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Fusion of 35,37Cl + 130Te and subsequent fragmentation near the Coulomb barrier
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Extending from previous research where formation and decay analysis was carried out for even mass nuclei,
this investigation includes the fusion-fragmentation analysis of odd mass isotopic compound systems, 165,167Tm∗,
formed in reactions induced by 35,37Cl projectiles carrying energy spanning the Coulomb barrier region (Ec.m. =
90 to 125 MeV), offering valuable insights into the reaction dynamics of these nuclear systems. To analyze the
fusion dynamics of 35,37Cl + 130Te reactions, the energy-dependent Woods-Saxon potential (EDWSP) model is
utilized and it introduces alterations in the alterations in the potential barrier characteristics of the fusing nuclei.
This results in the reduction of the effective fusion barrier, and accordingly influences the fusion outcomes. In
contrast to the one-dimensional barrier penetration model (BPM), the EDWSP calculations yield enhanced fusion
cross sections. This augmentation is especially evident in the energy-dependent behavior of cross sections for
the selected fusion reactions, both in the near and sub-barrier energy domains. Furthermore, to address the
decay of compound nuclei 165,167Tm∗, the evaporation residue (ER) cross sections are meticulously addressed for
quadrupole (β2) deformed fragments with orientations optimized for hot configurations, using the DCM model.
The sub-barrier fusion enhancement in the excitation functions of lighter isotope 165Tm∗ are explored in terms
of preformation and penetration profiles. Lastly, comparative studies of odd mass nuclear systems 165,167Tm∗ are
carried out with even mass systems generated in Ca and Ni induced reactions.
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I. INTRODUCTION

Nuclear fusion relies on quantum tunneling, where col-
liding nuclei overcome interaction barriers through quantum
wave behavior. The nonzero tunneling probability, a result of
the wavelike nature of colliding partners, is crucial for fusion
yields. This interplay, dependent on the radial characteristics
of the interaction barrier at near- and sub-barrier energies,
significantly impacts fusion cross sections and enhances our
understanding of fusion reactions [1–6]. The phenomenon
of complete fusion between colliding partners leads to the
formation of a stable and enduring compound nucleus (CN)
that eventually loses any trace of its initial formation process.
This CN undergoes subsequent deexcitation through distinct
channels, including the emission of light particles (LPs) or
evaporation residue (ER), generation of intermediate mass
fragments (IMFs), or the production of heavy mass fragments
(HMFs) or fission fragments (ffs), which are described by var-
ious statistical evaporation [7–9] and fission models [10,11].
The specific decay pathway adopted by the CN is contingent
upon several factors, including the energy of the incoming
channel (Ec.m.), the angular momentum transferred to the CN,
its mass and deformation, and the orientation of the decaying
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fragments. Furthermore, the choice of CN decay is intricately
linked to additional nuclear parameters and characteristics,
such as level density. This multifaceted interplay of factors
contributes to the rich variety of observed decay modes in the
fusion process, providing valuable insights into the underlying
nuclear dynamics.

The exploration of formation and decay processes is
crucial, especially within the low-energy regime near the
Coulomb barrier. Recent studies extensively investigated
fusion-fragmentation (or fusion-evaporation) dynamics, fo-
cusing on even mass isotopic compound nuclei such as
98,104Cd∗ [12] and 122,128Ba∗ [13], produced in reactions in-
duced by projectiles with magic shell closures such as 40Ca
and 64Ni. Employing the energy-dependent Woods-Saxon po-
tential (EDWSP) model [14–16] and the coupled-channels
model for fusion analysis, and the dynamical cluster-decay
model (DCM) [17–26] for decay patterns, these studies have
yielded valuable insights. Building on this foundation, the
present research extends this approach to investigate the
fusion-fragmentation (or fusion-evaporation) dynamics of the
odd mass isotopic compound nucleus 165,167Tm∗ formed in
nuclear reactions involving an odd mass projectile combina-
tion (35,37Cl + 130Te) [27,28]. This extension enhances our
understanding of fusion processes, particularly in systems
with odd mass configurations, and contributes valuable in-
sights in the energy range spanning the Coulomb barrier,
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highlighting the role of the single unpaired nucleon. The
fusion cross section (σF ) refers here to the total decay cross
section including contributions from the evaporation channel
(σER) and the fission channel (σff ), hence it is given as

σF = σER + σff . (1)

For the chosen system, the fission contribution is negligible
so the total fusion cross sections σF � σER. In this case, σF

is estimated by the energy-dependent Woods-Saxon poten-
tial (EDWSP) model and the ER channel cross sections are
estimated by the collective clusterization technique of the
dynamical cluster-decay model (DCM).

In fusion studies, experimental fusion cross sections [4–6]
consistently surpass predictions from the one-dimensional
barrier penetration model (BPM) by orders of magnitude.
The BPM, neglecting internal structure degrees of freedom,
particularly struggles in the sub-barrier energy region. Internal
degrees of freedom, such as vibrational states, static defor-
mations, nucleon transfer, and entrance channel asymmetry,
significantly contribute to sub-barrier fusion enhancement
[29–31]. Coupled-channels models [32–36] effectively repli-
cate experimental data, but complexities arise with numerous
intrinsic channels. Alternative theoretical methods, includ-
ing Hartree-Fock theory [37–39], the symmetric-asymmetric
Gaussian barrier distribution (SAGBD) model [40–44], mean-
field theories [45], energy density functional (EDF) theory
[46–50], and the energy-dependent Woods-Saxon potential
(EDWSP) model [14–16], provide diverse approaches to cap-
ture these effects. Recent studies extensively investigate the
role of inelastic surface excitations and static deformation
in various projectile-target combinations, consistently favor-
ing sub-barrier fusion enhancement. While positive Q-value
neutron transfer channels in certain reactions contribute to ad-
ditional sub-barrier enhancement [29–31], their role remains
puzzling and warrants further investigation. Experimental fu-
sion cross sections of 35,37Cl + 130Te reactions [27,28] confirm
sub-barrier enhancements attributed to low-lying vibrational
states and neutron transfer channels. The EDWSP model,
considering the energy-dependent Woods-Saxon potential,
comprehensively addresses barrier characteristics, offering in-
sights into fusion reactions, including the relative sub-barrier
enhancement observed in 35Cl + 130Te over 37Cl + 130Te
reactions.

