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Statistical model calculations have been performed using the rotating finite range and the Thomas-Fermi
models for fission barriers. The results have been compared with the existing cross sections for40Ar+148Sm
and 86Kr+104Ru systems. Analyses show that the use of Thomas-Fermi fission barrier without any shell
correction gives the best fit to the experimental cross sections. This observation is in contrast to the conclusion
drawn fromg-ray fold measurements for48Ca+142Nd and80Se+110Pd systems reported earlier.
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The fission barriersBfd plays a crucial role in heavy-ion
induced fusion-fission dynamics. Variety of phenomena, e.g.,
fast fission, quasifission, preequilibrium fission, superdefor-
mation, K isomer, have been observed depending on the
height and position of the fission barrier. The formation of
the compound nucleus depends on whether the initial com-
posite system of the target and the projectile is more compact
than the fission saddle shape. After the equilibrated com-
pound nucleus is formed, the competition between the fission
and the particle evaporation channel is strongly influenced
by the height of the fission barrier. In addition, the fission
fragment angular distributionWsud is sensitive to the effec-
tive moment of inertia at the saddle pointsIef fd which is
related to the saddle point shape. The effective moment of
inertia is defined as 1/Ief f=1/Ii−1/I', whereIi andI' are
the moment of inertia for rotation at the saddle point along
and perpendicular to the symmetry axis, respectively. The
availability of new experimental data has always brought
refinement to the theoretical estimation of the fission barrier.
Initially the rotating liquid drop model(RLDM) [1] provided
a simple understanding of the fission phenomena. Fission
barrier heights from this prescription had to be reduced by a
factor varying between 0.5 and 0.9 to explain the fission-
evaporation residue cross sections. The values ofIef f de-
duced from the fission fragment angular distributions of ac-
tinide targets were found to be larger than the RLDM
predictions[2]. This discrepancy was partially removed by
the use of the rotating finite range model(RFRM) [3]. The
RFRM fission barriers with a scaling factor around unity
s0.90–1.10d give good explanation of the available fission-
evaporation cross sections. This model has also removed the
discrepancy between the deducedIef f values and the predic-
tions for actinide targets[4]. However, recent studies using
preactinide targets[5,6] showed disagreement between the
RFRM predictions and the deduced values ofIef f.

Recently, Djerroudet al. [7] have reported a measurement
of g-ray fold distributions for48Ca+142Nd and 80Se+110Pd

systems leading to same compound nucleuss190Hgd and at
same excitation energysE* <37 MeVd. The statistical model
calculations were performed using the Gilbert-Cameron[8]
level density prescription with a level density parameteran
=A/8.0 MeV−1 and the RFRM fission barriers. According to
the predictions of the statistical model calculations an en-
hanced population of high spin states was expected for the
most mass symmetric system, due to large coupled channel
effect. This expected enhancement was not consistent with
the experimental observation. Surprisingly, the experimental
g-ray fold distributions for the 2n evaporation residue(ER)
for both the systems were similar. The above discrepancy
between the model prediction and the experiment was inter-
preted as arising due to inaccuracy of the fission barrier used
in the calculations. The experimental fold distributions were
explained by statistical model calculations using the
Thomas-Fermi fission barrier[9] with a shell corrections«Sd
of −3 MeV. However, the authors did not demonstrate the
corresponding sensitivity of the ER and the fission cross sec-
tions to the statistical model parameters. It will be interesting
to investigate this aspect, viz., sensitivity of ER and fission
cross sections to the RFRM and the Thomas-Fermi fission
barrier.

The experimental fission and ER cross sections are not
available for the above mentioned systems. The fission and
the ER excitation functions are available for40Ar+148Sm
system[10], which has a mass asymmetry similar to that of
48Ca+142Nd system and forms a compound nucleuss188Hgd,
two neutrons away from190Hg [7]. The evaporation residue
cross sections are also available for86Kr+104Ru system[11],
which populates190Hg with a mass asymmetry similar to that
of 80Se+110Pd system. In the present work, detailed statistical
model calculations have been performed for40Ar+148Sm and
86Kr+104Ru systems to investigate the sensitivity of the ER
and the fission cross sections to the statistical model param-
eters, in particular the fission barrier.

Statistical model analyses were performed using the sta-
tistical model codePACE [12] using the experimental masses
and shell corrected level densities. An energy dependent
shell correction[13] of the level density parameter,an=ãf1
+sdW/Uds1−e−hUdg, with an asymptotic valueã=A/8 MeV−1

and a damping factorh=0.054 MeV−1 was employed. The
ground state shell correctiondW is the difference between
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the liquid drop and the experimental mass defects.U is de-
fined asU=E* −ErotsJd−Dp, whereErotsJd andDp are the ro-
tational energy and the pairing energy, respectively. The yrast
line obtained from the RFRM was suitably modified to
match the experimentally known yrast line of188Hg. The
level density parameter at the saddle deformationsafd was
obtained asansaf/and, whereaf/an is the ratio of level density
parameter at the saddle deformation to that at the equilibrium
deformation. As discussed in Ref.[5] the same ground state
shell correctionsdWd was applied for the level density pa-
rameter at the saddle point. Statistical model predictions us-
ing four different fission barriers, given in Table I, were com-
pared with the above mentioned data. The ratio of level
density parameter,af/an, was taken to be unity.

