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Effect of N/Z in pre-scission neutron multiplicity for 1180 + 1°41%8Pt systems
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Pre-scission neutron multiplicities from fission of the compound nuclei 2'%2!221421Ry have been measured in
order to investigate the N/ Z dependence of fission hindrance. The Rn isotopes are populated through the fusion of
1618 4 194.198pt systems and are formed at four excitation energies in the range of 50—79 MeV. The experimental
pre-scission neutron yield is compared with predictions from the statistical model of compound nuclear decay
containing the strength of nuclear dissipation as a free parameter. The strength of nuclear dissipation obtained in
the present analysis does not show any specific dependence on the N/Z values of the fissioning nuclei at large
excitation energies. The dissipation strength at the lowest excitation energy, however, indicates a shell closure

effect at N = 126 for the 2!?Rn isotope.
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I. INTRODUCTION

It is now well established that the pre-scission neutron
multiplicity is one of the most efficient probes to study
the fission time scale in heavy ion induced fusion-fission
reactions [1]. This has been possible due to the fact that
the neutrons emitted from a compound nucleus before fission
are kinemetically well separated from the neutrons emitted
from the fission fragments, and hence their multiplicity
can be accurately measured. It has been observed that the
experimental multiplicities of pre-scission neutrons were in

“Present address: S. V. Government College Ghumarwin, Bilaspur
174021 (H.P.), India.

fCorresponding author: bivash@pu.ac.in

Present address: Guru Ghasi Das University Bilaspur 495009
(C.G.), India.

§Present address: Indiana University, South Bend, Indiana 46615,
USA.

IPresent address: Department of Physics, Central University of
Kerala, Kasaragod 671314, India.

90n leave of absence from VECC, Kolkata 700064, India.

0556-2813/2013/87(1)/014604(8)

014604-1

PACS number(s): 25.70.Jj, 25.70.Gh, 24.10.Pa

clear excess of the predictions of the standard statistical model
of compound nuclear decay [1,2]. Similar observations were
also made for pre-scission light charged particles [3] and GDR
gamma rays [4]. The excess in multiplicities indicates the
presence of a dynamic hindrance of the fission process, and
careful analyses of pre-scission multiplicities of light particles
and y [5-8] and evaporation residue cross-sections [9,10]
have shown that the fission dynamics of an excited compound
nucleus is dissipative in nature at high excitation energies.
The number of neutrons (or any other evaporated particle)
emitted prior to scission in a fission event is affected by
the dissipation in fission dynamics in three significant ways.
First, as was shown by Kramers [11], dissipation increases
the fission lifetime relative to that obtained from the standard
Bohr-Wheeler statistical model [12], which arises because
fission is a quasistationary diffusion process [13-16] over
the barrier. Second, an additional time interval is available
for neutron emission during the transient time required by the
system to build up the quasistationary probability flow over the
barrier. This time interval is also determined by the strength of
the dissipation [14]. Third, still more neutrons can be emitted
during the time interval during which the system descends
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from the saddle point to the scission, which is increased by the
dissipation [17].

The above dynamical effects on fission probability have
been exploited in the past for studying the nature of nu-
clear viscosity. For instance, calculations of the lifetimes
of the excess pre-scission neutrons have been used to esti-
mate the fission delay time [6,18], which depends directly
on the magnitude of the viscosity. In order to obtain the
information on the dissipation strength beyond the saddle
point, i.e., the saddle-to-scission dissipation strength, it is
necessary to employ those observables which can be affected
by the saddle-to-scission dissipation effects. Several of such
studies involved measurements of particle multiplicities at
various excitation energies, at different entrance channel mass
asymmetries [19,20] and as a function of fissility [18] of the
compound nucleus.

The problem of the origin and the nature of nuclear
dissipation is presently one of the most interesting questions in
nuclear physics at low and intermediate energies. Dissipation
in mean-field nuclear dynamics accounts for the coupling of
the collective motion with the particle degrees of freedom.
The single-particle energy spectra has a well defined shell
structure which persists at least at low nuclear excitations [21].
It is therefore of considerable interest to explore the effect of
increasing N /Z in compound nuclei for a given element on the
strength of nuclear dissipation. Measurement of pre-scission
neutron multiplicities from an isotopic chain will be a suitable
tool for the above purpose.

