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Nuclear viscosity of hot rotating 24°Cf

N. P. Shaw! |. Didszegi! I. Mazumdar: A. Budal C. R. Morton! J. Velkovska J. R. Beené,D. W. Stracenef,
R. L. Varner? M. Thoennessehand P. Padi
IDepartment of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-3800
20ak Ridge National Laboratory, Oak Ridge, Tennessee 37831
3National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824
“Brookhaven National Laboratory, Upton, New York 11973
(Received 8 December 1999; published 21 March 2000

The absolutey-ray/fission multiplicities from hot rotating*®Cf, populated at seven bombarding energies
using the reactiori?S+2%pPb, are reported. Statistical model calculations including nuclear dissipation have
been performed to extract the dependence of the nuclear viscosity on temperature and/or nuclear deformation.
The extracted nuclear dissipation coefficient is found to be independent of temperature. Large dissipation
during the saddle to scission path provides a good fit toythay spectra.

PACS numbefs): 25.70.Jj, 25.70.Gh, 24.30.Cz

[. INTRODUCTION itself is formed at the saddle point or the saddle point does
not exist. At angular momenta higher than a critical value the
Compelling evidence for nuclear dissipation slowing quasifission process dominates, where the complete mass
down the fission process in excitéé'Th has been obtained equilibration is not reached, the system starts its descent to-
in studies of giant dipole resonangeray spectrg1-4] as  wards the scission point in a highly deformed configuration.
well as neutron multiplicitie$5]. Recently[4] we presented With increasing bombarding energy the ratio of presaddle
a detailed reinvestigation of nuclear dissipation in the systemnd saddle to scissiop-ray and neutron emission changes
1%0+2%ph. The new step was that measuagolutey-ray/  with increasing contribution coming from the saddle to sciss-
fission multiplicities along with existing experimental neu- jon path to the total yield.
tron multiplicities and evaporation residue cross sections Nyclear viscosity affects both the presaddle and saddle to
were analyzed consistently within the framework of a modi-gcissjon motion. I#24Th both pre- and post-saddle emission
fied statistical 'EOdezl'OWh'le in the case of hot rotatfigrh g present, therefore it was not possible to uniquely deter-
formed n the .O+ Pb rea!c“on the presence of strong mine whether the increase in the measured dissipation with
nuclear dissipation was confirmed, the exact dependence %Re bombarding energy arises from a temperature depen-

either temperature or deformation could not be unamb|guaence of the viscosity, or the viscosity is larger outside the

ously ascertained. The reanalysis confirmed the earlier Obsesr,éddle and this larger viscosity has increasinalv hiaher con-
vation of a rapid increase of nuclear dissipation with bom- ! 9 y gy ng

barding energy. When this rapid increase is translated into g]bunon to the average viscosity at higher bombarding ener-
temperature dependence, it has been difidas evidence 9/€S: To resolve this matter one should compare systems that

that two-body interactions are the underlying mechanism of® dominated by either presaddle or saddle to scission emis-

nuclear dissipation. However, when the effect of the vanishS'0N- _
ing fission barrier with increasing angular momentum and In the present work hot rotatinf°Cf has been chosen as
temperature dependent transient effects are taken into a@-System in which the saddle to scission emission dominates
count[4], an equally good fit to the data is provided by a the prescission particle andray spectra. Nuclear dissipation
deformation-dependent dissipation. This latter explanation 2*°Cf was first studied by Hofmast al. [8] who reported
would suggest that one-body dissipation is responsible foa large nuclear viscosity parameter+5). That experiment
the fission delay proce$3]. was carried out at only two bombarding energies. Here we
Since increasing the bombarding energy in a heavy iopresent data over a range of seven excitation energies. In
fusion-fission reaction simultaneously raises the temperaturaddition, the present measurements provide absahrtgy/
and the average angular momentum of the compounéission multiplicities thus removing any arbitrary normaliza-
nucleus(CN), it is difficult to determine the dependence of tion of the calculated spectra to the experimental data. This
nuclear dissipation on these quantities separately. In a verseverely constrains the input model parameters and elimi-
heavy, highly fissile CN the fission barrier vanishes at relanates the uncertainties associated with the normalization
tively low angular momenta. This leads to a new situationmethod[4]. An analysis of the angular correlation data for
compared t0®?Th: the presaddle timéif it exists at al)  the five lower bombarding energies of the present experi-
becomes extremely short and the fission process is conment has been published previoufdy.
pletely governed by transient effects. The complete mass and The organization of the present paper is as follows. The
thermal equilibration takes place but the compound systermexperimental details, the data reduction process, and the ex-
arrives to the saddle point without any significant presaddigerimental results are presented in Sec. Il. Section Il re-
emission, or in case of vanishing fission barrier the systermviews the basic ingredients of the model calculations. The
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TABLE I. Summary of the reaction parameters for tF&+2%%Pb—24Cf reaction at different beam
energies. The columns list the beam enerBy,j), the total fusion cross sectiowr(,), the excitation energy
of the system[E*), the corresponding maximunh,(,,) and averagel(,) angular momenta, the Sierk fission
barrier(B;) atl,,, and the initial temperature of the systef) @ssuminge* =aT? with a=A/9. The total
fusion cross sections were obtained by extrapolating from the experimental fission cross sectiof k] Ref.