Further, this study explores the investigation of the decay of
compound nuclei 165,167Tm∗, formed through fusion reactions
involving 35Cl + 130Te and 37Cl + 130Te [27,28], spanning
the energy region of Ec.m. = 90 – 125 MeV. The dynamical
cluster-decay model (DCM) [17–26] is employed to com-
prehensively analyze this decay process. The experimental
results reveal that the excitation functions for the decay of
these compound systems exhibit contribution from evapora-
tion residue channel. The DCM proves to be a successful
model in addressing these cross sections. In this research,
calculations specifically focus on quadrupole-deformed (β2-
deformed) fragments, optimizing their orientations for hot
configurations. To ensure accuracy, the neck-length parame-
ter is meticulously fine tuned to align with the experimental
cross sections within the theoretical framework, showcasing
excellent agreement with the empirical data. The scope of

the analysis extends across both below- and above-barrier
energy regions. The intricacies of barrier profiles, fragmen-
tation structures, preformation, and barrier penetration plots
are systematically explored. Furthermore, the impact of the
energy of the incoming channel and angular momentum on
these profiles is investigated, extracting valuable insights.
In the final stages of the investigation, a comparative study
of the decay profile of odd mass nuclear systems is con-
ducted, drawing parallels and distinctions with even mass
nuclear systems. This comparative approach enhances the
understanding of the role played by unpaired nucleons in
influencing the decay dynamics. Through this comprehensive
exploration, the study aims to contribute valuable insights to
the field of nuclear reactions at low energies, shedding light on
the complex mechanisms governing the decay of compound
nuclei

The paper is structured as follows: In Sec. II, we present
the methodology employed for conducting the calculations
in this study, in two distinct subsections. Section II A out-
lines the theoretical framework used to investigate the fusion
process, specifically the energy-dependent Woods-Saxon po-
tential (EDWSP) model. Then, Sec. II B elaborates on the
methodology employed for conducting the decay analysis,
focusing on the dynamical cluster-decay model (DCM).

Section III is dedicated to the discussion of our calculations
and the corresponding results. Finally, in Sec. IV, we provide
a succinct summary of the key findings and conclusions drawn
from the present work.

II. METHODOLOGY

The methodology is divided into two parts. In part A, the
fusion criteria is explained briefly whereas the subsequent
decay analysis is covered in part B.

A. Formation process

The partial wave fusion cross sections are described by the
equation

σF = π

k2

∑
�

(2� + 1)T F
� . (2)

Here, the tunneling probability (T F
� ) can be determined

either through numerical solutions of the Schrödinger wave
equation or via the parabolic approximation of the effective
interaction between colliding nuclei [51], represented as

T HW
� = 1[

1 + exp
(

2π
h̄ω�

(V� − Ec.m.)
)] . (3)

In this context, Ec.m., V�, and h̄ω� correspond to the incident
energy in the center-of-mass frame, barrier height, and barrier
curvature for the �th partial wave, respectively. Wong [52]
further refined this parabolic approximation by considering
contributions from an infinite number of partial waves to
the fusion process and by incorporating approximations for
barrier position, barrier curvature, and barrier height, yielding
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the final expression for fusion cross-section evaluation:

σF = h̄ω

2Ec.m.

R2
B ln

[
1 + exp

(
2π

h̄ω
(Ec.m. − VB0)

)]
. (4)

In this equation, RB, h̄ω, and VB0 represent the barrier po-
sition, barrier curvature, and barrier height for the Coulomb
barrier.

The nucleus-nucleus potential forms the basis of theoret-
ical calculations, with the energy-dependent Woods-Saxon
potential (EDWSP) [14–16] used in conjunction with the
Wong formula [52] for fusion process calculations. The static
form of the Woods-Saxon potential is defined as

VN (r) = −V0[
1 + exp

(R−R0
a

)] . (5)

In the EDWSP approach, the depth of the real part of the
Woods-Saxon potential is defined by

V0 = [(AP
2/3 + AT

2/3) − (AP + AT )2/3]

×
[

2.38 + 6.8(1 + IP + IT )
A1/3

P A1/3
T(

A1/3
P + A1/3

T

)
]

MeV, (6)

where IP = NP−ZP
AP

and IT = NT −ZT
AT

are the isospin asymme-
tries of the projectile and target nuclei, respectively. The
Coulomb potential VC for spherical nuclei is given by

VC = ZPZT e2

r
. (7)

In the realm of heavy-ion fusion dynamics, an array of static
and dynamic effects come into play, including variations in
the N/Z ratio, surface energy, surface diffuseness of colliding
pairs, density profile variations in the neck region, and the
dissipation of kinetic energy of relative motion into internal
structure degrees of freedom. The isotopic dependence of
sub-barrier fusion enhancement is directly manifested when
a common projectile is incident on a series of target isotopes
or vice versa. These physical factors necessitate modifications
in the parameters of the static Woods-Saxon potential, partic-
ularly requiring larger diffuseness to account for sub-barrier
fusion data [53,54]. The energy dependence in the nucleus-
nucleus potential is attributed to effective nucleon-nucleon
interactions and nonlocal quantum effects [55,56], involv-
ing nucleon exchange between colliding nuclei and leading
to velocity-dependent nuclear potentials. To address these
complexities, the energy dependence in the Woods-Saxon po-
tential is introduced via its diffuseness parameter, defined as

a(Ec.m.) = 0.85

⎡
⎢⎢⎢⎣1 + r0{

13.75
(
A−1/3

P + A−1/3
T

)[
1 + exp

(
Ec.m.
VB0

−0.96

0.03

)]}
⎤
⎥⎥⎥⎦fm. (8)

In the EDWSP calculations, the potential parameters such
as depth (V0), range (r0), and diffuseness (a) of the Woods-
Saxon potential are interrelated. Adjusting one parameter
entails corresponding changes in the other two. The depth
(V0) significantly depends on surface energy and isospin.
Range and diffuseness parameters are linked by Eq. (7). The
range parameter (r0) is associated with the radii of fusing
nuclei through R0 = r0(A1/3

P + A1/3
T ), which in turn depends

on nuclear shape. The value of the range parameter is sensi-
tive to the nature of interacting nuclei and dominant nuclear
structure degrees of freedom, leading to variations for dif-
ferent projectile-target combinations. The range parameters
for the studied reactions lie within the range of 0.90 to
1.35 fm, consistent with values used in different approaches
[1–6,29–31].

The EDWSP fusion barrier is defined by the equation

V EDWSP
B0 = VN (r = RB) + VC (r = RB) (9)

where

V EDWSP
B0 = −V0[

1 + exp
( RB−R0

a(Ec.m. )

)] + ZPZT e2

RB
. (10)

In the EDWSP model, the calculations utilize Eq. (5) with
VB0 replaced by the EDWSP fusion barrier height (V EDWSP

B0 ) as
defined in the above equations.

B. Dynamical cluster-decay model (DCM)

The dynamical cluster-decay model (DCM) [17–26] rep-
resents an extension of the preformed cluster model (PCM)
[57–59], which is specifically designed for describing ra-
dioactive processes and spontaneous emissions. Grounded
in the established quantum mechanical fragmentation theory
(QMFT) [60–62], the DCM employs collective coordinates
such as mass asymmetry ηA = A1−A2

A1+A2
, relative separation R,

multipole deformations βi (λ = 2, 3, 4), and orientations θi of
decaying fragments as fundamental components.