Pre-scission neutron multiplicities from compound nuclei
with the same Z but different N have been measured earlier
[22-24]. The N/Z dependence of the sensitivity of the
neutron multiplicity with respect to the dissipation strength
has also been theoretically investigated [25,26]. However, the
experimental studies of Refs. [22,23] considered very different
entrance channels to populate the compound nuclei at different
excitation energies. Pre-scission neutron multiplicities were
measured for three Fr isotopes (2'32!3217Fr) in Ref. [24].
In order to investigate the N/Z dependence over a wider
isotopic range, we report here experimental measurement
of pre-scission neutron multiplicities from four compound
nuclei, namely 210:212.214216Rpy - and statistical model analysis
of the data. The compound nuclei >'0-212:214.216R having N/ Z
values as 1.441, 1.465, 1.488, 1.511 respectively are populated
through the 16180 + 194198p¢ reactions at a different set of
excitation energies in the present work.

The paper is organized as follows. The experimental details
are given in the next section. Section III contains the data
analysis and the experimental results. The statistical model
analysis is described in Sec. IV followed by a summary and
the conclusions in the last section.

II. EXPERIMENTAL PROCEDURE

The measurements were carried out at 15UD Pelletron +
First Module of the Super Conducting Linear accelerator
(LINAC) and National Array of Neutron Detectors (NAND)
facility at Beam Hall-II of the Inter University Accelerator
Centre (IUAC), New Delhi. Pulsed beams '°O and '30 were

PHYSICAL REVIEW C 87, 014604 (2013)

Beam

Target
90° &

MWPC2

FIG. 1. Experimental setup in NAND at IUAC.

bombarded on '**Pt and '*®Pt targets to populate the compound
nuclei 210-212.214.216Ry at excitation energies of 50, 61, 71.7,
and 79 MeV. The %Pt target was either a 1.75 mg/cm? rolled
platinum metal foil or a 530 pg/cm? thin layer of platinum
deposited on a 15 ;g /cm? thin carbon foil. The '*®Pt target was
arolled metal foil of thickness 1.45 mg/cm?. Fission fragments
were detected by a pair of large area multiwire proportional
counters (MWPCs) (12.7 cm x 7.62 cm) kept at the fission
fragment folding angle at distances of 18.5 and 17.0 cm from
the target position. Two silicon surface barrier detectors were
also placed at £16 out of plane for normalization purpose
inside the spherical scattering chamber of 60 cm diameter.
The fast timing signal from the MWPCs were used to get
the time-of-flight (TOF) information of the fission fragments
with reference to the the beam arrival time, which enabled us
to separate the fission events from other competing channels.
Sixteen neutron detectors (BC501) were placed 2 m away from
the target in a cylindrical fashion (Fig. 1) at different angles
around the target chamber for the neutron TOF measurements.

In order to reduce the y background, the beam dump was
placed 4 m downstream from the target and the beam line
was shielded with paraffin and lead bricks. The time spread in
the beam was continuously monitored using a BaF, detector
placed close to the beam dump, and it was found to be 600 ps
at different beam energies. Discrimination between neutrons
and y rays was made by using the pulse shape analysis based
on the zero crossing [27] and TOF technique. The TOF of
neutrons were converted into neutron energy by considering
the prompt peak of y in the TOF spectrum for reference time.
Data was also taken with a thick sheet of iron in front of a
neutron detector to estimate the level of background in the
neutron spectra; it was found to be negligible.

The recorded neutron energy distribution was corrected
for the energy dependent efficiency of each detector. The
efficiency curve of the neutron detector as a function of neutron
energy was obtained by using the Monte Carlo computer code
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MODEFF [28]. The Monte Carlo calculations, in turn, were
verified by measuring the relative efficiency of the detector by
using a 2>2Cf spontaneous fission source. The threshold of the
neutron detectors was kept at about 0.5 MeV by calibrating it
with the standard y sources (!*’Cs and ®*Co) [29]. The trigger
of the data acquisition was generated by logical OR of the two
fission fragments (cathode of the two MWPCs) which was
further AND-gated with the RF of the beam.

