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Nuclear optical potentials are essential for calculating nuclear cross-sections and for probing nuclear structures
and dynamics. The phenomenological global optical model potentials (pGOMPs), such as Koning—Delaroche
(KD) and Perey-Perey (PP) potentials, have been extensively tested and are generally accepted. However,
optical potentials extrapolated at low energies where data do not exist are not always reliable. This study

RAON . . . . . .
KOBRA aims to measure new “°Ar+p elastic scattering data at low energies near the Coulomb barrier to extract optical
ELARK model potential parameters. The elastic scattering of “°Ar+p in inverse kinematics was performed at energies

of 4.4, 5.9, and 8.3 MeV/u using KoBRA at the RAON facility. The ELARK barrel-type silicon detector array
was employed to detect scattered protons. The angular distributions of the elastic scattering cross-sections were
analyzed and compared with those calculated using the GOMPs. Our measured angular distributions could not
be reproduced by pGOMPs at low energies. The experimental angular distributions were analyzed to extract
optical potential parameters via y?> minimization, which were subsequently shown to satisfy the dispersion
relation. The results show the limitations of the pGOMPs at lower energies near the Coulomb barrier and
indicate the need for further studies of optical potentials with more experimental data to improve the reliability
of pGOMPs in reproducing experimental observations.

Cross-section measurements

Introduction waves calculated from the optical model. Therefore, establishing reli-

able optical potentials is essential for studying nuclear structure and

The nuclear optical model is a fundamental framework in nuclear
physics, providing a key input for the calculation of angular distribu-
tions of elastic and inelastic cross-sections, as well as various reaction
cross-sections. For example, it plays a crucial role in analyzing transfer
reactions through the use of the distorted wave Born approximation,
where absorption and refraction phenomena of wavefunctions in the
entrance and exit channels can be properly addressed by the distorted
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reaction dynamics.

In principle, optical potentials can be deduced by analyzing indi-
vidual elastic scattering data for various combinations of projectiles,
targets, and incident energies. The optical model potentials obtained
in this way have successfully described numerous elastic and inelastic
scattering phenomena of stable nuclei using complex effective poten-
tials. However, the challenges in measuring the elastic cross-sections
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Fig. 1. (a) ELARK chamber located on the downstream side of the F3 chamber. (b) Schematic view of the KoBRA beamline. (c) Schematic view of the target

position and detector arrangement.

for all possible combinations of nuclear systems and the limited experi-
mental data far from the valley of stability have hindered the progress.
To overcome these challenges, systematic analysis of extensive scatter-
ing data has been performed, revealing systematic trends in potential
parameters as a function of the target nucleus’s mass, charge, and
the incident energy. Such efforts led to the development of so-called
phenomenological global optical model potentials (p GOMPs) [1-4].

The pGOMP is parameterized as smooth functions of the target’s
mass number (A) and atomic number (Z), the projectile type (pro-
ton or neutron), and the incident beam energy (E). This approach
provides a useful description of the scattering data across a wide
range of variables. Several models have been introduced to describe
proton elastic scattering, including the Becchetti-Greenlees model [1],
the spherical CH89 model [2], Perey—Perey (PP) model [3], and the
Koning-Delaroche (KD) model [4]. The KD model is one of the most
widely used optical potentials and was developed to provide a universal
potential based on extensive experimental data, effectively describing
nuclei with 24 < A < 209 and projectile energies up to approximately
200 MeV.

Although pGOMPs have generally been effective, they exhibit cer-
tain limitations. Since these potentials are calibrated exclusively with
experimental data from stable isotopes, extrapolating the parameters
to unstable isotopes introduces significant uncertainties. The incom-
plete coverage of experimental data in certain energy ranges and for
specific projectile-target systems limits the reliability of the pGOMP
parameters, highlighting the need for further validation. For example,
while many experiments have been reported for the elastic scattering of
40Ar+p [5-10], there are no experimental data in the low-energy range
of 4 to 7 MeV. Given that the Coulomb barrier for the *’Ar + p system
is approximately 4 MeV in the center-of-mass frame, it is important to
note that non-elastic channels begin to open just above this threshold.
As a result, the optical model parameters in the near-barrier regime
may deviate significantly from those extracted at higher incident en-
ergies, where absorption into non-elastic channels is more pronounced
and gradual. The lack of elastic scattering measurements in this low-
energy region means that proton pGOMPs, primarily constrained by
data at higher energies, are not benchmarked near the Coulomb barrier.
Consequently, their reliability in this regime is uncertain, and obtaining
precise elastic scattering data at energies just above the barrier is essen-
tial. Such measurements can provide critical constraints for verifying
or refining pGOMP parametrizations and, ultimately, enhancing their
reliability near the Coulomb barrier.