Ean Otot E* l lave <Bf> T

max

(MeV) (mby) (MeV) (h) (h) (MeV) (MeV)

180 155.0 45.5 31 21 1.2 13
200 428.2 63.0 54 36 0.6 15
215 660.3 76.0 81 54 0.0 1.7
230 828.3 89.9 91 61 0.0 1.8
245 952.7 103.0 99 67 0.0 2.0
265 1072.4 120.5 109 73 0.0 2.1
285 1161.2 138.0 116 78 0.0 2.3

data analysis is presented in Sec. IV followed by a discussiofbn induced reactionstC(p, y)**N (E,=15.1MeV) and

in Sec. V. YB(p,y)*C (E,=18.12MeV and 22.56 Me)\ The abso-
lute efficiency of the array was obtained from an experimen-
tal comparison with a well characterized compact array of
seven Bak crystals[11]. A detailed investigation of effi-
A. Experimental setup ciency using this small BgFarray has been described in Ref.

Il. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment presented here was carried out using tr{é]'lzission fragments were detected in four large multiwire
Stony Brook Tandem-LINAC facility. A 87Qug/cnt thick avalanche coSnter(sMWAC) ositioned in a tar gt chamber
self-supporting?®®Pb target mounted at 45° relative to the P 9

. : designed specifically for measurement of forward-focused
beam axis was bombarded with a pulsé8 beam at seven fission fragments. The fission fragments were identified b
energies ranging from 180 MeV to 285 MeV. The relevant 9 ' g y

reaction parameters are summarized in Table | for each bonf ¢ 9Y loss 4E) and time-of-flight(TOF). A subset of the

barding energy. The LINAC provided beams with an eX_data consists of events where both fission fragments from a

tremely stable time reference; the beam pulse repetition timfused system are detected in kinematic coincidence. The de-

was 106 ns with an average full width at half maximum c)ffealled design, position .callbratlon and performance of these
~800 ps. detectors have been discussed elsewfg&le

The dedicated electronics associated with this large,BaF
array included CAMAC ADCs and FASTBUS TDCs for

sion fragments in the large array of Bascintillation detec-
tors from Oak Ridge National Laboratory, Michigan Statemeas.u.rgment of energy and TOF and gVME—controIIed data
acquisition system. The LINAC radio-frequency master

University, Texas A&M University, and from Stony Brook. ) - .
The array consists of 154 hexagonal crystals with dimen_clock provided the timing reference for the electronics. The

sions @=6.5cm, |=20cm) for 127 crystals(6.0 cm, 20
cm) for 20 crystals and5.6 cm, 14 cm for the remaining
seven crystals. Herd is the diameter of a circle that in-
scribes the front face of the crystal ahts the length of the
crystal. The differences in dimensions were included in the
determination of the array efficiency and response matrix.
The array, installed in a close-packed wall configuration, was
centered ab,,=90° at a distance of 54 cm from the target
resulting in a total solid angle of 11% ofm4 A schematic
diagram of the experimental setup is shown in Fig. 1. The
high granularity of the system greatly reduced the probability
of pileup events. The array was thermally isolated from its
environment by an insulating shell and was temperature sta-
bilized in order to reduce gain fluctuations due to the well
known temperature dependence of Béght output. In ad-
dition, the array was frequently calibrated using’ source
(E,=0.898 MeV and 1.836 Me)/during the course of the FIG. 1. Schematic diagram of the experimental setup with the
experiment A 6 mm thick lead sheet shielded the front face 154 element BaFarray in the wall configuration centered @,
and sides of the array from low energyrays. Calibration =90° with respect to the beam axis and the four MWACs arranged
points were also obtained with high energyays from pro-  for detection of forward focused fission fragments.

