http://dx.doi.org/10.14500/ar0.12265

293

Influence of Structural Properties on Fusion
Cross-Sections Using Proximity Potentials
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Abstract—In this study, an optimal nuclear proximity potential
is used to get more accurate fusion cross-section predictions. For
111 colliding systems, we evaluate the predictive accuracy of several
proximity potential models interfaced with Wong’s formula in
reproducing the fusion cross-section experimental data. For the
purpose of Chi-square minimization technique, Christensen and
Winther 1976 potential is selected. The analysis examines fusion
dynamics across a wide range of nuclear configurations (6 < Z
(projectile atomic number)<28, 6 < Z, (target atomic number) <94,
and 36 <Z 7 <1880). To increase accuracy and match experimental
data, a Python code that calculates cross-sections for all proximity
potentials is established using the Nelder—Mead algorithm. The
extensive range of calculations facilitates a systematic study of
the effects of structural factors, including magic numbers, shell
structure, neutron excess, and pairing effect. The results reveal
that shell effects can sometimes overcome neutron excess and
produce unexpected fusion trends, as seen in the 2Si + **Zr and 2*Si
+ %Zr. In other reactions, the shell effect eliminated the effect of the
neutron excess, such as in the °O + Ni versus '*O + 5Ni and >C
+ 28Ph versus 2C + 2%Pb reactions. Our findings also highlighted
the important role of the projectile in the process of fusion. The
titanium isotopes (*°Ti, 'Ti) in particular fused more effectively
with 2C than with *O. Nickel isotopes show similar projectile-
dependent behavior.

Index Terms—Fusion cross-sections, Magic numbers
effect, Mean difference, Neutron excess effect, Proximity
potentials, Shell structure effect.

1. INTRODUCTION

Recent decades have witnessed extensive theoretical and
experimental investigation into heavy-ion fusion (HIF)
(Zhang, Liu and Lin, 2014). Calculating theoretical HIF
cross-sections requires a well-understood nucleus-nucleus
interaction  potential.  Microscopic and  macroscopic
techniques have been widely used in the past decades
(Gharaei, Zanganeh and Wang, 2018). To theoretically study
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fusion dynamics, a realistic nuclear potential V,(r) must be
defined (Zanganeh, Gharaei and Izadpanah, 2019). Current
successful theories describe nuclear interactions in a wide
variety of fusion systems, from light to heavy colliding pairs.

Btocki, et al., in 1977, first proposed a phenomenological
proximity potential for heavy-ion reactions. The proximity
force theorem (Dutt and Puri, 2010a) is used in all proximity
potential calculations. Many attempts have used proximity
potential formalisms to describe the fusion of two colliding
nuclei. The results show that this theoretical method must
be improved to interpret the fusion cross-sections at energies
below the Coulomb barrier (Gharaei and Sarvari, 2024).
This well-known applicable model with simple and accurate
formalism has the advantage of adjustable parameters.

The proximity 1977 potential, also known as Prox77 (Umar
and Oberacker, 2007), is one of several nuclear proximity
potentials used in fusion research. Various proximity
potentials have been used to calculate fusion cross-sections,
including Prox77, Proximity 1988 (Prox88), Proximity
2000 (Prox00), Proximity 2000DP; and three versions by
Bass-Bass 1973 (Bass73), Bass 1977 (Bass77), Bass 1980
(Bass80); three versions by Winther and collaborators —
Christensen and Winther 1976 (CW76), Broglia and Winther
1991 (BW91), Aage Winther (AW95); Ng61975 (Ngd75) and
Ngo 1980 (Ngd80); and two versions by Denisov and EDF
(Dutt and Puri, 2010b; Thiha and Lwin, 2012). The most
recent proximity potential formalisms are the Zhang 2013
and Guo 2013 models (Zhang, Zheng and Qu, 2013; Guo,
Zhang and Le, 2013). The key difference between these two
theoretical approaches lies in their universal function.