Another approach introduced by Koning and Delaroche is the use
of local optical model potentials (LOMPs), constructed by adjusting
the global parameterization for each specific isotope, based on the
availability of sufficient elastic scattering data [4]. These local fits
demonstrated improved agreement with experimental angular distribu-
tions by exploiting the analytically defined energy dependence of the
potential. Nevertheless, the use of LOMPs is still limited in cases where

experimental data are rare or absent. For systems such as “° Ar+p, where
elastic scattering data are lacking near the Coulomb barrier, it is not
possible to derive a reliable LOMP at low energies. In such cases, the
authors of the LOMPs recommended employing the global OMP with
reasonable confidence [4].

The motivation of the present study is to measure the angular
distributions of elastically scattered protons from “°Ar + p at previously
unexplored low incident energies (4.4, 5.9, and 8.3 MeV/u) near the
Coulomb barrier. The experimental results are compared to the predic-
tions from the KD and PP global optical model to assess the validity
of these models at these low energies and to extract optimum optical
potential parameters. Also, we note that this report is the first physics
result of experiments utilizing beams accelerated at the Rare isotope
Accelerator complex for ON-line experiments (RAON) facility [11-15].

Experimental setup

The “°Ar + p elastic scattering experiment was conducted at the
Korea Broad acceptance Recoil spectrometer and Apparatus (KoBRA)
beamline [16-18] at RAON. KoBRA is one of the experimental facilities
at RAON and supports precision measurements of nuclear reactions by
using advanced spectrometers and detector systems. After the beam
commissioning of the Super-Conducting Linac (SCL3) [19], RAON has
recently marked a significant achievement by successfully delivering
both stable and rare isotope beams.

The “CAr ions were produced from an Electron Cyclotron Resonance
ion source and accelerated by the SCL3, reaching a beam energy of
8.3 MeV/u. The beam intensity from the SCL3 was 10° pps but was
moderated to 107 pps at the FO focal plane of KoBRA using a 10?
attenuator, to prevent damage to the target located downstream of
the F3 focal plane of KoBRA (see Fig. 1 for focal planes). Parallel
Plate Avalanche Counters (PPACs) at each focal plane were used to
monitor the beam during the tuning. Possible target degradation was
assessed by monitoring the elastic-scattering yield over time, and no
significant change within statistical uncertainty (5%) was observed.
The beam energy was measured by the two dipole magnets, D1 and
D2 shown in Fig. 1. Aluminum degraders with thicknesses of 46.3 um
and 30.2 pm were positioned at the FO focal plane to reduce the beam
energy to 4.4 and 5.9 MeV/u, respectively. The systematic uncertainty
of the beam energy was 2.4%, obtained as the quadratic sum of the
uncertainty in the dipole-magnet Bp value and the energy-distribution
width measured at the F1 PPAC. Energy straggling in the Al degraders
is included in the energy distribution measured by the PPAC.

For this experiment, polyethylene (CH,) targets with thickness of
0.199 and 0.152 mg/cm? and a diameter of 20 mm were used. The
thickness was determined by measuring the energy loss of a particles
emitted from a 24 Am « source. The effective beam size was constrained
by the size of the target, leading to systematic uncertainties of 5% in the
solid angle coverage of the silicon detectors and angular uncertainties
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Fig. 2. Experimental setup for the elastic scattering experiments using the
ELARK system. The majority of the scattered protons were detected at angles
near 90 degrees.

of 2.5 degrees in particle angle. In the analysis, uncertainties from the
target thickness were also taken into account.

Elastically scattered protons were detected by using a barrel-type
silicon detector array, ELastic scattering detector ARray in inverse
Kinematics (ELARK), as shown in Fig. 2, designed to provide high
angular resolution and wide angle coverage. The ELARK array has two
rings: the first ring consists of 16 single silicon detectors, and the second
ring is composed of 12 AE-E telescopes. The 16 silicon detectors are
X6 detectors [20], developed by Micron Semiconductor Ltd, covering
angles from 48 to 71 degrees in the laboratory frame. Eight out of
the 12 AE-E telescopes are equipped with CENS Single-sided silicon
Detectors (CSDs) of 500 or 700-um thickness, along with X6 detectors
of 1000-pm thickness, to detect low-energy protons from the scattering
in case of beam energies at E;,;, = 4.4 and 5.9 MeV/u. The remaining
four telescopes consist of two X6 (1000-pm) detectors to count the high-
energy protons scattered at the beam energy of E,,,, = 8.3 MeV/u. These
12 AE-E telescopes cover angles from 30.1 to 43.2 degrees.