High energyy-rays were detected in coincidence with fis-

Target
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main event trigger required at least one Baletector with An alternative algorithm is to relax the contiguity condi-

an energy deposition greater than a high threshjd tion to allow a gap between detectors that are included in the
~3 MeV. This trigger condition also required an event in atenergy addback. One way to formulate this in software is to
least one MWAC. If the high threshold,, condition was determine neighbors based upon the distance between the
satisfied, energy and TOF spectra were recorded for all decenter of crystalsd, which registered a hit. Strict contiguity
tectors with energy deposition greater than a low thresholdvould required<2r g, Wherer g is the inscribed crystal
T,~300keV. Separate 50 ns and 1500 ns gates were used fadius. A relaxed contiguity might requites<4r y¢,. Figure 2
integrate the fast component and totalow) yield of the  shows the results of calculations for threeay energies us-
BaF, light output, respectively, for use in the fast versusing the Monte Carlo electromagnetic shower simulation code
slow pulse-shape analysis for pileup rejection. A differentGEANT [14] including the full array and target chamber ge-
downscaled event trigger type required only single MWACOMetry. It is clear that the more relaxed condition improves
events and was used for determination of taeay/fission the reconstructed peak efficiency. However, due to the hex-
multiplicities. A detailed discussion of the electronics andagonal geometry the number of elements in a cluster in-
trigger handling is presented in R¢1.2]. creases from 7 to 19 which nearly triples the multiple-hit
probability. On the other hand, the cost of the strict contigu-
ity (or nearest-neighbprondition is the production of “sec-
ondary” showers due to the event reconstruction algorithm.
The extraction of final spectra from a large multielementAs can be seen in the low energy region of Fig. 2, these
array is an involved process requiring accurate event recon'secondary” showers generally fall below,,. For the
struction and determination of the array response. A highstrongly exponentialy-ray spectra from fusion-fission reac-
energy particle ory-ray impinging upon an element in the tions, such showers are not discernible. Thus, the contiguity
array will deposit its energy in an electromagnetic showercondition was selected as the most appropriate event recon-
which often extends laterally beyond more than one elemenstruction algorithm.
Reconstructing the incident energy of the particle requires Figure 3 illustrates the data reduction process, where dif-
summing the energy from all elements responding to that hitferent gates are applied to the experimengahy spectra.
However, raising the number of elements added together alsbhe high granularity of the array greatly reduces the number
increases the probability that two or more hits will be of pileup events and so the fast/slow cut has almost no effect.
counted as one. For this reason, it is important to determin&he energy versus time-of-flight gate on the other hand is
the algorithm which best meets the requirements of full enextremely important in eliminating the fast-neutron back-
ergy reconstruction and low multiple-hit probability. In this ground. The difference between summing together all ele-
context a multiple-hit is defined as two or more hits that arements in the array or performing a full event reconstruction
treated as a single shower due to the event reconstruction.is very noticeable. This again highlights the importance of a
The method adopted in this work is to add together thereliable event reconstruction algorithm.
energy from contiguous detectors following the approach of The same event reconstruction procedure was used to
the TAPS groud13]. The y-ray identification is done by a build the array response matrix required for comparison of
two dimensional energy versus TOF cut, with the added conthe theoretical spectra to the experimental data. RHSANT
dition against pielup that the pulse shape of the Bsifnal  was used to generate events resulting from incident monoen-
should have the proper ratio of fast component to slow lighergeticy-rays withE =1 to 25 MeV. The energy deposited
output[11]. Elements are then assigned to a shower wheré each detector was folded with a Gaussian distribution to
all detectors in a shower are direct neighbors to each othegccount for photon statistics of the initial shower, incomplete
the energy deposited in these elements is then added togethigiht collection of the photomultiplier tubes, and electronic
to give the total energy deposited by that hit. noise. The average energy resolution of the Bdétectors

B. Data reduction process
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o L L I C. Experimental results

S Gated Spectra ] Figure 5 presents the absolujeray/fission multiplicities

1 measured at all seven bombarding energies using the large
BaF, array in coincidence with the MWACSs. A clear in-
crease in high energy-ray yield is apparent from inspection
of these data. The experimental spectra also scale smoothly
with bombarding energy as expected.

In our analysis the experimental mass distributions were
obtained from a full event reconstruction of kinematically
coincident fission fragments using the Casini methb8].

