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Abstract Avrticle Info.

This work systematically investigates sub-barrier fusion enhancement in oxygen-

induced reactions, highlighting the novel roles of projectile structure and coupled- Keywords:

channel dynamics. We demonstrate that the agreement between theoretical Sub-Barrier Fusion
predictions and experimental data is significantly enhanced by considering multipole  Enhancement, Projectile
vibrations, multi-phonon excitations, and neutron transfer with negative Q-values, Isotopes, Neutron Transfer,
utilizing the BW 91 and AW 95 potentials. Unlike previous studies, this work Modifying Coupled-
explains isotope-dependent sub-barrier fusion enhancement across different mass Channel, Proximity (BW
regions by combining BW 91 and AW 95 potentials with multi-phonon excitations 91, AW 95).

and negative Q-value neutron transfer channels. For the systems 16180 + 62Ni, 116Sp,

and 2%8pb, fusion excitation functions and barrier distributions are calculated using ~ Article history:

Wong's formula and a modified CCFULL code. The neutron excess in 180 facilitates Received: Aug. 06, 2025
specific negative Q-value neutron transfer channels, which contribute to lowering Revised: Aug. 17, 2025
the fusion barrier and enhancing sub-barrier fusion. Barrier distribution analysis Accepted: Aug. 22, 2025
shows the crucial role of nuclear structure in determining the fusion probability Published: Sep.01, 2025
landscape and serves as a benchmarking technique for assessing theoretical

calculations. The 80 + 6Sn reaction resulted in a calculated cross-section value

that was twice that of the 60 + 116Sn system. Similarly, the fusion cross-section of

180 + 298pp is higher than that of 0 + 2%8Pb, and there is good agreement between

the experimental peak and the corresponding barrier distribution as calculated by the

three-point method. A similar rate was observed for the '*O projectile, leading to a

broadening energy width of the barrier distribution in comparison with the findings

from the '°O projectile.

1. Introduction

In today’s world, the fusion technique represents a promising global endeavor to
attain clean energy. However, fusion reactions are the most challenging problem in
heavy-ion processes since many of their characteristics are still undetermined [1].
Theoretical models are a valuable tool for studying fusion dynamics and the role of
nuclear structure in reaction dynamics near the Coulomb barrier [2].

Heavy ion fusion reactions have undergone significant study over the past four
decades [3-5]. The Wong model is used to calculate the fusion cross-section in the most
basic description of nuclear fusion reactions and coupling dynamics. When the energy
entering the fusion system is low, the reaction primarily occurs through quantum
tunneling across the Coulomb barrier, resulting from the balance between the strong
repulsive force and the attractive nuclear interaction [6]. In the tunneling case, the degree
of freedom plays [7] a significant role in fusing nuclei. Accurate calculation of fusion
cross-sections at sub-barrier energies requires incorporating the coupling effects of
neutron transfer [8], vibrational [9], and rotational excitations, significantly improving
the deformed fuse d nuclei cases [7, 10-12]. The principles behind the observed
enhancement in fusion cross sections at sub-barrier energies above the one-dimensional
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barrier penetration model calculations have been adequately explained using the coupled-
channel method [5, 13]. Previous studies [14, 15] have shown how vibrational excitation
modes [9], nucleon transfer channels [16], and static nuclear deformations [17] influence
fusion [18-20].

Additionally, research has shown that in heavy-ion fusion, there is not just one
fusion barrier but a range of them [21], which are influenced by the natural states of the
nuclei, like their rotation and vibration. This range of barriers is known as the fusion
barrier distribution, and the colliding nuclei’s structural characteristics significantly
impact its shape [22, 23]. Couplings to inelastic and transfer channels are frequently
considered in theoretical models using coupled-channel calculations [21, 24]. Rowley et
al.[22] demonstrated that the energy distribution of a discrete spectrum of barriers might
be calculated under specific approximations from exact fusion cross-sections by
calculating the second derivative of the quantity ( E.,,, o) concerning the center-of-mass
energy E. .. This distribution [22] shows the influence of nuclear structure on the fusion
process.