Several factors influence heavy ion fusion cross-sections.
Magic numbers, pairing effects, neutron excess, and other
nuclear structural factors affect the fusion cross-section.
In addition, closed-shell structures in target or projectile
nuclei enhance fusion probability (Brown, 2015). For heavy
systems, shell effects in the colliding nuclei and Coulomb
repulsion expressed as the product of projectile and target
atomic numbers (Zp and Z, respectively) affect fusion barrier
height (Ikezoe, et al., 2004). We examined the relationship
between nuclear fusion cross-sections and several key
structural features: Nucleon pairing, magic numbers, closed
shells, neutron excess, and deformation.

Knowledge of nuclear structure, and pairing correlations
influence the results, is crucial to understanding nuclear
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collisions. These relationships produce two key outcomes.
First, spherical ground-state deformations are stabilized
by pairing, thus influencing fusion dynamics. Neutron
transfer preceding barrier crossing influences barrier
height changes, a process affected by pairing interactions
(Sargsyan, et al., 2013).

We selected the best proximity potential versions for fusion
cross-section prediction using Chi-square method, comparing
them against experimental data, this method can be found in
(Ghodsi and Daei-Ataollah, 2016). Preliminary results show
the CW76 potential best reproduces experimental fusion
cross-section for the studied systems. In addition, we studied
how different nuclear structure aspects, including nucleon
pairing, magic numbers, closed shells, neutron excess, and
deformation, affect fusion cross-sections. This new study
provides valuable understanding of the fusion process’s
dependence on nuclear structure, which has been unstudied
with macroscopic potentials.

II. THEORETICAL METHOD

We employed a variety of proximity potentials, which
include Prox77, Prox80, Prox00, Bass73, Bass77, Bass80,
CW76, BWI91, AW95, Ng680, and Denisov DP, to compute
the fusion cross-section. Each distinct type of proximity
potential was systematically incorporated into the Wong
formula to facilitate the computational analyses. Certain
nuclear potentials, namely, Prox77, Prox88, Prox00,
Bass73, Ngo80, and Denisov DP, do not provide a precise
representation of experimental fusion data under specific
optimization reaction conditions. As a result, these potentials
frequently demonstrate an inability to reliably predict fusion
cross-sections; for some reactions, the Chi-square values
are either absent or indeterminate, thereby exposing their
deficiencies in accurately predicting experimental data.

To identify the best proximity potential, we employed
the Chi-square test. Our research indicates that the CW76
potential, developed by Christensen and Winter in 1976,
yielded the smallest chi-square value. Next, we calculated
the Chi-square value for each cross-section reaction, as
illustrated in Fig. 1. In this figure, the Y-axis represents the
Chi-square value, while the X-axis shows the product of
Z, and Z. The Chi-square values for the CW76 potential
range from 0.00527 to 0.796101. Fortunately, we can use
the Nelder-Mead Algorithm to enhance the chi-square value
of the CW76 potential, bringing it down to between 0 and
0.0484. According to a previous study by Gharaei, et al.
(Gharaei, Zanganeh and Wang, 2018), the Chi-square value
for the cross-section fusion reaction is:

” {Gl‘exp (Ecm )_G;h(Ec.m)]z

1
2 pp—
f _mé cl'exp(Ec,m)+Gz'th(Ec.m)

The variable is the number of experimental data points in
each reaction. It’s noteworthy that these calculations covered
the entire range of bombarding energies. Fig. 1 illustrates
how the computed relative errors (%*) depend on ZPZ, for
every proximity potential model. This figure shows how the
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Fig. 1. Chi-square (x*) values of fusion cross-sections for various
proximity potential models applied to 111 colliding nuclear systems.

theoretical fusion cross-section values differ for 111 fusion
reactions across all proximity potentials.

The values of Chi-square of cross-section from CW76 had
the following distribution: The y? value showed the following
distribution: 50% of the reactions <0.2, 22.115% between 0.2
and 0.4, 16.346% between 0.4 and 0.6, and 11.538% between
0.6 and 0.8. After improving the CW76 potential, 77.67%
were <0.0121; 7.77% were between 0.0121 and 0.0242;
10.68% were between 0.0242 and 0.0363; and 3.88% were
between 0.0363 and 0.0484.

