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Fusion-fission dynamics of 188,190Pt through fission fragment mass distribution measurements
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Fission fragment mass distributions have been measured for relatively neutron-deficient compound nuclei,
188Pt and 190Pt, formed in the fusion reactions, 28Si + 160Gd and 12C + 178Hf, respectively. The data were
obtained for a similar initial excitation energy range of 49–68 MeV for both the systems. The fragment mass
distributions for both the Pt isotopes were found to be single peaked and no appreciable change in the mass
symmetry was observed throughout the measured excitation energy range, for both the reactions. However,
relatively broader mass distributions observed in the fission of 188Pt in the studied energy domain indicates
the presence of fission events originating from a nonequilibrated source as well. This signifies that the mass
equilibrium has not been fully achieved in the 28Si + 160Gd system as compared to the 12C + 178Hf system,
indicating the presence of quasifission events in the former reaction.
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I. INTRODUCTION

One of the interesting topics of research in contemporary
nuclear physics is the formation of superheavy elements
(SHEs) by using the right choice of projectile and target
combinations [1–6]. The ultralow formation cross sections
combined with experimental difficulties in the production of
SHEs makes such studies challenging. The formation phase
interactions between the reaction observables plays a very
important role in deciding the fate of the composite system.
The relatively early reseparation of the composite system
into the projectile-like and target-like fragments, which leads
to the quasifission (QF) process, is one of the main hurdles in
the synthesis of SHEs [7–10].

The product of charges (ZPZT , where ZP and ZT are
the atomic charges of the projectile and target, respectively)
appears to play a key role in deciding the onset of QF
[11–14] in heavy-ion-induced fusion-fission reactions. Theo-
retical models predicted the existence of QF in the reactions
having ZPZT � 1600 [12,15,16]. However, recent measure-
ments have shown that nonequilibrium-like fission can exist
for the fusion of lighter systems having ZPZT < 800 [17–20].
Some of the other factors influencing the onset or presence of
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QF in such reactions are the direction of mass flow in the din-
uclear system, which is governed by the relative value of en-
trance channel mass asymmetry [α = (AT − AP )/(AT + AP)]
with regard to the critical Businaro-Gallone mass asymmetry
αBG [21], deformation of the projectile and/or target nuclei
[22–24], excitation energy of the compound system, fissility
of the compound nucleus [25], N/Z of the colliding nuclei
[26,27], etc. Over the years, several experimental studies have
been performed by different groups from across the world in
order to know and understand the factors influencing the onset
and presence of QF in fusion-fission reactions [3,28–30] using
one or more of the mentioned variables as tools.

As in QF, formation of the compact mononuclear system
equilibrated in all degrees of freedom is not achieved; it
hinders the fusion cross section of SHEs. At near-barrier
energies, the transfer of a few nucleons from projectile to
target is also a competing process [31], and sometimes could
be a dominating noncompound process still leading to fission
but fragments originating from such fission will have differ-
ent mass angle correlations as well as angular anisotropies
as compared to events originating from compound nucleus
fission [32–34].

The mass asymmetric fission is well known in the spon-
taneous and low-energy fission of most actinide nuclei.
The observed asymmetric shape of fission fragment mass
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TABLE I. Relevant parameters for 28Si + 160Gd and 12C + 178Hf
reactions. Vb is the barrier energy in the laboratory frame, χ is the
fissility, and β2 is the quadrupole deformation.

Reaction Vb (MeV) ZPZT χ α αBG β2

28Si + 160Gd 127 896 0.670 0.702 0.818 0.351
12C + 178Hf 65.5 432 0.667 0.874 0.816 0.278

distributions could be explained theoretically by taking into
account the shell structure of the fragments [35,36]. However,
asymmetric split in β-delayed fission of neutron-deficient
180Hg is in total contrast to the expectations based on the
above said argument [37,38]. This observation and subsequent
experiments on fragment mass distributions from the fission of
relatively neutron-deficient nuclei at low excitation energies
have found the presence of QF in the form of asymmetric
mass split and/or broader mass distributions [26,27,39–44].
However, a consistent picture of the QF process in general
and for neutron-deficient nuclei, in particular, is far from over.

In the present study, we have measured the fragment mass
distributions for 188Pt and 190Pt nuclei populated through
28Si + 160Gd and 12C + 178Hf reactions at energies around
and above the barrier. The relevant parameters related to both
the reactions are mentioned in Table I.

