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Measurement of neutron multiplicity to investigate the role of entrance
channel parameters on the nuclear dissipation
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In the present work, the pre- and post-scission neutron multiplicities were measured for the reaction %0 +
186\ at different excitation energies populating the compound nucleus >**Pb, using the National Array of Neutron
Detectors (NAND) facility at [UAC, New Delhi, India. Here, we investigated the entrance channel effect on
the nuclear dissipation involved in the heavy ion fusion-fission dynamics. The statistical model analysis was
performed using the code VECSTAT. The prescribed reaction 80 4 '86W had similar value of the mass asymmetry
as the system 'O + '8!Ta studied earlier, populating the compound nucleus *’TI. Specifically, we observed
the similar behavior from both the systems against the nuclear dissipation, with the similar value of the mass
asymmetry. The role of the entrance channel parameters on the nuclear dissipation was also discussed in the

present work.
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I. INTRODUCTION

The study of heavy-ion induced fusion-fission reactions is
an interesting topic in the domain of nuclear physics, investi-
gated by theoretical as well as experimental approaches. Here,
the projectile is captured by the target nucleus and a com-
pound nucleus (CN) is formed, equilibrated in all degrees of
freedom. The fusion-fission process of the excited compound
nucleus can be understood by the evaporation of particles
such as alpha, proton, neutron, gamma, and fission fragments.
In the collision between two heavy nuclei, quasifission as
well as fusion-fission have a considerable contribution in the
process. The measurement of the pre-scission multiplicity of
light charged particles [1,2], the neutrons [3-5], and GDR y
rays [6,7], evaporation residue cross sections [8,9], and the
mass and angular distribution of the fission fragments [10,11]
are well-established tools to understand the heavy-ion induced
fusion-fission process.
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In the fusion-fission process, dynamical effect plays a
crucial role, slowing down the decay process of the CN. To
understand the fission hindrance, the multiplicity of the dif-
ferent type of particles is experimentally measured, which is
higher than the standard statistical model predictions [12,13].
The excess yield of the particle multiplicity from the heavy
compound system indicates the slowing down of the fission
process, described by the transition-state model of the fission
[14]. The slowing down of the fission process or fission
hindrance can be understood incorporating the concept of
the nuclear dissipation. The dynamical effects are present
in the decay of CN from the presence of nuclear viscosity.
The nuclear dissipation is one-body in nature [15], which is
described by incorporating the concept of wall and window
friction. Fission delay time is also calculated for the excess
pre-scission neutrons [10,16], directly related to the magni-
tude of the nuclear dissipation.

Nuclear dissipation is one of the most interesting topics in
nuclear physics at the lower and intermediate energy. Nuclear
dissipation is caused by the the coupling of the collective
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motion with the particle degrees of freedom in the mean-
field nuclear dynamics. Apart from the nuclear dissipation,
fission timescale depends on the shell effects in fission bar-
rier height and the density of the nuclear levels [8,17]. In
the experimental measurements of heavy-ion induced fusion-
fission reactions, shell effect plays an important role. Neu-
tron multiplicity measurements are reported to observe the
effect of shell closure on the nuclear dissipation [18-20]. The
measurements of pre-scission neutron multiplicity are done
for the compound nuclei with same Z but different N values
[18,21,22]. It has also been investigated theoretically that
the dissipation strength is sensitive with respect to the N/Z
ratio [23,24]. However, the experimentally measured neutron
multiplicity spectra does not show any specific trends with
respect to the N/Z ratio [20,25]. Pre-scission neutron mul-
tiplicity is measured for the two different reaction channels
populating the same compound nucleus at the same excitation
energy. Neutron multiplicity is higher for the more symmetric
reactions, which represents that nuclear dissipation depends
on the entrance channel [26,27].