A. CW76 Potential and Cross-Section

Using semi-classical arguments and elastic scattering data,
Christensen and Wither (Christensen and Winther, 1976;
Zhang, et al., 2016; Deb, 2019) determined the nucleus-
nucleus interaction potential. The CW76 potential empirical
nuclear potential is detailed in (Dutt and Puri, 2010a).

RR
vy (r)=-50 R11+12?2 O(r— R, —R,) MeV (1

The projectile and target nuclei radii vary, given as,
R =1.2334"-0.9784" fm, (i=1,2)

and the universal function becomes.
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The Coulomb potential (¥ (r)) and nuclear proximity
potential (¥,(r)) combine to form the total potential (V,(r)).

Z,2,¢*

(D(s) = exp(—

Vr (r) =Vy (r)+ Ve (r),whereVC (r)= (ZlZzez) /r=

()
The calculated barrier height V, and its position R, can be
determined using the provided formula and boundary conditions.

dav,(r) d*v, (r)

dr ar’

r=RY

<0

r=RY

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

o =z s LT (E) 3)

The wave number, k, is defined as /%, where u
h

is the reduced mass and £ denotes the center-of-mass
energy. The formula above uses [ .. the largest partial wave
exhibiting a pocket within the 1nteract10n potential, and
T(E,,), representing the penf:tratmg pro.bablhty, whlch pl.ays
as the energy-dependent barrier penetration factor, which is:

-1
T, (E,.,.)= {1 +exp B—a’fl(%” - Em)}} )

ho, is the curvature of the inverted parabola. With width
and barrier location dependent on orbital angular momentum
[, the fusion cross- section becomes,

S fus (mb) = 10R B

In {1 rexp B—“(Em v )}} (5)
m 0;

when E,, >>V," the formula simplifies to the used sharp

cutoff formula.

th
S s (mb) =10m Y [l— EVB J (6)

Whereas for E <<V the formula (5) transforms,
and the parameter "of is the curvature of the inverted
parabola. When is independent of [/, it is written
as he; (ho, =~ hog) . A description of the very low-energy
fusion cross-section behavior near and below the Coulomb
barrier can be obtained.

1/2
—n* d*V,(r)

hop =
b TR

_pth
r=Rp

With width and barrier location dependent the fusion
cross-section becomes,

10R™ i
T ()= F—0ex [ (E, _—VM ™

we used the above equation to calculate fusion cross-
section.
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All numerical computations (1)—(7) were performed using

a Python script. The fusion parameters, Rg’, Véh , and , were
calculated using the CW76 potential and then later utilized in
Wong’s formula (6) and (7). Equations (6) and (7) were
solved numerically using Newton’s method. In addition, we
improved CW76 potential based on the fitted parameters

(R™, Véh, and 7@g) according to the experimental fusion
cross-section data. For the fitting process, we used the
Nelder-Mead Algorithm (Mathews and Fink, 2004; Nelder
and Mead, 1965; Yulianto and Zu’ud, 2018).

B. Statistical Methods

It can be challenging to identify which reaction has a higher
cross-section because the estimated and observed fusion cross-
sections in some reactions appear to overlap in linear and
logarithmic plots. To address this issue, we used statistical
analysis to compare the fusion cross-sections of the different
procedures. In particular, we employed a statistical test that
concentrated on the mean difference to ascertain the variance
in fusion cross-sections across the reactions. Accurate fusion
cross-section data was analyzed using two statistical techniques.
Tukey’s multiple comparisons and Welch’s correction are used
in the unpaired t-test (Abdi and Williams, 2010). The means
of two calculated reactions were compared using Welch’s t-test.

The Welch’s t-test was used to compute Table I, which
tabulated the mean difference value (Column B minus
Column A) and its standard error mean (SEM). According to
previous work (Neideen and Brasel, 2007), the t-test computes
the test statistic using the mean, standard deviation, and
number of samples. Mean comparison is the primary focus of
many conventional statistical methods. Welch’s t-test, which is
utilized for certain reactions as indicated in Table I, is usually
selected when the variances are not equal (Lu and Yuan, 2010).

=
t, = ——= 8
=t ®)
S8
nom

The generalized form of the used variables is written as:

",
J— 1 J
yj ==y and s} =

nj o

-3;) )

Where y; is mean of sample j where (j = 1,2), is variance
of sample of group j, and n, is sample size of group ;.