This systematic study of the variation of the width of frag-
ment mass distribution provides the opportunity to explore
further the nature of noncompound processes. The paper is
organized as follows: The experimental details are described
in Sec. II, while Sec. III describes the data analysis method. In
Sec. IV, the experimental results and discussion are presented,
and lastly, the summary and conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the Inter-university Ac-
celerator Centre (IUAC), New Delhi, India. Pulsed beams of
28Si and 12C in the laboratory energy ranges of 120–140 MeV
and 60–88.2 MeV were bombarded on 160Gd (≈220 μg/cm2

on 20 μg/cm2 carbon backing) and 178Hf (≈260 μg/cm2 on
30 μg/cm2 carbon backing) targets, respectively. The details
of targets preparation are reported in the Ref. [45,46]. Pulsed
beams had a repetition rate of 250 ns and beam spread of
≈1 ns for 28Si and ≈700–800 ps, in the case of 12C.

The coincident fission fragments were detected using two
large area (16 × 11 cm) multiwire proportional counters
(MWPCs) kept at folding angle for respective reactions. Each
of MWPC detectors covered the angular range of ±13◦ around
the detector center and has a position resolution of ≈1.2 mm.
Detectors were placed at the folding angles on movable arms
inside the general purpose scattering chamber (GPSC), 1.5 m
in diameter. The detectors were operated with isobutane gas
at a pressure of about 6 mbar to make them almost transparent
to elastic and quasielastic events. The time of flight (TOF) of
each fragment was recorded with regard to the radio frequency
(rf) timing. The target ladder was rotated with respect to the
beam direction in order to avoid shadowing either of the two
detectors.
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FIG. 1. Distribution of polar (θ ) and azimuthal (φ) correlations
for the 12C + 178Hf and 28Si + 160Gd reactions.

The data were collected in event mode using FREEDOM ac-
quisition software [47]. Energy loss corrections were applied
for the beam as well as for fragments in the target backing and
half the target thickness using energy loss formalism of SRIM
[48]. Beam monitoring was done by counting the elastically
scattered beam using two silicon surface barrier detectors
(SSBD) placed at ±10◦ with regard to the beam direction.

III. DATA ANALYSIS

The event mode data from two MWPCs consist of fission
TOF and position information (X,Y ). The X and Y position
information was obtained from the wire grids using the delay
line readout technique and TOF signals from the central wire
frame of each MWPCs [49,50]. The data were analyzed using
the LAMPS software [51].

The position calibration was done using the known geom-
etry of the detectors. These X and Y calibrated positions were
then converted to spherical polar coordinates θ and φ. The
folding angle distributions were constructed for all energy
points and were found to be consistent with the expected
value of full momentum transfer (FMT) events. Figure 1
shows the correlation plot of polar and azimuthal angle of
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FIG. 2. Measured velocity distribution of fission fragments for
both the reactions. The full momentum transfer events corresponds
to the intense band around the velocity coordinates (V‖/Vcn, V⊥) =
(1, 0).

fission fragments measured for both the reactions at different
laboratory energies.

The fragments originating from fusion followed by fission
were selected by imposing the condition of FMT of fissionlike
events, using the correlation of the velocities of the fissioning
system (V‖) in the beam direction relative to the compound
nucleus (CN) recoil velocity (Vcn) and the velocity component
perpendicular to the reaction plane (V⊥). The expression for
these components are given by [52,53]

V‖ = u1w2 + u2w1

u1 + u2
, (1)

V⊥ = u1u2 sin φ12√
u2

1 + u2
2 − 2u1u2 cos φ12

, (2)

where w1, w2 and u1, u2 are the measured velocity vectors
decomposed into orthogonal components parallel and perpen-
dicular to the beam axis, respectively (w1 = v1 cos θ1, w2 =
v2 cos θ2, u1 = v1 sin θ1, u2 = v2 sin θ2, where v1, v2 and θ1, θ2

are the velocities and the scattering angles measured with re-
gard to the beam direction). φ12 is the azimuthal folding angle.

FIG. 3. The experimental mass ratio (MR) distributions (black
histogram) for the 12C + 178Hf reaction. Red curve represents the
Gauss fit to the data.