Influence of fusion dynamics on the fission observables
was studied dealing with the effect of the entrance channel
mass asymmetry, bombarding energy, angular momentum,
and excitation energy imparted to the compound nucleus [28].
It was observed that to develop a unified model of the fusion-
fission dynamics further measurements are needed, and to
discriminate the role of the fusion and fission dynamics a
large set the experimental data is required. The statistical
model analysis was performed for the neutron multiplicity;
data are available in the literature. The higher value of the
neutron multiplicity was observed for more symmetric reac-
tions in comparison with the asymmetric reactions forming
the same compound nucleus; in a few cases, a reverse trend
was also observed [29]. These observations suggest more neu-
tron multiplicity measurement to study the entrance channel
dependency, and to understand the systematics of the fusion-
fission reactions. In the present work, we have experimentally
measured the pre- and post-scission neutron multiplicity for
the reaction '80 4 '8W populating the CN 2Pb at the three
excitation energies 78.92 MeV, 74.36 MeV, and 69.80 MeV.
Here, we have selected the reaction 80 + '36W because it has
the nearly same value of entrance channel mass asymmetry
as the earlier studied system 'O + '8!Ta [26] populating the
CN '""TI. Therefore, the present study can describe the effect
of entrance channel parameters on the nuclear dissipation by
measuring the pre-session neutron multiplicity.

II. EXPERIMENTAL DETAILS

The experiment was performed using the National Array
of Neutron Detectors (NAND) facility at Beam Hall-II of
the Inter University Accelerator Center IUAC), New Delhi,
India. The pulsed beam of '*O with a repetition rate of 250 ns
delivered from 15UD Pelletron accelerator was bombarded on
186W target of thickness 637 pg/cm? with carbon backing
of 40 j1g/cm?. The target was prepared by the evaporation
method, where the tungsten material was evaporated on the
carbon substrate. The target was placed in the center of a

spherical shaped scattering chamber of 1-m diameter on the
target ladder, which can move in the vertical directions.

The fission fragments were detected using a pair of the
multiwire proportional counters (MWPCs) of active area
11 x 16 cm?, placed at the folding angle. First MWPC was
placed in the forward direction at the distance of 26 cm (35°)
and another was in the backward direction at distance of 21 cm
(126°) from the target, where angles are considered with
respect to the beam directions. MWPCs were operated with
isobutane gas at gas pressure of 4 mbar. The time-of-flight
(TOF) information of the fission fragments were obtained
using the fast timing signal of the MWPCs with reference to
the beam arrival time. Using the TOF signal, fission fragment
events were separated from the other competing channels.
Two silicon surface barrier detectors (SSBD) were also placed
inside the chamber at =12.5° with respect to the beam direc-
tions to monitor the beam.

The neutrons emitted from the CN and fission fragments
were detected using the organic liquid scintillator (BC 501)
detectors of the NAND facility [30,31]. The array consists
of 100 neutron detectors placed at a different polar 6 and
azimuthal ¢ angles in the configuration of semispherical shape
with a fixed radius of 175 cm [32]. The cylindrical neutron
detector dimension was 5 inch x 5 inch. The flight path
of the detectors from the target position was 175 cm. The
array contains eight rings on the semispherical dome, where
the eighth ring corresponds to the 15° below the reaction
plane. In the reaction plane, 16 detectors were kept ranging
from 18° to 342° and the remaining 84 detectors were out
of the reaction plane. The threshold for the neutron detectors
was kept at about 0.5 MeV by calibrating with the standard
gamma sources ("¥7Cs and ®°Co) [33]. The neutrons were
discriminated using the pulse shape discrimination (PSD)
based on the zero crossing and TOF technique [34]. The
neutron TOF spectra were converted into the energy spectra
by considering the prompt y peak as the reference line. To
reduce the background, the beam dump was placed 4 m
downstream from the target and it was shielded with paraffin
and lead bricks. A blank run was also taken to estimate the
level of background in the neutron spectra, which was found
to be negligible. The neutron detector efficiency used in the
experiment was measured experimentally by using the >>>Cf
source kept at the target position.

The data were collected in the event-by-event mode using
the VME-based data acquisition system based on the LAMPS
(Linux Advanced Multi-Parameter System) software. The
data acquisition was triggered by making the coincidence
between the RF of the beam pulse and OR of the MWPCs.