As the name implies, ANOVA is an acronym for
analysis of variance, and a one-way ANOVA was used

TABLE I
FusioNn CrOss-SECTION MEAN VALUES BETWEEN FUSION SySTEMS, USING
UNPAIRED T-TESTS WITH WELCH’S CORRECTION

Column  Column Mean of Mean of Mean difference
A B column A (mb) column B (mb) ((B-A)XSEM) (mb)
O+3Ni  '°O+°Ni 334.40 313.30 —21.10+£3.79
1O+Sm 1°0O+Sm 77.27 114.10 37.13+13.41
2C+HTi  2CHTi 548.40 449.20 —99.20+34.96
BSi+28Si 2#Si+0Si 68.79 71.43 2.64+4.23
O+Ti  1O+°Ti 354.40 284.60 —69.85£193.50
160+12Sn - 1°O+!"*Sn 208.00 222.60 14.55+42.87
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to analyze cross-sectional variations across three or more
fusion processes (Kim, 2017). When comparing means
value pairwise, the honestly significant differences (HSDs)
methodology also known as Tukey’s HSD includes the error
rate at the predetermined a threshold (Tukey, 1953; Brown,
2005) (Ostertagova and Ostertag, 2013). To determine the
maximum mean cross-section value in Table II, Tukey’s HSD
computed the mean differences between the means of each
fusion system.

(10)
The difference in mean sample is equal to Z_z
T
X, =-E S0, an
J
sp- (MWL, 1 (12)
2 mom

Where SE is the standard error of the difference between
two means, and the formula for the Tukey test statistic is:

X -X,

T Tasw 11
EEC+
nl n2

Where MSW is the mean square error from the previously
calculated ANOVA, S is the number of observations per
group, X is the group means, and n is the number of
observations in each relevant group (The groupings are
thought to be the same size) (Abdi and Williams, 2010).

(13)

II1. RESULTS AND DISCUSSION

We used the chi-square method to choose the optimal CW76
proximity potential from various types, based on how well it
reproduces experimental fusion cross-section data. The CW76
potential was used in this study to reproduce fusion reactions,

TABLE II
TukEY’s MULTIPLE COMPARISONS TEST 1S USED TO COMPARE THE MEAN VALUE
OF FUSION CROSS-SECTIONS OF REACTION SYSTEMS

Reaction 1 Reaction 2 Mean Mean Mean difference
reaction  reaction (mb) (mean reaction
1 (mb) 2 (mb) 2—mean reaction 1)
2C+12W 2CH+IMW 454.30 585.50 131.10
2C+82W 2C+180W 454.30 681.10 226.80
2C+IsW 2CH180W 585.50 681.10 95.64
12C+204Ph 12C+20Ph 463.30 428.50 34.73
12C+204Pb 12C+2%Pb 463.30 449.70 —13.56
12C+2%Ph 2C+28Ph 428.50 449.70 21.17
BSi+8Ni BSi+2Ni 3291 47.56 14.65
BSi+3Ni BSi+4Ni1 3291 55.17 22.26
2Si+62Ni 2Si+¢Ni 47.56 55.17 7.61
BSi+Zr BSi+2Zr 417.10 176.80 —242.30
BSi+Zr BSi+2Zr 417.10 198.80 -218.30
BSi+2Zr BSi+2Zr 176.80 198.80 22.00
SNi+Ni SSNI+ONi 36.84 100.30 63.46
SNI+8Ni SNI+Ni 36.84 95.03 58.19
SNi+ON{ SNI+Ni 100.30 95.03 -5.27
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and the barrier parameters of both the CW76 and the improved
CW76 potentials are shown in Table III. Calculating reaction
cross-sections reveals physical phenomena, including shell
effects, pairing, neutron excess, magic numbers, and nuclear
deformation. We used statistical variance analysis to determine
the differences in enhanced fusion cross-sections between two
systems using the same projectile but different targets (either
element nuclei or their isotopes). The cross-section results are
thus organized by projectile nuclei.