Understanding the puzzling behavior of heavy-ion fusion events has fundamentally
necessitated an optimal choice of the nucleus-nucleus potential due to the considerable
uncertainties in the radial dependence of the nuclear potential [16]. Various nuclear
potentials, such as Woods-Saxon Potential, Proximity Potential, AW 95, BW 91, CW 76,
etc., are available for this purpose [25]. The Woods-Saxon version of the nuclear potential
has been utilized to describe the mechanism of heavy-ion reactions and is typically
employed in coupled channel models. The three parameters of the static WWoods-Saxon
potential-depth (V,), diffuseness (a,), and range (r,) - are inherently related to one
another. Numerous issues related to the dynamics of heavy-ion fusion can be effectively
resolved by considering the multifaceted nature of nucleus-nucleus potentials. There is
much more to learn about the nuclear interaction component. Understanding the critical
function of nuclear potential is essential to studying fusion processes. Interestingly,
according to the well-known Wong formula, the nuclear potential controls both the
potential’s shape and the Coulomb barrier’s height [26]. Several theoretical methods have
been proposed to determine and explain the nuclear potential between two colliding
nuclei.

Previous studies observed variations in sub-barrier fusion enhancement across
different isotopic fusion systems, but a clear link between fusion enhancement order and
inherent nuclear degrees of freedom has not been established. In order to address this gap,
the current study investigates the fusion cross-sections of 80 and 20O projectiles with
target nuclei ®2Ni, 116Sn, and 2%Pb using the BW 91 and AW 95 potentials inside Wong’s
formula and CCFULL program. This allows us to investigate how isotope polarity and
coupling dynamics contribute to an enhancement of sub-barrier fusion in medium, and
heavy mass regions.

The aim of this work is to systematically investigate the effects of projectile isotope
composition and coupled-channel dynamics—including multi-phonon excitations and
neutron transfer with negative Q-values—on sub-barrier fusion cross sections. Using BW
91 and AW 95 proximity potentials within Wong’s formula and a modified CCFULL
code, we study fusion reactions of ©80 with ®2Ni, 11°Sn, and 2°®Pb to understand the
interplay of nuclear structure and coupling effects across different mass regions. This
study seeks to clarify the role of nuclear potential choice and coupling mechanisms in
enhancing fusion probabilities below the Coulomb barrier.
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2. Theoretical Formalism

2.1 Potentials

The Broglia and Winther 1991 (BW 91) and Aage Winther (AW 95) potentials were
used in Wong’s formula and coupled-channel equation through a modified CCFULL
code.

2.1.1 Broglia And Winther 1991 (BW 91)

Broglia and Winther [27] developed a modified version of the aforementioned

potential using Woods-Saxon parametrization. This potential to be as [28]

BW91 _ Vo
Vo) = Ty MeV, (1)

where Vj is the potential depth, R, is the fused radius, and a is the diffuseness parameter.
In the BW 91 parametrization, the diffuseness is fixed at a = 0.63 fm.

The potential depth given by

Vo = 1671%)/61, (2)
and

Ro = R; + R, +0.29 (3)
Here nucleus radius R; has the form

R; = 1.2334}% —0.984; ™% fm (i = 1,2) (4)

and the surface energy coefficient is expressed as

ot () )

where k, = 1.8and y, = 0.95 MeV/ fm?.

It should be noted that when the projectile is symmetric (N = Z) and the target is
asymmetric (N > Z), the second term of the y distinct outcomes.

2.1.2 Aage Winther (AW 95)

After thoroughly comparing with experimental data for heavy-ion elastic scattering,
Winther modified the parameters of the mentioned potential. This fine-tuning to slightly
altered the diffuseness parameter " a " and the nuclear radius R; values [28, 29]

1

- f 6
@ 1.17(1+0.53(AI1/3+A;1/3)) m ©)
and

R; = 1.204}% = 0.09 fm (i = 1,2) @)

here R, = R; + R, only, this potential was assigned the name AW 95.

2.2 One-Dimensional Wong’s Formula

The experimental finding is well explained by the barrier penetration model created
by Wong [26, 30], which has been frequently used to characterize the fusion cross
sections, especially at energies above the Coulomb barrier. The Coulomb potential

10
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(Vo(r)) and nuclear proximity potential (Vy(r)) combine to form the total potential
(Vr ().

Z12262

Vr(r) = Vy(r) + Ve(r),  where Ve(r) = (8)

The calculated barrier height V" and its position R can be determined using the

provided formula and boundary conditions, (@) . = 0,and & VTZ(T) <0.
r=Rp ar r= R,gh

Using Wong’s model [28, 31] to calculate the fusion cross-section, which is expressed as:

Ofus = 15 2me* (2L + DTy (Een.) 9)

The wave number, k, is defined as f ” =7 where u is the reduced mass and E,,, denotes

the center-of-mass energy. The formula above uses l,qx, the most significant partial wave
exhibiting a pocket within the interaction potential, and T,(E.,,) represents the
penetrating probability, which plays as the energy-dependent barrier penetration factor,
which is:

T (Eem) = {1+ exp [ 22 (V8 = Ee)]) (10)

Where Aw; is the curvature of the inverted parabola. With width and barrier position
independent on orbital angular momentum [, the fusion cross section becomes

10 RY hwg 2m _ th
Ufus(mb) = In {1 + exp [hwl (Ec.m Vi )]} (11)
when E,,,, » Vi, the formula simplifies to the used sharp cut-off formula.
th? Vth
Ofys(mb) = 10 w Ry (1 - EL) (12)

whereas for E,,, « Vi*, the formula (11) transforms, and the parameter of (Aw, =
hwg) is the curvature of the inverted parabola. A description of the very low-energy
fusion cross-section behavior near and below the Coulomb barrier can be obtained.

