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Viscosity and fission time scale of156Dy
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In the fusion-fission reaction40Ar1116Cd→156Dy→fission, performed at beam energiesEb5216 MeV and
238 MeV,g rays were measured in coincidence with fission fragments. Theg-ray spectra are interpreted using
a modified version of the statistical-model codeCASCADE. From a comparison of the experimental and calcu-
lated spectra it is deduced that the nuclear viscosity is in the range 0.01,g,4. The extracted fission time scale
is of the order of 10219 s. @S0556-2813~96!50310-9#

PACS number~s!: 25.70.Jj, 21.65.1f, 24.30.Cz, 24.60.Dr
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Two of the interesting open questions in nuclear phys
are the viscosity of nuclei and the time scale of the fiss
process. In Ref.@1# it is claimed that nuclei with an excita
tion energy of a few hundred MeV are very viscous~dissi-
pation coefficientg'10!. This large viscosity hampers th
fission motion, and therefore the compound nucleus li
longer than estimated with statistical considerations in wh
neutron decay and fission are in competition. Furthermo
once the compound nucleus has decided to fission, part
andg rays can be emitted during its descent from the sad
to the scission point. Therefore, the nuclear viscosity and
fission time scale are closely related, and can be determ
from experimental observations of prefission particle yie
@2# or from g-ray spectra@1#. Hinde et al. deduced from
neutron spectra and multiplicities fission time scales of
order of 10220 s. A reanalysis of their data in terms of
dynamical model, however, yields fission time scales of
order of 10219 s @3#. This time scale is also reported by Pa
et al. @1#.

In this Rapid Communication we report on the measu
ments of twog-ray spectra obtained in coincidence with fi
sion fragments for the compound nucleus156Dy* produced
at excitation energies of 104 and 124 MeV and large angu
momenta. From these spectra the nuclear viscosity and
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fission time scale are extracted, using a modified version
the statistical model codeCASCADE @4#. Our analysis results
in considerably lower values for the nuclear viscosity tha
reported in Ref.@1#.

The fusion-fission experiment 40Ar1116Cd→156Dy*
→fission was performed with theK5160 cyclotron at KVI.
Two experiments were performed. In the first experimen
performed at a beam energyEb5216 MeV compound nuclei
were formed at an excitation energyE*5104 MeV and an-
gular momenta in the range 0,J,92\. In the second ex-
periment the beam energy wasEb5238 MeV, leading to
compound nuclei withE*5124 MeV and 0,J,105\. The
angular momentum distribution was calculated with the pro
gramCASCADE using as input the fusion cross section dete
mined from the systematics of Wilckeet al. @5#. In these
reactions fission occurs only at angular momenta larger th
Jcrit'70\. Since theg rays were measured in coincidence
with fission, a selectivity on the angular momenta of th
compound nucleus above 70\ is obtained. Close to the tar-
get, eight small BaF2 crystals were placed to provide a time
reference. Theg rays were measured with a large-volume
NaI detector surrounded by a plastic shield that was used
anticoincidence mode. The fission fragments were detect
by two position-sensitive avalanche detectors, of which th
wire signals give the position where the particle impinged
and the anode signals its energy loss in the gas and a ti
signal.

In the off-line analysis the fission fragments were distin
guished from projectilelike fragments and targetlike frag
ments by setting two-dimensional gates in the ‘‘energy loss
versus ‘‘time-of-flight’’ spectra, and only the events satisfy
ing the criteria for fission fragments were considered. Neu

ium.
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R1515 © 1996 The American Physical Society

https://core.ac.uk/display/15451836?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


m-

i-
s

r

-
o

lar
n

he

it
x-
ith
ed

s

al-
is

uld
l-
n-
e

cy
n

n

s
e

ss
m
ed

R1516 54G. van ’t HOFet al.
trons andg rays were discriminated by setting gates in th
time-of-flight spectrum. Events for which twog rays were
detected within 400 ns were rejected and random coin
dences were subtracted.