This method corrects for in-flight particle emission and angle
straggling in the target which alters the measured velocity
vectors from their initial values. An iterative energy correc-
tion calculation was carried out to compensate for energy
loss in the target. With this correction the total kinetic energy
(TKE) of the event and individual fragment masses were
calculated. The mass distributions peak around the symmet-
ric mass split. Figure 6 shows the extracted standard devia-
tion of the fragment mass distributions compared to the the-
oretical calculation according to Ref16]. Except for the

FIG. 3. Experimental »ray spectra from 285 MeV two highest energy data point the mass widths are well de-
3254-208pp,240Ct displaying the total array energy summed into scribed by the calculation.
one spectrungdotted, with the fast versus slow cUES) applied to
reject pileup eventéshort dashed and then with FS and the energy 1. THE MODEL
versus time-of-flight cuETOF applied to selecty rays (long

dashed The full event(showej reconstructed specti&hwr are . . . -
shown as a solid line, while the background is plotted with a dotted- The analysis of the data was carried out with a modified

dashed line version of the statistical model codmascADE [2,17] which

' includes the effects of nuclear dissipation on the fission
was experimentally determined to be(E.)/E,=0.023 width and the saddle to scission tir_ﬁ138—23. The various
+0.045E;’2. TheT, andT, thresholds were then applied in model assumptions and the recent improvements to this code

software to match the experimental conditions. Finally, thehave been d.'SCL.]SSEd in RE4]. Onl_y the relevant aspects of
clear dissipation are surveyed in the present work.

event reconstruction was performed on these events and the! o X . .

simited specrufor a ien moncenergeieywas cre-  T1E 15567 VIO e sccorang (o e seade
ated. Such simulated spectra are compared to experimen 4 9

data from both the large Bakrray and the small 7 element '
array in Fig. 4. The simulated line shapes are found to be in
excellent agreement with the experimental data at all three 1 E—E,

energies. A response matrix was then built from this series of ~ pBW_ — J po(Ei—Ep—E,J)dE, (1)
GEANT simulations. 2mp1(E;, i) Jo
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FIG. 4. Comparison of experimental data to
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whereEy(J;)) =E(J;) + E;(J;); E,t IS the rotational energy related to the reduced dissipation coefficie@t by vy
andE;(J;) is the angular momentum dependent fission bar= B/2w, [19,22 where w, describes the curvature of the
rier; p, is the level density at the initial stateE(,J;), potential energy surface at the saddle pdthe barrier fre-
whereasp, is the level density at the saddle point. The fis-quency. The second effect is a buildup time required for the
sion width is related to the decay rate By=7%R;ss In the  fission width to reach its quasistationary value:
constant temperature approximatid reduces to

T =TF2mt1—exp —2.3/7)], (4
wherer; is the delay time for the fission flux to reach 90% of
the quasistationary value. Semiquantitative analytical expres-
The validity of this particular form as a function of excitation Sions for the transient time; are given in Refs[22,23. For
energy and spin has been a topic of much discugg@br2g.  overdamped motionr; = (8/2w%)In(10E/T) where w; is
However, we emphasize thakscADE computes the exact the assault frequency inside the barrigg,is again the fis-
integral form of the fission width and the simplified form in sion barrier height, and is the nuclear temperature. The
Eg. (2) is not used. third effect is an increase of the saddle to scission time

Nuclear dissipation affects the fission process in three

ways. The first is a reduction of the fission width as shown ®)
by Kramers[27], where

T
I'BW=_—exp —E{/T).

2 @

Tssc— T(s)sc[ (1+ 72) Y2y v,

where 2. is the nondissipative saddle to scission tif@8].
3 The fission barrier in a highly fissile, hot system becomes
smaller than the temperatufieat a relatively low angular
is the dissipative fission width. Here the nuclear dissipatiormomentum and the fission process is completely governed
parametery determines the extent of the reduction and isby transients. It was shown by Weidenifen and Jing-Shang

FfKramers:FfBW[(1+ ,),2)1/2_ ’}/]

40 [ T T T T I T T T T I T T T T I T T T T ]
- | 525 + 208pp - moct | .
30 % % .
5 | o N
5 O, § ------ § - FIG. 6. Measured standard deviation of the
o L e ] fragment mass distributions froM%Cf compared
I i to a calculation based on R¢fL6].
10 — —
ol 1 M N L
0 50 100 150 200
Et (MeV)
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FIG. 7. Calculated average neutron lifetirtarcles for 240Cf . .
and time at which the probability of finding the system to the right FIG. 8. Contribution of the different decay types. The total cross

of the saddle pointRe,q) exceeds 90%triangles (based upon sectionay,, Which is the sum of the complete fusion and quasifis-
Ref. [20]) saddl sion cross section is plotted as a function of bombarding energy.