The events originating from the FMT fission are shown by the
intense region around the velocity coordinates (V‖/Vcn, V⊥) =
(1, 0). The correlation between the measured V⊥ and V‖/Vcn

for fission events for both the reactions is displayed in Fig. 2.
The fission fragments masses were determined from TOF
difference between the correlated fragments, the azimuthal
and polar angles, the momenta, and the recoil velocities for
each event using the following expressions [54–56]:

m1 =
t1 − t2 + δto + MCN

d2
p2

d2
p2

+ d1
p1

, (3)

m2 = MCN − m1, (4)

where t1, t2 are the flight times over the flight paths d1 and
d2 of the fission fragments having masses m1 and m2, respec-
tively. MCN is the mass of compound nucleus. The momenta
of fission fragments p1 and p2 in the laboratory frame can
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FIG. 4. The experimental mass ratio (MR) distributions (black
histogram) for 28Si + 160Gd reaction. Red curve represents the Gauss
fit to the data.

be obtained by application of proper kinematic transformation
and conservation of linear momentum.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

For the reactions under consideration, using the formalism
mentioned in the previous section, fission fragment mass dis-
tributions (FFMDs) were obtained for both the isotopes of Pt.
The experimental mass ratio (MR = M1/MCN) distributions
for both the reactions are shown in Figs. 3 and 4. The MR

distributions are peaked around MCN/2 and are reproducible
with a single Gaussian at all studied energies. The variance
of the fission fragment MR distributions as a function of
excitation energies measured for both the reactions are shown
in Fig. 5.

Although the overall behavior of the width of mass dis-
tributions for both the reactions does not show any signifi-
cant variation with the change in excitation energy, relatively
broader mass distributions observed for the 28Si + 160Gd

FIG. 5. Variation of the experimental fragment mass width (σm)
values for the two reactions with excitation energy. The calculated
values are shown by the dotted and dashed lines.

reaction at all studied energies signify the presence of events
originating from noncompound processes.

According to the saddle point model, the width of fission
fragment mass distributions mainly depends on the excita-
tion energy and has weaker linear dependence on the mean
square angular momentum. In the case of equilibrated CN,
the variance (σ 2

m) of the fragment mass distribution is linearly
related to the saddle-point temperature (T ) and the mean
square angular momentum 〈l2〉 [22,57],

σ 2
m = λT + β〈l2〉, (5)

where λ (related to the stiffness of the potential energy land-
scape at the top of the barrier) and β are fitting constants. The
saddle-point temperature T is given by [22]

T =
√

Ec.m. + Q − B f − Erot − νpreEn

a
, (6)

where Ecm represents the center-of-mass energy, Q is the Q
value of the reaction, and B f and Erot are the fission barrier
height and the rotational energy at average angular momen-
tum, respectively, and are calculated using the rotating finite
range model (RFRM) of Sierk [58]. The number of prefission
neutrons, νpre, was estimated using the empirical expression
given by Itkis et al. [59]. En is the average excitation energy
lost due to evaporation of one neutron from the compound
nucleus prior to the system reaching the saddle point. a (a =
ACN/10 MeV−1) is the nuclear level density parameter. The
potential parameters (Vo, ro, and a) for 28Si + 160Gd and 12C +
178Hf reactions are shown in Table II. The 〈l2〉 values used
in the calculation are estimated using couple channel code
CCFULL [60]. The constants, λ and β, were estimated by fitting
the σm value for the 12C + 178Hf reaction, which proceeds
through the formation of fully equilibrated CN. The best-fitted
parameters were found to be λ = 95 and β = 0.06 and are
consistent with data presented for similar nuclei [61]. The
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TABLE II. The potential parameters (Vo, ro, and a) for 28Si +
160Gd and 12C + 178Hf reactions.

System Vo (MeV) ro (fm) a (fm)

28Si + 160Gd 78.83 1.18 0.672
12C + 178Hf 58.49 1.18 0.645

same set of λ and β values should reproduce the experimental
fragment mass width values for the 28Si + 160Gd system as
well.

Figure 5 shows the experimental and calculated σm as a
function of CN excitation energy for the two systems. The
σm values obtained from the fitting of mass ratio plot are
also tabulated in Table III, where, E�

saddle is the excitation
energy at the saddle. For both systems, the σm values shows
a monotonic increase with the increase in excitation energy.
It can be seen from the figure that the experimental values
are in reasonable agreement with the saddle-point model
calculations for the 12C + 178Hf reaction, whereas calcu-
lated and measured variance has a mismatch for all stud-
ied energies for the 28Si + 160Gd reaction. This discrepancy
could either be because of the presence of events originating
from QF process or it could also arise due to a possible
influence of angular momentum on fission fragment mass
distributions.