III. DATA ANALYSIS AND RESULTS

The neutron TOF spectra were converted into energy spec-
tra by using the relation,

o] d\’ 0
ﬂ_2mnt £

where E, is neutron energy, m, iS neutron mass, d is the
distance between target and detector, and ¢ is the neutron
TOF. The pre- and post-scission components of the neutron
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FIG. 1. Neutron multiplicity spectra (filled squares) at various angles for the reaction 30 + '36W at E},,, = 106.51 MeV along with the fits
for the pre-scission (dashed lines) and post-scission contributions from the one fragment (dotted lines) and that from the other (dotted-dash
lines) are shown. Here, the solid black line represents the total contribution.

multiplicities were extracted from the experimentally mea-
sured neutron energy spectra. Fitting was done using the Watt
expression [12] by the procedure of multiple source least-
square fitting, which is given as

d*M, _23: M JE,
dE,dQ, = 2(nTi)3/?

i=1

[ E, — 2JE,ET/Ai cosef+El‘/A'}
X exp | — T .

@)

There are three sources of neutrons: pre-scission neutrons are
emitted from the compound nucleus and post-scission neu-
trons are emitted from the fully accelerated fission fragments.
In Eq. (2), E,, is the energy of emitted neutrons in the labora-
tory frame and A, E', T', and M are, respectively, the mass,
energy, temperature, and multiplicity of each neutron emitting
source. The emitted neutrons from these moving sources are
assumed to be isotropic in their respective rest frames. The
energy of fission fragments and folding angles were obtained
from the Viola systematics for the symmetric fission [35].
To avoid any angular uncertainty, fission events are only
selected in the range of +6.5° from the central position of
the MWPCs. Pre- and post-scission neutron multiplicities and
temperatures, denoted, respectively, as MP™, MP*!, TP and
TP were determined by least-square fitting considering them
as free parameters. MP*' and TP*' were considered to be
equal for both the fission fragments by assuming the fission

process completely symmetric. The total neutron multiplicity
M™" can be written as the sum of MP™ and two times of MP°*
as

Mtol — Mpre + 2 x Mpost. (3)

Fitted plots to the double differential neutron multiplicity
spectra at various angles for the reaction 130 + 86W at 106.51
MeV are shown in Fig. 1 and values of all the multiplicities
and temperatures are given in Table 1.

The total double differential neutron spectra, as a con-
tribution from different neutron emitting sources, depends
on the laboratory angles with respect to the beam direction.
Measurements are made at various fission-neutron correla-
tion angles; because of the effect of kinematic focusing for
fragment emission pre- and post-components are separated.
It was observed in Fig. 1 that the post-scission contributions
are dominant at the angle around 0°. We have plotted the
pre-scission and total neutron multiplicity for the reaction
180 4 186W at different excitation energies as shown in Fig. 2.
The value of MP™ and M increases with increasing value of
the excitation energy of the CN.

The pre-scission neutron emission probability is approxi-
mately given as % ~ exp BV®/T where I, and Ty are
neutron emission and fission decay widths, B, and Vp are
neutron binding energy and fission barrier, respectively, and
T is the compound nucleus temperature. The fission barrier
height decreases with increasing value of the excitation energy
of the compound nucleus, and for B,, > Vp neutron emission
probability increases with 7.
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TABLE 1. Experimentally measured values of neutron multiplicities and temperatures for the reaction 30 + 136w,

Eis (MeV) Egy (MeV) M Mres M TP TP

96.49 69.80 214+ 025 1.27 £ 0.09 4.68 £ 031 151 £0.12 0.98 =+ 0.05
101.50 74.36 247 +£0.22 1.17 £ 0.08 4.81+027 1.55 £ 0.09 0.98 + 0.05
106.51 78.92 3.09 +0.26 1.06 £ 0.10 5214028 1.57 £0.08 0.98 £ 0.06