The preformation probability P0 encapsulates the antici-
pation that the decaying fragments are preformed within the
compound nucleus, serving as a conduit for the structural
characteristics of the exit channel. The preformation proba-
bility is obtained by solving the stationary Schrödinger equa-
tion in mass coordinates (η), specifically at R = Ra, given by[

− h̄2

2
√

Bηη

∂

∂η

1√
Bηη

∂

∂η
+ VR(η, T )

]
ψν (η) = E ν

η ψν (η),

(11)

The resulting solution provides the preformation probabil-
ity (P0), defined as

P0 = |ψ (η(Ai ))|2
√

Bηη

2

ACN
(12)
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where both ground state (ν = 0) and excited states (ν =
1, 2, 3, . . . ) are considered, and |ψ (η(Ai ))| is a Boltzmann-
like function. The mass parameters Bηη employed here
correspond to the hydrodynamical masses of Kröger and
Scheid [63], constituting the kinetic energy aspect of the
Schrödinger wave equation. The potential term used for solv-
ing the Schrödinger equation is the temperature-dependent
fragmentation potential, defined as

VR(η, T ) =
2∑

i=1

[Bi(Ai, Zi, T )] +
2∑

i=1

[δUi] exp
(−T 2/T 2

0

)
+ VC (R, Zi, βλi, θi, T ) + VP(R, Ai, βλi, θi, T )

+ V�(R, Ai, βλi, θi, T ). (13)

In this equation, Bi (i = 1, 2) refers to the LDM binding ener-
gies derived from the semiempirical mass formula by Seeger
[64], made temperature-dependent following the approach of
Davidson et al. [65]. The empirical shell corrections (δUi)
are obtained from Myers and Swiatecki [66], accounting for
the microscopic part of binding energies. Additionally, the
potential includes temperature-dependent Coulomb, nuclear
proximity, and centrifugal potential terms for deformed ori-
ented nuclei.

The barrier tunneling probability, also known as bar-
rier penetration probability, is evaluated using the quantum
Wentzel-Kramers-Brillouin (WKB) approach:

P = exp

[
−2

h̄

∫ Rb

Ra

2μ[V (R) − Qeff ]
1/2dR

]
, (14)

where V (Ra, T ) = V (Rb, T ) = TKE(T ) = Qeff for the two
turning points. Here, Qeff represents the effective Q value of
the decay process.

The decay cross sections are formulated based on the pre-
formation probability (P0) and penetration probability (P),
expressed as

σ =
�max∑
�=0

σ� = π

k2

�max∑
�=0

(2� + 1)P0P, where k =
√

2μEc.m.

h̄2 .

(15)

The Schrödinger wave equation, decoupled as described
earlier, is solved at the first turning point Ra, which is
defined as

Ra = R1(α1, T ) + R2(α2, T ) + �R(T ) = Rt (α, T ) + �R(T )

(16)

The parameter �R within the expression for Ra contributes
to defining the effective “barrier lowering” parameter �VB(�)
at each �, reflecting the difference between the actual bar-
rier VB(�) and the calculated barrier V (Ra, �) as �VB =
V (Ra, �) − VB(�).

III. CALCULATIONS AND DISCUSSION OF RESULTS

This section is bifurcated into two segments. Part A
delves into the exploration of the fusion mechanism of
35,37Cl + 130Te reactions, employing the EDWSP model
[14–16]. Subsequently, in part B, an in-depth analysis of the

resulting decay patterns is conducted, utilizing the dynamical
cluster-decay model (DCM) [17–26].

A. Fusion study of 35Cl + 130Te and 37Cl + 130Te reactions

In EDWSP analysis, for the 35Cl + 130Te reaction at the
lowest incident energy (Ec.m. = 90 MeV) and largest dif-
fuseness parameter (a = 0.982 fm), the calculated lowest
energy-dependent fusion barrier (LEDFB) is 98.767 MeV.
Similarly, for the 37Cl + 130Te reaction under the same condi-
tions (Ec.m. = 90 MeV, a = 0.981 fm), the LEDFB is 99.163
MeV. These LEDFB values are notably smaller than the
respective Coulomb barriers, which are 105.210 MeV for
35Cl + 130Te and 104.240 MeV for 37Cl + 130Te. The dif-
ference between the EDWSP-calculated LEDFB and the
Coulomb barrier is −6.443 MeV for 35Cl + 130Te and −5.077
MeV for 37Cl + 130Te. This difference is more significant
for the lighter projectile (35Cl) compared to the heavier
one, indicating a relatively larger sub-barrier fusion enhance-
ment for 35Cl + 130Te. As the incident energy increases, the
diffuseness parameter decreases, reaching its lowest value
(0.850 fm). This reduction in diffuseness leads to an in-
crease in the energy dependent fusion barrier. The EDWSP
model’s modulation of the diffuseness parameter at different
energies is depicted in Fig. 1 for 35,37Cl + 130Te reactions,
highlighting the relevance of dominant intrinsic channels dur-
ing fusion at below barrier energies. Beyond the Coulomb
barrier (Ec.m. = 125 MeV, a = 0.850 fm), the highest energy-
dependent fusion barrier (HEDFB) produced in the EDWSP
calculations remains considerably smaller than the corre-
sponding Coulomb barrier (HEDFB = 102.264 MeV for
35Cl + 130Te and HEDFB = 102.180 MeV for 37Cl + 130Te).
This significant reduction in the interaction fusion barrier un-
derscores the larger sub-barrier fusion enhancement predicted
by the EDWSP calculations.

The fusion mechanisms of 35,37Cl + 130Te reactions are
investigated using the EDWSP model. This model accounts
for the effects of dominant channel couplings arising from
the intrinsic properties of interacting nuclei, which are in-
herently incorporated due to the energy-dependent nature of
the Woods-Saxon potential. Figure 1 illustrates the inter-
action barriers between the participating nuclei at various
incident energies, revealing distinct barrier profiles. For the
35Cl + 130Te reaction, the conventional Woods-Saxon poten-
tial yields a single Coulomb barrier with parameters VB0 =
105.210 MeV, RB = 11.240 fm, and h̄ω = 4.400 MeV. Sim-
ilarly, for 37Cl + 130Te, the parameters are VB0 = 104.240
MeV, RB = 11.650 fm, and h̄ω = 3.560 MeV. These values
are listed in Table I. The range, depth and diffuseness of
the Woods-Saxon potential used in the EDWSP model cal-
culations for the chosen reactions are shown in Table II. In
contrast to the conventional potential, the energy-dependent
Woods-Saxon potential assumes attractive characteristics,
thus modifying the fusion barrier profiles for 35,37Cl + 130Te
reactions around the Coulomb barrier. The EDWSP intro-
duces a range of energy-dependent fusion barriers with varied
heights and strengths (see Fig. 1). Notably, these energy-
dependent fusion barriers are consistently lower than the
Coulomb barrier, enhancing the EDWSP model’s ability to

044607-4



FUSION OF 35,37Cl + 130Te AND … PHYSICAL REVIEW C 109, 044607 (2024)

FIG. 1. Radial dependence of the fusion barrier for (a) 35Cl + 130Te and (b)37Cl + 130Te reactions at different bombarding energy (Ec.m.)
obtained by using the EDWSP model.

predict larger fusion cross sections compared to the one-
dimensional barrier penetration model (BPM). The shape of
the EDWSP fusion barrier heavily relies on the selection of
range parameter (r0) and diffuseness parameter. These pa-
rameters are sensitive to the intrinsic channels active in the
tunneling process, influenced by the geometry and density
profiles of the colliding nuclei. Variations in the diffuseness
parameter directly impact the density distribution of nucleons
during fusion, ultimately affecting the nucleus-nucleus poten-
tial strength in the domain of Coulomb barrier.

