici- 1N magnitude to the statistical components only feray
ties, ER’s, and fission cross sections, using both the licdeshed  €nergies in excess &, =20 MeV. Therefore, we consider it

and the quadrati¢solid) fits for the nuclear viscosity. unlikely that bremsstrahlung is the primary source of the
excessy rays observed although we can not rule out the

The good fits to the ER and neutron spectra are encoupresence of some bremsstrahlung yield for the highest bom-
aging and justify the soundness of the model in correctlybarding energies studied.
reproducing the decay cascade. However, the agreement with Another, more realistic approach for fitting the high-
the y-ray multiplicities for E,>10 MeV (i.e., above the energy spectrum is to modify the level density parameter. It
GDR peal is poor, except for the lowest bombarding en- has been noticed in earlier workd—9,17 that the inverse
ergy: the high-energyH,> 10 MeV) tail was underpredicted level density parameter had to be increased to describe the
by the calculations. high-energy tail of they spectra. In the current approach, no

We will now discuss how to improve the agreement of thesuch free parameter exists; an arbitrary modification of the
high-energyy-ray multiplicities without destroying the good radius parameter, in Eq. (12) will adversely affect agree-
fits to the neutron multiplicities and ER measurements. Thanent with nuclear level density data at low energies. As has
first possible solution to improve the high-energyay mul-  been discussed in Sec. IV, an additional temperature-
tiplicities is to introduce a nonstatisticgtray source such as dependent factor can be introduced into the Ignatyuk-
bremsstrahlung. Obviously this can improve the calculatedReisdorf level density prescription. This method simulta-
y-ray spectrum, while retaining the good agreement achievedeously retains the good agreement with low-energy level
for the neutron multiplicities and ER cross sections. How-density data while providing some flexibility in the high-
ever, the systematics of bremsstrahly@,73 combined energy regime.
with the comparatively low bombarding energies used here We ran a full set of calculations, but now introducing the
(El.p<12 MeV/nucleon) suggest that neutron-proton bremsadded temperature dependence of the level density parameter
strahlung cross sections cannot account for the large excegésen in Eq.(13) with a strength ofc=0.8. Inspection of the
observed fronE,=10MeV to 20 MeV. Measurements with neutron multiplicity and ER fits now reveals a new picture,
similar bombarding energies as in the present W@d-77]  as seen in Fig. 9. While the neutrons fit quite well with
indicate that bremsstrahlung emission becomes comparabt®nstanty=5 viscosity, the ER show a good fit with=2.
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FIG. 10. The same as Fig. 7 now using the temperature-dependent level density according 8 &wul viscosity according to E(L6).

The top part of the figure shows the viscosities needed t@plicities are well described by a constap;=>5 as well(see
obtain the best fit for the~ray data(not shown here Now  Fig. 9). The prescission neutron ang multiplicities have

the high-energy tail was nicely fitted, and we observed awo sources: CN emission behind the saddle before the sys-
weaker temperature dependence: tem has “decided” to fission, and saddle to scission emis-
sion. The ER’s, on the other hand, only experience condi-
tions behind the saddle point since by definition they do not
pass the saddle.

As a final step we ran calculations 'for all data with bOth The difference between the nuclear viscosity experienced
the temperature-dependent level density parameter accordlrggl the ER’s and that reflected in the neutron aachy mul-

to Eq. (19 and the temperature-dependent viscosity of qua’[lLRIicities suggests the possibility of a scenario along the

dratic dependence. Figure 10 shows the excellent agreem .
of the data and the calculations. Sines of that proposed by Fooich and Gontcha78—8(. In

The temperature dependence of the level density paranlibeir original combined dynamical statistical model, nuclear
eter used in these calculations is rather large, decreasing tiSCOSIY is determined not by temperature but by the nuclear
asymptotic level density parameter fr@wA/9.6 atT=0to  deformation. Since the CN is in a more compact configura-
A=A/12.3 atT=2 MeV. But it improves dramatically the tion behind the saddle poirite., Bcy~0), the ER’s which
agreement with the-ray data at higher bombarding energiesexperlenceonly this configuration could reflect a different

and removes the need to include bremsstrahlung componer_Yﬂ.SCOSity than the neutrons ogrrays which are emitted dur-
ing both stages of the CN decay.