The Thomas-Fermi fission barriers are not readily avail-
able in a parametrized form for use in statistical model cal-
culation. In view of this we have used the same parametric
form as in Ref.[7],

BfsJd = Bfs0de−J2/2sJ
2
+ «S,

whereBfs0d=14 MeV andsJ=27". The parameter«S rep-
resents the difference in the shell correction at the saddle
point and the equilibrium configuration. The above men-
tioned fission barrier parameters were obtained by fitting
the microscopically calculated Thomas-Fermi fission bar-
rier for 190Hg f7g. In the present study the same parameters
for the Thomas-Fermi fission barriers have been assumed
for both the compound nucleis188Hg and 190Hgd and suc-
cessive decay products. The Thomas-Fermi fission barri-
ers at zero spinf14g for 188Hg and 190Hg are comparable.
We have also used«S=−3.0 MeV for both the compound
nuclei and the successive decay products. Angular mo-
mentum dependence of different fission barriers used for
190Hg are compared in Fig. 1. As can be seen from Fig. 1,
a drastic lowering of the fission barrier results due to in-
clusion of a shell correction of −3.0MeV.

In the case of the40Ar+148Sm system, the spin distribu-
tions of the compound nucleus, required for the statistical
model calculations, were obtained from CCDEF[15] calcu-
lations which fits the fusion excitation function. The same
channels as those of Ref.[10] were coupled to reproduce the
fusion excitation function. As shown in Fig. 2, the statistical
model predictions withBf=0.853RFRM (parameter setB)
agree reasonably well with the data for the40Ar+148Sm sys-
tem. Use of the Thomas-Fermi fission barrier(parameter set
C) also gives a good agreement between the data and the
statistical model predictions. Inclusion of a shell correction
of −3.0 MeV in the Thomas-Fermi fission barriers(param-
eter setD), as suggested in Ref.[7] from g-ray fold distri-

bution measurements, produces a large discrepancy between
the data and the statistical model predictions(see Fig. 2).

Although only the evaporation residue excitation function
is available for86Kr+104Ru system, it contains information
on the fissionability of the nuclei involved as demonstrated
in Ref. [11]. A dimensionless quantityssER/pÂ2d1/2 versus
Ec.m. has been plotted, wheresER is the ER cross section and
Â is the reduced de Broglie wavelength in the entrance chan-
nel. The useful feature of excitation functions for the quan-
tity ssER/pÂ2d1/2 is that they saturate at sufficiently high ex-
citation energy to a value,sat. The values of,sat vary
characteristically with the compound nucleus and are inde-

TABLE I. The parameter sets used in statistical model analyses.

Parameter set Bf «S (MeV)

A RFRM 0.0
B 0.853RFRM 0.0
C Thomas-Fermi 0.0
D Thomas-Fermi −3.0

FIG. 1. Fission barriers as a function of angular momentum for
190Hg as calculated by the RFRM(dashed line) and the Thomas-
Fermi model(continuous line). The dash-dotted line is the Thomas-
Fermi fission barrier with a shell correction of −3 MeV. The dot-
dot-dashed line is the RFRM fission barrier scaled by a factor of
0.85.

FIG. 2. Fission and ER formation probabilityss/sfusiond as a
function of Ec.m. for 40Ar+148Sm system. The filled circle and the
open square represent the ER and the fission cross sections, respec-
tively, from Ref.[10]. The dashed, the dot-dot-dashed, the continu-
ous, and the dash-dotted lines are the fission(thin line) and the ER
(thick line) excitation functions using parameter setsA, B, C, andD
in Table I, respectively. The arrow indicatesE* =37.8 MeV, where
the entry spin distributions and the other observables in Table II
have been calculated(see text).
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pendent of the entrance channel. This implies that the ER
cross sections are limited by competition with fission and not
by any other fusion hindrance effects[11]. The value of,sat
does not depend upon the compound nucleus spin distribu-
tion provided the distribution extends to sufficiently largeJ
as compared to,sat. The quantityssER/pÂ2d1/2 has been cal-
culated usingPACE for different fission barriers. As can be
seen from Fig. 3, the calculations with setB though close to
the data are consistently higher. While setC provides a good
agreement with the data forEc.m..175 MeV, the setD yields
results which are in good agreement with the data for
Ec.m.,175 MeV. As argued earlier, if the data available only
at higher energies are considered(as they are less sensitive to
input spin distribution and entrance channel), then setC is
the best in reproducing the data. Even in this system inclu-

sion of a shell correction of −3.0 MeV, as suggested in Ref.
[7] from g-ray fold distribution measurements, fails to repro-
duce the data.

