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Abstract :

Fission dynamics studies induced by heavy ions are carried out around and well above the
fission barrier to know about the role of compound fission and non-compound fission
events. The behaviour of fission dynamics at low and above the energies is quite different in
terms of mean field interaction and non-mean field interactions. It seems that the
contributions from non-compound fission and break-up-related incomplete fusion are the
main observables in the experiment, but separating them is quite challenging. These
phenomena are hindering the formation of super-heavy nuclei in most cases of heavy ion
reactions.
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1. Introduction:

The systematic study of fusion-fission dynamics is essential for understanding the complex evolution of
composite nuclear systems formed in heavy-ion reactions, especially at energies near the Coulomb
barrier. This energy regime is particularly important for the synthesis of superheavy elements, where the
excitation energy must lie just above the fusion threshold to maximize the formation and survival

probability of heavy evaporation residues [Bjornholm et al.,1982; Blocki et al., 1986].
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However, experimental evidence shows that complete fusion is not always achieved. A significant
fraction of reaction trajectories is diverted by the competing processes, which hinder fusion. These
include not only fission of the fully equilibrated compound nucleus (CN), but also non-compound
nucleus (NCN) mechanisms such as fast fission [Borderie et al.,1981; Ngo et al., 1986; Lebrun et al.,
1979], pre-equilibrium fission [Ramamurthy and Kapoor 1985], and quasi-fission (QF) [Back., 1985.
Toke et al., 1985]. These processes compete with evaporation residue formation and depend strongly on
parameters such as excitation energy and angular momentum.

In compound nucleus fission, the system reaches full equilibration in all degrees of freedom before
evolving toward fission through a mass-symmetric configuration at the unconditional saddle point of the
potential energy surface. In contrast, QF occurs when the interacting dinuclear system fails to achieve
complete equilibration and instead evolves toward fission through a mass-asymmetric configuration
corresponding to a conditional saddle point [Nasirov et al., 2013; Modller & Sierk 2003, Diaz-Torres ,
2006; Swiatecki., 1981]. This distinction arises due to incomplete equilibration in mass and shape
degrees of freedom in the QF process.

The entrance channel properties of the reacting nuclei play a critical role in governing the reaction
dynamics and the onset of QF. Key parameters include the product of the projectile and target charges
(ZP ZT), mass asymmetry relative to the Businaro-Gallone critical value, shell effects, nuclear
deformation, compound nucleus fissility, and neutron-to-proton ratio [Swiatecki ,1981; Prasad et al.,
2010; Shamlath et al., 2016; Hinde et al., 1995; Prasad et al., 2015 ; Nishio et al., 2015; Hinde et al
,1996]. Over the years, these factors have significantly contributed to both experimental and theoretical
understanding of heavy-ion-induced reactions.

To disentangle compound nucleus fission from competing NCN processes, several experimental
observables have been widely employed. These include the measurement of fission fragment mass
distributions and their widths [Prasad et al., 2010; Shamlath et al., 2016; Kavita et al.,2019; Reddy et al.,
2024], mass-angle correlations, angular anisotropies [Banerjee et al, 2016], evaporation residue cross
sections [ Hajara et al, 2022], and neutron multiplicities [Golda et al, 2013; Sharma et al., 2023]. Each
of these observables provides complementary insights into the reaction mechanism and helps in

identifying signatures of QF.
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Numerous experimental investigations have examined systems leading to the same compound nucleus
but formed through different entrance channels. In several cases, an observed broadening in the fission
fragment mass distribution has been attributed to QF. However, other studies have shown that the data
can be explained within the framework of statistical models, suggesting the dominance of compound
nucleus fission and highlighting inconsistencies in the interpretation of experimental results [Chaudhuri et
al., 2015].

Similarly, measurements of evaporation residue cross sections and angular distributions have produced
mixed conclusions. While some reactions exhibit suppression of evaporation residues, indicative of NCN
contributions [Hajara et al., 2022], others are well described by statistical saddle-point models, implying
negligible QF effects [Chaudhuri et al., (2015] Investigations into shell effects have also yielded
contrasting results, with some studies reporting no significant influence on mass distributions, while
others observe clear signatures through anisotropy and neutron emission measurements [ Golda et al.,
2013].

In the present study, the fission fragment mass distribution of the compound nucleus 2°°Po, formed
through the *°Si + '7°Yb reaction, has been investigated at energies in the vicinity of the Coulomb
barrier. The primary objective is to examine the role of entrance channel mass asymmetry and nuclear
deformation in governing fission dynamics. The continued observation of asymmetric mass division in
low-energy fission, despite the expectations of the liquid drop model [Bohr and Wheeler, 1939;
Meitner, 1950] and supported by surprising results in lighter systems such as mercury and sub-lead
nuclei [Prasad et al., 2015; Nishio et al., 2015 ; Andreyev et al., 2010], remains a key motivation for
such investigations.