The apparent increase in the nuclear viscosity may also be
explained if we suppose different viscosities inside and out-
side the saddle point. As the bombarding energy is increased,

Calculations of partB performed with temperature- the fusion cross section and thus the average angular mo-
independent level density parametéfigs. 7 and 8demon-  mentum of the fused system increases. A significant fraction
strated rather convincingly that a temperature-dependent vi®f the cross section then experiences a low or vanishing fis-
cosity was needed in order to bring the calculations intcsion barrier so that the fast fission process begins strongly to
agreement with the data. After introducing the temperatureinfluence the fission process. In consequence the saddle to
dependent level densities in order to improve the fit of thescission emission gains more importance at higher bombard-
high-energyy spectra the need for a temperature-dependerihg energies. Figure 11 shows the Sierk fission barrier, the
viscosity becomes less obvious. As was shown in the previealculated total cross section, and calculated ER cross sec-
ous section, the ER cross sections could be fit by a constatibn, all as a function of angular momentum. Arrows indicate
viscosity parametet;;=2 and the prescission neutron mul- the angular momentum at which a fast fission cukef0.5

y=0.2+1.7T2. (16)

C. Ignatyuk-Reisdorf approach with deformation dependent
nuclear viscosity
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AN SAAALELANE occurs. On the other hand, the ER’s are not affected by the

—~8 ]
24: . ® 3 fast fission cut k<<1) due to their much lower average an-
ol: T gular momentum.
at a Figure 12 compares the experimemahnd neutron mul-
g% § tiplicities, and ER cross sections to a series of calculations
=40F 5}{ using the same model parameters as in Fig. 9 but now setting
"gzo . < the viscosity inside the saddle tg;=2 and outside the
© saddle toy,=10. As expected, the agreement with the ER
25; gz cross sections is completely unchanged from Fig. 9. The neu-
= o4 tron multiplicities, on the other hand, are now well described
Eoz = within this temperature-independent viscosity prescription.
0 § The calculatedy-ray multiplicity spectra fits are equally de-
N o scribed by this approach as they were using temperature-
& 10 gy 2 dependent viscosities.
g 80F - =
2 60 fF 4 3
£ 40f ] _ VI. DISCUSSION
B R0F E : NN
0 0 The experimental data presented here confirmed the pre-

E,, (MeV) E,(MeV) viously observed large increase of the GhRay yield over
the statistical model with the bombarding energy, now over a

FIG. 11. Calculated angular momentum dependanSierk fis-  \yider temperature range df=1.0-2.2 MeV. Fitting the
sion barrier,(b) total cross section, ad@) ER cross .section for.the y-ray multiplicities on an absolute scale provided a very se-
Eiap=100 and 177 MeV beam energies. Arrows in paf@lindi- o5 constraint on the fit parameters. Following the previous

cate the angular momenta at which a fast fission cuke0.5  oiemni12] we simultaneously fitted the available neutron

(E{T<k) occurs forTey=1.37MeV (solid) and Tey=2.18MeV o inlicities and ER cross sections as well for this reaction.
(dashedl Panel(d) displays the % of the total cross section which This global fit demonstrates unambiguously that the experi-

will undergo fast fission fok=0.5. The right panels display the mental v sbectra can be fitted only including large nuclear
calculated unfoldedy spectra(full lines), consisting of the pre- dissipaa/onp y g farg

saddle(dasheg, saddle to scissiofdashed-dottedand postscission . .
. i o ecknd p The detailed calculations revealed that the ER cross sec-

(dotted components. tions can not be fitted with the traditional level density ap-
proach implemented irCASCADE, the interpolation region