In addition, we have calculated several quantities of inter-
est [sER, Pf, s3n/s2n, Ws180°d/Ws90°d] using PACE for both
the systems under consideration atE* =37.8 MeV, where the
measurement of fold distributions in Ref.[7] was made. Sta-
tistical model calculations using the Thomas-Fermi fission
barriers with a shell correction of −3.0 MeV(setD), as sug-

TABLE II. Statistical model predictions of evaporation residue cross sectionsssERd, fission barrier height
sBfd, fission probabilitysPfd, ratio of 2n to 3n evaporation residue cross sectionss3n/s2nd, and fission frag-
ment angular anisotropyfWs180°d/Ws90°dg at E* =37.8 MeV using different parameter sets. The setsA, B,
C, D correspond to those in Table I.

Quantity A B C D Observed

40Ar+148Sm
sER smbd 5.0 4.4 4.8 2.8 4.31±0.15[10]
Bf sJ=29d sMeVd 10.3 8.8 7.9 4.9
Pf s%d 1.43 14.8 4.53 45.6 15.6±6.0[10]
s3n/s2n 0.51 0.51 0.54 0.93
Ws180°d/Ws90°d 3.99 3.51 4.88 3.71

86Kr+104Ru
sER smbd 33.9 26.4 21.9 9.9 19.5±0.57a [11]
Bf sJ=29d sMeVd 10.3 8.8 7.9 4.9 8.7±0.25[11]
Pf s%d 28.0 44.0 53.6 79.1
s3n/s2n 0.40 0.53 0.79 2.29
Ws180°d/Ws90°d 8.38 7.27 6.68 5.46

aInterpolated.

FIG. 3. Comparison of the measured excitation function of
ssER/pÂ2d1/2 (see text) for 86Kr+104Ru system with statistical model
calculations using different fission barriers. The dashed, the dot-dot-
dashed, the continuous, and the dash-dotted lines correspond to pa-
rameter setsA, B, C, and D in Table I, respectively. The arrow
indicates the same as Fig. 2.

FIG. 4. Variation of the entry spin distributions for 2n (continu-
ous lines), 3n (dashed lines) evaporation residue and the spin dis-
tribution of the fissioning nuclei(dash-dotted lines) with different
fission barriers used for40Ar+148Sm (thin lines) and 86Kr+104Ru
(thick lines) systems atE* =37.8 MeV. The setsA, B, C, and D
correspond to those in Table I.
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gested in Ref.[7], do not agree with the observed quantities
in Table II. It has been shown that all these quantities are
very sensitive to the fission barrier(Table II). Hence, these
quantities can be used to constrain statistical model param-
eters. The variation of the entry spin distributions for 2n,3n
evaporation residues and the spin distribution of the fission-
ing nuclei with different fission barriers used for
40Ar+148Sm and 86Kr+104Ru systems atE* =37.8 MeV is
shown in Fig. 4. The predicted entry spin distributions of 2n
and 3n channels for both the systems become similar(see
Fig. 4) when the Thomas-Fermi fission barriers with a shell
correction of −3.0 MeV are used. However, Thomas-Fermi
fission barriers with a shell correction of −3.0 MeV fail to
explain the corresponding cross sections as mentioned ear-
lier. As shown in Fig. 4, the spin distributions of the fission-
ing nuclei are also very sensitive to the fission barriers. The
same can be seen in fission fragment angular anisotropy(see
Table II), which is a sensitive function of the spin distribu-
tion of the fissioning nuclei. In contrast with the results of
Ref. [7], we have found significantly large 3n ER cross sec-
tion irrespective of fission barrier used and entrance channel
asymmetry(see Table II). In Ref. [7] it was reported that 2n
channel represents over 90% of the total fusion-evaporation
cross section atE* ,37.8 MeV.

In summary, we have performed statistical model analyses
for 40Ar+148Sm and86Kr+104Ru systems using the RFRM

and the Thomas-Fermi fission barriers. It has been found that
the RFRM fission barriers have to be reduced by a factor of
0.85 to get a good agreement between the calculations and
the experimental fission-ER cross sections. Use of the
Thomas-Fermi fission barriers gives a good agreement be-
tween the existing fission-ER cross sections and the calcula-
tions. Inclusion of a shell correction of −3.0 MeV in the
Thomas-Fermi fission barriers, as suggested in Ref.[7] from
g-ray fold distribution measurements, produces a large dis-
crepancy between the measured cross sections and the statis-
tical model predictions. Theg-ray fold distribution measure-
ments reported in Ref.[7] are not consistent with the fission
and the ER cross sections available for the sames190Hgd [11]
or a nearbys188Hgd [10] compound nucleus. In contrast with
the results reported in Ref.[7] we have shown that the 3n
channel is significantly large irrespective of the fission bar-
rier used and the entrance channel asymmetry for the sys-
tems under consideration atE* =37.8 MeV. The ER and the
fission cross sections are crucial to constrain the statistical
model parameters and any conclusions reached regarding
presence or absence of shell effects in fission barrier based
on g-ray fold distributions alone will not be reliable.
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