IV. THEORETICAL CALCULATIONS

We have estimated the values of MP* and MP* for the
reaction %0 + '8W using the statistical model calculation
(VECSTAT) [36]. The statistical model considers the emission
of light charged particle, neutron, GDR y rays, and fission of
the compound nucleus. The partial decay width of the light
particle and GDR y rays were obtained from the Weisskopf
formula [37]. The dynamics of the fission degrees of freedom
are considered similar to the Brownian particle in a heat bath
and fission width is calculated from the work of Kramers [38].
The compound nucleus temperature 7 is considered as the
temperature of the heat bath corresponding to all the nuclear
degrees of freedom. The hot nucleus is driven by the force
provided by the free energy of the system [39,40], which is
given by the Fermi gas model as

F(q,T)=V(q) — a(q)T?, 4)

where ¢ is the collective coordinates, V(q) is collective
potential obtained from the finite-range liquid drop model
(FRLDM)[41], and a(q) is the level density parameter, which
is dependent on the shape of the compound nucleus. The
Kramer’s fission width is written as [38,42]

Fl(z) — VB ,3 2 :3
Mg = —% — 1 - 5
K= on emo( T ) +_<2ag> 2on | @

where B is the dissipation coefficient, Vj is the fission barrier
in the free energy profile, and wg, and w; are the frequency
of a harmonic oscillator potential at ground state and saddle
configuration, respectively.

During the decay process of CN, the Kramers’s fission
width is a stationary fission rate, therefore a time-dependent
fission width is used to account for the transient time, which
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FIG. 2. Experimental values of pre-scission and total neutron
multiplicity for the reaction 30 + 136w,

passes off before the stationary value of the Kramer’s modified
width is reached. It is introduced in the statistical model by
using a parametrized form of the dynamical fission width,
which is written as [43]

[r(t) = Tg[l — exp(—2.3t/1¢)], (6)

B 10Vp
=5 In
2a)g T

is the transient time period. The stability of the CN is decided
by the relative magnitude of the various decay channels in
the statistical model. After the emission of light particles and
y rays, a residual nucleus is formed having new excitation
energy and angular momentum. This process remains to con-
tinue until either the compound nucleus undergoes fission
or an evaporation residue is formed. In the case of fission,
further emission can take place during the transition from
the saddle to scission, which contributes to the pre-scission
multiplicities. This saddle-to-scission time interval is given as
[44]

where

2
Ty =10 1+(ﬁ)+ﬁ ; (7)

2wy 2wy

where 0 is the nondissipative saddle-to-scission time interval
[45].

In the present work, we have performed the statistical
model calculation and statistical model predicts the different
values of MP™ with different values of 8 as shown in Fig. 3.

Statistical model predictions with B = 0 s~! are found
to underestimate the experimental value of MP™ as shown

4 ‘ : ‘ ‘
[ |m—m Experiment ]
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-+ Theory B=6.0
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FIG. 3. Experimental values of pre-scission neutron multiplic-
ities for the reaction '*0 + W and their comparison with the
statistical model predictions.
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in Fig. 3. The experimentally measured value of the MP™ is
perfectly estimated by the statistical model providing the dis-
sipation parameter in the range of g = (4.4-6.0) x 10?! s~
In our earlier work, neutron multiplicity was measured for
the same compound nucleus populated with two different
entrance channels. The experimentally measured neutron
multiplicity for the symmetric entrance channel was higher
compared to the asymmetric entrance channel [27]. It was
concluded that the formation time of CN is entrance channel
dependent and is higher for the symmetric systems compared
to the asymmetric systems. Therefore, the higher value of
the dissipation coefficient 8 is required in case of the more
symmetric systems compared to the asymmetric systems. The
nuclear dissipation slows down the fusion-fission process and
results in the increment in the neutron multiplicity during the
evolution of the CN. Because the statistical model considers
the pre-scission neutron multiplicity after the formation of the
compound nucleus, but in the experimentally measured values
of neutron multiplicity, neutrons emitted during the formation
of the compound nucleus also have a significant contribution
[27].