O o) I
B H dr? r=th3h
with width and barrier location dependent the fusion cross section becomes,
10RE 1 2
afus(mb) = ZBmeO exp [h_jo (Ecom. — Vlgh)] (13)

We used the equation above to calculate the cross-section of the fusion.

2.3 Coupled-Channel Equations

The second method for calculating the fusion cross-section is the coupled channel
analysis, which indicates the influences of inelastic surface excitations and multi-neutron
transfer channels with ground-state Q-values on the fusion process [6].

FVRE) + 22 4 e — E| (1) + T Vam () Y () = 0 (14)

The relative motion distance between the projectile and target is denoted by r, and
the reduced mass is denoted by u. E is the bombarding energy in the center of mass frame,
and €, is the n;, channel’s excitation energy. The coupling Hamiltonian’s matrix
elements, 1},,,,, are made up of nuclear and Coulomb components in the collective model.

[ h2 d? | J(J+1)h?
2[1 dr? 2ur?

11
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We use a Woods-Saxon potential to represent the nuclear potential (V) of the
entrance channel. Our code uses a potential that can be parameterized as either BW 91 or
AW 95, as defined before, which is given as [6].

0 _ Vo
VN (r) - 1+exp (%)

(15)

The fusion cross section is computed by,
ous(E) = 3,05 (E) = 5 %,(2 + 1) Py (E) (16)

Where the detail of cross-section probability P;(E) can be found in [6, 12] and k, is the
wave number for 1, = 0.

2.4 Theoretical Method of the Fusion Barrier Distribution

Heavy-ion fusion research has advanced significantly with fusion barrier
distribution measurements. They offer an effective way to comprehend the role of
intrinsic degrees of freedom and the fusion mechanism. Recently, an analytical technique
has been suggested to extract this distribution directly from fusion data [32]. Analyzing
the distribution of barriers gives a deeper understanding of reaction dynamics, sub-barrier
fusion, and the crucial role of channel couplings (often ignored in single-barrier models).
The distribution of barriers from fusion cross-section data, Dy (E’) can be extracted using
the second derivative method:

d?(Eo)
dE?

Df(E) = (17)

Where D¢(E) is the fusion barrier distribution, E is the center of mass energy in
MeV, and o is the fusion cross-section at energy E. Nearly all barrier distribution
calculations depend on the three-point difference formula provided by [33] to compute
the second derivative:

d*(Eo) _ ((E0)3—(EU)2 B (50)2—(50)1> (E 1 ) (18)
3

dE2 Ez—E, E,—Eq -E;

This is computed at energy (E; + 2E, + E3)/4 and roughly takes the following form
for energy data that are evenly spaced [23, 32].

d?(Eo) _ ((Eo)3—2(Ec)y+(E0)q
dE?2 _( AE?2 ) (19)

The second method is model-based, in which Wong’s formula, an analytical
expression derived from a one-dimensional barrier penetration model, is used to match
the experimental fusion cross-sections. The theoretical barrier distribution is obtained by
analytical calculation on the second derivative of Wong’s function (Eq.13) following
fitting [32].

d?(Ec) _ 2m?RE  exp(x)
dE?2 ~  hwp (1+exp(x))2 (20)

Where x = 2n(E —Vg)/ hwp

We are using the experimental data and the effect of coupling to validate the two
approaches. We use these methods to find the fusion barrier distribution from the
experimental and theoretical fusion cross-section data. The second method employed a
least-squares optimization methodology to fit Wong’s formula (Eq. 13) by using the
experimental and theoretical (CCFULL) fusion cross-sections. Following the fitting
process, the optimized barrier parameters (as shown in Tables 3 and 5) are used in Eg. 20

12
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to calculate the corresponding barrier distribution. The first technique used the regular
three-point finite difference formula (Eg. 18) on the theoretical fusion cross-sections
calculated with CCFULL. It is essential to note that all excitation states and neutron
transfer cases used to set the CCFULL code parameters for calculating the cross-section
value are identical to those used for calculating the barrier distribution value.
Additionally, we note these cases in the figure’s margins. Fig.1 shows the diagrammatic
representation of the theoretical models that used in calculation.