The EDWSP’s adaptable diffuseness parameter modi-
fies the interaction barrier between participants, leading to
barrier-lowering effects. This effectively reduces the fusion
barrier compared to the original Coulomb barrier, allowing
the EDWSP to predict significantly increased fusion cross
sections relative to the one-dimensional BPM. Thus, appro-
priate choice of range parameter (r0) facilitates the necessary
barrier modulation, enabling the EDWSP model to aptly cap-
ture the fusion mechanisms of 35,37Cl + 130Te reactions. The
relevant results are presented in Figs. 2 and 3. Analogous
barrier-lowering effects due to coupling between relative mo-
tion and inherent degrees of freedom were emphasized in
Refs. [27,28]. The EDWSP predictions align well with ex-
perimental data such as coupled-channels outcomes predicted
by the authors. This indicates that EDWSP results inherently
encompass the impact of relevant channel couplings along
the fusion path. Theoretical cross sections calculated using

TABLE I. The parameters employed in the EDWSP model calcu-
lations for the analyzed reactions include the Coulomb barrier (VB0),
barrier position (RB), and barrier curvature (h̄ω).

System VB0 (MeV) RB (fm) h̄ω (MeV)

35Cl + 130Te 105.210 11.240 4.400
37Cl + 130Te 104.240 11.650 3.560

the static Woods-Saxon potential and the energy-dependent
Woods-Saxon potential (EDWSP) within the Wong formula
are compared with the experimental data of 35,37Cl + 130Te
reactions [27,28], as shown in Fig. 2. Deviations between
theoretical cross sections using the standard Woods-Saxon
potential and experimental data are prominent in the sub-
barrier region, indicating missing intrinsic channels during
tunneling. Predictions based on the simple Wong formula are
notably smaller at energies lying below the Coulomb barrier.
High Coulomb barrier height restricts fusion at lower ener-
gies, which is evident in theoretical predictions and becomes
more pronounced at lowest energies (Fig. 2). This is a clear
indication of contribution from low-lying inelastic excitations,
deformations, and positive Q-value neutron transfer channels.
Without considering aforementioned intrinsic channels, one
cannot reproduce experimentally observed behaviors of fu-
sion cross sections of 35,37Cl + 130Te reactions especially in
near- and below-barrier regions. In Ref. [28], authors analyzed
37Cl + 130Te fusion using coupled-channels calculations, in-
corporating odd-A spin states of the projectile and vibrational
states (2+, 3−) of the target. For 35Cl + 130Te reaction [27],
authors highlighted that, in addition to odd-A spin states of the
projectile and low lying (2+, 3−) vibrational states of target,
the couplings to positive Q-value neutron transfer channels
improve agreement with the fusion data. Among six neutron
transfer channels, the one with +4.38 MeV Q value dominates

TABLE II. Range, depth and diffuseness of the Woods-Saxon
potential used in the EDWSP model calculations for the chosen
reactions.

System r0 (fm) V0 (MeV) aPresent

Energy Range

(
fm

MeV

)
35Cl + 130Te 1.115 119.209 (0.982) to (0.850)

(90) to (125)

37Cl + 130Te 1.100 128.098 (0.981) to (0.850)
(90) to (125)
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FIG. 2. The fusion cross sections as a function of Ec.m. obtained for (a) 35Cl + 130Te and (b) 37Cl + 130Te reactions by using the EDWSP
model and the experimental data taken from Refs. [27,28].

for 35Cl + 130Te, while all are suppressed in 37Cl + 130Te, ex-
plaining larger sub-barrier fusion in the former.

Further, the authors of Ref. [28] emphasized that the as-
trophysical S factor of 37Cl + 130Te reaction has not shown

maxima in low energy regions but exhibits continuous in-
crease for the entire sub-barrier energy region. In order to
solidify the above conclusion, the logarithmic derivative of
the fusion cross-section data was also explored and was found

FIG. 3. Comparison of fusion cross sections as a function of Ec.m. obtained for (a) 35,37Cl + 130Te reactions in normal scale and (b)
35,37Cl + 130Te reactions in reduced scale by using the EDWSP model and the experimental data taken from Refs. [27,28].
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to follow an increasing trend with decrease in incident en-
ergy to the deep sub-barrier domain. The energy dependent
representation of the astrophysical S factor and logarithmic
derivative in the deep sub-barrier domain has shown the ab-
sence of fusion hindrance in the 37Cl + 130Te fusion reaction.
The absence of fusion hindrance in the above system can
be correlated with the existence of multiple fusion barriers
appearing due to static and dynamic deformations, that leads
to different turning points depending upon mutual orienta-
tions and excitations of the participant nuclei. In a similar
sense, the absence of fusion hindrance in 35Cl + 130Te (unlike
coupled-channels predictions), relates to two neutron transfer
channels mitigating Pauli repulsion, enabling nuclear matter
exchange and reducing the effective fusion barrier in the deep
sub-barrier region. Simenel et al. [67] suggested that the Pauli
repulsion effect during nucleon-nucleon interaction reduces
the tunneling probability at deep sub-barrier energies along
the fusion path. As a result, the fusion hindrance appears
in the deep sub-barrier domain due to the steep fall-off of
fusion cross sections, with reference to the standard coupled-
channels predictions. The presence of a positive Q-value
neutron transfer channel favors the fusion process by forming
a neck between participants in the deep sub-barrier energy
region and mitigates the Pauli repulsion effect. Similar con-
clusions regarding a positive Q-value neutron transfer channel
are also inferred from the previous analysis [13].

In Fig. 3, a comparison between the fusion cross sections of
35,37Cl + 130Te reactions is depicted, both in regular energy
scale and the reduced energy scale. The experimental data
for 35,37Cl + 130Te reactions are augmented with theoretical
estimations based on the EDWSP model, shown alongside the
experimental data. The analysis indicates that the fusion cross
sections of the 35Cl + 130Te reaction exhibit enhancement rel-
ative to 37Cl + 130Te reaction, particularly in the sub-barrier
energy region. Notably, the presence of a positive Q-value
neutron transfer channel prevents the sharp decrease in the
fusion excitation function of the 35Cl + 130Te reaction at deep
sub-barrier energies, as highlighted in Ref. [27]. The low-
lying odd-A spin states of the projectiles are almost similar
in strength, having the same excitation energies, and the tar-
get is common to both projectiles; both fusion reactions are
expected to follow a similar trend. However, the difference
in the sub-barrier fusion enhancement of 35,37Cl + 130Te re-
actions appeared typically due to the presence of the positive
Q-value neutron transfer channel. In case of the 35Cl + 130Te
reaction, six neutron transfer channels with positive Q value
are allowed, and the pair neutron transfer channel having a
positive Q value of +4.38 MeV is the dominant one. For
the 37Cl + 130Te reaction, the neutron transfer channels with
positive Q value are forbidden, thereby suppressing the effects
of the neutron transfer channel. Henning et al. [68] empha-
sized that the conclusions due to positive Q-value neutron
transfer channels become more unambiguous if one deals with
optimum Q value instead of ground state Q value. In some
cases, it has been observed that the ground state Q value is
positive for neutron transfer channels but the corresponding
optimum Q value is negative, and in such a case no additional
sub-barrier fusion enhancement was found due to couplings
of the positive Q-value neutron transfer channel. In this sense,