III. DATA ANALYSIS AND RESULTS

The pre- and post-scission components of neutron mul-
tiplicities are obtained from the measured neutron energy
spectra by using a multiple source least-square fitting pro-
cedure, using the Watt expression [18,30]. Three moving
sources of neutrons (the compound nucleus plus two fully
accelerated fission fragments) are considered while determin-
ing the multiplicities from the simultaneous fits. The neutrons
emitted from these moving sources are assumed to be isotropic
in their respective rest frames. Thus the measured neutron
multiplicities are given as

Z 2(,TT )3/2

[ E, —2
X exp | —

dE,dQ, dQ

E,E/Ai cosd' + Ef/Af]
Ti ‘

ey

In the above, E, is the neutron energy in the laboratory frame
and A’, E', T', and M are the mass, energy, temperature,
and multiplicity of each neutron emitting source i. 8 is the
direction of a neutron with respect to the respective source.
Fission fragment velocities and folding angles are obtained
from the Viola [31] systematic for symmetric fission. The
pre- and post-scission neutron multiplicities and temperatures
denoted by MP™, MPSt TP and TP respectively (here MP!
refers to the neutron multiplicity from one of the fragments) are
determined from the least-square fits considering them as free
parameters. The post-scission emission parameters MP and
TP are considered to be same for both the fission-fragments.
Minimum values of x2/(degrees of freedom) on the fitting
procedure are in the range of 0.7 to 1.0. The errors shown are
obtained from the fits and arise from statistical uncertainties.
Fits are also obtained using 77" as a fixed parameter as T =
J/(E*/a), where E* is the excitation energy and a is the level
density parameter, taken as A/10 for the compound nucleus
(CN) where A is the mass number of the CN. TP is scaled
down by a factor of 11/12 to account for multistep evaporation
[32]. However, the neutron multiplicities thus obtained are
found to be close to those obtained by keeping 7P™ as a free
parameter and are within the error bars.

The total average neutron multiplicity M is obtained from
the fitted values of MP™ and MP*' as M = MP™ + 2 MPS,
All the multiplicities for all the systems are given in Table I.

The angular acceptance of both the neutron detectors and
the fission detectors are taken into account while calculating
the relative angle between the neutron and the source direction
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in the fitting procedure. Figure 2 shows the fits to the double
differential neutron multiplicity spectra at various angles for
160 4+ 194Pt at 100 MeV of beam energy.

We next plot the pre-scission neutron multiplicities at each
compound nuclear excitation energy as a function of N/Z in
Fig. 3. While MP™ increases with N/Z at the three higher
excitation energies, a minimum is observed for 212Rn at the
lowest excitation energy. Since the numbers of neutrons in the
210.212.214.216p h nyclei are 124, 126, 128, and 130 respectively,
one might expect that the appearance of the above minimum
is due to the shell closure effects at N = 126 for 2!>Rn. If we
assume MP"™ is simply proportional to the neutron decay width,
which in turn is approximately proportional to exp(—B,/T),
and use the experimental nuclear masses to obtain the last
neutron binding energies (B,,) of 210:212.214.216Rp a5 874, 7.98,
6.69, and 6.65 MeV respectively, a monotonic increase of MP®
with N/Z is predicted. The trend remains the same when
emission of the second neutron is also considered. Though
the experimental MP™ values at the higher excitation energies
agree with prediction, the appearance of the minimum at the
lowest excitation energy remains to be explained. We therefore
perform statistical model calculations in order to study the
detailed nature of the experimental data.

IV. STATISTICAL MODEL ANALYSIS

In the statistical model calculation, emission of light
particles (neutron, proton, and «) and giant dipole resonance
(GDR) y rays are considered as decay channels for an excited
compound nucleus in addition to fission. The light particle and
the GDR y partial widths are obtained from the Weisskopf
formula [33]. The fission width is calculated following the
work of Kramers [11] where the dynamics of the fission
degree of freedom is considered similar to that of a Brownian
particle in a heat bath. The temperature of the heat bath which
represents all the other nuclear degrees of freedom is given by
the compound nuclear temperature 7. The driving force in a
thermodynamical system such as a hot nucleus is provided by
the free energy of the system [34,35]. The free energy F is
given by the Fermi gas model as