A. %0 Projectile Nucleus

Anomalies found during the computation of the fusing of
double magic oxygen projectiles with titanium isotopes, “Ti
and *°Ti, are depicted in Fig. 2a and b. Each figure has its own
set of specifications. In contrast to Fig. 2b, which employs
a logarithmic scale, Fig. 2a uses a linear scale. The other
cross-section values fall into the same category. Closed-shell
nuclei in the “Ti target are not composed of either proton or
neutron configurations. On the other hand, the neutron magic
number of the target (°°Ti) is 28. As shown in Fig. 2a, the
enhanced CW76 potential (Imp CW?76), which incorporates
Wong’s formula (Eq. 7), generally reproduces experimental
data more accurately than the original CW76 potential.

At high energies, the Imp CW76 potential offers better
accuracy by resolving inconsistencies between CW76 data
and experimental fusion cross-section measurements for '°O
+ 39T, as shown in Fig. 2a.

The calculated findings of the fusion cross-section at low-
energy levels for, 'O + *Ti with 'O + Ti, differ slightly in
Fig. 2b. We employed mean difference approaches to identify
the minor differences (overlap). Table I and Fig. 3a show
that the mean difference in cross-section values between the
160 + Ti and 'O + “Ti systems is —69.85 + 193.50 mb.
This indicates that the mean cross-section value of the '°O
+ %Ti system is greater than that of the 'O + °Ti system.
Surprisingly, the neutron magic number effect resulted in a
smaller fusion cross-section, which counteracted the excess
of neutrons, thereby enhancing the cross-section.

The shell effect also arises in the new fusion system. The
computed fusion cross-section for, 'O + ¢Ni is smaller than
that for, O + **Ni in the high energy range, as shown in
Fig. 2c and d. The systems’ computed fusion cross-section
agrees better with experimental data. Each target has a
different structure, which accounts for this small discrepancy.
While ®*Ni possesses both a neutron excess and an occupied
sub-shell state, Ni has only one neutron pair and no
occupied sub-shell Lf: 5 state. For light-medium mass regions,

2
this identification employs a fixed-target single-particle
configuration, as explained in (Brown, 2015; Hagino and
Maeno, 2020; Recchia, et al., 2013). According to articles
like (Brown, Derevianko and Flambaum, 2009), this
arrangement is recommended for medium-heavy mass zones.
The closed sub-shell effect can be estimated to have cancelled
out the cross-section enhancement. The improve CW76
calculation cross-section mean difference between 'O + ¥Ni
and 'O + Ni is —21.10 £ 3.79 mb (Fig. 3b and Table I).
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Fig. 2. The calculate and experiment cross-section of the projectile oxygen-16 fused with (a, b) Titanium isotopes *°Ti and **Ti, (c, d) Nickle isotopes
¥Ni and ®2Ni, (e, ) Tin isotopes '?Sn and !'°Sn, and (g, h) Samarium even isotopes '**Sm and '**Sm. The chosen system’s experimental data are from
(Denisov and Sedykh, 2019; Gharaei, Hadikhani and Zanganeh, 2019).
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Fig. 3. Calculated fusion cross-section value and mean value for the reaction of '°O with various target isotopes (a) Titanium isotopes **Ti and *°Ti, (b)

Nickle isotopes **Ni and Ni, (c¢) Tin isotopes '?Sn and '°Sn, and (d) Samarium even isotopes *Sm and '*Sm. The line within each bar shows the

mean value of the calculated fusion cross-section.

This small mean cross-section value of %O + %Ni is further
supported by the closed-shell property of ®Ni.

Figs. 2e and f demonstrate that the calculated Imp CW76
cross-section agree well with experimental results. In
addition, the reaction cross-section for '°O + '“Sn is larger
than that of 'O + 2Sn. This is because to the difference in
neutron pairs; however, although '"?Sn has two neutron pairs,
6Sn has just one. A small estimated mean difference with
a value of (14.55 + 42.87) mb was shown in Fig. 3c and is
shown in Table 1. The pairing effect is responsible for this
low value, even though it surpasses the neutron target, ''°Sn.