In order to explore the possible effects of angular momen-
tum dependence of fragment mass distributions, in figure 6,
the variation of 〈l2〉 of the composite system is plotted as
a function of excitation energy, E*. Around the excitation
energy of 55 MeV, where the values of mean square angular
momentum are same for both the reactions, the measured
width of the mass distribution is still higher for 28Si + 160Gd
reaction compared to that for 12C + 178Hf. Even at higher ex-
citation energies, the increased values of 〈l2〉 for 28Si + 160Gd
reaction do not have any significant effect on the calculated
width of the mass distributions, as shown by the dashed line,
due to the smaller value of β in Eq. (5). Clearly, the calculated
width deviates from the observed higher width for the reaction
28Si + 160Gd in the measured energy range. Therefore, the
possibility of angular momentum being a contributing factor

TABLE III. The width of the fission fragment MR distributions
and the excitation energies measured for 28Si + 160Gd and 12C +
178Hf reactions.

System CN E�(MeV) E�

saddle(MeV) σMR

66.9 31.0 0.0789 ± 0.0036
62.6 28.6 0.0785 ± 0.0042

28Si + 160Gd 188Pt 58.4 26.1 0.0748 ± 0.0039
54.1 23.5 0.0688 ± 0.0039
49.8 21.0 0.0723 ± 0.0040
67.3 31.7 0.0699 ± 0.0038
62.9 28.9 0.0609 ± 0.0035

12C + 178Hf 190Pt 59.7 26.8 0.0624 ± 0.0037
55.0 24.0 0.0628 ± 0.0038
50.3 21.0 0.0578 ± 0.0038

FIG. 6. Variation of mean square angular momentum with exci-
tation energy for the two reactions.

to the observed anomaly in mass distributions between the two
reactions can be ruled out. The presence of nonequilibrium
processes in the fission of 188Pt, populated via 28Si + 160Gd
reaction, in the studied energy domain, could be due to the
fact that it is being relatively more neutron deficient than
190Pt. However, earlier studies has established that the CN
formation mechanism could be different based on the value
of entrance channel mass asymmetry α with regard to αBG, as
the fusion paths followed by the reaction with α > αBG and
α < αBG are quite different, even though both the systems
form similar CNs [62]. For the reaction 12C + 178Hf with
entrance channel mass asymmetry α (0.874) higher than αBG

(0.816), the mass flow is from the projectile to the target,
thereby leading to a compact mononucleus. On the other hand,
for the reaction 28Si + 160Gd, with an entrance channel mass
asymmetry (0.702) less than the αBG, the mass flow is in
the direction of a more symmetric dinuclear system and this
could well lead to different widths of the mass distributions as
observed in the present study. The present study confirms the
existence of the nonequilibrated/QF processes in the studied
energy domain for the fission of 188Pt, a neutron-deficient
isotope of Pt, even though mass distributions do not show any
pronounced asymmetric or three-peak behavior. It would be
of interest to measure the mass distributions for such reactions
going further below the barrier.

V. SUMMARY AND CONCLUSIONS

In the present work, we have measured the mass distribu-
tions of isotopes of Pt (188,190Pt), populated through the fusion
reactions 28Si + 160Gd and 12C + 178Hf, respectively, at ener-
gies around and above the Coulomb barrier. The systematic
trends of the mass widths were investigated as a function of
excitation energy of the CN. It is observed that the width of
mass distributions for the fission of 188Pt are relatively broader
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than the one calculated on the basis of the saddle-point model,
indicating a contribution from QF. Our measurements could
be an indication that with even a small reduction in neutron
number in Pt isotopes (190Pt to 188Pt), there is a transition of
reaction mechanism from fusion-fission to QF. On the other
hand, entrance channel dynamics could also play a role in
deciding the fate of the excited CN. It will be interesting to
have experimental data going further below the barrier to see
if the observed behavior changes to completely asymmetric
fission, as observed in some other neutron-deficient systems.
Further, exploring the potential energy surface (PES) for the
two systems performing the dynamical model calculations

could help in better understanding the fission dynamics in
such reactions.
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