In Fig. 1 the obtainedg-ray spectra are presented alon
with results of model calculations. These model calculatio
were performed with the computer codeCASCADE @4#, which
had to be modified in several aspects before meaningful c
culations could be performed for these experiments. Beca
the g rays associated with the channels leading to evapo
tion residues were not registered in the experiment,CASCADE

was modified to calculate only the prefission component,
noring theg-ray emission from residual nuclei. This wa
achieved by an elaborate bookkeeping procedure for the c
tributions of all nuclear states to the finalg-ray spectrum@6#.
For the level density we useda5A/8 MeV21 and the param-
eters of the giant dipole resonance~GDR! for the compound
nucleus were varied to fit theg-ray spectra. The height of the
fission barrier@7# had to be scaled with a factorBscale51.4 in
order to reproduce the fission cross section measured
various reactions in this mass region. For more details
Ref. @6#.

In the standard programCASCADE the Bohr-Wheeler@8#
description is used to calculate the fission cross section,
the conversion of this cross section to population cross s
tions of fission fragments and the consecutive decay of
fragments is not calculated. We have implemented this in
code starting from the compound nucleus formation cro
sectionsCN(E* ,J). The program now provides matrices fo
the fission cross sectionss f(E* ,J) as a function of the mass
and charge of the fissioning nucleus. These are subseque
used to calculate the population cross sections for the fiss
fragments. The calculations were performed assuming
symmetric mass distribution for the fission fragments with
width s'12 u @9#. The charge-to-mass ratio of the two frag
ments was taken to be equal. More elaborate schemes for
charge distribution, see, e.g., Ref.@10#, lead to essentially the
same result. The excitation energies of the fragments,E1*
andE2* , were calculated from

FIG. 1. Theg-ray spectrum~dots! measured atEb 5 216 MeV
~left panel! andEb 5 238 MeV ~right panel!. The curves are the
results ofCASCADE calculations. The program was modified to ca
culate exclusively the prefission spectrum~dotted curve! and the
postfission spectrum~dashed curve!. The solid curve is the sum of
the two.
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ECN* 5E1*1E2*1TKE2Q ~1!

and the assumption that the two fragments have equal te
perature. Here,Q denotes theQ-value for fission, and TKE
the total kinetic energy of the fragments. A Gaussian distr
bution for TKE was adopted. The mean value for TKE ha
been calculated from the Viola systematics@11#. The expres-
sion derived by Viola was modified in order to account fo
the dependence of the TKE on the mass split

^TKE&50.7750
Z1Z2

A1
1/31A2

1/317.3 MeV. ~2!

The width of TKE was deduced from published data@12#:
s'15 MeV. The angular momentum distribution of the frag
ments was calculated with the statistical model of Morett
and Schmitt@13# following the description of Backet al.
@14#.

Using the mass, charge, excitation energy, and angu
momentum of the fragments thus obtained, the contributio
to the totalg-ray spectra fromg-ray decay of the fission
fragments has been calculated withCASCADE. The g-ray
spectra from the fission fragments were calculated using t
level-density parametera5A/8 MeV21 and GDR param-
eters inferred from existing systematics. This implies that
is assumed that 100% of the TRK sum-rule strength is e
hausted, that the energy of the GDR resonance scales w
mass, and that the nuclei are either spherical or deform
depending on their mass@6#. Furthermore, the moments of
inertia,u, of the fission fragments were determined from fit
of the relation (\2/2u)J(J11) to the yrast states@6#. In Fig.
1 the results are shown. The theoretical spectrum is norm
ized to the data at 5 MeV. The slope of the spectrum
reproduced nicely, but forEg . 9 MeV the experimental
yield exceeds the calculated strength. The agreement co
not be improved by adjusting the GDR parameters, the leve
density parameters, the parametrization of the excitation e
ergy or the parametrization of the angular momentum of th
fragments within reasonable limits.

Hence, it was concluded that the observed discrepan
was likely due to an inadequate description of the fissio
process. An underestimation of theg-ray yield around 9
MeV can, for example, be explained by an underestimatio
of the prefission contribution to theg-ray spectrum. En-
hanced prefissiong-ray yield can in turn stem from hin-
drance of the fission process@1,2#.

In order to investigate this effect, the fission width wa
modified in accordance with the results obtained by Grang´
et al., see Ref.@15# and references therein, in which the fis-
sion degree of freedom is treated as a random walk proce
and the fission flux across the saddle point is calculated fro
a Fokker-Planck equation. Their results can be approximat
by the following equation:1

G f~ t !5GBW~A11g22g!@12exp~22.3t/t!# ~3!