Figs. 2g and h shows that the calculated Imp CW?76 cross-
section reactions are coincide the experimental data. The
calculated fusion cross-section of 'O + '“Sm has a greater
value than that 10 + *Sm. '%*Sm targets neutrons in the /o

2
state, target neutrons exhibit an excess neutron property in

comparison to '*8Sm. The computed fusion cross-section
mean difference for the reactions 'O + *8Sm and 'O + '**Sm
is (37.13 + 13.41) mb, as shown in Table I and also in
Fig. 3d. This result demonstrated that the influence of the
neutron excess decreased with the development of a sub-
shell, resulting in a small mean variation in the cross-section.

B. 2C Projectile Nucleus

Closed-shell '2C nuclei, possessing neutron-proton symmetry,
reacted through fusion with “Ti and °Ti. Fig. 4a and b shows
that the calculated Imp CW76 fusion cross-section among
these reactions is close to experimental results. The >C +
“Ti enhanced the value more than for '2C + °Ti especially in
the high-energy range. Table I provides further evidence of a
(—99.20 £ 34.96) mb mean difference cross-section for '*C +
“Ti and '2C + °Ti, as illustrated in Fig. 5a.

Next, the study focuses on asymmetric fusion reactions
between '“C and the tungsten isotopes '2W, W, and '*W as
shown in Fig. 4(c- linear scale) and Fig. 4(d- logarithmic

ARO p-ISSN: 2410-9355, e-ISSN: 2307-549X

scale). The neutron configurations are as follows: one neutron

pair in the 3p; state for "W, and occupying the 3p; and
2 2

3p, subshells for "W and "W, respectively (Brown,

2

Derevianko and Flambaum, 2009). Fig. 4 (¢, d) shows that the
calculated cross-section closely reproduces the experimental
data, except beyond 64 MeV. These results, more clearly
shown in Fig. 5b, highlight that the excess neutron and sub-
shell effect within the "W target are key to the enhanced '*C
+ 18W cross-section compared to '2C + '82W. These results are
sustained numerically by Table II, where the Imp CW76
calculated data recorded the largest cross-section mean
difference between '2C + "W and 2C + "W to be 226.80 mb.
Extreme asymmetry fusion is observed in fusion reactions
between '2C projectiles and the Pb target isotopes 2*Pb,
206ph, and 2°Pb. Fig. 4e and f presents the experimental
data reproduced by the Imp CW76 calculated cross-section,
except for the 80-85 MeV energy range, specifically for '2C
+ 209Pb. The influence of nuclear structure on these reactions
is not easily discernible in Fig. 4e and f. Therefore, a mean
cross-section analysis gives a more precise understanding.
Fig. 5¢ displays the small mean difference of —13.56 mb
between 2C + 2Pb and '2C + 28Pb, as tabulated in Table II.
This is peculiar because the double magic number of the 2%*Pb
target slightly lowered the fusion cross-section. However, it
contains four extra neutrons compared to the 2*Pb target.

C. 8i Projectile Nucleus

The symmetric and semi-symmetric fusion reactions of
the closed shell %Si projectile with %Si and 3°Si targets are
shown in Fig. 6a and b. The Imp CW76 calculated fusion
cross-sections coincided with the experimental data. The
fusion of 28Si + *Si shows a higher calculated result
compared to the symmetric 2Si + 28Si reaction. 2Si and °Si,
while both closed-shell nuclei, differ significantly in that
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Fig. 4. The calculate and experimental fusion cross-section of the projectile '*C fused with (a and b) Titanium isotopes “*Ti and *°Ti, (¢ and d) Tungsten
isotopes #2W, W, and '3W, (e and f) Lead isotopes ***Pb, 2°°Pb, and 2**Pb. Experimental data for chosen systems came from (Denisov and Sedykh,
2019; Gharaei, Hadikhani and Zanganeh, 2019).

*Si’s neutrons occupy the (2s,,,) ground state. Another

target difference is that the combined ?Si + Si nucleus’s
oblate shape (Denisov and Pilipenko, 2010) leads to a lower
fusion cross-section than 28Si + 3°Si because the projectile is
oblate and the target is spherical. However, the °Si target’s
spherical nature and a single neutron pair in its 2s,,, state

raised the fusion cross-section, with neutron transfer further
boosting it (Manjunatha, et al., 2023; Othman, Hussein and
Taqi, 2023). Fig. 7a displays a small mean difference (2.64
+ 4.23) mb between ?Si + 28Si and 2!Si + *Si calculated
cross-sections, as shown in Table 1. Because both
contradicting properties, spherical and extended neutron, are
collected in the same target *°Si.