The area marked “CN decay” corresponds to that part of the cross

i section, which will decay inside the saddle point, whereas most of
[20] and further discussed by Granf@l] that in this case the cross section decays only during the saddle to scission decay
the stationary probability flow over the barrier may never be(*SSC decay™.
reached. Then the Kramers formula, E8), is not applicable
and the buildup time constamt characterizes the pre-saddle the full equilibrium has been reached. Extra-push model cal-
lifetime. In Fig. 7 we show foP*°Cf the calculated average culations, based on the model of Steiral.[16] yield 100%
neutron lifetime and the time at which 90% of the fission flux quasifission at 180 MeV bombarding energy decreasing to
has passed the saddle poibaised upon Fig. 3 of Weiden- 50-60 % for the higher beam energies.
muller and Jing-ShanfR0]) as a function of the CN excita- Figure 8 pictures the contribution of possible decay types
tion energy, E&y. This figure demonstrates that in the involved in the present experiment. Presaddle decay takes
present system the saddle point is already passed before aplace only up to~ 170 mb cross section, whereas most of
significant presaddle neutron emission can occur. Other déhe cross section decays during the saddle to scission motion.
cay channels have even longer time scales than neutron Since in hot?*®Cf the decay is dominated by the saddle to
emission. scission decay process, an accurate calculatior}fs im-

This temperature dependent dynamical effect as impleportant for extraction of the nuclear viscosity parameter from
mented in our extendethscADE code was referred to as the Eq. (5). The value ofrd for 2*°Cf can be estimated from the
“fast fission” process in our previous woild]. We empha-  work of Nix [30] to be ~4 zq1 zs=1x10 ?'s). A more
size that though the term fast fission has traditionally beemuantitative approach calculategC using the analytical ex-
used in literaturg¢29] for processes where a compact systeMpression[ 22,29
is formed and decays promptly without any fission barrier,
the transient process that we describe here drives the system
quickly to the scission even with a small nonzero barrier.

In our calculations we modeled this fast transient fission
process in the following simplified manner. When the ratiowhere
of the fission barrier and nuclear temperature are less than a )
predetermined input paramet@.g.,E;/T<Kk), particle and :f 2 Jx 2
y-ray decay are not allowed. Instead, the corresponding R(2) 0 expy")dy y exp—x7)dx. @
population is transferred to the saddle point and will undergo
only the saddle to scission decay. According to WeidenHere AV is the potential energy difference between the
muller and Jing-Shan20] the transients become dominant saddle point and the scission poiffitis the nuclear tempera-
for k=~0.5. The nuclear viscosity still plays a role by affect- ture, andw is again the barrier frequency. Table Il presents
ing the saddle to scission motigaee Eq(5)]. the quantities involved in a calculation of the nondissipative

It is known from fission fragment angular distribution saddle to scission time féf°Cf assuming a spin independent
measurements that quasifission plays an important role in tearrier frequency,wo=12zs*. These calculations give a
325+208pp reactior{ 10]. To overcome the unconditional fu- nondissipative saddle to scission time df~2.7 zs. We
sion barrier an extra-extra push eneffy, is required. The note that the trend indicated in the barrier frequency calcu-
extra-extra push energy is angular momentum dependengtions of Ref.[31] suggest thatv, decreases slightly with
and above a critical angular momentum the CN is not formedncreasing angular momentum.
in our reaction. The mass exchange process between the pro- An issue which has yet to be resolved in the literature is
jectile and the target is incomplete, the neck is preservedhe proper handling of the excitation energy of the system
and the movement towards the scission point starts beforéuring the descent from saddle to scissj@B32—-35. This

o= 2 R[(AV/T)Y?], (6)

CwO
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TABLE Il. Calculation of 7% for 24%Cf. The columns list the smooth function of mass but with an energy-dependent fac-
beam energyK,,,) and the corresponding average angular momentor which introduces the shell structure explicitly:
tum (.9 and initial temperatureT) assumingE* =aT? with a

=A/9, the potential energy difference between the saddle point and _ f(U)

the scission point £V), R[(AV/T)¥?], and the nondissipative a(U)=a| 1+ U 5W) ,

saddle to scission time2. calculated from Eq(6) assumingw, ®
=1 zs 1. The potential energy surface was calculated according to f(U)=1—exp—U/Ep),

the method of Ref[31].