(E+/T<k) is applied in the cAscaDE calculation for produces an unnatural behavior of the fission width. There-
Ten=1.37 MeV and Tcy=2.18 MeV, corresponding to fore, we had to use the Ignatyuk-Reisdorf level density ap-
E.x=100 and 177 MeV bombarding energies, respectivelyproximation, which provides a smooth function of the level
The right panels show the corresponding calculatespec-  density parameter with the temperature. Remarkably we
tra. Whereas for the 100 MeV bombarding energy theneeded a strong temperature dependence of the level density
prescissiony decay is dominated by the presaddle emissionparameter such as predicted by Shlomo and Natd®2}kin
at 177 MeV the presaddle and saddle to scission emissioorder to explain the high-energy tail of thespectra. The
have equal probability. Pan@d) of Fig. 11 displays the fast- observed temperature dependence is even stronger than they
fission fraction of total cross section for two valueskofFor  predict, and it is in good agreement with the experimental
E.,=100 MeV, no fast fission occurs since the cut is higher results from charged particle emissipl]. Although the
than the maximum angular momentum for béth 0.5 and  observed temperature dependence of the level density param-
k=1. ForE,;,=177 MeV, however, 50% of the cross section eter is very strong, it is not unreasonable and the inverse
undergoes fast fission fde=0.5. It was observed in earlier level density parameter is still below the Fermi-gas value.
papers[7,8], that the y-fission angular correlations do not Using this approximation we were able to fit simultaneously
change significantly with the bombarding energy. The fasgll the availabley-ray, neutron multiplicity and ER data for
fission process affects thg emission in a special way: the the *%0+2%pPb reaction. We observed a large nuclear viscos-
saddle to scission deformation has larger deformation, influity vy which is increasing with the bombarding energy.
encing the energy split in the GDR emission. However, the A recent pape[82] states that all previous works involv-
GDR emitted outside the saddle is mostly emitted in the firsing the statistical model may have incorrectly calculated fis-
few decay steps, before the system cools down during thsion rates by neglecting a proper handling of the rotational
saddle to scission emission, and the deformation reflected idegrees of freedom of compound nuclei. Referefg2|
the GDR is close to the saddle-point deformation. In case o$tates that calculations including a proposed handling of the
high fissility the saddle-point shape is rather compact. Witmuclear orientation reproduce ER and fission cross sections
the increasing bombarding energy the fast fission procesand prescission neutron multiplicities from O-induced reac-
takes over, saturating the angular correlation. tionswithoutthe use of strong nuclear dissipation. We note,

If the nuclear viscosity is different inside and outside thehowever, that these calculations rely not only on a modified
saddle point, the measuredand particle spectra will greatly fission rate formula, but also on a novel temperature-
depend on the fraction of the cross section where fast fissiodependent prescription for the nuclear potential energy sur-
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FIG. 12. %*0+2%%pb v and neutron multiplicities, and ER cross sections compared to calculation with Ignatyuk-Reisdorf level density
prescription and additional temperature dependerce(.8). Nuclear viscosities are constant=2 inside the saddle ang,= 10 outside
the saddle point.

face which results in fission barriers that can increase oeffects.(ii) Deformation-dependent viscosity3). We fitted
decrease as a function of temperature. Figs. 1 and 5 of Rethe data with constang; =2 inside the saddle, and constant
[82] reveal that without this added temperature dependence, =10 outside the saddle, that is during the saddle to sciss-
the proposed prescription fails to describe the da#8CADE  jon motion. This type of deformation dependence would sug-
calculations using fission rates modified according to(Bl.  gest one-body dissipation mechanism.

of Ref. [82] reveal a similar trend: while the modifications = The extraction of the reduced nuclear dissipation coeffi-
decrease the fission width, they fail to reproduce the datgjent s—24,y from the determined saddle to scission time
unless the fission barrier is modified or nuclear dissipation i?equires the precise knowledge of the curvature of the fission

included. The ramifications of this proposal for the presen : : 0
work appear to be minor. Within the model presented in Secbarrler(descrlbed by the frequenay,) and thersgcsaddie to

IV, inclusion of the proposed modified fission rates WouldScission time for nonviscous saddle to scission motion. Al-
somewhat reduce the absolute value of the viscosity pararrlihOugh the;g a“g angular momen'Fum and temp_ezrlatur_e depen-
eter but not the overall trends drawn from the present analyd€nt quantitiesys,.can be determined as %A0" “'s with

sis. relatively small error.

Since the increase in bombarding energy simultaneously In the present systeny rays and neutrons are emitted
increases the temperature and also the average angular nigore or less equally inside and outside the saddle point of
mentum of the2?4Th system, the exact dependence of thethe hot2?%“Th nucleus. In order to differentiate the two pos-
viscosity on either the temperature or on the deformation osibilities, i.e., a temperature-dependenbor a deformation
the system cannot be unambiguously determined. We couldependenty, this system should be studied in reactions,
fit the data with two different nuclear viscosity functiorig: ~ which favor emission either inside, or outside of the saddle.
A viscosity increasing withT. This strong temperature de- The saddle-point shape of the nucleus becomes more com-
pendence would indicate two-body dissipation and is consispact with increasing fissility. Also with increasing nuclear
tent with the volume dissipation of a Fermi liquid. The vis- temperature the fast fission process takes over, therefore in
cosity does not saturate within the measured temperatuteeavy, fissile systems with large angular momenta the
range. This is reasonable, as most calculation predict thadrescission particle angemission occurs mostly outside the
saturation of the viscosity of the Fermi liquid should not besaddle. This allows the measurement of the viscosity at ap-
reached below a temperature of 3—4 MeV. On the otheproximately constant deformation, as a function of tempera-
hand, it is not clear from simple dimensional considerationsture. The®?S+2%pPp system is presently being studied along
that a hot??*Th nucleus would show pure volume dissipation these lines.
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The conclusions of the present paper are dependent on this %0 //’” b)
detailed model calculations including various assumptions - 23 T
about nuclear dissipation. Our model, especially the earlier 20
version of it[7], has been recently criticized in Ref&1, Se0F o : o)
52]. That work considered a hdf®y nucleus formed ina = 6o F M
fusion reaction, for which th&imcasc program, developed & 30|
at KVI Groningen, and the Stony BroaBasCADE calcula- :
tions yielded very different results. This was blamed on the
different time step concept used in the two codes. In the :
Stony Brook code the time step is defined by the neutron 161 [ sl oo,
width as o 1e®