In addition to this, the reaction '®O + 2%°TI has been studied at significantly higher beam energies
ranging from 330 MeV to 363 MeV, leading to the formation of the compound nucleus **!Ac. This
higher energy regime is particularly useful for probing the contribution of NCN processes and
understanding their role in suppressing compound nucleus formation. Such studies provide valuable

insight into the competition between fusion and alternative reaction pathways.
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The key characteristics of the reaction systems under investigation are summarized separately, and
detailed descriptions of the experimental setup, results and discussion, and conclusions are presented in

the following sections.

2. Experimental Setup:

The experiments were carried out at two accelerator facilities in India to investigate fission fragment
characteristics under different reaction conditions. One set of measurements was performed at the Inter
University Accelerator Centre (IUAC), New Delhi using the 15-UD Pelletron accelerator. A pulsed
beam of silicon nuclei (*°Si), with a pulse separation of 250 ns and a pulse width of approximately 1 ns,
was delivered in the laboratory energy range of 124 -137 MeV. The beam was incident on a '"6Yb target
of thickness about 130 pg/cm?, prepared with a thin carbon backing (~25 pg/cm?). The target foil was
mounted perpendicular to the beam direction at the center of the scattering chamber.

Fission fragments were detected in coincidence using two multiwire proportional counters (MWPCs),
each having an active area of 20 x 10 cm?, mounted on movable arms inside the chamber as shown in
Figure 1. The detectors were positioned symmetrically at +£70° with respect to the beam axis,
corresponding to 90° in the center-of-mass frame, based on reaction kinematics. The distance between
the target and each detector was maintained at 33 cm and 35 cm respectively. For beam monitoring and
alignment, two silicon surface barrier detectors were placed at £20°. The MWPCs, operated with low-
pressure isobutane gas (~ 4 mbar), provided high-resolution timing and position information n, with
spatial resolution better than 1.5 mm achieved through delay-line readout. Time-of-flight (TOF) and

position signals were recorded in list mode using a ROOT-based data acquisition system.
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Beam

Figure 1: A typical Schematic diagram of the experimental setup in Fission Expt.

The second set of measurements was carried out at the Variable Energy Cyclotron Centre(VECC),
Kolkata using the K-500 superconducting cyclotron. In this case, an oxygen beam ('°0) with energies
of 330 MeV and 363 MeV was directed onto a 2°>T1 target thickness of approximately 300 pg/cm>. The
target was mounted at an angle of 120° relative to the beam axis. Figure 2 is the internal view of the
experimental setup where the detection of the resulting fission fragments was accomplished using two
position-sensitive MWPCs of active area 20 X 6 cm? placed within the scattering chamber. One
detector was located at 80° and a distance of 22.5 cm from the target, while the other was positioned at
60° and 24.2 cm.

Both detectors were operated with isobutane gas at a pressure of about 3 Torr, ensuring that quasi-
elastic and low-mass deep-inelastic products passed through without significant interaction. The
experimental setup enabled the simultaneous measurement of position, energy loss, and time-of-flight
of coincident binary fragments. Data acquisition in this case was performed using the LAMPS
software, allowing comprehensive event-by-event recording of fragment properties. Together, these
complementary setups provided high-resolution measurements of fission fragment observables under
varied entrance channel conditions, enabling a detailed investigation of the underlying the reaction

dynamics.
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Figure 2: Internal view of the experimental setup, illustrating the beamline, target assembly, target holder,
and the arrangement of the two multi-wire proportional counter (MWPC) detectors.

3. Results & Discussion:

The identification of fission events was achieved by distinguishing them from elastic scattering
through the timing correlation between signals recorded in the two MWPC detectors. A suitable gate
was applied on  this correlation, as illustrated in Figure 3, to isolate the desired events. The list-mode
data acquired from the detectors contained information on the time of flight (TOF) as well as the X
and Y position coordinates of the detected fragments.

For data analysis, all time-to-digital converters (TDCs) were carefully calibrated using an ORTEC
time calibrator, which provides pulses at well-defined time intervals. Position calibration was carried
out based on the known active area of the detectors. Using the calibrated position data and the
experimental geometry, the fragment trajectories were transformed into spherical polar coordinates,
namely the laboratory angles 6 (01,lab, 02,lab) and ¢ (¢i,lab, @2,lab), for the two coincident fission

fragments.