Calculation of fusion cross- Calculation of barrier
section distribution

J1 b Using
experimental Ve ‘ r.| CCFULL fusion cross-section
BW 91 and AW 95 Proximity potentials fusion cross- : with BW 91 potential
section I
Interface with < [ l
3 5
S Fit with Wong -
Wong formula and modified CCFULL formula using V', R Fpeintmethod
‘ong formula and modifie fwg and Gey(CCFULL) direct use of

program inl CCFULL cross-

' X] £X]
Extract Vg7, Ry 7. hwp section

compare with and using in L
v second Derivative J

of Wong’s
experimental data of second Derivative formula D (E) i
8 N n
fusion cross-section Wong f(. o N
n mb/MeV

['1 < represents as
N . Dy(E) in mb/MeV @ C_'FU_LL
D‘r(E:‘ :‘f:,;l):?“m represents as (3point) in the
The BW 91 potential within CCFULL provides the CCFULL (Wong) in i

presents as
best result. Exp(Wong) in figures the figures

Figure 1: Diagrammatic representation of the theoretical models that used in calculation.

3. Results and Discussions of Cross -Section

The present study employs various potentials to calculate the fusion cross-section.
The Wong formula, using the Hill-Wheeler approach, applied the two proximity
potentials (BW 91 and AW 95) separately to match the experimental data on fusion cross-
sections, particularly at high energy levels. Conversely, because the theoretical Wong
model ignores couplings to nuclear structure effects like inelastic excitations and neutron
transfer channels, it is unable to replicate the experimental fusion cross-section at low
energy across all reactions, as shown in the figures discussed later. To address this issue,
we implement the AW 95 and BW 91 potentials in the CCFULL program to provide the
optimal value for the cross-section because the coupled channel method based on
coupling between relative motion and intrinsic degrees of freedom of fusing nuclei, which
Wong’s formula does not consider [16]. In addition, the coupling was investigated using
two different excitation energy levels as input information for the CCFULL code. If
required, we enter the vibration/rotation mode according to the characteristic of fused
nuclei to the CCFULL code. In addition, we take into account the neutron transfer and Q-
value during the fusion cross-section calculation of the aforementioned systems. Table 1
lists the completeness parameters for the CCFULL calculation, including the values for
the deformation parameters (3;) and the excitation energies (E,) associated with the low-
lying vibration states of all these nuclei. The best agreement between the theoretical and
actual fusion cross-sections was obtained by manually adjusting the transfer coupling
strength, F;. Neutron transfer effects on sub-barrier fusion are reasonably described by
the selected value, which is consistent with similar systems.

The optimized transfer coupling strength is F,= 0.3 MeV, reproducing the
experimental data for some of the fusion systems. All these code adjustments are used for
two methods: to calculate the fusion cross-section for the oxygen nucleus and its isotopes
when they act as projectiles in the fusion systems 16180 + 52N, 16180 + 1165n and 16180
+ 208pp and to enhance the fusion reaction, which is discussed in the subsection below
based on the projectile’s isotopes. While previous research [8, 15, 25] showed a general
fusion enhancement in O-induced systems, they did not specifically attribute this impact

13
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to multi-phonon excitations or negative Q-value transfer channels. In contrast, our
analysis demonstrates that these transfer couplings are necessary to replicate the
experimental findings when combined with multi-phonon excitations. In contrast to
earlier research that concentrated on individual targets or just on vibrational excitations,
our analysis offers a systematic isotope-dependent comparison of medium, and heavy
targets.

Table 1: The deformation parameters ; and their corresponding excitation energies (E,) for
the 2* , 3~ and 5~ vibrational states of the reaction partners.

Nucleus B2 E, (MeV) | B3 | E3(MeV) | Bs | Es(MeV) References
%0 0.362 6.92 0.79 6.13 -- -- [34, 35]
80 0.355 1.982 0.390 5.098 -- -- [34]
2N 0.198 1.173 0.220 3.757 -- -- [34]
11650 0.143 1.293 0.213 2.266 -- -- [2, 35]
208pp 0.054 4.086 0.161 2.615 0.056 3.198 [36-39]

3.1 16,180 + 62Ni

The double magic projectile °0 and the magic target nucleus ®Ni fused to form the
180 + 82N system. Fig. 2(a, b) displays the calculated fusion cross-sections for the two
systems (*6180 +52Nii). The theoretical calculations are close to the experimental data. In
particular, the BW 91 and AW 95 potentials have been integrated into the CCFULL
program, which is influenced by the deformation parameter outlined in Table 1. The result
is reproducing the experimental fusion cross-sections at low energy of the fusion cross-
sections in the sub-barrier area.