The X6 detector employed eight resistive strips on the junction side
for position measurement along the beam axis and four non-resistive
strips on the ohmic side for energy measurement in this experiment.
The position resolution was better than 1 mm, and the energy reso-
lution was around 150 keV Full Width at Half Maximum (FWHM) at
E = 5.48 MeV of a-particles emitted from a 24! Am « source. The CSD
detectors were only used to identify scattered particles with the AE-E
technique, thus low-energy protons stopped in the CSDs were excluded
from the angular distribution analysis.

Experimental results

Elastically scattered protons were measured at forward laboratory
angles (6,,, < 90 degrees). The energy of the scattered protons was
observed as a function of angles for each beam energy covering center-
of-mass (CM) angular range from 40 to 120 degrees except angles
between 80 and 100 degrees due to a geometric limitation of the
detector configuration. Fig. 3 clearly shows proton bands from elastic
and inelastic scattering events.

Fig. 4 shows a reconstructed Q-value distribution for the “°Ar + p
scattering. A peak was observed at Q = 0 MeV, corresponding to the
elastic scattering channel. The first excited state of “°Ar also appeared
at Q = —1.4 MeV for the inelastic scattering channel. In this paper, we
only considered the elastic scattering channel.
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Fig. 3. Spectrum of charged particle energy (E,,,) deposited in silicon de-
tectors as a function of laboratory angles (6,,,) for E,,, = 83 MeV/u. The
spectrum above 45 degrees was obtained from one of the detectors in the first
ring, while the spectrum below 45 degrees was obtained from one of the AE-E
telescopes in the second ring. The spectrum enclosed by the red solid line and
black dashed line correspond to protons scattered elastically and inelastically,
respectively.

Angular distributions can be extracted by the number of proton
events for a given solid angle, the number of beam particles, and the
target areal density. The differential cross-section at each angle bin is
given by

(Aa )[ N? N? o

4Q - A‘Qi Nbeam "target - AQ[ Ns ’

where N7, AQ;, Nyeym, Miarger> @nd N, denote the proton yield in the
ith angular bin, the corresponding solid angle, the number of beam
particles, the target areal density, and the normalization coefficient
(Ny = Nycam Mearger)> T€Spectively. The proton yield was obtained by
fitting the elastic data in the ith angular bin. The angle bin size in the
CM frame was set to 4-6 degrees to balance the resolution and statistical
reliability considering the uncertainty of 2.5 degrees, derived from the
maximum beam size at the target. The relative systematic uncertainty
was propagated through the same expression in quadrature as

(A(AG/AQ))Z _ <£)2+<£)2+<4Nﬁt,i>2 @

40/42 )\t Q NP )
where each term on the right-hand side corresponds to target-thickness
(41), solid-angle (402), and signal-fitting (ANy; ;) contributions, respec-
tively. The angular uncertainty of 2.5 degrees was determined from the
maximum effective beam spot on target, constrained by the 20 mm
target diameter, and this angular spread was propagated through the
solid-angle term.

Owing to the high instantaneous beam rate of 10° pps associ-
ated with a 1% beam duty factor, direct measurement of the beam
intensity during the experiment was not feasible. Consequently, the
beam normalization coefficient N in Eq. (1) could not be determined
directly. Instead, the normalization coefficient N, was estimated by
analyzing the characteristics of elastic scattering, incorporating angular
distribution data from previous experiments [8] as a reference. The
analysis was constrained by the following criteria, the details of which
are described below:

» The normalization coefficient N, should fall within the range
determined by fitting reasonable optical potential parameters to
the scaled experimental angular distribution data.
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Fig. 4. The Q-value spectrum for the beam energy of 8.3 MeV/u at 0, =
57 — 92 degrees. The Q-value spectrum was employed to identify scattering
events corresponding to the ground and excited states of “°Ar. Together with
the overall fitting (red solid line) of Q-value spectrum is shown the ground
state (blue dashed line) at zero and the first excited state (green dotted line)
corresponding to excitation energy of Q = —1.42 MeV.

» The total reaction cross-section, as obtained from the optical
potential, is expected to exhibit a consistent and smooth energy
dependence.

+ The optical potential obtained from the experimental data should
conform to the dispersion relation to ensure physical validity.