the neutron transfer channels with positive ground state Q
value (or negative optimum Q value) for the neutron transfer
channel turned out to show negligible or weak influence on
the fusion process. However, the projectile-target combina-
tions for which both ground state Q value and corresponding
optimum Q value for neutron transfer channel are positive
displayed strong additional sub-barrier fusion enhancement.
This may be the possible reason why some fusing systems,
besides having positive ground state Q value, do not demon-
strate strong sub-barrier fusion enhancement due to couplings
of positive Q-value neutron transfer channels. Sargsyan et al.
[69,70], based on a quantum diffusion approach, pointed out
that neutron transfer channels have weak impact on the fusion
process if the deformation strength of fusing partners does
not change or decreases after neutron transfer. However, if
the deformation strength of fusing partners increases after
neutron transfer then such projectile-target combinations dis-
play strong additional sub-barrier fusion enhancement due to
couplings of neutron transfer channels. Hence, sub-barrier fu-
sion enhancement due to inclusion of positive Q-value neutron
transfer channels is quite sensitive to the change of defor-
mation strength of the fusing partners after neutron transfer.
In the chosen reactions, the projectile 37Cl nucleus has fully
occupied neutron shell (1d3/2 and neutron number N = 20)
while the 35Cl nucleus has half occupied neutron shell (1d3/2

and neutron number N = 18) and the 35Cl nucleus facilitates
the absorption of six neutrons with positive Q value. Among
these, the two-neutron transfer channel with positive Q value
of +4.38 MeV is the dominant one, and transferring a pair
of neutrons from target (130Te) to projectile (35Cl) effectively
reduces the fusion barrier between participants resulting in the
enhanced fusion cross sections. Therefore, the present work
suggests that the observed sub-barrier fusion enhancement
of 35Cl + 130Te reaction relative to 37Cl + 130Te reaction ap-
peared due to the populations of the positive Q-value neutron
transfer channels in the 35Cl + 130Te reaction, signifying the
importance of the neutron transfer channel in the fusion dy-
namics. The EDWSP model provides a suitable description of
the energy-dependent behavior of the fusion cross sections for
both reactions across the entire range of incident energies.

In Fig. 4, the variation of diffuseness parameter as a
function of incident energy is shown for 35,37Cl + 130Te re-
actions. From this figure, it is clear that with the increase
in incident energy the diffuseness parameter decreases and
finally saturates to its lowest value (0.850 fm). For instance
for 35Cl + 130Te (37Cl + 130Te) reaction, the diffuseness de-
creases from 0.982 (0.981) fm to 0.850 (0.850) fm as incident
energy changes from 90 to 125 MeV. The diffuseness param-
eter defines the slope of the Woods-Saxon potential in the
surface regions, and its choice directly or indirectly affects
curvature and thickness of the effective fusion barrier be-
tween the participant nuclei. The energy-dependent nature of
the Woods-Saxon potential brings different dynamical factors
with various incident energy regimes. As a result, the energy-
dependent nuclear potential generates quite analogous barrier
lowering, as inferred from the inclusions of the inelastic
surface excitations, static deformation, nucleon transfer chan-
nels, and other dynamical effects during quantum mechanical
tunneling process. Hence, the variations of diffuseness with
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FIG. 4. Diffuseness parameter a(Ec.m.) calculated by EDWSP
calculations plotted in terms of Ec.m. for 35Cl + 130Te and 37Cl + 130Te
reactions.

incident energy reflect strong influence of density distribu-
tion evolutions inside the composite system along the fusion
path. Therefore, Fig. 4 clearly demonstrates the relevance
of the energy dependence in the Woods-Saxon potential,
and consequences of such energy dependence are barrier
modifications and barrier lowering effects during quantum
mechanical tunneling through the fusion barrier. The energy
dependent nature of the Woods-Saxon potential, as appears
in the EDWSP model, seems to be a true representation of
the nuclear potential. This signifies that the impact of in-
trinsic degrees of freedom associated with the fusing pairs
during the fusion process can be included in the theoretical
estimations either by considering intrinsic channels directly in
the coupled-channels formalism or by considering an energy-
dependent interaction potential as in the EDWSP model. Both
approaches modify quantum mechanical tunneling behavior
through the interaction barrier in such a way that the original
barrier gets reduced, resulting in the enhanced fusion cross
sections relative to the output of the one-dimensional BPM.

In order to solidify the above conclusion, in Fig. 5 the ra-
dial profiles of the static Woods-Saxon potential and EDWSP
fusion barriers are compared for a specific incident energy
(Ec.m. = 90 and 125 MeV) for 35,37Cl + 130Te reactions. The
EDWSP fusion barriers for the 35Cl + 130Te reaction (repre-
sented by the dash-dot blue color line at Ec.m. = 90 MeV
and the dash-dot-dot magenta color line at Ec.m. = 125 MeV)
appear notably shallower than the fusion barriers obtained
from the static Woods-Saxon potential (dot-dot black color
line) particularly at lower incident energies. Similarly, the
EDWSP fusion barriers for the 37Cl + 130Te reaction (repre-
sented by the dash-dot cyan color line at Ec.m. = 90 MeV
and the solid green color line at Ec.m. = 125 MeV) appear
notably shallower than the fusion barrier obtained from the
static Woods-Saxon potential (dash-dash red color line) es-
pecially at lower incident energies. This shallower nature
of the EDWSP fusion barriers in the deep sub-barrier en-
ergy region can be attributed to the Pauli repulsion effect

FIG. 5. Comparison of radial dependence of the fusion barriers
for 35,37Cl + 130Te reactions produced by using the static Woods-
Saxon potential and the EDWSP fusion barrier at different incident
energies Ec.m. = 90 and 125 MeV. Similar behavior of the EDWSP
barriers has been found at other incident energies (Ec.m.).

arising from nucleon-nucleon interactions. As the collision
energy transitions from below to above the barrier region,
the shallow nature of the EDWSP fusion barriers diminishes,
leading to a reduction in the Pauli repulsion effect. This
effect becomes saturated at energies significantly above the
Coulomb barrier. This observation suggests that the EDWSP
model inherently incorporates the impacts of nuclear matter
incompressibility, nonlocal quantum effects, Pauli repulsion,
and nucleon-nucleon interactions during the fusion process.
This behavior is consistent for both 35,37Cl + 130Te reactions.
Hence, the EDWSP model due to its energy-dependent na-
ture effectively encompasses the relevant channel couplings
stemming from nuclear structure, nucleon transfer channels,
nuclear matter incompressibility, nonlocal quantum effects,
and the Pauli repulsion effect during quantum mechanical
tunneling along the fusion path, and appropriately reproduces
the fusion dynamics of 35,37Cl + 130Te reactions in the domain
of the Coulomb barrier.