In the 0 + %2Ni system, to accurately reproduce the experimental fusion results
requires more than just using the projectile’s 2% and 3~ vibrational states, as shown in
Fig. 2(a). After accounting for projectile vibrational states, we coupled it with the target’s
one-phonon in 2% and 3~ vibrational states. However, the number of phonons played a
role in the improvement. Having more phonon vibrational states in the target affects the
results, increasing the fusion cross-section and causing a significant difference from the
experimental results [16]. In addition, the neutron transfer channel (1-neutron pickup)
with a negative Q-value equal to -6.230 MeV with the transfer coupling strength F; = 0.3
MeV.

The projectile’s non-closed shell structure for neutrons in the 180 + ®2Ni system is
expected to significantly impact the fusion dynamics, and the theoretical calculations
successfully predicted the experimental results (see Fig. 2(b)). Predictions based on the
interaction of two phonons in the target’s 2% vibrational states are included in the
CCFULL calculations. Two neutrons are transferred (pickup) with a negative Q-value of
-6.852 MeV with F, = 0.3 MeV.

Fig. 2(c, d) shows a minor enhancement in the *20 +®2Ni cross-section because of
its lower barrier height (30.90 MeV; see Table 3), which marginally raises the fusion
probability at higher E. ,, . Since the sub-barrier dynamics is dominated by vibrational
couplings and the negative Q-value transfer channels are either weak or energetically
unfavorable, the two extra neutrons in 20 have a minimal impact in this system.
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Figure 2: Fusion excitation functions (cross-sections) for the **80 + %2Ni systems calculated
using the BW 91 and AW 95 proximity potentials within Wong’s formula and coupled-
channels model (CCFULL code). Results show in (a) *°0 +%Ni and (b) 20 + ®Ni.
Comparisons between the two projectiles (*°0 and **0) with the same ®?Ni target are presented
in (c) logarithmic and (d) linear scales. The experimental data come from Ref [39, 40].

3.2 16,180 + 116Sn

Fig. 3 illustrates that the 6180 + 1'°Spn systems are suitable for the fusion
enhancement below the barrier energy, considering the target’s vibration states of type
2%and 3~. These states are used as input parameters for the CCFULL when compared
with the Wong formula. Fig. 3(a) shows the enhancement of the CCFULL-calculated
fusion of 0 + 116Sn using vibration modes and the phonon number, which coincides
with experimental data compared to Wong’s formula. The improved CCFULL results are
influenced by specific conditions, including the two-phonon states of types 2*tand 3~ in
the target and the one-phonon and two-phonons 2*and 3~ vibrational states in the
projectile. Table 1 presents the deformation parameters corresponding to the
multipolarities of the vibrational states. Tables 2 and 3 provide the obtained values of the
parameters characterizing the nuclear potentials and Coulomb barrier parameters
employed in the calculations.

Tripathi et al.[35] mentioned that adding a single phonon in 2* or 3~ vibrational
coupled states improved the calculated fusion cross sections for the 60 + 16Sn system.
However, their model still did not accurately reproduce the experimental data. In addition,
other previous studies highlighted the role of projectile and target vibrational states in 60
+ 1183 in understanding fusion dynamics. Gautam [41] showed that one-phonon in 3~
and two-phonon in 2%are sufficient in the coupled-channel structure. Thereby, V.
Ghanghas et al. [16] analyzed experimental data by parametrizing the Wood-Saxon
potential related to coupled-channel calculations, using double phonon of vibrational
2%or 3 states of 118Sn. Their approach is also lacking in the high energy E,,, range,
with findings that deviate significantly from experimental data.
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Our study resolves this issue, presenting results that align more closely with high-
energy measurements. We used our models to test with a different projectile fusion.
Consistently using the 11°Sn target and oxygen isotope 0. In Fig. 3(b) for the 80 + 116Sn
system, we discovered that using the two-phonon in the 3~ state of the target and the two-
phonon in the 27 state for the projectile provides the best approach to the experimental
data. Further, since the quadrupole excitation energy in the projectile (*¥0) lies at a much
lower energy than those in the projectile (*°0), as Table 1 illustrates, they are expected to
have a major role in the fusion process of the selected system.