The optical model parameters were extracted in the angular range
of 40 to 120 degrees by employing the minimum chi-square method
to optimize the agreement between the calculated and experimental
cross-sections, using the MINUIT [21] search algorithm as described
in Ref. [22]. The 4?2 is defined by

i i 2
e Z (Oexp(E,0) = Géheory(E,O))
(A0l (E.0))?

i

3)

where i runs through all possible angles for each energy.

In the fitting procedure, the imaginary volume term, W,, was set
to zero. At near-barrier energies, the elastic-scattering observables are
primarily sensitive to surface absorption, while sensitivity to volume
absorption is limited. In fact, the data required the resulting value of
W, parameter to be close to zero. We fixed W, = 0 to avoid over-
parameterization and unstable parameter correlations, and described
absorption with the surface imaginary term. The geometrical shape pa-
rameters and spin-orbit strength were used from the KD pGOMP. With
these parameters constrained across all energies, the depth parameters
of the real volume terms and imaginary surface terms were varied to
obtain optimal fitting results.

For the “°Ar+p system, experimental differential cross-sections exist
at E,, = 7.77, 9.36, 10.5, and 14.1 MeV [8]. Thus, we first performed
the optical model analyses for these existing experimental differential
cross-section data and extracted the optical potential parameters, from
which we could evaluate the reaction cross-sections at these energies.
It is known that the reaction cross-sections in this energy range can be
expressed by a smooth function of energy as described in Refs. [23-25].
Thus, by extracting the optical potentials from our experimental data,
reaction cross-sections were calculated at E;,, = 4.4, 5.9, and 8.3 MeV,
and compared with the evaluated reaction cross-sections at E;,, =
7.77, 9.36, 10.5, and 14.1 MeV. This comparison and requirement of
reaction cross-sections being a smooth function of energy could fix the
unknown normalization of our measured data. In other words, in the
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optical-model analyses, we treated the overall normalization factor as
an additional unknown parameter, allowing the optical model calcula-
tions to reproduce not only the differential cross sections but also the
total elastic-scattering cross sections. The normalization factor, N, was
determined simultaneously with the optical potential parameters in a
multidimensional parameter search using the minimum y? method.

In this procedure, the modified Wong-formula fit is used as an
auxiliary global smoothness (or consistency) constraint on ogz(E) to
discriminate among candidate solutions, while the y? fit to the angu-
lar distributions remains the primary observable for determining the
optical parameters and the normalization. Thus, the modified Wong-
formula constraint does not independently fix the normalization and in-
troduces only limited model dependence. Within this constrained fitting
framework, no alternative normalization choice was found that allows
the KD or PP global parametrizations to reproduce the low-energy (4.4
and 5.9 MeV) data while satisfying the same constraints.

The extracted parameters at seven beam energies (including the
four previously reported data sets) are summarized in Table 1, and the
fitting results are plotted by the black solid lines in Fig. 5. For the pre-
viously reported data, the cross-section uncertainties were assigned as
5% of the data, following the guidelines provided in Ref. [8]. Although
the average uncertainty in our cross-section data is approximately
8%-10%, this level of precision is typical for inverse kinematics mea-
surements, as demonstrated by many prior studies which successfully
extracted meaningful reaction and structure information from data with
similar uncertainties [26-30].

Fig. 6 shows the reaction cross-sections evaluated by the opti-
cal model analyses which are denoted by black dots. The expression
used in Refs. [23-25] reproduces the reaction cross-sections above the
Coulomb barrier, but cannot be applicable near the Coulomb barrier.
(Note that o in Eq. (3) of Ref. [25] becomes zero at the Coulomb
barrier and negative below the barrier.) Therefore, instead of using
the expression given in the references, we adopted a modified Wong’s
formula [32] as follows and fitted the evaluated reaction cross-sections.

(a+bEq))?
2Ec )y
In[1 + e“Eem V)],

or(Ejgp) = (€]

where E;,, V., and E.,, are the beam energy in the lab frame,
Coulomb barrier, and CM energy, respectively. The values of the param-
eters a, b, and ¢ are 2.79, —0.037, and 53.09, respectively, determined
by fitting the evaluated reaction cross-sections. In Eq. (4), the Coulomb-
barrier parameter V,, was treated as a parameter and optimized to
V., = 4.10 MeV. With this fitted V,,, the energies studied in this
work still span the near-barrier and above-barrier region in the CM
frame (Eqp, ~ 4.29, 5.76, and 8.10 MeV). As a result, the reaction
cross-sections o z(E) obtained from this analysis demonstrate a smooth
energy dependence as shown in Fig. 6.