F(q,T) = V(q) — a(q)T?, 2)

where q represents the collective coordinates and the collective
potential V(q) is obtained from the finite-range liquid drop
model (FRLDM) [36]. The rotational energy of the compound
nucleus is obtained using the shape-dependent rigid body
moment of inertia and is included in the FRLDM potential. In
the above equation, a(q) is the level density parameter which
depends on the shape of the compound nucleus specified by
the collective coordinates q. Denoting the fission barrier in the
free energy profile by Fp, the Kramers’ fission width is given
as [11,37],

ho —Fp B\’ B
r 8 I 1 — , (3
K= exP( T ) + <2a)> 2w | @

where f is the dissipation coefficient. In the above equation,
wg and w, are the harmonic oscillator potentials which have
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TABLE 1. Experimentally measured neutron multiplicities and temperatures for 80 + 19419P¢ reactions

Reactions CN N/Z E'® E* MPrre Mrost M TP Trost
(MeV)? (MeV) (Ferr) (Ferr) (xerr) (Ferr) (Ferr)
100 4 194pt 20Rn 1.441 86.5 50 1.854 0.76 3.374 1.12 0.91
0.07) (0.03) (0.10) (0.03) (0.02)
98.4 61 2.37 0.88 413 1.23 1.00
(0.09) (0.03) 0.11D) (0.03) (0.025)
109.9° 71.7 2.77 0.89 4.55 1.52 1.002
0.1) (0.05) 0.14) (0.05) (0.05)
117.8° 79 3.24 0.832 4.904 1.49 1.00
0.1) (0.05) 0.14) (0.06) (0.068)
130 4 1%4pt 212Rn 1.465 84.05 50 1.61 0.632 2.878 1.18 0.9
0.07) 0.02) (0.10) (0.03) (0.02)
96.1 61 2.53 0.806 4.142 1.19 0.90
(0.09) (0.03) 0.11) (0.03) (0.03)
107.75° T1.7 2.95 0.722 4.39 1.47 1.00
0.1) (0.05) 0.14) (0.06) 0.07)
115.7° 79 3.32 0.859 5.038 1.49 1.001
0.1) (0.05) 0.14) (0.05) (0.06)
160 4 198pt 2l4Rn 1.488 86.9 50 1.95 0.74 343 1.14 0.85
(0.08) (0.02) (0.10) (0.03) (0.023)
98.75 61 2.76 0.78 4.32 1.16 0.90
(0.09) (0.03) 0.11) (0.02) (0.02)
110.25 71.7 3.41 0.75 491 1.46 0.90
0.1) (0.04) (0.13) (0.04) (0.05)
118.2 79 3.53 0.836 5.202 1.52 1.009
0.1) (0.05) (0.14) (0.04) (0.058)
180 4 198pt 216Rn 1.511 88.3 50 2.1 0.73 3.56 1.13 0.88
0.1) (0.025) 0.11) (0.06) (0.08)
100.35 61 2.93 0.85 4.63 1.24 0.91
(0.11) (0.03) 0.12) (0.03) (0.028)
111.9 71.7 3.70 0.802 5.303 1.45 0.93
0.1) (0.05) 0.14) (0.04) (0.025)
119.8 79 3.83 0.801 5.432 1.45 0.93
0.1) (0.05) 0.14) (0.04) (0.05)

4Corrected for energy loss in the target.
"Measurements were made with a 530 ;g/cm? platinum target.

the same curvatures as those of the free energy profile at the
ground state and at the saddle configurations respectively.