where U is the thermal energy of the syster, is the
Eian lave T AV Tosc asymptotic(or liquid drop level density parameteE, de-

MeV) (&)  (MeV) (Mev) R[(AVIT)Y] (29 termines the rate at which the shell effects melt away, and

oW is the shell correction taken from the difference between

180 20.8 131 44.0 1.38 2.76 . L

the experimental and liquid drop modéLDM) masses
230 61.3 1.84 51.3 1.32 2.64 SW=M . —M Reisdorf[37] det ined f |
285 781 227 574 1.24 258 (OW=Meu—Muipy). Reisdorf[37] determined a formula

for the asymptotic level density parameter reminiscent of lig-
uid drop mass calculations:

becomes of paramount importance for systems in which the = _ 5 945433A+ 0 1355 2A2%B+ 0.1426 .AY3B (9)
prescission particle and-ray spectra are dominated by ' 0 ' 0 s 0 K

saddle to scission emission. The method used in previoughereA is the nuclear mass, is the nuclear radius, arl
GDR y-ray studiede.g., Ref[2]) adds an offset energyE,  angB, are the surface and curvature terms of the liquid drop
to the system at the beginning of the saddle to scission caldel, respectively. The pairing energy is given As
culation so thaEg«=Ecn«+AE,. This offset energy may = x(p/AY?) where y=+1,—1,0 for even-even, odd-odd,
be positive or negative depending upon the mass of the Sygmnq odd nuclei, respectively. A fit to the availalsavave
tem[32]. It corrects in an average way for the change in theresonance neutron spacings resulted in the valyes.153
potential energy between the saddle and scission points. AR 4 91 fm p=10.5+2 MeV andEp=18.5 MeV[37]. In the

alternative method was used in investigations of ”eUtrorbresent work the shape dependen@sand B, , are deter-
emission from fusion-fission and quasifission system by '

Hinde et al. [32]. They treat the offset energyE, as a free
parameter and add this energy to the initial excitation energy
of the system.

40

In the present investigation we implemented a more trans- 20
parent method to calculate tHangular momentum depen-
deny saddle to scission offset energy directly from the po-
tential energy surface. Here the energy offset is determined

as the difference between the potential energy at the equilib- —20

rium position and a position between the saddle and scission

E, (MeV)
o
T I L I L I L I T 1T 1 I

points. The parametet determines this position as the frac- —40 | | | | SC %]
tion of the total deformation change between the saddle and 05' = ] = '1 5' = = = '25
scission points. The potential energy surface was calculated ’ r/R ’
using the method of Lestorj&1]. | | L |
TheJ=0 # potential energy surface féf°Cf is shown in - ]

the top panel of Fig. 9 to illustrate the saddle to scission
offset energy calculation. The calculated offset energies are
shown in the bottom panel as a function of angular momen-
tum for three values of the paramewmwhered=0 corre-
sponds to the saddle point anid=1 to the scission point.
The values ofAE, extracted from the experimental neutron
data from twoA =239 system$32] are also plotted at the P ETY -
mean values of the corresponding fusion angular momentum L —
distributions. The angular momentum dependent offset ener- o L L
gies were included as an option@ascADE and used for the 7 (n)
calculations presented in this work. In the present investiga-
tion we selected a value of=0.5 for determining the offset FIG. 9. Top panel: potential energy surface fbr 0% 24°Cf
energy. calculated using Lestone’s methf8il]. Circles indicate the equi-
The level density prescription used in the present work isiprium, saddle, and scission points, respectively. Bottom panel: cal-
taken from Ignatyulet al. [36] who proposed a form which culated saddle to scission offset ene(gge textfor three values of
reflects the nuclear shell structure at low excitation energyhe parameted. The data points are the offset energies extracted
and goes smoothly to the liquid drop behavior at high excifrom 249 MeV*°Ar+°’Au and 418 MeV®*Ni+1"Lu in Ref.[32].
tation energy. Here the level density parameter is taken as Ene top panel is adapted from Hiné¢ al. [32].