While the beam normalization factor was fixed by comparing our
data with the existing data, the optical model analysis showed that a
reasonable consistency could be achieved. The o calculated by the KD
global optical potential at 4.4 MeV is significantly larger than o, eval-
uated by the extracted optical potential, which suggests a modification
on the global optical potential parameters seems necessary.

Discussion

The experimental angular distributions of the elastically scattered
protons by “°Ar are illustrated in Fig. 5(a). The shape of the cross-
sections evolves from high to low energies, with the nuclear elastic
scattering cross-section decreasing. Consequently, for E,,, = 4.4 MeV,
the diffraction pattern is not visible at 6.,, < 120 degrees from our
data.

In Fig. 5(b)—(d), the ratios of the differential cross-sections to the
Rutherford cross-sections are plotted. Both PP (cyan dotted curve) and
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Extracted optical model parameters. Definitions of parameters are explained in Ref. [31]. The values of real volume

(V) and imaginary surface (W,) terms were varied during the fitting.

Energy (MeV) V (MeV) r, (fm) a, (fm) W, MeV) r, (fm) a, (fm) V, (MeV) r, (fm) a, (fm) z*/N
4.4 58.1 1.19 0.672 0.050 1.29 0.540 5.75 0.996 0.590 3.66
5.9 43.2 1.39 0.430 5.97 1.87 0.368 5.75 0.996 0.590 0.85
7.77 [8] 55.8 1.19 0.672 6.35 1.29 0.540 5.75 0.996 0.590 16.45
8.3 57.5 1.19 0.672 8.02 1.29 0.540 5.75 0.996 0.590 4.07
9.36 [8] 55.1 1.19 0.672 8.21 1.29 0.540 5.75 0.996 0.590 10.48
10.5 [8] 56.0 1.19 0.672 8.63 1.29 0.540 5.75 0.996 0.590 5.94
14.1 [8] 52.0 1.19 0.672 8.96 1.29 0.540 5.75 0.996 0.590 3.62

3

—&— Data (4.4 MeV)
- KD
=== PP
— Present work

80 100 120

ecm (degrees)

KD

=== PP
—— Present work

—&— Data (8.3 MeV)

el [

‘ — & 4.4 MeV (This exp.) E LaF

10 —&— 59MeV (Thisexp.) | 2 °F
—&— 8.3 MeV (This exp.) é 1 6:—

~ -
S 14k

jbal C
12

10 ]:
0.8
0.6
10 0,4:—
0.2F
| 1 I 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 G: 1

40 60 80 100 120 140 160 180 0

ch (degrees)
2 - 2

C o C

[ —&— Data (5.9 MeV) e E
1.8— ) E 1.8—

r — KD 2 I
LG mres PP 2 16f

L —— Present work E C
14— 5 1.4—
1.2 12
=" 1=
0.8 0.8
0.6 \ ,/‘ 0.6

C ‘s‘ . "f C
0.4 N s 04—
0.2:— (C) 0.2:—
C Lo b v v b b by | C

G0 20 40 60 80 100 120 a1
0., (degrees)

80 100 120
(degrees)

BC M

Fig. 5. The experimental differential cross-sections at 4.4, 5.9 and 8.3 MeV are plotted in (a), by the open circles, open squares, and filled circles, respectively,
with error bars representing the combined statistical and systematic uncertainties. The black solid curves in (a) are the differential cross-sections using the optical
potential parameters in Table 1. The ratios of the cross-sections to the Rutherford cross-sections are shown in (b)-(d) from this work (black solid curve), PP
PGOMP (cyan dotted curve), and KD pGOMP(magenta dash-dotted curve). It can be seen that both PP and KD potentials can reproduce the experimental data
quite well for 8.3 MeV, whereas they underestimate the data significantly for 4.4 and 5.9 MeV. Our optical potentials reproduce the cross-section for all three
energy cases.

KD pGOMP(magenta dash-dotted curve) reproduce the experimental
data at E,,, = 8.3 MeV for angles lower than 80 degrees, but not for
large angles. At lower energies of 4.4 and 5.9 MeV both PP and KD
potentials do not reproduce the experimental data. The KD LOMP pa-
rameters could not be employed for direct comparison, as no parameter
set for “Ar is available in Ref. [4]. To explore the potential applicabil-
ity of nearby isotopic systematics, the parameters for the **Ca+p system

were used to calculate the elastic scattering cross section. However,
the resulting predictions still exhibit large discrepancies, particularly
at E;,, = 44 MeV and 6, < 100 degrees. These results show the
limitations of both pPGOMPs and LOMPs in achieving a satisfactory level
of description at energies where data are not available.