International Journal of Electronics and Applied Research (IJEAR)
Copy right ESES, www.eses.net.in
ISSN: 2393-0064
33



http://www.eses.net.in/

nternational Journal of Electronics and Applied Research, Vol. 12, No. 2
March 2026

Special Issue : Proceedings of National Symposium on Advances in Electronics and Allied Science &
Technology, NaSAEAST-25
December 26-27 2025

Venue : Gauhati University, Guwahati, India

3000 ; —{1
L (@ = 0 + "o - 2%pg =
= Eiap = 137 MeV —{1600
n E*on=57.3 MeV
S i —1400
o - A :
% 2500 - / . Elastic —11200
S L —1000
N
g B 800
= I~ 2800
= 2000 |— 600
‘6 = 2600
o .. 2400 400
~ 2200 200
B | ZDI:PT(]O 1800 1900 2000 2100 2200 2300 i
1 500 il 1 ' 1 1 L 0
1500 2000 2500 3000

TOF_MWPC1 (channel no.)

Figure 3: Plot of time-of-flight (TOF) spectra for the *°Si + 176Yb reaction at Eis = 137 MeV of the two
MWPCs at IUAC, New Delhi. (a) The spectra of all collected events(elastic and fission). (b) Gated fission
events.

The folding angle distribution of the fragments was then constructed, and its peak positions were
found to be in good agreement with the expected values corresponding to full momentum transfer
between the projectile and target. The correlation between folding angle and azimuthal angle for
the detected fragments, as shown in the left panels of Figure 4, spans energies both below and above
the Coulomb barrier.

To ensure the purity of the selected events and to eliminate contributions from background or
incomplete momentum transfer processes, a gate was applied around the most intense region of the
correlation spectrum, corresponding to the theoretically predicted values. Only the events within this
gated region were used for further analysis, including the reconstruct ion of the fission fragment
velocities.

The fission fragment mass distributions for the *°Si + !7°Yb reaction at different excitation energies are
shown in the right panels of Figure 4. These distributions display an overall symmetric shape,

centered around a 0.5Acn (i.e., half of the compound nucleus mass), and can be well described by a
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single Gaussian function. The quality of the fits, indicated by the corresponding (¥?) values,
demonstrates good agreement  between the experimental data and the Gaussian representation. This
observation aligns with previous findings for the fission of 2°%*!°Po [Chaudhuri et al.,2015] and

nearby compound systems [Shamlath et al.,2016] at excitation energies above approximately 40

MeV.
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Figure 4: Left Panels: Distribution of polar (0) and azimuthal (¢) angles of the fission fragments at different
energies for the reaction **Si + 7°Yb. The red arrow corresponds to the calculated folding angle from reaction
kinematics. Right Panels: Fission fragments mass distribution at different excitation energies for the same
reaction with single fit Gaussian function (blue solid line).

To further investigate the dependence of mass distribution on excitation energy, the width of the

distribution (om ) was extracted from the standard deviation of the fitted Gaussian. Since the focus of the
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present work is on the influence of entrance channel mass asymmetry and nuclear deformation, the (om)
values obtained from single Gaussian fits are considered, following established approaches in the
literature [Andreyev et al.,2010; Vikas et al., 2024; Gupta et al., 2019]. The variation of (Om) with
excitation energy for the *°Si + "Yb and '>C + Pt systems, both leading to the same compound
nucleus °°Po but differing in entrance channel properties is shown in Figure 5. While (0m ) increases

with excitation energy for both systems, its magnitude is consistently larger for the more symmetric

reaction compared to the asymmetric one at similar excitation energies.
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Figure 5: Dependence of variation of the mass width (Om ) of the symmetric mass distribution as a function of
excitation energy E* for two different entrance channels forming 2**Po. The dashed line is for the calculated (Om)
values.

Up to this point, we have observed that at lower energy ranges, complete momentum transfer occurs,
resulting in a symmetric mass distribution, as shown in Figure 4. The larger values of (Om ) compared

to the Statistical Saddle-Point Model (SSPM) calculations, indicate that QF plays a significant role in
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the reaction. However, the question arises: what happens at much higher beam energies, such as 330
MeV and 363 MeV?

