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Fission fragment mass distribution in the 32S + 144Sm reaction
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Background: An asymmetric fission was reported by Andreyev et al. in β-delayed fission of 180Tl [Phys. Rev.
Lett. 105, 252502 (2010)]. Subsequent theoretical calculations suggested that the asymmetric nature of the mass
distribution is not restricted to the 180Hg only but is also expected for many other nuclei in the mass region
A ≈ 180. Thus, it is important to investigate fission fragment mass distribution for different fissioning systems
over a wide range of excitation energy in the mass region A ≈ 180.
Purpose: Present measurements have been carried out to study the nature of the fission fragment mass distri-
bution in the 32S + 144Sm → 176Pt reaction in the compound nucleus excitation energy range of 38.7–47.5 MeV
and investigate the role of multimodal fission.
Method: Mass distributions have been determined from the time of flight (TOF) of the fission fragments, which
was measured with respect to the beam pulse. Two multiwire proportional counters were placed at the folding
angle to detect the fission fragments. Measured TOF of the fission fragments was used to obtain their velocities,
which were further used to obtain the fission fragment mass distribution.
Results: The fission fragment mass distributions at all three beam energies were observed to have flattop natures,
which could not be fitted well by a one-Gaussian function. A fit using a two-Gaussian function significantly
improved the χ 2 values. The ratio of the most probable heavy to light fragment mass (AH/AL) was observed as
≈ 99.4/76.6. A systematic study of the centroid values of asymmetric peaks in the mass distribution for different
fissioning systems around mass region A ≈ 180 showed that heavier mass peak is centered around AH ≈ 100.
Further analysis of AH and AL to obtain the corresponding neutron and proton numbers gave heavy fragment
neutron number (NH) around ≈ 56 and light fragment proton number (ZL) in the range of ≈ 34–36.
Conclusions: Observation of the flattop nature indicated the contributions from multimodal fission having both
symmetric and asymmetric fission components, similar to those reported earlier in the mass region A ≈ 180,
although it did not show a clear dip in symmetry as observed in some of the studies. The observed values of
the neutron number in the heavy fragment (NH) and proton number in the light fragment (ZL) are consistent
with the values recently proposed in Phys. Rev. C 100, 041602(R) (2019) and arXiv:2007.16184] for fissioning
systems in the similar mass range. Comparison of the data on the width of the mass distribution from the present
paper with those from similar fissioning systems with different ZPZT values suggested that the observed width
of the mass distribution has a dependence on the neutron-proton configuration along with the entrance channel
dynamics.

DOI: 10.1103/PhysRevC.103.034612

I. INTRODUCTION

Fission fragment mass distribution is an important observ-
able to understand the fusion-fission mechanisms involved
in heavy-ion induced nuclear reactions along with the role
of the potential-energy landscape [1–6]. In the compound
nucleus (CN) fission, the nature of the mass distribution
is mainly governed by the evolution of the fissioning sys-
tem in a multidimensional potential-energy surface [7]. The
experimental observation of asymmetric mass distributions
in the low-energy fission of actinides was explained on
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the basis of shell and pairing corrections [8] to the po-
tential energy calculated using the liquid drop model [9].
Gustafsson et al. proposed that the asymmetric mass dis-
tribution in the actinide region can be attributed to the
asymmetric saddle at the outer barrier which becomes more
favored compared to the symmetric saddle due to the cou-
pling of [40��] and [51��] levels in the fissioning nucleus
[10,11]. In the lighter fissioning systems, such as 210Po, the
mass distribution was predicted to be symmetric [12,13].
However, Itkis et al., reported asymmetric mass distribu-
tion at an excitation energy of 30 MeV in the mass region
A ≈ 200 [14,15]. Asymmetric fission was also predicted
in rare-earth fissioning systems due to the coupling of
[30��] and [41��] levels in the fissioning nucleus making
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asymmetric splitting more favorable as in the case of actinides
[10,11].