It is important to note that the effect of channel coupling gets stronger when the
ratio of neutrons to protons (N/Z) increases; this is more evident in 80 + 16Sn reactions.
At a higher value of the E,,,, the probability of fusion occurring for the 20 + 1%6Sn
system is twice as much as for the 120 + 118Sn system, as shown in Fig. 3(d). In addition,
one neutron transfer channel with a negative Q-value of -1.102 MeV (Table 4) was linked
to an increase in sub-barrier fusion for the 80 + 11°Sn system compared to the %0 + 116Sn
system, as shown in Fig. 2(d) [42]. While Nabendu Kumar Deb et al. [43], Vijay
Ghanghas et al. [16, 35], and others reported that negative Q-values do not affect
enhancement. The calculations of fusion barrier parameters for these systems are shown
in Table 3. Another factor contributing to this rise is the high excitation energies of 2*
and 3~ in 0, which are 6.92 MeV and 6.13 MeV, respectively, in contrast to their values
in 0, which are 1.982 MeV and 5.098 MeV. The combined effect of lower projectile
excitation energies and the availability of a negative Q-value neutron transfer channels,
which increases tunneling probability, results in an enhancement of sub-barrier fusion in
180 + 1185n as compared to 1°0 + 118Sn. As a result of these parameters along with two-
phonon excitations in both the projectile and target vibrational states, the 80 system
achieves nearly double the fusion probability at higher E_,,, than the 1°0 system.

10° 3
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Figure 3: Fusion excitation functions (cross-sections) for the %0 + *°Sn systems calculated
using the BW 91 and AW 95 proximity potentials within Wong’s formula and coupled-
channels model (CCFULL code). Results show in (a) **0 + *°Sn and (b) 0 + *Sn.
Comparisons between the two projectiles (**0 and *#0) with the same *'°Sn target are resented
in (c) logarithmic and (d) linear scales. The experimental data come from Ref [2, 39].
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3.3 16,180 + 208pb

Fig. 4(a) shows the fusion cross-sections for the 0 + 2%Pp reaction. Both the
projectile and target are doubly magic nuclei with spherical forms. Wong formula
calculation based on both nuclear potentials, fails to reproduce experimental fusion cross-
sections in the sub-barrier energy region. The BW 91 potential in combination with
CCFULL code, properly addresses this sub-barrier fusion behavior by including
couplings to two-phonon excitations in the 2+ and 3~ vibrational states of °0 and 3~
and 5~ for 29pPpb, with a one-neutron transfer (stripping) channel with a negative Q-value
of -11.726 MeV with F, = 0.3 MeV [42].

On the other hand, in the fusion of 20 + 2%Pp the coupling to one phonon in 3~
vibrational states of target and four phonons in 2* vibrational state of projectile gives the
best agreement fusion cross-section with experiment data with one-neutron transfer
(pickup) reaction of Q-value equal to -3.412 MeV and F; = 0.3 MeV. The barrier
parameters for these reactions are listed in Table 3. On can conclude that, the 20
projectile can reduce the negative Q-value. Fig. 4(c, d) illustrates this process. There is a
fusion enhancement between these two systems; 20 + 2%8Ph exhibits a higher fusion
cross-section than %0 + 2%8pp. It could be due to the double-magic nature of both the
projectile and the target in %0 + 2°8ph. Additionally, the fusion system 20 + 208pp is
more likely to occur, as the 180 target possesses two neutrons outside its stable shell.
These two neutrons are more likely to engage in the reaction, while the higher energy
level of 10 compared to 80, complicates nucleon transfer, ultimately reducing the fusion
cross-section. The two additional neutrons in 20, with lower negative Q-value neutron
transfer channels and pair well with multi-phonon excitations in both the projectile and
the target, are specifically responsible for the greater sub-barrier fusion cross-section in
180 + 298pp as opposed to 1°0 + 208Ph. On the other hand, the doubly magic %0 + 2°8Pb
combination has fewer available channels and higher negative Q-values, which limit
nucleon transfer. Additionally, vibrational couplings by themselves cannot increase the
fusion cross-section. Future research on heavier nuclei, superheavy element synthesis,
and neutron-rich projectile effects can be guided by our findings on multi-phonon
excitations and negative Q-value neutron transfers in *¥0-induced fusion.

Table 2: Nuclear potential parameters are used for the studied reactions in the CCFULL code.