AE, (J) [MeV]
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X
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b
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mined from the nuclear deformatid88] which is an input The theoretical calculations shown in Fig. 10 were per-
variable in the calculation. The shape dependenceBare formed using the Ignatyuk/Reisdorf nuclear level density for-
=B,=1 for a spherical nucleus. malism[36,37]. The nuclear radius parametey was taken

Our previous study of?“Th found that an additional tem- as 1.153 for the CN ani, = 1.10 for the fission fragments.
perature dependence in the level density prescription wallo additional temperature dependence was included in the
required to fit the high energy-ray spectrd4]. The final level density prescription for these calculatiofise., «

form of the level density parameter is then =0). The full Sierk fission barriefigiQ] for this system were
used without any scaling. The average saddle to scission
a(M=a(U)[1-«f(T)], guadrupole deformation g8=0.6 was taken from the liquid
(100  drop model[41]. The GDR parameters determined in the
f(T)=1—exg — (TAY¥21)?], final analysis below were calculated assuming a prolate

shape of smaller deformatigf=0.3. Since the majority of
wherea(U) is calculated according to E@8) andk deter-  high energy GDRy-rays are emitted during the first few
mines the strength of the additional temperature dependencgecay steps, the shape of the CN GDR will reflect the smaller
This function is drawn from expressions for the temperaturdnitial deformation. The CN and saddle to scissiBSQ
dependence of the mean-field parameters in F3K. GDR parameters are listed in Table IIl.

For most of the calculations it was assumed that the GDR
exhausts 100% of the classical sum r(8&R), based on the
systematics given by Gaardhgi2] and on the observation

Figure 10 compares the absolute experimengahy/ that the observed ground-state GDR vyield up to 25 Mtié
fission multiplicities compared to a series of calculationspresent fitting rangeyields 1 SR. It has been pointed out
without dissipative effects. The experimental and theoretical
spectra are presented on both an absolute scale without any TABLE Ill. GDR parameters fof?S+2%pb—24Cf. A positive
normalization and also using the more sensitive “divided” (negative deformation parameter indi(_:atgs a prolatencollective
representation introduced in Ré4]. Here the difference be- oblate deformation. The GDR centroid is 12.7 MeV for both the
tween the total spectrum and the calculated post-scissiohiN @nd SSC decay.

(i.e., fission fragmentspectrum is divided by the calculated
post-scission spectrum. This representation is model depen- Ey Ty E, I
dent but provides a sensitive scale which reveals even minorSyStem B (MeV) (MeV) (MeV) (MeV)

IV. ANALYSIS

differences between the data and the theoretical calculations cN -0.1 12.3 45 13.5 5.3
which are otherwise not apparent from the strongly exponen- ssc +0.3 10.7 4.0 13.7 6.4
tial spectra.
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recently[43] that in very heavy nuclei a single-Lorentzian fit nonzero viscosity is much larger than can be obtained from
of the ground-state GDR up to the-threshold exhausts any reasonable SR enhancement.

about 1.1-1.3 SR44]. The additional strength is well un- Several series of calculations were performed including
derstood being due to exchange effects that occur at higheuclear dissipation as described in the Model section. Since
energies. Calculations using both strengths have been invetiie overwhelming amount oj-rays is emitted during the
tigated with the following conclusion. The strength under asaddle to scission motion, the calculations are rather insensi-

single-Lorentzian fit scales as tive to the value of the dissipation inside the saddig) (
Increasing the value of the dissipation during the saddle to
(ml2) o I =xX60NZ/A, (11)  scission motion {,) increases the saddle to scission time

according to Eq(5), and thus an increase in the saddle to
where o, is the maximum measured cross section &nsl  scissiony-ray emission is observed in the 10 MeV energy
the ratio of the experimental to the classical SR. Sifite  region. At the same time the system will arrive to the sciss-
=const, a GDR width obtained from fitting a limited region ion point at lower temperature, yielding colder fission frag-
of observation compensates for the SR enhanceméltius  ment production, which results in a decrease in the high en-
we favor the use ok=1 (i.e., 100% SRin the fitting pro-  ergy y-ray emission and the calculations underpredict the
cedures used in this paper. high energy tail of the spectra. The lower yieldsyefays in
The fission fragment GDR decay was assumed to exhaughe calculated high energy tail conforms with the trends ob-
100% of the classical sum rule, to have a width of 6.5 MeVserved in our previous analysis efrays from *0+2%pp
and a single component GDR centroid energy according te-2?Th [4]. In that analysis the high energy tail was fitted by
the systematics of Ref42]. The saddle to scission offset including an additional temperature dependence in the level
energy AE, was determined for the position halfway be- density prescriptiofsee Eq.(10)] where k=0.8 was re-

tween saddle and scissidine., d=0.5). quired to fit they-ray spectra. In the present reaction we
The measured absoluteray/fission multiplicities shown found weaker temperature dependerce0.4.
in Fig. 9 agree well with the calculations f&r,<7 MeV and As an illustration of the fitting procedure on Fig. 11 we