The observation of asymmetric fission in β+/EC delayed
fission (βDF) of 180Tl by Andreyev et al. [16] and Elseviers
et al. [17] was referred to as a “new type of asymmetric fission
in proton-rich nuclei” as the most probable split did not yield
90Zr with N = 50 neutrons corresponding to spherical shell
closure. Recently, Ichikawa and Moller [11] showed in their
calculations that asymmetric mass distribution for 180Hg can
be explained in a similar way as explained for rare-earth nuclei
in Ref. [10] based on the coupling of [30��] and [41��]
levels in the fissioning nucleus. Based on Figs. 2 and 3 in
Ref. [11], the appearance of the saddle at larger elongation for
186Pt as compared to 240Pu could give a qualitative explanation
of observed asymmetry in 180Hg [11]. Ichikawa et al. cal-
culated the potential-energy surface for 180Hg which showed
only one symmetric valley at large elongation [18]. At this
large elongated saddle configuration, the neck between the
two preformed fragments is thin and, therefore, the fissioning
system cannot access the symmetric valley. The observation of
asymmetric mass distribution in the fission of 180Hg prompted
a series of theoretical and experimental investigations. Moller
et al. calculated the fission fragment mass distribution for
different mercury isotopes (in the mass range of 174–188)
and showed that the asymmetric nature is not only restricted to
180Hg, but also it could be expected for other mercury isotopes
up to the excitation energy as high as 40 MeV [19]. These
calculations were based on the single-particle effects in the fis-
sioning nucleus. Calculations based on fragment shell effects
by Andreev et al. showed that the asymmetric mass distribu-
tion in Hg isotopes could be expected even at higher excitation
energies [20]. Recently, Andreev et al. calculated the fission
fragment mass distribution in different Po and Ir isotopes at
low excitation energies based on an improved scission point
model [21,22]. These calculations showed both symmetric
and asymmetric fission contributions in the β-delayed fission
of 194,196At with the major contribution being symmetric fis-
sion. For Ir isotopes, mass distributions were calculated at an
excitation energy of 10 MeV above the saddle point which
showed a transition from symmetric to asymmetric mass
distribution whereas moving from a heavier (A = 193) to a
lighter (A = 185) isotope [22]. Recently, Scamps and Simenel
calculated the fragment single-particle energy states in the
sublead region predicting asymmetric mass distribution [23].
These calculations were further extended to the other nuclei
in Ref. [24]. The authors showed that asymmetric splitting
is energetically more favorable than symmetric splitting of
180Hg. Based on the calculations in Ref. [23], the observed
asymmetry in the mass distribution is due to the appearance
of shell gaps in the neutron and proton energy levels for
fission fragments with octupole deformation at scission. These
calculations predict proton shell closure in the light fragment
to be the dominant driving force for the asymmetry along with
the neutron shell closure in the heavy fragment.

Various experiments carried out in the mass range of A ≈
180 using heavy-ion induced fission showed, in general, a flat-
top mass distribution which was attributed to the admixture of
symmetric and asymmetric fission components [25–28]. In a
recent study on the fission fragment mass distribution and total

kinetic energy (TKE) in the 36Ar + 142Nd → 178Pt reaction,
asymmetric and symmetric fission components were associ-
ated with the different TKE values indicating contribution
from different fission modes [26]. In this paper, the observed
flattop mass distributions were deconvoluted into symmetric
and asymmetric components by gating with different TKE
values arising from the symmetric and asymmetric fission
modes with an asymmetric component to be the dominant
contribution in the excitation energy range of 38.6–58.4 MeV.
In a study by Prasad et al., a clear dip in the symmetric
region in the mass distribution for 182Hg was observed at
an excitation energy of 33.6 MeV [28]. In light of the new
theoretical developments as well as all recent experimental
results, it is important to carry out extensive measurements
for fissioning systems with varying neutron-proton numbers
in the mass region around A ≈ 180 at different excitation
energies to understand the origin of the asymmetry in the
mass distribution. It is particularly important to extend these
studies to the lighter mass region for which mass distribution
measurements are even more limited.