Fig. 6¢ and d illustrates fusion reactions involving either a
rich neutron pair or neutron transfer. The Imp CW?76 calculated
fusion cross-sections for 2Si + *2%Nj agree with experimental
data, except in the 58 MeV energy range. Table II and Fig. 7b
show that the calculated cross-section mean difference between
%Si + %¥Ni and *Si + *Ni is 22.26 mb. The reason is that the
%Ni neutron excess enhanced the cross-section.

Another asymmetry fusion reaction uses 2Si projectiles
and *Zr, *Zr and **Zr zirconium target isotopes, the reaction
2Si + Zr has highest fusion cross-section especially in the
75-95 energy range. Fig. 6e and f shows that the Imp CW76
calculated fusion cross-sections somewhat under-predict the
experimental data. Fig. 7c and Table II illustrate an anomalous
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TABLE 111
THE FusioN BARRIER HEIGHTS V, (IN MEV) AND POSITIONS R, (IN FM) AND

THE CURVATURE 7i0p (IN MEV)

Reaction  Improved CW 76 potential

R V,

B B

CW 76 potential

hog R, Ve

hﬂ)B

160+46Tj
1604+
160+38N{
160+62Nji
16041128
160+116Sp
160148 m
160+154§m
5Gj+258]
BSi+08
5Si+Nj
5Si+62Nj
5Gi+64Nj
5Si+NZr
5Si+927r
54947y
12C+46Ti
120450
2182\
12184V
1204186\
1204204}y
12C4206ppy
12(C4208p,
SNi+*Ni
SNiH+ONi
SNi+oNi

9.190922
8.598335
9.120545
8.738370
9.307705
8.961275
8.789926
9.573062
7.531741
7.567809
7.290250

25.319404 2.987033
25.520146 4.511296

9.247181 25.546388 3.770844
9.408749 25.139222 3.695493
31.246414 3.339573 9.529376 31.619062 4.079494
30.447063 3.235988 9.665938 31.203519 3.936642
50.458518 4.422943 10.567145 51.271570 4.575866
49.756989 4.058019 10.652038 50.888650 4.544718
58.418534 4.926418 11.110830 60.653333 4.880284
58.195344 7.410088 11.214582 60.125615 4.853278
28.445801 3.248914 9.175906 28.654087 3.692511
27.622500 2.834262 9.295111 28.313356 3.623869
52.684161 3.560797 10.031191 52.751433 4.166359
7.197916 50.896562 3.356839 10.167715 52.089959 4.064009
5.604451 49.273735 2.610209 10.233480 51.777174 3.955034
12.818665 70.741482 6.140282 10.718836 70.827866 4.423911
9.001324 69.685624 6.791096 10.768881 70.519173 4.394901
8.259465 69.190337 5.451221 10.818122 70.218046 4.249320
8.982249 20.780712 4.524896 9.025324 19.595488 3.691562
7.611167 19.412007 3.785775 9.186829 19.276396 3.650554
10.661443 53.682271 5.838090 11.313356 53.379941 5.088369
11.704385 52.971077 5.127369 11.343460 53.246609 5.056939
12.803812 52.807743 4.974638 11.373327 53.114982 4.992695
9.781672 55.495077 2.623839 11.559605 57.963409 5.294642
10.191373 55.783516 2.924071 11.587349 57.832606 5.233726
10.441434 56.419614 3.949549 11.614898 57.703302 5.265551
5.899646 95.558527 3.226730 10.889831 97.697698 4.312976
7.562228 96.068957 5.502213 10.958807 97.120297 4.282280
7.943106 94.938123 6.356954 11.091686 96.026907 4.138919

effect, with —218.30 mb mean difference observed in the
calculated cross-section between 2Si + *°Zr and 28Si + *Zr.