E,>14 MeV for all seven bombarding energies. At thesepresent a series of calculations for the 245 MeV beam energy
energies the~rays originate almost entirely from the fission data. They-ray yield at about 10 MeV gradually increases
fragments. However, except for the lowest bombarding enwith the viscosity parametey. We obtained a good fit for
ergy, a significant excesgray yield can be seen in precisely y=5 to 10, whereas for higher-s the fit starts to underpre-
the CN GDR region fromE,=7 to 14 MeV. This excess dict the high energy tail.

cannot be explained within a purely statistical decay analysis Similar calculations were performed for each bombarding
but rather a nuclear dissipative mechanism has to be inenergy. It was found that we need=5 or higher to fit the
voked. We also note that the observed enhancement due ttata, and fory,= 20 the high energy tail was underpredicted.
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Figure 12 shows the,= 10 fit for each bombarding energy. and a larger constant dissipatigg= 10 outside the saddle,
The quality of the fits is good except for a slight overpredic-combined with a temperature dependent level density pre-
tion in the 10 MeV region for the lowest two bombarding scription provided the best fit to the data. The lowest energy
energies. We note, however, that at the lowest excitatio@ata point requires lower viscosity, in agreement with the
energies our method is less sensitive: there is too little excessrevious observatiofi6]. However, according to the extra
over the fission fragmenj-rays to determine the viscosity pysh calculations the quasifission contribution is highest at
value. The good fits with constant viscosity rule out the usgne Jow bombarding energies, therefore the excitation energy
of a temperature dependent nuclear viscosity parameter fQfo|q in reality be lower than that assumed in our calcula-
the saddle to scission decay. tions, which would result in loweg-ray yield with the same
viscosity. We also note that at the lowest beam energies the
V. DISCUSSION excitation energy of the system is very low, and the method

Statistical model calculations without the inclusion of dis- to extract a viscosity from the measurgday yield becomes

sipation were found to under-predict theray/fission multi- €SS reliable. . _
plicities in the GDR region arouni, =10 MeV for all but The proposed method for determining the saddle to sciss-
the lowest bombarding energy. When nuclear dissipatior®" energy(discussed in Sec. lilhighlights a large uncer-
was included the high energyray tail was underpredicted tainty in calcylapons myo!vmg fus!on—flssmn systems yvhere
necessitating an additional level density temperature depeg@ddle to scission emission dominates the pre-scission par-
dence. The magnitude of this additional temperature depericle and y-ray spectra. In the current model, the saddle to
dence was somewhat smaller than that used for the previog€ission offset energy was obtained from the potential energy
analysis of excited?*Th. change halfway between saddle and scission. The saddle to
There are important differences betwedfCf and?24Th.  scission time obtained with this methody{~54) is slightly
The fission barrier fof*®Cf is only 1.6 MeV atJ=0% com-  longer than the result of Reff32] which obtained a dynami-
pared to 5.7 MeV forr?*Th. Furthermore in thé’S+2%%Pb  cal time scale ofr=35 zs.
reaction there is a considerable contribution of quasifission It is important to note that the choice of level density
cross section. Therefore the particle apday decay inside prescription also affects the magnitude of the saddle to sciss-
the saddle has only a small contribution, the meastread/s  ion time, and consequently the derived viscosity parameter.
originate from the saddle to scission motion. The measureth the °0+2%Pb—22Th analysis of Ref[4], introducing
nuclear viscosity in?*°Cf characterizes the viscosity of the the additional temperature dependence of @) reduced
saddle to scission motion. the maximum required value of the viscosity parameter from
A deformation dependent nuclear dissipation, modeledy=14 to y=8. The earlier investigation of*°Cf in Ref.[8]
here by a small constant dissipatigr=2 inside the saddle also showed that changing the level density parameter from
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a=A/8 to A/10 reduced the extracted saddle to scission timgoints strongly to a one-body mechanism for nuclear dissi-

from 74,=34 zs to 15 zs. pation. This conclusion thus favors the choice of one-body
It is clear that these significant model uncertainties in thedissipation for the case 6f“Th as well.

saddle to scission offset energy and the level density pre-

scription preclude a precise determination of the saddle to

scission time and therefore the viscosity parameter from the ACKNOWLEDGMENTS
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