Here, we have matched the entrance channel mass asym-
metry @ = (A, — A,)/(A; +A,), of the reaction '30 + 156w
(e = 0.824) with the already studied system '°O + '3!TI
[26] (¢ = 0.838). The similar excitation energy for the
reaction 30 + "W is 70 MeV, which is matching with
the 72 MeV of the reaction '°0O + '8!Ta. We have also
calculated the formation time, ftm, using the dynamical
model calculation (HICOL) [46]. The value of formation time
(trorm & 25 x 10722 5) is almost the same for both the systems.
The reactions 30 + %W and '0 + '®!Ta are populating the
different CN, therefore pre-scission neutron multiplicity will
be different. The value of the pre-scission neutron multiplicity
is calculated using the SM for the reaction '°0 + 'ITI. It was
found that the B = 4.8 x10?! s~! was required to get the
experimental value for the reaction 160 + BIT1. which is in
the range as required for reaction '*0 4 '86W. This shows
that for the reactions '80 4 '8W and '°0 + '¥!TI (having
the similar value of entrance channel mass asymmetry « and
formation time f¢,m) the value of dissipation parameter S
is almost similar, which concludes that B is dependent on
the entrance channel mass asymmetry «. This observation is
providing a relation between the nuclear dissipation with the
entrance channel mass asymmetry for the present study.

To understand how the mass asymmetry is affecting the
nuclear dissipation in the fusion-fission process, we have

TABLE II. The entrance channel parameters for the reactions
considered for the analysis in this work.

Reaction CN E* (MeV) o ZpZy Ref.
BT+ 4Sm 22po 72 0.525 1364 [25]
BSi4+ Ly At 73 0.724 994 [3]
OF 4 184w 203Bj 74 0.813 666 [47]
180 4 186y 204pp 70 0.824 592  Present work
0 4 18Iy 1977 72 0.837 584 [26]
2Cc 4 94py  200pg 76 0.883 468 [48]

o Pl

i i

| | |
%.5 0.6 0.7 0.8 0.9
o

FIG. 4. Variation of the dissipation parameter 8 with respect to
the entrance channel mass asymmetry o.

chosen some already studied systems in the literature, popu-
lating the compound nucleus at near value of the mass number
and excitation energy. The reactions are shown in Table II.
We have performed the statistical model calculation for the
above mentioned systems, and the calculated value of the
MP"™ is matched with their experimental value by changing the
dissipation parameter 8. The required value of the dissipation
parameter § is plotted with respect to the entrance channel
mass asymmetry, which is shown in Fig. 4 and from the
same figure it is pointed out that for the lower value of the
mass asymmetry higher value of the dissipation parameter is
required.

Here, it can be seen that the nuclear dissipation decreases
with the increasing value of the mass asymmetry.

In Ref. [49], it was mentioned that during the formation
of the compound nucleus, nuclear dissipation depends on the
Coulomb factor ZpZr, and it increases with the increasing
value of the ZpZy. Because at the higher excitation energy
the maximum contribution of the neutron multiplicity is from
the formation process therefore we have tried to verify this
theoretical investigation. For this purpose we have used the
above mentioned systems as shown in Table II. The required
value of the dissipation parameter g is plotted with respect
to the Coulomb factor ZpZy, which is shown in Fig. 5 and

33
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wn
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FIG. 5. Variation of the dissipation parameter S with respect to
the Coulomb factor ZpZ;.
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it can be concluded that in the fusion-fission process, nuclear
dissipation increases with the increasing value of the Coulomb
factor.

V. CONCLUSION

In this work, we have measured the pre- and post-scission
neutron multiplicity for the reaction 'O + "W. We have
compared our results with the system '°O 4 '8!Ta, existing
in the literature. It was found that for the similar value of
the entrance channel mass asymmetry at the same excita-
tion energy, populating the compound nucleus in same mass
region, almost similar value of the dissipation parameter is
required. Moreover, we have chosen the different systems
from the literature with different mass asymmetry, populating
the compound nucleus with near value of mass number and
excitation energy. The required value of the dissipation pa-
rameter to match the statistical model predicted value of MP™
with the experimental value is higher for the lower value of

the entrance channel mass asymmetry. It concludes that in the
fusion-fission process, nuclear dissipation decreases with the
increasing value of the entrance channel mass asymmetry. In
the present case, it was also verified that nuclear dissipation
increases with the increasing value of the Coulomb factor
ZpZy as mentioned in the theoretical article [49].
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