B. Fragmentation analysis of compound systems 165,167Tm∗

Upon comprehending the detailed dynamics governing the
entire fusion processes of 35,37Cl + 130Te reactions over the
energy range Ec.m. = 90 – 125 MeV, it becomes imperative
to explore the intricacies of the subsequent decay mecha-
nisms exhibited by the resulting odd mass compound systems,
namely 165,167Tm∗ [27,28]. In these selected reactions, the
decay path involves the generation of evaporation residues
(ERs), characterized by light fragment masses (A2 = 1 – 4).
To explore this decay channel, the dynamical cluster-decay
model (DCM) [17–26] is employed. These calculations are
conducted with a focus on the modulation of the neck forma-
tion (�R) during the binary fragmentation process, spanning
the center-of mass-energy range (Ec.m.) of 90 to 125 MeV,
specifically for quadrupole (β2) deformed fragments char-
acterized by hot configurations and optimized orientations.
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TABLE III. The calculated cross sections for the ER decay channel originating from the isotopic systems 165,167Tm∗, which are produced
through the 35Cl + 130Te and 37Cl + 130Te reactions, are systematically presented within the energy range of Ec.m. = 93 – 121 MeV. Alongside,
a comprehensive inclusion of the crucial parameters integral to the dynamical cluster-decay model (DCM) are also presented, and the Coulomb
barriers for the chosen systems are 105.14 and 104.2 MeV respectively for 35Cl and 37Cl reactions.

35Cl + 130Te → 165Tm∗ 37Cl + 130Te → 167Tm∗

S. No. Ec.m. T (MeV) �R (fm) �max (h̄) σDCM (mb) σexpt. (mb) T (MeV) �R (fm) �max (h̄) σDCM (mb) σexpt. (mb)

1 94.0 1.528 0.98 105 0.0327 0.034 ± 0.010 1.437 0.91 106 0.001 0.0012 ± 0.0005
2 95.6 1.556 1.08 122 0.221 0.243 ± 0.045 1.467 0.97 118 0.011 0.012 ± 0.0001
3 100.3 1.638 1.38 122 15.2 15.6 ± 1.8 1.566 1.36 120 14.65 14.70 ± 1.65
4 105.3 1.716 1.59 122 113.2 111 ± 13 1.645 1.57 121 112.9 115 ± 14
5 109.8 1.792 1.70 125 283.8 286 ± 23 1.734 1.68 125 311.7 313 ± 34
6 116.9 1.898 1.78 126 565.8 548 ± 70 1.806 1.75 126 472.2 473 ± 55
7 121.60 1.965 1.80 127 651.3 659 ± 83 1.876 1.80 127 646.3 648 ± 75

Table III offers a comparative insight into the DCM-calculated
ER-decay cross sections originating from 165,167Tm∗ systems,
compared with the corresponding experimental data across
the energy range of interest. Upon scrutiny, a visible trend
emerges: at lower energies, particularly within the sub-barrier
region, the cross sections for the lighter system, 165Tm∗, ex-
hibit enhanced values compared to the cross sections of the
heavier counterpart, 167Tm∗. However, as the incident energy
transitions to the above-barrier regime, the cross sections for
the two systems become comparable. This observation is
further corroborated by the behavior of the neck-length pa-
rameter required to accurately reproduce the experimental
data. Specifically, in sub-barrier regions, the lighter system
165Tm∗ necessitates a higher neck-length parameter, while
at energies surpassing the Coulomb barrier the neck length
values tend to converge. The underlying cause for this en-
hancement in excitation functions, often referred to as “fusion
enhancement,” is attributed to the dynamical interplay of fac-
tors encompassing the structural attributes, shell effects, and
deformation configurations belonging to the decaying frag-
ments. These facets will be further investigated in subsequent
sections, shedding light on the nuanced interplay that con-
tributes to the observed phenomena.

The cross sections obtained through the DCM exhibit a
distinct dependence on the angular momentum (�) values,
encompassing the summation over the range � = �min to � =
�max. Also, the DCM based cross sections are a product of
P0 and P, which show contrasting behavior with increasing
�, hence the cumulative effect of � is reflected in the DCM
cross sections. On one hand, P0 values for lighter fragments
possesses higher magnitudes at � → 0h̄, and diminish at a
certain maximum value, tagged as �max; on the other hand,
P (for lighter fragments) shows noticeable magnitudes only
above a certain minimum value termed as �min. So, beyond
this �min to �max window, the net contribution of preformation
and penetration probabilities will be zero. This interplay be-
tween cross sections and angular momentum is exemplified
in Fig. 6, where the decay cross sections for two specific
decay channels, (a) 165Tm∗ → 164Tm +1n and (b) 167Tm∗ →
166Tm +1n, are presented for the experimentally accessible
energy spectrum. Interestingly, the � window gets broader
with increasing center-of-mass energy, for both the chosen

systems, which represents an increase in the 1n-decay cross
sections with increase in Ec.m.. A noteworthy point here
can be seen through the position of the � window for both
cases. �min represents the position where penetration proba-
bility starts contributing significantly towards reaction cross
sections, and the shift of �min values towards lower magnitude
as Ec.m. increases indicates that penetration of the decaying
fragments/nuclei requires lower centrifugal energy at higher
Ec.m. values. This also reflects the dependence of penetra-
tion probability on angular momentum states. On the other
hand, the �max value (which is decided by the diminishing
of P0) seems to be consistent at all the Ec.m. values, signi-
fying that the preformation probability possesses a weaker
dependence on Ec.m. values. So the dependence of channel
cross sections on � is decided by the dependence of P0 and
P, and the cumulative effect is reflected in Fig. 6; this obser-
vation is consistent for both the isotopic compound nuclear
systems. In essence, the examination of DCM-based cross
sections in relation to angular momentum values reveals the

FIG. 6. Variation of DCM calculated channel cross sections plot-
ted for (a) 165Tm∗ → 164Tm +1n and (b) 167Tm∗ → 166Tm +1n as
a function of angular momentum state of the system. The data is
presented across all the reported energies ranging from Ec.m. = 93–
121 MeV mentioned in Table III indicated as E1 to E7.
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FIG. 7. The barrier lowering parameter �VB plotted for
165Tm∗ → 164Tm +1n and 167Tm∗ → 166Tm +1n channel, over the
center of mass energy range Ec.m. = 93–121 MeV.

complex dynamics that shed light on the quantum tunneling
mechanisms governing the decay processes of the 165,167Tm∗

systems formed in the 35,37Cl + 130Te reactions.
In the study using the dynamical cluster-decay model

(DCM), understanding the behavior of a crucial parameter,
�VB, is essential. This parameter plays a pivotal role in
calculations related to the Coulomb barrier and to understand
the behavior of potential barrier. To comprehend this, it is
important to carefully analyze �VB values in terms of the
range of energies around the Coulomb barrier. �VB is a metric
that represents the difference between the effective barrier
faced by a fragment undergoing decay (represented as VRa )
and the actual height of the barrier (VB). Notably, �VB is
always negative, indicating a decrease from the barrier height.
Figure 7 visually depicts a noticeable trend: as the energy
of the center of mass (Ec.m.) increases for the decay channel
164Tm +1n, the magnitude of �VB decreases. These values
of �VB correspond to a specific �min value at a given Ec.m..
This decreasing trend in the magnitude of �VB suggests that,
as the energy of the system increases, there is a reduction
in the potential barrier, hence a lesser barrier modification is
required. A similar trend is observed for the heavier isotope
167Tm∗, with a slight change in magnitude. In simpler terms,
the study indicates that, as the energy of the decaying system
increases, there tends to be a decrease in the potential barrier,
and this trend holds true for different isotopes, albeit with
some variations.