In the present paper, experiments have been carried out
to determine the fission fragment mass distribution in the
32S + 144Sm reaction at Elab = 143.9, 149.4, and 154.7 MeV.
The present reaction system leads to the formation of the
compound nucleus 176Pt extending the mass distribution mea-
surements to the lighter mass region. The excitation energy of
the compound nucleus in the present paper is in the range of
38.7–47.5 MeV.

II. EXPERIMENTAL DETAILS

Experiments were carried out at the BARC-TIFR
Pelletron-LINAC facility at the Tata Institute of Fundamen-
tal Research, Mumbai, India. An electrodeposited target of
144Sm (enrichment ≈ 94%) having thickness ≈ 120 μg/cm2

on aluminum backing (thickness: 550 μg/cm2) was bom-
barded with a 32S beam of energy 150.4, 155.9, and 161 MeV
with the aluminum backing facing the beam. The beam ener-
gies obtained after accounting for the energy loss in the Al
backing were 143.9, 149.4, and 154.7 MeV, corresponding
to the excitation energy of the compound nucleus as 38.7,
43.2, and 47.5 MeV, respectively. Two multiwire proportional
counters (MWPCs) were placed in a scattering chamber of
diameter 1.5 m at the folding angle (θlab = ±66.5◦) for the co-
incident detection of the fission fragments recoiling out of the
target [29]. A schematic of the experimental setup is shown
in Fig. 1. From each detector, one timing and four position
signals (two for X positions and two for Y positions) were
fed into a time to digital converter (TDC) after introducing
appropriate delays. The signals in the TDC were recorded
by taking the radio-frequency (RF) signal associated with the
beam pulse from the accelerator as a reference or start signal.
The trigger or start signal was generated by making an “AND”
gate of the RF signal with the output of the “OR” gate of
timing signals from MWPCs. Two monitor detectors were
placed at ± 20 ° in order to detect the elastically scattered
beam particles. The experimental data were acquired event
by event using a VERSA-Module Euro card (VME) based
multiparameter data-acquisition system [30].
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FIG. 1. Schematic of detector setup inside a general purpose
scattering chamber. The two MWPCs are placed at ±66.5 °. M1 and
M2 are the two monitors used to detect the elastically scattered beam
particles.

III. DATA ANALYSIS

A plot of timing spectrum (T1 vs T2 where subscripts
1 and 2 represent the fragments detected in MWPC1; φ =
90◦ and MWPC2; φ = 270◦) for the 32S + 144Sm reaction at
Elab = 149.4 MeV is shown in Fig. 2(a). The timing spec-
trum was gated with fold spectra (θ1,lab vs θ2,lab). As seen
from the figure, fission events were clearly distinguished from
the elastically scattered beam particles. From the knowledge
of position calibration of each detector along the X and Y
directions, a position (X,Y) on the detector’s active area for
each event was transformed into the angles (θ, φ) with respect
to the beam direction using standard kinematics. A plot of
(φ2 − φ1) vs (θ1,lab + θ2,lab) at Elab = 149.4 MeV is shown in
Fig. 2(b) where it can be seen that (θ1,lab + θ2,lab) is peaking at
the folding angle around ≈ 133◦. TOF of the fission fragments
was determined using Eq. (1),

TOF = T − Tdelay − δt0, (1)

where T is the time obtained from the time calibration of
the two MWPCs. Tdelay is the electronic delay with respect
to the beam pulse (RF), which was obtained by reproducing
the calculated time of flight of the elastically scattered beam
particles at a particular (θ, φ). The TOF of the scattered beam
particles was calculated using the NRV code [31]. The two
MWPC detectors placed at angles ± 66.5 °, correspond to the
angle of 90 ° in the center-of-mass (c.m.) frame of reference.
An additional delay adjustment (δt0) was required to make
average θc.m. = 90◦ and to make the parameter V‖/VCN unity,
where V‖ represents the component of the c.m. velocity of the
compound nucleus in the beam direction which was obtained
from fragment velocities, and VCN is the compound nucleus
velocity as calculated from the recoil energy. V‖ was calcu-
lated using the prescription given in Ref. [32].