To explore the reaction dynamics at very high beam energies and the formation of binary fission-like
fragments in the %0 + 2°°Tl system, the folding angle correlation was analyzed, as depicted in Figure
6. The expected position of the folding angle peak, which corresponds to complete linear momentum
transfer, was calculated using Viola systematic [Viola et al.,1985] and is marked with a pink vertical
line within the black circular indicator. The folding angle distribution is shown in Figure 7, where a
clear deviation from the predicted angle is observed. This shift suggests the involvement of NCN
processes, such as QF or transfer-induced fission, which are more likely to occur at higher excitation
energies due to shorter interaction times and incomplete equilibration. The distribution in Figure 7
reveals the presence of both complete and incomplete momentum transfer events, highlighting the

competing mechanisms at play in this  system.
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Figure 6: The angular correlation of the fragments produced in the reaction '*O+2%T1 at energy Ei,,=330 and
363 MeV. The vertical line marks full momentum transfer events around the folding angle predicted by the
Viola systematic (Viola, et. al., 1985).
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Figure 7: Folding angle distributions for the reaction '®*O+2%*T1 at incident energies of 330 MeV and 363 MeV
respectively. The corresponding residual plots are included to highlight deviations that may indicate contributions
from NCN processes.

To quantify the contributions from NCN processes, the width of the folding angle distribution was
compared to a reference width obtained from literature, where only compound nuclear fission was
observed [Atreya, et al., 2024]. Since the folding angle is influenced by the reaction kinematics, this
reference width was calculated by determining the angular coverage of the detectors and matching it
with the experimental setup used in the present study. The residuals, displayed in the lower panels of
Figure 7, reveal a distinct peak to the right of the Viola-predicted angle, which indicates a substantial
contribution from NCN processes. A quantitative analysis shows that the area under the Viola-based
compound fission region represents approximately 46% of the total, while the NCN contribution
accounts for roughly 54% at 330 MeV. At 363 MeV, the NCN contribution increases to 68%.

To further validate and differentiate the contributions from complete compound fission and NCN
processes, a gating procedure was applied around the Viola-predicted angle in the angular  correlation.
The mass distribution for the %0 + 2°°T] reaction, forming the compound nucleus **!Ac at 330 and 363
MeV beam energies, was then extracted, as shown in Figure 8. In the mass distribution, we observed a
symmetric distribution, with a peak around half of the compound nucleus mass, as expected. When a

single Gaussian function was fitted to the data, it closely matched the experimental results. This
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confirms that the observed mass distribution is consistent with compound nucleus fission and exhibits

the characteristic symmetric mass distribution.
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Figure 8: Mass distributions for the reaction '°0 + 2°°T1 at incident energies of 330 MeV and 363 MeV, along with
the corresponding residual plots.
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Figure 9: Variation of the measured standard deviation o’ (u?) of the mass distributions with energy per nucleon
(E/A) MeV/u).

Figure 9 shows the variation of the measured standard deviation om> (u?) of the mass distributions as a
function of energy per nucleon (E/A) in MeV/u. It is evident from the plot that the width of the mass

distributions increases as the beam energy rises. When the data from lower energies, indicated by  the
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blue square markers, were fitted using a polynomial fit and compared with existing data from the

literature [ Atreya, et al., 2024], the results are consistent, both showing a clear increasing trend.
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Figure 10: The width of the gated fission fragment mass distribution scaled with the temperature of the fissioning
nucleus. Consistent with higher excitation energy and temperature effects.

In Figure 10, the width of the fission fragment mass distributions is presented and compared to the
mass distributions of the same reaction at lower excitation energies [Atreya, et al., 2024]. It was found
that the width of the mass distributions increases with temperature, following a trend where om*/T is
constant for the data at 330 and 363 MeV beam energies. This suggests that the events are primarily the

result of compound nuclear decay.

4. Conclusions:

In this study, we examined the fission fragment mass distribution for the 3°Si + !7°Yb reaction, forming
the compound nucleus 2°°Po, at lower excitation energies. The mass distribution width om was fitted to a
Gaussian function, and a higher magnitude of om compared to statistical model calculations indicated

quasi-fission (QF) processes, especially for symmetric entrance channel mass asymmetries. At higher
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excitation energies (above 10 MeV/A), complete fusion is suppressed, necessitating modifications to the
traditional Viola systematics. The width of the fission fragment mass distribution increases with
excitation energy in both lower and higher energy ranges, indicating a dynamic fission process. At
beam energies like 330 MeV and 363 MeV, the formation of superheavy elements (SHEs) is
significantly suppressed, underlining the challenges in SHE synthesis. These results highlight the
importance of considering factors like mass asymmetry, nuclear deformation, and entrance channel
parameters in fission models. Further exploration of the single-particle shell model at lower excitation
energies and sub-barrier regions, especially for 2°°Po and nearby pre-actinide nuclei, could provide
further insights into fission dynamics and SHE formation.

In summary, our analysis across a range of excitation energies has provided valuable insights into the
interplay between compound nucleus fission and NCN processes, emphasizing the complex factors

influencing fission dynamics and SHE synthesis.
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