In addition to this, the preformation probability (P0) holds
a paramount significance and provides valuable insights into
the structural attributes of the decaying compound nucleus,
explicitly relying on the mass numbers of the decaying frag-
ments (A1 and A2) and the temperature (T ) characterizing
the hot-rotating compound nucleus. The influence of tem-
perature is introduced via the center-of-mass energy of the
incident channel (Ec.m.). To illustrate the intricacies of P0,
Fig. 8 portrays the variation of �-summed P0 with A2 and
Ec.m., with a focus on the decay process emanating from

FIG. 8. �-summed preformation probability (summed up to �max)
of decaying fragments with mass A2 = 1 – 4, plotted over the entire
energy range for the 165Tm∗ nucleus.

the 165Tm∗ nucleus. It is noteworthy that the depicted curve
encompasses the realm of light particle masses, and spans all
reported energies (Ec.m. = 90 to 125 MeV). This depiction of
�-summed P0 entails the aggregation of P0 values across all
angular momentum states up to �max. A detailed examination
of the figure illuminates yields some salient observations:

(i) Among the different decay channels, the 1n-emission
channel exhibits notably higher preformation proba-
bilities across all available energies, followed by 2H-
and 3H-decay channels. This implies that the forma-
tion of the lanthanide nucleus 164Tm is energetically
favored in comparison to the isotopes 163Er and 162Er.
Remarkably, this trend remains consistent across all
the reported energy values.

(ii) Further examination of the decay channel with A2 = 4
reveals intriguing structural variations. Specifically, it
indicates that the fragment associated with A2 = 4 ex-
hibits higher P0 values at lower energies, compared to
higher energies, where the curve displays a smoother
progression. This peculiar behavior can be attributed
to the identity of the fragment at these energy levels.
At lower energies, the fragment with A2 = 4 corre-
sponds to 4Li, which is unstable and subsequently
decays into 3He via p emission, and then into deu-
terium (d) via 2p emission. Conversely, at higher
energies, the synthesis of 161Er is facilitated through
4H emission. Once again, 4H′s instability leads to
its decay via n emission into tritium (t), which sub-
sequently decays into deuterium (d). This intriguing
observation underscores the notion that different light
particles are preformed at distinct Ec.m. values. Also,
the preferential minimization of a specific fragment
associated with a light fragment mass number A2 =
4 holds the potential to shed light on the observed
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fusion enhancement in the lighter system 165Tm∗. As
expounded earlier, particularly at below-barrier ener-
gies, distinct decay channels manifest themselves as
follows:

165Tm∗ → 161Dy + 4Li,

167Tm∗ → 163Dy + 4Li .

Conversely, at above-barrier energies, the decay chan-
nels unfold as

165Tm∗ → 161Er + 4H,

167Tm∗ → 163Er + 4H .

In the context of sub-barrier energies, a noteworthy dis-
tinction emerges with regard to the deformation parameters
governing the daughter nuclei that emerge subsequent to the
evaporation of 4Li, characterized by a deformation parameter
of β2 = −0.328. Specifically, for the daughter nuclei 161Dy
and 163Dy, the resulting deformation parameters are observed
to be β2 = 0.307 and β2 = 0.327 respectively. It becomes
evident that the prolate deformations exhibited by the daugh-
ter nucleus emerging from the heavier isotope are notably
more pronounced than those manifested by the lighter isotopic
compound nucleus. Within the framework of the dynamical
cluster-decay model (DCM), the role of deformations assumes
a significant role. DCM specifically engages with the dynam-
ics of decay processes, and, as such, the deformations inherent
to the fragments undergoing decay, as well as the exit channel
partners, play a pivotal role. Consequently, the augmented
prolate deformations found in 163Dy are postulated to exert
a considerable influence on the fusion process. In summa-
tion, this insight may provide a comprehensive perspective
on the observed disparities in excitation functions between
the 167Tm∗ and 165Tm∗ systems, particularly in the context
of sub-barrier energies.

In the broader context, it is crucial to highlight that a
fragment’s net contribution to the total decay cross sections is
determined by the product of preformation probability and
penetration probability, denoted as P0P. Therefore, it becomes
imperative to interrogate the variation of the penetration
probability in terms of the light fragment mass A2 and the
center-of-mass energy Ec.m.. This comprehensive analysis is
important for understanding the quantum tunneling process,
structural attributes, and energy dependencies that govern the
intricate dynamics of decay in the 165,167Tm∗ systems formed
through the 35,37Cl + 130Te reactions. This phenomenon is fur-
ther illuminated through Fig. 9, which provides an insightful
portrayal of the �-summed penetration probability (P) in the
context of decaying fragments with varying mass numbers
A2 = 1 – 4, originating from the complex nucleus 165Tm∗.
The curve exhibited in this figure unveils a compelling con-
trast, one that reveals intriguing insights into the behavior
of the barrier penetration probabilities. Within this con-
text, the barrier penetration probabilities associated with the
A2 = 1 fragment, signifying the 1n-emission channel, stand
out for their relatively subdued magnitudes when compared
against the counterparts representing fragments with A2 = 2
and 3, corresponding to the 2H- and 3H-emission channels

FIG. 9. �-summed tunneling probability (summed up to �max) of
decaying fragments with mass A2 = 1 – 4, plotted over the entire
energy range for the 165Tm∗ nucleus.

respectively. This observation consistently holds true across
the entirety of the spectrum of available center-of-mass ener-
gies (Ec.m.). Remarkably, a distinctive behavior emerges for
the light fragment characterized by a mass number A2 = 4.
This behavior is particularly evident as Ec.m. transitions from
the below-barrier region to the above-barrier region. At the
lower energies, the barrier penetration probability values ex-
hibit an extremely subdued nature, seemingly indicating a
diminished likelihood of penetration. In contrast, as Ec.m. es-
calates to higher levels, the barrier penetration probabilities
for this fragment become comparable to those witnessed in
the case of the 2H- and 3H-emission channels. Strikingly, the
barrier penetration probabilities for A2 = 4 become notably
higher than those associated with the 1n channel. To discern
the origins of these contrasting behaviors, it is instructive to
revisit the earlier discussion. The exceptionally low barrier
penetration probabilities observed at lower energies may be
attributed to the emission of distinct fragments, particularly
in the context of 4Li emission. This specific emission mode,
accompanied by 3He -p or d2p emissions, appears to be char-
acterized by an inherently low penetration probability. On the
other hand, the heightened barrier penetration probabilities
associated with A2 = 4 at higher energies, akin to 2H and 3H
emissions, seem to align with the emission of 4H fragments
(or equivalently, tn or d2n emissions). This intricate inter-
play between mass numbers, fragment emissions, and barrier
penetration probabilities provides a nuanced understanding
of the fusion dynamics and sheds light on the mechanisms
underlying the observed variations in penetration probabilities
across different energy regimes.