The TOF values obtained using Eq. (1) were used to calcu-
late the velocities of the fission fragments in the laboratory
frame of reference. The velocities of the fission fragments
were corrected for the energy loss in the target. In the present

FIG. 2. (a) Plot of timing spectra for the 32S + 144Sm reaction at
Elab = 149.4 MeV. Subscripts 1 and 2 refer to two MWPCs used to
detect the fission fragments. (b) Plot of (φ2 − φ1) vs (θ1,lab + θ2,lab )
for the 32S + 144Sm reaction. Subscripts 1 and 2 refer to the fission
fragments detected in detectors 1 and 2, respectively. (c) Plot of θc.m.

vs fission fragment mass obtained in the 32S + 144Sm reaction. Due
to limited angular coverage events were selected within an angular
range of 85 °–95 °.
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experiment, energy loss of the fission fragments was cal-
culated using the formula (dE/dX ) f f = (dE/dX )protonγ

2Z2

[33], where (dE/dX ) f f and (dE/dX )proton are stopping pow-
ers of the fission fragment and proton, respectively, at the
same E/A value. γ and Z are the effective charge and atomic
number of the fission fragment, respectively. The effective
charge of the fission fragment was obtained using the equation
γ = 1 − 1.032 exp(−v/v0Z0.69), where v refers to the veloc-
ity of the fragments as obtained from TOF measurements, and
v0 = 2.188 × 108 cm/s is a constant term referred to as re-
duced velocity. The detailed procedure for the effective charge
calculation can be found in Ref. [34]. The experimentally
measured velocities were corrected in an iterative way until
the correction did not further change the velocities signifi-
cantly. The average energy loss of the fission fragment in the
present system was estimated to be ≈ 3.5 MeV. The corrected
velocities in the laboratory frame of reference were then
transformed into the c.m. frame of reference using the stan-
dard kinematic equations. After obtaining the fission fragment
velocities Vc.m.,1 and Vc.m.,2 in the c.m. frame of reference,
fission fragment mass was calculated using the “velocity ratio
method” using Eq. (2),

M2 = Vc.m.1

Vc.m.1 + Vc.m.2
MCN, (2)

where subscripts 1 and 2 refer to the fission fragments de-
tected in detector 1 and detector 2, respectively. MCN is the
mass of the compound nucleus, and M2 is the mass of the
fission fragment registered in detector 2. The mass distribution
obtained by Eq. (2) was further gated with θc.m. by selecting
the events in the θc.m. range of 85 °–95 ° to avoid the detector
edge effect. This gate further eliminated the elastic contribu-
tion. A plot of θc.m. vs M2 for Elab = 149.4 MeV is shown in
Fig. 2(c), which can be projected onto the X axis to obtain
the mass distribution. The average TKE values obtained using
the velocities of fission fragments in the c.m. frame of refer-
ence were in agreement within ≈ 10% of the values obtained
using the systematics in Ref. [35]. It should be mentioned
here that the TKE spectra had a tailing on the higher-energy
side that could not be eliminated. However, its effect on the
mass distribution is expected to be insignificant as TKE has
a square dependence on velocity whereas, determination of
mass involves the ratio of velocities.

IV. RESULTS AND DISCUSSIONS

Plots of the fission fragment mass distributions at Elab =
143.9, 149.4, and 154.7 MeV are shown in Fig. 3. An upper
estimate of the mass resolution was obtained from the elastic
peak as ≈ 7 mass units. It can be seen from the figure that the
experimental fission fragment mass distributions have a flattop
nature and could not be fitted well by a one-Gaussian function.
In the one-Gaussian fitting, the free parameters were area
(A), centroid (c), and width (w) of the Gaussian distribution.
The flattop nature of the mass distribution is consistent with
the observations for similar fissioning systems indicating the
contribution from multimodal fission [25,26]. As a next step,
an attempt was made to fit the mass distributions as a sum of
three Gaussian functions, one for symmetric fission and two
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FIG. 3. Fission fragment mass distribution in the 32S + 144Sm
reaction at Elab = 143.9, 149.4, and 154.7 MeV. The open circles are
the experimental data points. The red dashed lines represent the one-
Gaussian (1G) fitting, and blue lines represent the two-Gaussian (2G)
fitting. The χ 2 values for one-Gaussain and two-Gaussian fittings
are given in the figure. The corresponding excitation energies of the
compound nucleus are mentioned in the figure. The centroid values
for two-Gaussian fitting are also marked in the figure.