The Kramers’ fission width of Eq. (3) represents a stationary
fission rate which is reached after an initial delay or the
transient time. This is taken into account in the statistical model
calculation by using the following parametrized form of the
time-dependent fission width [38]:

() = [l —exp(—=2.3t/7/)], “4)

where the transient time 7 is given as

B [10F,
7= .
2a)§ T

In the statistical model calculation, a compound nucleus is
followed in time over small time steps and at each time step,
the fate of the compound nucleus is decided by a Monte Carlo
sampling using the particle, y, and the fission widths [39]. In
the event of a particle or y emission, the residual nucleus is
appropriately redefined and its excitation energy and angular

momentum adjusted through another Monte Carlo sampling
procedure. The process continues till either the compound
nucleus undergoes fission or an evaporation residue is formed.
According to the definition of the Kramers’ fission width,
a fission event corresponds to the crossing of the saddle
point by the compound nucleus. Hence for a fission event,
the compound nucleus can emit further neutrons (or other
particles) during its journey from saddle to scission which
contributes to the pre-scission multiplicity. The number of such
neutrons are also calculated by using the saddle-to-scission
time interval given as [17]

Tss = TSOS(\/ 1+ )/2 + J/)9 (5)

where 7, is the nondissipative saddle-to-scission time interval
[40]. We have also calculated the multiplicity of neutrons emit-
ted from the fission fragments (MP°") assuming symmetric
fission.

An important input to the statistical model calculation is the
level density parameter. The level density parameter is taken
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FIG. 2. (a)-(h) Double differential neutron energy spectra for '°0 + **Ptat 61 MeV excitation energy along with the fits for the pre-scission
(dashed curve) and post-scission from one fragment (dotted curve) and that from the other (dot-dashed curve). The solid curve represents the

total contribution.

from the work of Ignatyuk er al. [41] and is given as follows:

alU)=a [1 + %SW],

fWU) =1—exp(=U/Ep),

where U is the thermal energy of the compound nucleus, § W
is the shell correction taken from the difference between the
experimental and liquid drop model masses, Ep accounts for
the rate at which the shell effect melts away with an increase
of excitation energy, and d is the asymptotic value to which the
level density parameter approaches with increasing excitation
energy of the compound nucleus. @ depends upon the nuclear
mass and the shape in a fashion similar to the liquid drop model
of mass [42].

We first perform statistical model calculation with g =0
in Eq. (3) which reduces the Kramers’ fission width to the
Bohr-Wheeler transition state fission width corrected for the

(6)

4.0 T T T T T T T T T T T
’i B Rn?°
Tl Rn22
35} e : R: i
i» """"" _i—. ) + v Rn%®
3.0F T J
R
o 25 - [ 3 .
L2 , |
20+ e
- ——E*=50 MeV |
- - - E*=61MeV
5 5 E*=71.7 MeV |
—-—-- E*=79 MeV

144 146 148 150 152 1.54
N/Z(CN)

FIG. 3. Variation of MP*® with B for different systems. The
experimental values are also shown.

phase space due to vibrations around the ground state shape
[12,43]. The calculated excitation functions for MP™ and
M'™" are compared with the experimental values in Fig. 4.
It is observed that pre-scission neutron multiplicities are
underpredicted for all the cases though the total neutron
multiplicities are reasonably well reproduced. This is due to
the fact that emission of both pre- and post-scission neutrons
together account for depletion of most of the initial excitation
energy of the compound nucleus.

Pre-scission multiplicities are next calculated with different
values of g in the Kramers’ fission width. The fission width
decreases with increasing values of B resulting in larger
MP™ values. Figure 5 shows variation of MP™ values with
B for different Rn isotopes at a number of given excitation

ol m e 210R0 @ | 212p0 (b)
ot
5[ o M o | °
4 ¢ ¢
= 3 ® " .
S . * . -
= [
2 2r u r
=
— .\—/
S 1t H
E 0 T
214 R
S o R (@ | N
®
D 5} J ‘i /
Z a4l [ .
° - [ o .
3t - H .
2l u n
1+
0

50 55 60 65 70 75 80 50 55 60 65 70 75 80
E'(MeV)

FIG. 4. (a)-(d) Experimental excitation functions of MP* and M**
with statistical model results for 8 = 0 (solid lines).
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FIG. 5. (a)-(d) Variation of calculated MP* with § for different
systems. The experimental values are also shown. The value for which
the calculated MP™ matches the experimental value is taken as the
best-fit B value for a given system.

energies. The experimental MP™ values are also given in the
plots. The value for which the calculated value of MP™ matches
the experimental value is taken as the best-fit § value for a
given system. The 8 dependences of M in Fig. 5 are similar
to those in Ref. [25]. However, the isotopic dependence of
the present calculation is much weaker than that of Ref. [25]
where calculations for systems with large N/Z variation are
reported.