Reactions BW 91 AW 95
Vo MeV) | Ry (im) | ag (fm) | Vo (MeV) | Ry (im) | aq (fm)
10 + 2Nj 51.53 7.64 0.63 54.66 7.59 0.64
80 + 2Nj 52.14 7.78 0.63 55.27 7.71 0.64
160 + 1163n 55.72 8.82 0.63 60.15 8.70 0.65
180 + 116gn 56.04 8.96 0.63 60.44 8.82 0.65
160 + 208pp 59.22 10.15 0.63 64.97 9.95 0.66
180 + 28pp 58.80 10.29 0.63 64.41 10.07 0.66
Table 3: Coulomb barrier parameters are used in the CCFULL code for the studied reactions.
Reactions BW 91 AW 95
vk R hwp (MeV) | V¥ (MeV) | R hwg (MeV)
(MeV) (fm) (fm)
0 + 2Ni 3141 9.56 3.77 31.38 9.57 3.76
180 + 2Nj 30.90 9.73 3.55 30.89 9.73 3.53
160 + 1163n 51.25 10.25 4.29 51.37 10.48 4.25
180 + 163n 50.52 10.69 4.03 50.67 10.63 3.98
160 + 208pp 76.11 11.69 4.74 76.54 11.59 4.68
180 + 208pp 75.19 11.84 4.44 75.67 11.72 4.37
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Figure 4: Fusion excitation functions (cross-sections) for the 80 + 2®Pp systems calculated
using the BW 91 and AW 95 proximity potentials within Wong’s formula and coupled-
channels model (CCFULL code). Results show in (a) 0 + 2°®Pb and (b) **0 + *%®Pb.
Comparisons between the two projectiles (*°0 and *80) with the same ?®®Pb target are
presented in (c) logarithmic and (d) linear scales. The experimental data are come from Ref
[39, 44].

Table 4: Q-values in (MeV) for ground-state neutron transfer, where Q.;, denotes neutron
stripping and Q-+1n» and Q2 indicate neutron pickup by the projectile.

Reactions Q-1n |  Qun | Qe | references
160 + 02Njj -- -6.230 -- [34]
180 + 2N . - -6.852 [40]
160) + 116y, - - - -

180 + 1165 -1.102 - - [16]
160 + 208py 11,726 - - [42]
180 + 208p - 3412 - [42]

4. Results of the Fusion Barrier Distribution

Fig. 5(a) shows the barrier distribution for the *O + 52Ni system. A single peak
appears in the experimental barrier distribution with width ranging from 27 to 35.5 MeV.
The dashed curve (3-point) method comes directly from the cross-section calculated by
the CCFULL code, which can recreate the main peak with a low strength rate. However,
it displays additional erroneous peaks at higher energies (E. ,,, = 37.5 MeV). These could
be caused by limitations in the numerical instabilities inherent in the finite-difference
method. To address the additional erroneous peaks identified in the 3-point method, we
implemented an alternative approach based on Wong’s formula. The red curve is obtained
using Wong’s second derivative method, with barrier parameters extracted from the
modified CCFULL code, closely matches the main peak of the experimental data,
ignoring the heights of the peaks. This consistent performance indicates that the CCFULL
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model effectively combines the coupling channels defined by the couplings to the 2 " and
3" vibration states of the ®2Ni target using 1-phonon; additionally, the one-neutron transfer
with a Q-value of -6.230 MeV is crucial for reproducing the experimental peak.

As mentioned, we replaced the projectile oxygen by its isotope (*¥0) to enhance the
reaction. Fig. 5(b) illustrates the barrier distribution of 80 + 52Ni. It is noteworthy that
the experimental data exhibit a broad range of coupling values, specifically from 26 to 40
MeV, when compared to 80 + 52Ni. Both the theoretical calculation CCFULL (solid line)
and the 3-point method (dashed curve) are able to replicate the experimental results, but
they shifted a narrower peak to the right. The 3-point method indicates that collective
excitation energies and deformation parameters are essential for understanding the
reaction. A coupling worked with 2-phonon for the 2* state of ®2Ni (see Fig. 5(b)), and a
two-neutron transfer with a Q-value of -6.852 MeV.

In the Fig. 5(c), the experimental barrier distribution for the %0 + 11°Sn system
displays a prominent, symmetric peak around E_,,~ 50 MeV. The solid line replicates
the peak’s position, in addition the solid line better matches the experimental
distribution’s width and position, suggesting strong channel coupling as shown in the
figure. To replicate the experimental barrier distribution, the 2+ and 3~ states of both 60
and 1%Sn were used. Furthermore, the experimental barrier distribution (black dots) for
180 + 1183n in Fig. 5(d) has curves smoothly and bell-shapely, culminating at E_,,, = 43-
58 MeV at about (Dr(E) =522 mb/MeV), which achieved a broader coupling region if
compared with the 10 + 11%Sn, Both theoretical calculations repeat the same setting but
with different number of phonons and one neutron transfer in 80 + 16Sn. The solid red
line from the Wong models indicates a trend that adjusts to (E.,,= 45-55) MeV,
exhibiting a sharper drop while predicting a higher peak (Dy(E) > 1200 mb/MeV) and
shifting the main peak toward the right of experimental barriers peak. This behavior is
attributed to the neutron transfer effect with a Q-value of -1.102 MeV. Furthermore, the
dashed line (3-point) does not successfully replicate the experimental main peak, as it
displays several ripples as pileup main peak, and several wave in the higher energy region.