for asymmetric fission. However, such a three-Gaussian fitting
resulted in a symmetric component with a very large uncer-
tainty on its magnitude and prohibited a realistic estimate of
the symmetric fission component. Therefore, as an approx-
imation, the mass distribution was fitted to a two-Gaussian
function to extract the centroid values corresponding to the
asymmetric fission components. In the two-Gaussian fitting,
the total number of parameters was reduced to three by im-
posing the conditions that: (i) centroid of the second peak
c2 = 176c1 (c1: centroid of the first peak), and (ii) w and area
of the two asymmetric peaks are equal which implies that
w1 = w2 and area1 = area2. The χ2 values obtained in the
one-Gaussian and two-Gaussian fittings are given in Fig. 3. It
can be seen from the figure that there is a significant improve-
ment in the χ2 values in the two-Gaussian fitting as compared
to the one-Gaussian fitting at all three beam energies corre-
sponding to the excitation energy range of 38.7–47.5 MeV.
The centroid values for heavy and light mass peaks obtained
in the two-Gaussian fitting are also marked in Fig. 3. The
values obtained in the present paper were observed to be close
to those obtained in similar compound nucleus system 178Pt
[26]. A series of recent measurements has experimentally
confirmed the flattop nature of the mass distribution which
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has been attributed to the contribution from symmetric and
asymmetric fission components [16,17,25–28].1

Extensive theoretical studies have been carried out to
understand the origin of this asymmetry in the mass distribu-
tion by relating it to single-particle effects in the fissioning
nucleus or fission fragments [19,20]. Based on the five-
dimensional (5D) potential-energy calculations as described
in Refs. [7,37], the most probable split in the asymmetric
fission of 180Hg is expected to be 108/72. Randrup and Moller
modified the 5D calculation model with random-walk approx-
imation in order to consider the dynamical aspects for the
evolution of the fissioning system from the ground state to
the separated fragments [38]. Based on this modified approach
Moller et al. calculated the fission fragment mass distributions
for different Hg isotopes and predicted the most probable
mass split in the fission of 180Hg to be 104.4/75.6 [19]. Recent
calculations by Ichikawa and Moller [11] relate the asymme-
try in the mass distribution of 180Hg to the interaction of the
[30��] and [41��] levels of the fissioning nucleus, similar
to that predicted in Ref. [10] for nuclei in the rare-earth region.
In the βDF, the observed mass split was 100/80 [16,17].
Calculations by Andreev et al. showed asymmetric mass dis-
tribution for 185Ir with a heavy fragment peak around the
mass number ≈ 100 [22]. Scamps and Simenel calculated the
single-particle energy states for the fragments at scission with
quadrupole and octupole deformations in the sublead region
[23]. These calculations showed that the asymmetric splitting
is energetically more favorable than symmetric division for
180Hg. In these calculations for the fissioning systems in the
mass range of A ≈ 176–184, it was shown that ZL ≈ 34–36
and NH ≈ 56 is responsible for the observed asymmetry. Sub-
sequently, based on further calculations for more fissioning
systems, it was proposed that proton shell closure in the light
fragment at scission plays the dominant role [24]. In this
paper, the appearance of a shell gap at ZL ≈ 34 for NL < 50
(NL: neutron number of the lighter fragment) and ZL ≈ 38 for
NL > 50 has been proposed.