1Here, we follow Ref.@1#. Note, however, that our equation con-
tains the required factor 2.3.
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54 R1517VISCOSITY AND FISSION TIME SCALE OF156Dy
with GBW the Bohr-Wheeler fission width,g the nuclear vis-
cosity, t the time, andt the time at which the flux across th
barrier reaches 90% of the quasistationary value. We par
etrizedt anew from the results of Grange´ et al.

t~b,T!5~2g!21ln~10Ef /T!10.0112gA/T @10221 s#. ~4!

Here,Ef is the height of the fission barrier,T is the tempera-
ture, andA is the mass number.t has been calculated fo
every nuclear state in the cascade. Another expression ft
was obtained by Bhattet al. @16#, but theg-ray spectra cal-
culated with this expression are hardly different.

In the original version ofCASCADE the probability for
decay of a nucleus moving from the saddle point to the sc
ion point is not calculated. To take this effect into accou
the fission width has been treated analogously to the fiss
flux. The flux at timet at the saddle point is~almost! equal to

FIG. 2. Results of the fits of the GDR parameters at four diff
ent values ofg, for the experiment withEb5216 MeV. The solid
curve indicates the sum of the prefission spectrum~short-dashed
curve! and the postfission spectrum~long-dashed curve!. For com-
parison, a calculation withg55 is also shown~dotted curve!.
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the flux at the scission point at timet1tssc, with tsscthe time
required to propagate from the saddle point to the sciss
point @17#:

tssc5tssc
0 ~A11g21g!. ~5!

From the graphs presented by Grange´ et al. @15#, a value for
tssc
0 the saddle-to-scission time in nonviscous nuclei, can
inferred:tssc

0 52.2310221 s. Assuming the same time depen
dence for the fission width, one can approximate the latte
follows:

G f~ t !50, t,tssc

5G f
BW~A11g22g!

3$12exp@22.3~ t1td2tssc!/t#%, t.tssc . ~6!

The concept of time, which is unknown in the statistical co
CASCADE, was implemented as follows. The lifetimetd of a
nuclear state with excitation energyE* and angular momen-
tum J, which is used as a time step in the calculations,
given by

er-

TABLE I. Results of the fission time scale for the differen
values for the viscosity.

Eb g Bscale t f
a

@MeV# ~10220 s)

216 0.01 1.0 4567
216 0.1 1.2 1565
216 1 1.0 4768
216 4 0.7 49362
238 0.01 0.8 4561
238 0.1 1.0 861
238 1 0.8 4761
238 2 0.65 24061

aThe numbers used as error bars indicate the sensitivity to
threshold on the fission cross sections that is taken into accoun
the calculation. Here, it represents the difference int f for threshold
of s f50.5 mb compared to 0 threshold.
td5
\

Gn~E* ,J!1Gp~E* ,J!1Ga~E* ,J!1Gg~E* ,J!1G f~E* ,J,t !
~7!
the

ly.

-
le-
si-
in which Gn etc. are the decay widths for all decay channe
taken into account byCASCADE: i.e., neutron, proton,a par-
ticle, g ray, and fission decay. The justification for the use
G f in this equation is that the lifetime of a state is inverse
proportional to the total width includingG f . The bookkeep-
ing of these time increments is done in matricest(E* ,J)
with the same dimensions as the matrices for the populat
cross sections, i.e., every nuclear state is characterized by
ls

of
ly
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the

charge, mass, excitation energy, angular momentum, and
time at which the decay to it took place. Note that Eqs.~6!
and ~7! are coupled; therefore, they are solved iterative
IncludingG f in Eq. ~7! will influence through the coupling to
Eq. ~6! the fission probability and thereby the GDR yield.

In the originalCASCADE code no distinction is made be
tween compound nuclear fission and quasifission. We imp
mented this distinction as follows. With the one-body dis
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R1518 54G. van ’t HOFet al.
pation codeHICOL @18#, the angular momentum is calculate
beyond which no equilibrated compound nucleus is forme
For the low- and high-beam-energy experiments, these v
ues are, respectively, 87\ and 95\. For angular momenta
larger than these critical values, the fission probability is s
to zero whent,tssc and to unity whent.tssc.

