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Introduction

Low-energy heavy-ion (HI) induced nuclear
reactions provide an excellent framework to
study the competition between complete fu-
sion (CF) and incomplete fusion (ICF) pro-
cesses. The onset of ICF at low incident ener-
gies is strongly influenced by projectile struc-
ture and entrance channel parameters of the
interacting nuclei. The present thesis reports
the systematic studies on the 12C + 193Ir sys-
tem in the energy range 64–84 MeV (≈ 5–7
MeV/nucleon). The primary objective was to
measure excitation functions (EFs) of evap-
oration residues (ERs), disentangle CF and
ICF contributions by forward recoil ranges
(FRRs), and examine entrance channel depen-
dencies of ICF probability.

Experimental Details

Thin Al-backed 193Ir films were fabricated
using the ultra-high vacuum deposition tech-
nique at IUAC, New Delhi [1]. Irradiations
with 12C beams were carried out in the Gen-
eral Purpose Scattering Chamber using the
stacked-foil activation technique. The ERs
populated through xn, pxn, and αxn channels
were identified using high-resolution HPGe
clover detectors. The cross-sections were ex-
tracted using standard activation analysis and
corrected for detector efficiency and target
thickness. The theoretical analysis was per-
formed using the PACE4 statistical model
code, and data reduction procedures such as
the Universal Fusion Function (UFF) and Im-
proved Fusion Function (IFF) were employed
to compare with the existing systematics.
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Results and Discussion

Excitation Functions of a large number of
reaction residues populated via CF and/or
ICF processes in the interaction of the 12C
with 193Ir have been measured [2]. The data
analysis indicated that the ERs populated
via xn/pxn channels (201,200Bi,201,200Pb) were
found to be in good agreement with the pre-
dictions of PACE4 for the level density pa-
rameter K = 13, indicating their origin only
through the CF process. However, a signifi-
cant enhancement was observed for α-emitting
channels (200,199,198Tl, 196Au) compared to
PACE4 predictions, providing direct evidence
of ICF.

To have a better insight into the onset of
ICF and how the structure of the projectile
affects the ICF dynamics, the ICF strength
function (FICF ) has been deduced as a func-
tion of incident energy, showing a smooth in-
crease from 12% to 16%. FICF rises with
beam energy, entrance channel mass asym-
metry, Coulomb factor (ZPZT ), and neutron
skin thickness, confirming the role of entrance
channel dynamics.

It has been found that FICF increases with
entrance channel mass asymmetry for 12C,
13C, 16O and 18O projectiles individually.
Based on these observations, it can be in-
ferred that the mass asymmetry systematics
is valid only for individual projectile(s), and
the projectile structure effect should be con-
sidered while interpreting the ICF data at low
incident energies. Further, it has been ob-
served that the probability of ICF is sensitive
to the Coulomb factor (ZPZT ). However, α–
cluster projectiles (12C and 16O) exhibit in-
creasing ICF fraction trends and align on the
same line, suggesting consistency in their be-
havior, while, non–α–cluster projectiles (13C
and 18O) also show increasing trends in ICF,
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but separately for each projectile. Based on
data analysis, it may be concluded that the
structural characteristics of the projectile ex-
ert a substantial influence on ICF. Moreover,
in low-energy HI reactions, ICF mainly oc-
curs in non-central interactions; hence, neu-
tron skin thickness may influence the proba-
bility of ICF. Neutron skin slightly reduces the
Coulomb barrier due to the screening effect,
which increases the attractive nuclear poten-
tial. The probability of ICF is found to in-
crease with neutron skin thickness for individ-
ual projectiles, indicating larger ICF probabil-
ity for neutron-rich, heavy mass target nuclei.
From the systematics, it has been found that
the probability of ICF is higher for reactions
involving 12C projectile than those involving
13C projectile, pointing towards the effect of
the Qα value of the projectile. The projectile
with a more negative Qα value will have fewer
ICF contributions, consistent with Qα value
systematics [3].

With a view to disentangle the CF and
ICF reactions in the present work, the
FRRs of reaction residues viz., 200,199,198Tl
(αn,α2n,α3n) and 196Au (2αn) populated in
the interaction of 12C with 193Ir target have
been measured at energy 83.99 MeV. A sig-
nificant contribution from ICF reactions has
been observed in almost all the α–emitting
channels. It strongly reveals a transfer of par-
tial momentum from the projectile to the tar-
get nucleus in the case of α–emitting channels
associated with ICF reactions. The different
partial LMT components correspond to the
breakup of 12C with the target nucleus if 12C
breaks up into 8Be+α. FRRs confirmed par-
tial momentum transfer in α-emitting chan-
nels, supporting ICF origin [4].

The fusion cross-section data of the present
system 12C+193Ir have been reduced to elim-
inate differences that may arise due to the
size and charge of the interacting nuclear en-
tities. Analysis within the framework of UFF
indicates that fusion is suppressed by ≈ 12%
for the 12C+193Ir system. The suppression of
experimental fusion functions concerning the
UFF or the probability of ICF is estimated
to be influenced by the α breakup thresh-
old energy of the projectile. The projectile

with a more negative Qα value is likely to
give rise to less fusion suppression and vice
versa. The magnitude of suppression for the
present system has been found to align with
the empirical relation obtained by Wang et al.
[5] after slight modifications to the parame-
ters. This observation further suggests that
the breakup threshold energy affects the pro-
jectile breakup and, hence, the fusion cross-
section. Moreover, the experimental fusion
cross-section data for various systems, includ-
ing the 12C+193Ir system, were plotted along-
side the IFF. A suppression of 6% has been
observed for 12C+193Ir system w.r.t. Classical
Fusion Line (CFL). The reduced data points
for different tightly bound projectile-target
combinations closely align with the CFL, re-
flecting that nuclear structure properties have
minimal influence at above-barrier energies.

This study provides new experimental data
and insights into the role of projectile struc-
ture and entrance channel effects in ICF at
near-barrier energies. The results contribute
to global efforts to understand the interplay
of CF and ICF in low-energy HI collisions.

Acknowledgments

The author acknowledges the Inter-
University Accelerator Centre (IUAC), New
Delhi, for facilities to carry out this exper-
iment, and Dr. Rakesh Kumar (deceased)
for contributing to this work. The author
is thankful to the thesis supervisor, Dr.
Pushpendra P. Singh, for his guidance and
support throughout the PhD journey. The
author thanks the Department of Science &
Technology (DST), Govt. of India, for the IN-
SPIRE Doctoral Fellowship (DST/INSPIRE
Fellowship/2019/IF190067).

References
[1] Amanjot et. al., Vacuum 226, 113287 (2024).
[2] Amanjot et. al., Acta Physica Polonica B

(PS) 17, 3-A26 (2024).
[3] Amanjot et. al., Phys. Rev. C under review.
[4] Amanjot et. al., Phys. Rev. C to be submit-

ted.
[5] Bing Wang et al. Phys. Rev. C 90, 034612

(2014).

Proceedings of the DAE Symp. on Nucl. Phys. 69 (2025) 1442

Available online at www.sympnp.org/proceedings