In order to investigate the dependence of the centroid
values of light and heavy mass peaks of the mass distri-
bution on the fissioning system, a comparison of the data
from the present paper along with those from 35Cl + 144Sm →
179Au [25], 36Ar + 142Nd → 178Pt [26], 36Ar + 144Sm →
180Hg [27], and 40Ca + 142Nd → 182Hg [28] reaction systems
and βDF of 180Tl [16] has been carried out. For compari-
son, data corresponding to the lowest excitation energy were
taken from these heavy-ion induced reactions, which span
over an excitation energy range of 33.6–38.7 MeV for differ-
ent systems. The data from 35Cl + 144Sm was subjected to a
two-Guassian fitting to obtain the centroid values of the asym-
metric peaks. Figure 4 shows a plot of the centroid values of
the heavy (AH) and light (AL) mass peaks as a function of the

1Towards the end of the review process, it came to our attention
that a parallel independent measurement for the present system
(32S + 144Sm → 176Pt) has also been carried out by another group
and has been published in Ref. [36]. Importantly, the conclusions
from the two studies are mutually consistent.

FIG. 4. Plot of centroid values of the (a) heavy (AH) and the
(b) light (AL) mass peaks of fission fragment mass distribution for
different reaction systems [16,25–28] populating compound nuclei
around the mass region A ≈ 180, including the data from the present
paper as a function of the compound nucleus mass. The dotted line
represents the average fragment mass A ≈ 100. Data from the present
paper are marked by arrows.

compound nucleus mass. It is interesting to note from the fig-
ure that the value of AH remains nearly constant, whereas AL

slowly increases with an increase in the mass of the compound
nucleus, an observation similar to that from the low-energy
fission of actinides. In view of recent theoretical calculations,
this was further investigated by determining the corresponding
neutron and proton numbers. Assuming that the fragments
have the same neutron to proton ratio as that of the compound
nucleus, the corresponding ZH(ZL) values were obtained as
AH(AL)ZCN/ACN, where ZCN and ACN are the compound nu-
cleus charge and mass, respectively. Subsequently, the neutron
numbers NH(NL) were obtained as AH(AL) − ZH(ZL). A plot
of neutron and proton numbers corresponding to AH and AL

is shown in Fig. 5. The dashed lines correspond to the mean
values, and the solid line is a linear fit to the data. It should be
mentioned here that the neutron and the proton numbers are
correlated as they have been obtained by imposing the con-
dition of the same A/Z value for the fragment and fissioning
system. Furthermore, NH (or ZH) and NL (or ZL) values are
expected to follow the trends similar to that of AH and AL,
respectively, as A/Z ratios of the compound nuclei included in
the analysis are not very different. It can be seen from Fig. 5
that the NH value is close to ≈ 56 and ZL is in the range
of ≈ 34–36 in the compound nucleus mass region 176–182.
This is in agreement with the prediction for this mass range in
Refs. [23,24], which is based on the fragment shell effects at
scission.

Fission fragment mass distributions in the present ex-
periment have been calculated based on the prescission
configuration using the code GEF (version: GEF 2020/1.1) [39].
In GEF calculations, excitation energy and the average angular
momentum were supplied as input parameters. A comparison
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FIG. 5. Plot of neutron and proton numbers corresponding to the
centroid values of light and heavy mass peaks for asymmetric fission
for different fissioning systems [16,25–28] along with the data from
the present paper which are marked by arrows. NL(ZL) and NH(ZH)
represent the neutron (proton) numbers corresponding to centroid
values for light and heavy mass peaks, respectively.