With this modified version ofCASCADE, we performed fits
to the data, with the aim to extract the GDR parameters
the compound nucleus and the value of the dissipation co
ficient in Eq.~6!. For the compound nucleus the level-densi
parametera5A/10 MeV21 was used. The scaling factors fo
the fission barrier, needed to reproduce the fission cross
tion, now depend on the value of the viscosity parameteg
and are given in Table I. For the fission fragments we us
the previously mentioned parameters.

Results of calculations performed with different values
g are shown in Figs. 2 and 3. The agreement between
calculations and the data is quite good. In these calculati
the values for the GDR parameters of the compound nucl
are fitted to the data. The range of centroid energies in th
fits is between 14.2 and 15.2 MeV, in fair agreement with t
systematics value of 14.7 MeV. The widths varied in th
range of (325)31022E2, whereE is the resonance energy
and sum rules were generally between 100 and 130%. T
fits seem to indicate that a prolate deformation of the co
pound nucleus, with deformationb'0.5, is favored. The re-
sults for the GDR parameters and deformations will be d
cussed in detail in a forthcoming paper@6#. It should be
noted, however, that the dependence of these on theg values
is minimal.

The fission time scalest f are calculated as an average o
the times at which fission occurs weighted with the fissio
cross section~see Table I!. They are dependent on the
nuclear viscosity and vary within a few times 10219 s. This is
in agreement with the fission time scales obtained from t
reanalysis@3# of the neutron measurements by Hindeet al.
@2#. At the upper limits ofg, determined from fits to the
g-ray spectra, the time scales jump by about an order

FIG. 3. The same as in Fig. 2, but now for the experiment w
Eb 5 238 MeV.
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magnitude again implying that a further increase ing is not
realistic.

The main point we want to emphasize in this paper are th
values for the nuclear viscosity, and the way in which the
were obtained. Different from earlier observations@1#, the
results presented in this paper show that no large value
the nuclear viscosity is needed to reproduce the data. T
valuesg54 andg52 for the low- and high-beam-energy
experiments are upper limits. Larger values for the nucle
viscosity lead to a profound overshooting of the data a
Eg'10 MeV ~see Figs. 2 and 3 for theg55 calculation!
resulting in sizeable deterioration of thex2. The scaling fac-
tors for the fission barrier, see Table I, also support the sta
ment thatg54 andg52 are upper limits since the scaling
factor starts to deviate significantly from one at these value

To understand more clearly the discrepancy with the r
sults of Ref.@1# we also have compared our experimenta
data with calculations performed with the model described
Ref. @1#. It appears that these calculations reproduce reaso
ably the data forg.10 andg.5 for the low- and high-
beam-energy experiments, respectively, but that the agre
ment worsens considerably when smaller values ofg are
used. Therefore, the differences between our results and
ones presented in@1# ~where the nuclei have massA.200)
cannot be explained as a mass dependence of the nuc
viscosity, but should be ascribed to the differences betwe
the two approaches.

An important difference between the two approaches
the way in which the time steps are calculated. We turne
again to our own model to investigate this difference an
removed as in Ref.@1# the fission widthG f from Eq.~7!. The
difference between the calculations thus obtained and t
ones presented in Figs. 2 and 3 is considerable: only t
calculations performed withg'3 are now able to reproduce
the data@6#. This result still differs from the one obtained
with the model described in Ref.@1#, but the agreement is
much better now since the smaller values forg are ruled out.
The remaining discrepancy probably can be ascribed to t
different treatment of the saddle-to-scission process, t
bookkeeping of time steps in matrices instead of using a
average time as was done in@1#, and the calculation oft for
every nuclear state instead of using an average value@1#.

In conclusion, our analysis shows that fission hindrance
needed to explaing-ray spectra obtained in coincidence with
fission, but that in the analysis one has to take into accou
the fission width in the calculation of the time step if one
wants to calculate the nuclear viscosity or the fission tim
scale. During the decay of the compound nucleus, a lar
number of states are populated in which the fission width
larger than the neutron decay width, and can, therefore, n
be neglected. If the fission width is taken into account, th
nuclear viscosities do not necessarily have to be large. W
values in the range 0.01, g , 4, the data can be described
satisfactorily. The fission time scale depends on the valu
that is used for the nuclear viscosity. A typical value, how
ever, can be said to bet f'10219 s.

This work is part of the research program of the Stichtin
voor Fundamenteel Onderzoek der Materie~FOM!, which is
financially supported by the Nederlandse Organisatie vo
Wetenschappelijk Onderzoek.
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