TV T T,

10 d)

wf TR

P, (mb)

ol o4 T SR RETIT B R T
10-19 10 107 107w

YT RS R ATIT B AN
lo-la 10-17
telnpsed (s)

h FIG. 13. Comparison of calculations using two definitions for
Atu:m, (Al)  the elapsed time stept, (circles and At (squares for 140
v MeV 60+2%pp. Panela) displays the neutrofopen symbolsand
. ) . fission widths(solid symbol$, (b) the hindrance factoxy,, (c) the
Wher.eas immmMcAsc the full decay width was used to define excitation energyg*, and(d) the calculated daughter populatifyg
the time step: transferred to the next time step, all plotted as a function of the
elapsed time.

h

_ (A2)  in our code did not differ by more than 1%. However, for
(I',+T,+T,+T)

small viscosity (y<1) the time step calculated with the full
decay width may be better.

To examine the difference we introduced the KVI time  The other difference mentioned in Reff§1,57 is that the
concept into our code, and did detailed calculations withfission delay timery was calculated for the average spin in
both methods. Figure 13 shows the results. As one expectte Stony Brook code, whereas TiMmcAsc it is calculated
the KVI method produces shorter time steps, especially fofor each(E,J) matrix element. In our present code we intro-
the later decay steps, where the fission width becomes largeluced this change and calculated for each(E,J) matrix
than the neutron width. However, the size of the time step iglement. However, the arguments of the previous paragraphs
important only in the first four steps, before tkg fission  apply again: the difference in handling the transients has
buildup time saturate$The saturation point is marked by an only a secondary effect on the process, as it is dominated by
arrow on panel(b).] After that the stationary, i.etime-  the stationary phase.
independentiission width has been reached, and the time The two codes are based on the same formalism, outlined
step size plays no role in the further calculation. The fissionn Sec. IV of the present paper. However, the implementa-
and neutron widths still change with the excitation energytion of the model into computer codes is completely differ-
but the time of each step does not change the branchingnt: the Stony Brook method starts with the highly excited
ratios between the decay channels. However, before the st@N, and the bookkeeping of the matrices follows the system
tionary fission phase has been reached, the neutron width i it cools down, then to the saddle to scission decay, and
much larger than the fission width, so the two time-step apfinally the fission fragment decay. imMcasc the calculation
proximations are equally good in describing the fissionstarts from a large fission spectrum data base, and moves
buildup curve[see Eq.(8)]. When the fission widths be- backwards in time from the scission point, calculating the
comes large enough to play a role (s in the present presaddle and saddle to scission processes together, as it ar-
casg the stationary phase is already reached. The scenariives back at the CN.
changes only slightly for a small viscosity: in this case the Although the underlying physical model is the same, the
fission width becomes large, but thefission buildup delay results of the two codes fdP®Dy were very different. With
time becomes short. Equatidf) shows thatr; is propor-  the Stony Brook code a large viscosity£5—10) was
tional to the viscosity, and the stationary phase is reachefleeded to describe the data, whereasmtAsc a very small
basically in one step. viscosity, y=0.01 (corresponding to 1% change in the fis-

In general we can state that for large viscosity>(1) sion width sufficed to describe the spectra. ImmMcAsc the
(always the case in the present papboth approaches yield introduction of this very small viscosity increased the
equal results. Calculations with both methods implementegrescissiony emission by an order of magnitude, then fur-

Atiora=
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ther increase up tey=4 (corresponding to 88% change in ion time scales with the saddle to scission emission, thus the
the fission width did not change the spectra noticeably. In atotal prescission emission scales with viscosity paramgter
very simple approximation the decrease in the normalized he observed order of magnitude change in the prescigsion
fission widths is equal to the increase of the normalized paryield in TiIMCAsC with negligible change in the viscosity pa-
ticle andy width, similarly the change in the saddle to sciss-rameter appears unphysical.
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