of experimental mass distributions at Elab = 143.9, 149.4, and
154.7 MeV with those calculated using GEF has been shown in
Fig. 6. The data from GEF calculations have been normalized
in the peak region with the experimental data. In the present
paper the excitation energy of the compound nucleus (176Pt)
is in the range of 38.7–47.5 MeV as given in Table I. In this
excitation energy range, the compound nucleus may undergo
multichance fission. In order to investigate the effect of pro-
ton and neutron evaporations, mass distributions have been
calculated for different chance fissions using the code GEF,
which is shown in Fig. 6. The peak to valley (P/V) ratio in
the calculated mass distributions is gradually increasing with
increasing the number of emitted neutrons and protons as
shown in Fig. 6, which can be related to the decreasing exci-
tation energy. It can be seen from this figure that the fission
followed by neutron emission constitutes the major contri-
bution compared to the fission followed by charged particle
evaporation. Based on GEF calculations, a major fission contri-
bution arises from first chance fission which is 68%, 60%, and
56% at Elab = 143.9, 149.4, and 154.7 MeV, respectively. The
contribution from second chance fission is about ≈ 23% at

FIG. 6. Fission fragment mass distribution in the 32S + 144Sm
reaction. Filled circles are the experimental data points, and solid
lines are the GEF calculations. The mass distributions corresponding
to the different chance fissions are marked in the figure.

all beam energies. The rest is contributed by higher chance
fission. In the present paper, the average angular momen-
tum (〈l〉) values, calculated using the code CCFUS [40], were
15, 22, and 27h̄ at Elab = 143.9, 149.4, and 154.7 MeV, re-
spectively. Fission barriers corresponding to average angular
momentum as well as for l = 0, calculated using the ro-
tating liquid drop model [41], are given in Table I. It can
be seen from the table that the fission barrier (Bf ) obtained
for l = 0 has reasonably good agreement with the Bf value
from Ref. [42] based on the 5D potential-energy calculation.
Furthermore, with increasing angular momentum, there is a
gradual decrease in the fission barrier from 11.50 to 9.69 MeV,

TABLE I. Values of different reaction parameters for the 32S + 144Sm reactions at Elab = 143.9, 149.4, and 154.7 MeV. The values of Elab

have been obtained after correcting for the beam energy loss in the target backing and have been used to obtain the excitation energy of the
compound nucleus (E∗

CN). The average angular momenta of the compound nucleus (〈l〉) at different beam energies have been calculated using
the code CCFUS [40]. Fission barrier (Bf ) values corresponding to the average angular momenta have been calculated using the rotating liquid
drop model [41]. The corresponding fissility (χ ) values have been calculated using the procedure given in Ref. [43]. The fission barrier values
for l = 0 as obtained using the rotating liquid drop model [41] and from more recent five-dimensional potential-energy calculation as given in
Ref. [42] are given in the last two columns, respectively.

Elab (MeV) E∗
CN (MeV) 〈l〉(h̄) Bf (MeV) [41] Fissility (χ ) [43] Bf (l = 0) (MeV) [41] Bf (l = 0) (MeV) [42]

143.9 38.7 15 11.50 0.718 12.37 12.38
149.4 43.2 22 10.55 0.725
154.7 47.5 27 9.69 0.732
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which is not very significant. The reduction in the fission
barrier can be considered as an increase in the fissility (χ ) of
the compound nucleus with increasing beam energy [43]. The
fissility would change from 0.718 to 0.732 corresponding to
a change in the average angular momentum from 15 to 27h̄,
which is a small change. Thus, the variation in the average
angular momentum values over a small beam energy range of
the present paper is not likely to cause any significant change
in the mass distribution with variation in beam energy. The
variation in the contribution from first chance fission from
68% to 56% from lowest to highest beam energies is primarily
due to the increase in the excitation energy which would
open up higher chance fission. However, it should be men-
tioned here that modification of the potential-energy surface
for large l waves close to lmax can affect the entrance chan-
nel dynamics governing the contribution from nonequilibrium
fission, although it is difficult to get a quantitative estimate of
this contribution. The larger widths of the experimental mass
distributions compared to the GEF calculations suggest the
role of shell effects corresponding to higher mass asymmetry
values as compared to those considered in GEF calculations
in addition to the effects possibly arising from the entrance
channel dynamics. A similar observation was made by Gupta
et al. in the study of fission fragment mass distribution for
191Au and was attributed to the entrance channel dynamics
[44]. This was further supported by the observation of the
larger width of the fission fragment mass distribution in the
37Cl + 154Sm reaction compared to that in the 16O + 175Lu
reaction populating the same compound nucleus 191Au [44].
For the compound nucleus 176Pt, which has 12 neutrons and
3 protons less compared to the compound nucleus reported in
Ref. [44], it is difficult to have conclusive information on this
aspect, particularly, in the absence of the data for a comple-
mentary reaction system with higher entrance channel mass
asymmetry as in the case of 191Au [44]. In order to investigate
the dependence of the entrance channel effect on the ZPZT