Importantly, the DCM-calculated cross sections reside in
the meshing between two pivotal factors, namely P0 and P.
The synergy between these quantities is brought into focus
by the cross sections derived from DCM for fragments with
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FIG. 10. �-summed DCM cross sections (summed up to �max) of
decaying fragments with mass A2 = 1 – 4, plotted over the entire
energy range for the 165Tm∗ nucleus.

varying mass numbers A2 = 1 – 4, emitted from the nucleus
165Tm∗. This symbiotic relationship unfolds in the context
of center-of-mass energy (Ec.m.) and is portrayed in Fig. 10.
This figure combines information from Figs. 8 and 9 to
help us see how these factors are connected. Upon closer
examination, it becomes apparent that the 1n-emission chan-
nel exerts the most substantial influence on the cumulative
DCM cross sections for the ER-decay channel stemming from
165Tm∗. It is noteworthy that, although the P values attributed
to the 1n-emission are relatively modest, their amplification
by higher P0 values serves to magnify the overall 1n cross
sections. Interestingly, a slightly different scenario unfolds
for fragments characterized by A2 = 4. In this context, the
P0 values outshine those associated with fragments A2 = 2
and 3 (2H and 3H), but the substantially subdued P values,
especially at lower energies, curtail their contribution to the
aggregate ER cross sections to negligible levels. This insight
yields a crucial finding: the channel cross sections pertaining
to the 4Li fragment (3He -p or d2p) are inherently negligible,
as is strikingly evident in the below-barrier energy region.
However, a remarkable transformation occurs for A2 = 4 as
Ec.m. ascends to higher values, heralding a transition to the
4H decay channel (tn or d2n). This transition brings with it
a substantial elevation in DCM cross sections, emphasizing
the channel’s promising significance. In summation, the com-
plexities underlying the DCM-calculated cross sections come
into sharp focus. At lower energies, the dominant channel
is 1n; the contribution of this channel is propelled by the
synergistic interplay between enhanced P0 values and com-
paratively modest P values. However, as the energy trajectory
ascends, the collective contributions of other decay channels,
including 2H, 3H, and 4H (3He -n or d2n), assert themselves
with marked significance. This unique interplay between the
various decay channels and the values of P0 and P provides a

FIG. 11. Structural variation of preformation probability P0 for
(a) 165Tm∗ and (b) 167Tm∗ in terms of fragment mass Ai at Ec.m. =
122 MeV and best fit values of neck-length parameter. The graph is
plotted at � = 0h̄ and �max values.

comprehensive understanding of the fusion dynamics and the
modulation of cross sections as a function of energy.

Finally, a thorough structural analysis has been conducted
in Fig. 11 for the decaying nuclei 165Tm∗ and 167Tm∗. In
this context, the preformation probability, denoted as P0, has
been meticulously plotted against the fragment mass number
Ai at the highest energy Ec.m. = 122 MeV, employing the
respective best-fit values of the neck-length parameter. The
resulting curve has been generated for extreme momentum
values, revealing intriguing insights. Notably, at lower angular
momentum states, the preformation probability values exhibit
a preference for the lighter mass region, indicating it to be
the favored decay mode for both chosen systems. However,
as higher angular momentum states are considered, a dis-
cernible change in the structural dynamics becomes evident.
For both systems, an elevation in the magnitude of preforma-
tion probability is observed, particularly in the heavy mass
and fission regions. The graphical representation identifies
highly preformed peaks in the symmetric fission region and
the asymmetric heavy mass region. It is noteworthy that the
net contribution of these mass fragments to the total decay
cross sections is contingent upon their penetration probability
values. The emergence of asymmetric peaks in the heavy
mass region is attributed to the shell closure at Z2 = 20, while
a corresponding occurrence in the symmetric fission region
is due to the magic shell closure at Z1 = 50. Remarkably,
the placement of these peaks is nearly identical in both iso-
topic systems, although the addition of two neutrons in the
heavier system does influence the mass spectrum of these
peaks to some extent. Upon comparing the odd mass structure
of 165Tm∗ or 167Tm∗ with the even mass systems 98,104Cd∗

formed in 40Ca + 58,64Ni reactions, it becomes evident that,
for the odd mass systems, the decay profile is broadly symmet-
ric, with a significant contribution from asymmetric shoulders
in the heavy mass region. Conversely, in the case of even
mass systems, the structure/decay profile is predominantly
symmetric, with contributing asymmetric shoulders lying in
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the intermediate mass region. Furthermore, a comparative
analysis of the decay profile of even mass systems 122,128Ba∗

lends support to the notion of asymmetric shoulders in the
intermediate mass region. Notably, no such contribution from
intermediate mass fragments is observed for the selected odd
systems. This comprehensive analysis provides a nuanced
understanding of the structural intricacies and decay charac-
teristics of the studied nuclei.

IV. SUMMARY AND CONCLUSIONS

The investigation of 35,37Cl + 130Te reactions employs
the energy-dependent Woods-Saxon potential (EDWSP)
model to comprehensively analyze fusion dynamics. At
the lowest incident energy (Ec.m. = 90 MeV) with a large
diffuseness parameter (a = 0.982 fm), the calculated lowest
energy-dependent fusion barrier (LEDFB) is significantly
lower than the Coulomb barriers, indicating a prominent
barrier-lowering effect of the EDWSP model. This effect is
most pronounced at the lowest incident energy, suggesting
maximum modulations during the fusion process. As the
incident energy increases and the diffuseness parameter
decreases, the EDWSP’s impact on the fusion barrier
diminishes, resulting in a reduction in the interaction
barrier height. Notably, the experimental cross sections for
35,37Cl + 130Te reactions align well with the EDWSP model,
and no fusion hindrance is observed in either system. The
sub-barrier fusion enhancement in 35Cl + 130Te compared to
37Cl + 130Te is attributed to the combined effects of odd-A
spin states of the projectile and the positive Q-value neutron
transfer channel, particularly the dominant pair neutron
transfer channel. Coupled channel analysis and EDWSP
calculations reveal similar conclusions, highlighting the
influences of positive Q-value neutron transfer channels
and inelastic surface excitations of the collision partners.
The EDWSP model, by incorporating the energy-dependent

nature of diffuseness, effectively lowers the fusion barrier,
enhancing the predictive power of the model and providing a
reasonable explanation for the fusion dynamics in
35,37Cl + 130Te reactions.

Further, the study explores into the detailed dynamics of
35,37Cl + 130Te reactions within the energy range Ec.m. = 90 –
125 MeV, focusing on the subsequent decay mechanisms of
the resulting odd mass compound systems, 165,167Tm∗. Utiliz-
ing the dynamical cluster-decay model (DCM), the analysis
explores the modulation of neck formation during binary
fragmentation processes, emphasizing quadrupole-deformed
fragments. Comparative insights into DCM-calculated ER-
decay cross sections for 165,167Tm∗ systems reveal intriguing
trends, such as fusion enhancement at sub-barrier energies
and convergence at above-barrier regimes. The dependence
of cross sections on angular momentum values and the be-
havior of the crucial parameter �VB around the Coulomb
barrier are elucidated. The preformation probability (P0) and
its interplay with penetration probability (P) are highlighted,
unraveling the complex dynamics governing the decay pro-
cesses. Structural analysis of 165,167Tm∗ nuclei showcases
preferential decay modes, peak formations, and the influence
of shell closures. A comparison with even mass systems pro-
vides further insights into the symmetry and asymmetry of
decay profiles. The study concludes with a comprehensive
understanding of the structural intricacies and decay charac-
teristics of the studied nuclei, shedding light on the quantum
tunneling mechanisms governing their decay processes.
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