D. *Ni Projectile Nucleus

The fusion cross-sections of three Nickel-based reactions
are investigated in this study. **Ni + *Ni, ¥Ni + “Ni and

TABLE IV
CALCULATION OF MEAN VALUES IN (MB) FOR THE DIFFERENT PROJECTILES

Target Projectile comparison
12C 160 ZSSi SSNi
#Si 68.79
Si 71.43
4Ti 548.40 354.40
OTq 449.20 284.60
SNi 334.40 3291 36.84
SONi 100.30
2Ni 313.30 47.56
#4Ni 55.17 95.03
NZr 417.10
2Zr 176.80
HZr 198.80
1128n 208.0
116Sn 222.60
14Sm 77.27
134Sm 114.10
182W 454.30
184w 585.50
18w 681.10
204Ph 463.30
206ph 428.50
208Pp 449.70

Ni + *Ni were analyzed, as shown in Fig. 8a and b. Fig. 8a
shows that the Imp CW76 calculated fusion cross-sections
(8Ni + 86064Nj) agree well with experimental data, aside
from the 102—-114 MeV energy range.

Among the reactions, the cross-section mean value for
Ni + “Ni is the highest (Fig. 9). Table II further reveals
that the largest mean difference 63.46 mb in calculated cross-
sections is between *Ni + *¥Ni and *Ni + “Ni. This is due
to neutron-rich target isotopes allowing for ecasier fusion
between colliding nuclei (Gautam, Kaur and Sharma, 2015).
In addition, a key distinction lies in the internal structure of
nickel isotopes, with ®Ni showing more deformability than
8Ni, leading to greater neutron transfer.
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Fig. 8. The calculate and experiment cross-section of the Nickel projectile *Ni fused with its isotopes Ni, ®Ni, and *Ni targets. Experimental data for
chosen systems came from (Denisov and Sedykh, 2019; Misicu and Esbensen, 2007).
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Fig. 9. Calculated fusion cross-section value and mean value for the
reaction of **Ni fused with its isotopes **Ni, “Ni, and *Ni targets.

IV. CONCLUSION AND SUMMERY

This study presents calculations of fusion cross-sections for
various systems using the Wong formula and the CW76
potential. The CW76 proximity potential and its improved
version allowed for a rapid assessment of 111 fusion
systems to identify analogs and relationships and predict
anomalies through cross-section Chi-square. Our findings
show that Imp CW76 is crucial for reproducing much
of the experimental fusion reaction data. This potential
consequently optimally guides practical researchers to make
better predictions. In addition, we investigated how nuclear
properties such as magic numbers, shell effects, nuclear
shapes, and neutron excess influence fusion cross-sections
(Figs. 2-4(a, b, e, 1), 5a and c, 6a-f, 7 and 8).

ARO p-ISSN: 2410-9355, e-ISSN: 2307-549X

Our data show that shell effects influence fusion cross-
sections. The increased mean difference is because the *Zr
target’s neutron magic number surpasses the *Zr target’s
neutron excess when each is fused separately with the same
28Si projectile (Table II). Despite target °Ti having a higher
neutron number than “Ti, 2C + “Ti has a greater fusion
cross-section than '2C + Ti. This pattern repeats for the
projectile 'O that fused with each of “Ti and *°Ti targets.
A surprising phenomenon is that shell effects and the magic
number of °Ti mitigate the neutron excess effect in specific
fusion reactions, also including 'O + Ni (vs. %O + %Ni)
and 2C + 2%Pb (vs. '2C + 2%Pb).

The fusion of #Si projectiles with *°Si (spherical, 2s,,,
subshell closed) target reveals a higher fusion cross-section
compared to the 2Si target. The neutron excess in ''°Sn
overcame the pairing effect in the "2Sn target as the ''2Sn
target fused with the '°O projectile.

Conversely, a greater fusion cross-section enhancement is
observed in titanjum target isotopes (*°Ti, *°Ti) when fused
with the closed-shell projectile 2C, unlike when fused with the
double-magic projectile '*O. Table IV shows that the fusion
cross-section of **Ni and ®Ni isotopes fused with *O has a
greater mean value of fusion cross-section than that of 2#Si and
38Ni. We conclude that, as the projectile mass number increases,
the fusion cross-section decreases for the same target.
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