(ZP and ZT are the proton numbers of the projectile and the
target, respectively) value of the reaction systems specific to
mass region ≈ 180, a comparison of the width (σ ) of mass
distributions from different reaction systems with ZPZT values
in the range of 992–1200 [25–28], including the data from
the present measurement, is shown in Fig. 7. As these mass
distributions cannot be fitted well by a one-Gaussian function,
the σ values were obtained as [Ci(MR,i − 0.5)2/

∑
Ci]1/2,

where Ci represents the counts corresponding to specific mass
ratio i. The excitation energy values of the compound nuclei
are also given in the figure. For all the systems included in
comparison, data correspond to the similar Ec.m./VC values
except for the 40Ca + 142Nd → 182Hg system [28]. Therefore,
additional data for this system at higher beam energy has
also been included for comparison. From Fig. 7, it can be
seen that the mass distribution for the present reaction sys-
tem (32S + 144Sm) is relatively broader as compared to other
systems, except the 40Ca + 142Nd → 182Hg system at deep
sub-barrier energy corresponding to excitation energy of 33.6
MeV. Observation of the large width for 40Ca + 142Nd →
182Hg at lower beam energy compared to that at higher
beam energy suggests the pronounced effect of the entrance
channel dynamics at deep sub-barrier energy in addition to

FIG. 7. Plot of σMR values obtained from the present paper along
with the values obtained from literature data on mass distribution
for different compound nuclei (179Au [25], 178Pt [26], 180Hg [27],
and 182Hg [28]) in the mass region A ≈ 180 as a function of ZPZT .
The ratio of projectile energy in the c.m. frame of reference to the
entrance channel Coulomb barrier (Ec.m./VC) and excitation energy
(in MeV) of the compound nucleus for different reaction systems are
mentioned in the brackets.

single-particle effects. Furthermore, the larger width for the
present reaction system with the lowest ZPZT compared to
the other systems at similar Ec.m./VC values shows the impor-
tance of the role played by the neutron-proton configuration
of the fissioning system in addition to the entrance channel
dynamics.

V. CONCLUSIONS

Fission fragment mass distributions have been obtained for
the 32S + 144Sm reaction system at beam energies of 143.9,
149.4, and 154.7 MeV corresponding to the Ec.m./VC ≈ 0.99,
1.04, and 1.07, respectively. The mass distributions at all the
three beam energies were observed to have a flattop nature
indicating the contribution from multimodal fission. The ex-
perimental mass distributions could not be fitted well with
a one-Gaussian function. The two-Gaussian function gave a
better fit with considerably lower χ2 values. An analysis of
the centroid values of light and heavy mass peaks as obtained
from the present paper along with those extracted from the
literature data in the mass region 176–182 showed that the
centroid value for the heavy mass peak remains nearly con-
stant at ≈ 100 whereas that for the light mass peak increases
with increasing mass of the fissioning system. A further analy-
sis of the corresponding neutron-proton numbers revealed that
the heavy fragment neutron number is nearly constant around
NH ≈ 56 and the light fragment proton number is in the range
of ZL ≈ 34–36. This is consistent with the predictions in
Refs. [23,24] for the mass region 176–182 based on frag-
ment shell effects at scission. A comparison of the width of
the mass distributions from fissioning systems with different
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ZPZT values shows that, in addition to the entrance channel
dynamics, the neutron-proton configuration of the fissioning

system plays an important role in governing the overall mass
distribution.
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