The fusion barrier distribution for the %0 + 2%8Pp system is shown in Fig. 5(e). The
experimental distribution (black dots) shows a smooth and huge strength peak, centered
near E.,,, =76.1 MeV. The theoretical curve by Wong model (solid line) shows a much
sharper and narrower peak that has shifted to a lower energy level, peaking around
E..»=73.6 MeV, which is overestimated and much higher than what the experimental
data shows. Wong’s model clearly falls short in explaining the experimental data.
Therefore, the 3-point model aims to reproduce accurately the centroid and breadth of the
experimental peak, as represented by the solid line. The main peak can be recreated
toward the low energy potion by using a suitable set of parameters that includes the 2-
phonon excitation states 3~ and 5~ of 2%Pb, and the 2* and 3~ states of %0, along with
a one-neutron transfer that has a Q-value of -11.726 MeV. The extra phonon transition
causes an additional peak at high energy [21].

The Oxygen projectile 20 always plays as a corrector for these fusion systems. The
experiment barrier distribution for the 20 + 28Ph system is centered around E.,,, =~ 75
MeV, as shown in Fig. 5(f). The red solid line shows that, based on Wong’s calculation,
the barrier strength shifts to the right of the experimental peak, which is usually a low-
energy area centered on E,,, =~ 73.5 MeV. The dashed curve aligns with the experimental
data, attempting to match the peak width observed in the experiments. We chose the
multipolarities and phonon numbers of the excited vibrational state that corresponded to
the deformed projectile 80 and the self-excited target 2°Pb, which are different from the
vibrational states of the %0 + 298pp system. We successfully reproduced the experimental
peak, as depicted in Fig. 5(f). Therefore, multipolarity and phonon numbers have an
important role in this optimization.
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Figure 5: The black dots represent the experimental barrier distribution, obtained from the
experimental fusion cross-sections using the second method (second derivative of Wong
formula). The solid curve corresponds to the barrier distribution derived from the theoretical
fusion cross-sections (CCFULL), also using the second method. The dashed line shows the
barrier distribution extracted from the CCFULL theoretical cross-sections using the first
method, i.e., the three-point difference formula. The experimental fusion cross-section for

systems is come from [2, 39, 44].

Table 5: The experimental Coulomb barrier parameter of the systems was extracted from
Wong’s formula by fitting the experimental fusion cross-sections.

Systems VP (MeV) RSP (fm) hwg(MeV)
160 + 2N 30.42 27.68 2.59
180 + 62Njj 32.11 32.97 9.21
160 4 116gp 50.17 29.59 5.45
180 4 116gp 50.26 32.83 9.25
160 + 208pp 75.96 33.86 11.48
180 + 208pp 7451 33.89 9.25
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4. Conclusions

A rigorous analysis of nuclear structure and fusion dynamics in *0 and 80 with medium-
heavy targets (®2Ni, 116Sn, 2%8Pb) is studied. CCFULL calculations with BW 91 proximity
potentials show better agreement with experimental data. CCFULL calculations provide
that multipole excitation of vibration states, phonon excitation, neutron transfer, and
negative Q-value significantly enhance sub-barrier fusion cross-section. On the other
hand, the incorporation of oxygen isotope *20 influenced the enhancement of the studied
systems. The findings of this investigation are as follows: The isotope 80, classified as
neutron-rich, has a significant effect on the increase of the sub-barrier fusion cross-
sections, in particular for systems with medium-heavy or heavy targets. An increase in
fusion is due to the combined action of the neutron transfer (even if the Q-value is
negative) and the correlations of vibrational couplings. Such observations underscore the
necessity of performing comparisons between different targets with similar experimental
conditions to determine the influence of the structural differences of the projectiles (*%0
vs 180) on the dynamics of nuclear fusion. The oxygen isotope 20 has a significant
impact on predicting the main peak of the experimental barrier and broadening the
coupling energy regions in the studied fusion systems, except in the 180 + 2%8Pp system.
The fusion system can be improved by using a specific isotope for projectiles, as
previously mentioned, except for those that utilize halo isotope projectiles (radioactive
beams) [45].
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