It is well known that the real and imaginary parts of the optical
potentials are related to each other through the dispersion relation,
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Fig. 6. The reaction cross-sections evaluated at E,,, = 4.4,5.9,8.3 MeV using
the optical potentials extracted as described in the text are plotted with
those evaluated at E,,, = 7.77,9.36,10.5,14.1 MeV [8]. The optical potential
parameters are given in Table 1. The KD potential reproduces the reaction
cross-sections well except at E,,, = 4.4 MeV. The modified Wong’s formula in
Eq. (4) reproduces the reaction cross-sections at all energies. The points labeled
“OMP results” denote values evaluated from the OMP, not directly measured
total cross-sections.
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Fig. 7. The dispersion relation between the real (V) and imaginary (W) parts
of the optical potential evaluated at r = 5.13 fm, as determined in the present
work. The calculated potentials (red solid and blue dashed lines) from Eq. (5)
are shown to reproduce the extracted values (open and filled circles).

which comes from the causality [33-35]. The variations of the values
of the real and imaginary potentials near the Coulomb barrier are well
explained by the dispersion relation. The open (filled) circles in Fig.
7 denote the values of the real (imaginary) potentials evaluated at
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r = 5.13 fm by using the parameters in Table 1 for various energies.
The values of the imaginary potentials plotted by the filled circles can
be approximately represented by the red line shown in Fig. 7. The real
part of the potential can be calculated by the dispersion relation:

_ E-E; - W(E"
V(E)= V(Es) + T p/o dE (E' - Es)(El _ E)’

)

where P stands for the principal value and V' (E,) is the value of the real
potential at a reference energy E = E,. The V(E,) was set to 11.46 MeV
when E; = 5.5 MeV. The resulting real potential is plotted by the blue
dashed line, which reproduces the values of the real potentials (open
circles) extracted by the optical model analyses. The dispersion relation
analyses were performed in other radii as well, and similar results as
shown in Fig. 7 were obtained. Thus, our optical potential parameters
are shown to satisfy the dispersion relation. Mahaux and Sartor showed
that the threshold anomaly was observed not only for heavy projectiles
but also for proton projectiles, such as in the case of *°Ca + p [36]. We
also observed this phenomenon in our experimental data for “Ar + p
scattering.

The newly determined optical potential parameters exhibit signifi-
cant improvement in reproducing the experimental data in comparison
with the PP and KD pGOMP models. Our results show the necessity of
improvement in the pGOMP to predict both differential and reaction
cross-sections. To draw definitive conclusions, further experimental
investigations at low energies near the Coulomb barrier are needed.

Summary

The “°Ar+p elastic scattering experiment utilizing the KoBRA beam-
line at the RAON facility was performed to measure differential cross-
sections near the Coulomb barrier and to extract new optical potential
parameters. The ELARK barrel-type silicon detector array enabled mea-
surements of the angular distributions and energy spectra of the elastic
scattering. The experimental cross-sections measured at low energies
(E,p = 4.4, 5.9, and 8.3 MeV/u) were obtained for the first time and
employed in the optical model analysis.

The results show that the nuclear elastic scattering cross-section
diminishes with decreasing incident beam energy, as evidenced by the
disappearance of the diffraction pattern at low energies (e.g., at E,
= 4.4 MeV/u, where no diffraction is observed below 120 degrees in
the CM frame). When the experimental differential cross-section ratios
relative to Rutherford scattering were compared with the predictions
from the PP and KD pGOMPs, both models adequately reproduced the
data at forward angles for E;,;, = 8.3 MeV/u but failed at larger angles
and at lower energies of 4.4 and 5.9 MeV/u, indicating the limitations
of pGOMP models in these regimes. The beam normalization factor
was indirectly determined by analyzing the elastic scattering angular
distributions and fitting the data with the optical model, together with
a modified Wong’s formula to calculate the total reaction cross-sections.

The newly extracted optical potential parameters were further vali-
dated by demonstrating that the real and imaginary parts satisfy the
dispersion relation. Overall, our phenomenological optical potentials
show significantly better agreement with the experimental data than
the PP and KD pGOMPs, emphasizing the need for further investigations
at low energies near the Coulomb barrier to refine these models for
reliable cross-section calculations.
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