The best-fit B values at each excitation energy for each
compound nucleus are given as a function of N/Z in Fig. 6.
In this plot, the shaded area corresponds to the uncertainty in
the fitted 8 values due to the experimental error in MP™. It is

40 T T T T T T
35} i ]
I I T AE
3.0+ | 5 i
25} : 1
—_ [ n 210Rn
g 20 ' ° 212Rn T
2 15} 4 *"Rn 1
= 3 v Z°Rn
1.0} ——E'=50 MeV T
I - --E'=61MeV
0.5 i 2 E'=71.7 MeV|
0.0} —-—--E'=79 MeV
144 146 148 150 152 1.54 1.56

N/Z(CN)

FIG. 6. Variation of the best-fit values of g with N/Z of the
compound nuclei at different excitation energies. The shaded areas
represent the uncertainty in 8 associated with the experimental error
in MPe.
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- 210Rn

0 y N 1 s 1 . 1 s 1 . 1 N 1
50 55 60 65 70 75 80

E'(MeV)

FIG. 7. Variation of the best-fit values of B with excitation
energy for different compound nuclei. The shaded areas repre-
sent the uncertainty in B associated with the experimental error
in M.

noted in this figure that the best-fit 8 has a minimum at >'>Rn
for the lowest excitation energy, though at higher excitation
energies, N/Z dependence of B8 does not show any specific
trend. It is of further interest to note that the N/Z dependence
of B is similar to the N/Z dependence of MP* (Fig. 3) at the
lowest excitation energy. Since the minimum in MP™ at 2!’Rn
cannot be understood in terms of neutron partial widths alone
as we have discussed in the previous section, it indicates a
shorter fission half-life for '?’Rn compared to the neighboring
isotopes. Consequently, a minimum in § with respectto N/Z
appears at 2'>Rn. Since 2'’Rn has a closed neutron shell at
N = 126, the above N/Z dependence of § is also expected
from the microscopic theory of one-body dissipation [44],
where incoherent particle-hole excitations cause dissipation.
In an isotopic chain with a closed shell nucleus, particle-hole
excitation is easier for the nonclosed nuclei than the closed
shell one, and consequently the former is expected to be more
dissipative than the latter. Evidently, this picture is valid only
at excitation energies where the shell structure persists. The
present results thus suggest presence of shell effects at the
lowest excitation energy. A similar observation is also made
in a recent work [24] where measurements of pre-scission
neutron multiplicities from Fr isotopes are reported. At higher
excitation energies, however, the particle spectrum becomes
more complex and the N/Z dependence of 8 does not present
a clear picture.

The excitation energy dependence of the best-fit 8 values is
shown in Fig. 7. We here observe a strong (initial) excitation
energy dependence of . Several factors not considered in
the present study possibly contribute to the observed energy
dependence. These include neglect of higher order terms in
collective speed in the basic definition of the dissipative force
[45] and shape dependence of dissipation [4]. It is, however,
expected that the inclusion of the above effects will not alter the
relative dissipation strengths of the nuclei at a given excitation
energy.
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V. SUMMARY AND CONCLUSION

Pre-scission neutron multiplicities have been measured for
the 16180 + 194198p¢ reactions forming compound nuclei
at excitation energies of 50, 61, 71.7, and 79 MeV. The
compound nuclei have the same value of Z but different
neutron numbers. The measured pre-scission neutron multi-
plicities increases with the increase of N/Z of the compound
nuclei at all excitation energies except the lowest one. Pre-
scission multiplicities measured at the lowest excitation energy
display a minimum at the compound nucleus >'?Rn with
N = 126.

The measured multiplicities are analyzed with the statistical
model of nuclear decay where fission hindrance due to
nuclear dissipation is considered. The dissipation strength
is treated as an adjustable parameter in order to fit the
experimental data. The N/Z dependence of the dissipation
strength at the lowest excitation energy of the compound
nuclei suggests shell closure effects. However, such effects
are not observed at higher excitations where the variation of

PHYSICAL REVIEW C 87, 014604 (2013)

the dissipation strength with N/Z does not show any specific
trend.
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