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ABSTRACT

Despite substantial researches in the elastic scattering reaction involving light-ion nuclei as
a projectile, the use of Phenomenological potentials as the component of the optical
potential in order to reproduce and investigate nuclear structure and reaction dynamics of
the experimental data of ®He nucleus poses considerable challenges. Although the
phenomenological potential reproduces experimental data to some extent, however, it faces
challenges of parameter ambiguity. This ambiguity emanates from the simultaneous
adjustment of multiple parameters such as potential depth, diffuseness and radius, such that
fitting to experimental data leads to non-unique solutions with indistinguishable result. These
limitations of the phenomenological potential have motivated researchers to search a more
robust interaction model capable of reproducing and explaining experimental data, leading
to the development and adoption of the microscopic potential which demonstrated a
promising reliability in this regard. These motivates the microscopic use of the double folding
potential for both the real and imaginary parts of the optical potential, enabling the
description of the experimental elastic scattering data most appropriately by reducing the
parameter ambiguity through the fixing of radial geometry, significant reduction of number of
parameters to the use of only renormalization factors and the potential are directly derived
from the nucleon-nucleon interaction. This work uses a full folding approach of the optical
potential to analyze the elastic scattering of *He on °Li, °Be, **Mg and *°Fe nuclei using the
DDB3Y nucleon-nucleon effective interaction to obtained the strength of the folded
potentials, the reaction cross-section and the total cross-section. The reaction and total
cross-section which measures the probability of all non-elastic channel and the overall
interaction probability between target and projectile nuclei were obtained for the elastic
scattering reaction of *He on °Li, °Be, **Mg and *°Fe were calculated to be ¢, =709.61 mb
or = 1264.43 mb, ¢, =948.35 mb, o = 1703.54mb, o, = 1010.55mb o, = 1788.95 mb and
o, =1532.07 mb o = 2654.25mb respectively. The cross-sections are analyzed in three
regions; the forward angle (0° —30°), the intermediate angle (30°—90°) and the backward
angle (90° — 1807). At forward angle the scattering is dominated by long range is coulomb
interaction and a weak nuclear effect for all the interactions, at the intermediate angle,
oscillatory structure is observed which are due to interference between coulomb and nuclear
scattering, the oscillations emanated from partial wave interference and Fraunhofer
diffraction. At the backward angle, the scattering is dominated by absorption effects,
compound nucleus effects. The real potentials were observed to be predominantly attractive
at short distances, and as the distance increase the potential was observed to be less
attractive which shows that the nuclear force is short-ranged. It was observed that, there is a
weak absorption for light nuclei °Li °Be and a moderate absorption for medium nuclei and
also a strong absorption for heavier nuclei such as *°Fe primarily due to the increasing depth
of the imaginary potential associated with higher nuclear density and other reaction
channels available. The systematics of the cross-sections have demonstrated the efficacy of
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DDB3Y interaction based on the optical model approach in describing and providing
explanation of the *He nucleus scattered from a light, medium and heavy nuclei where the
strength of the increases with increase in target mass. The work serves as a tool in
providing an alternative way of reducing the parameter ambiguity and a stepstone for future
theoretical researches.

Keywords: Optical potential, microscopic potential, phenomenological potential, DDB3Y
effective interaction

1.0 INRODUCTION

Elastic scattering involving light-heavy-ion nuclei as projectiles is pivotal in the investigation
of nuclear structure and the dynamism of nuclear reaction [1]. Among these light-ion nuclei,
the Helium-3 is of significant interest to researchers due its weak binding energy,
abundance, internal structure and its sensitivity to both elastic and non-elastic channels
during a nuclear interaction [2]. Elastic scattering is a fundamental nuclear reaction where
the total kinetic energy and the internal states of the interacting nuclei of the projectile and
the target remained unchanged [3]. Researchers have recently put significant effort to
search for an appropriate theoretical framework capable of explaining experimental data
from elastic scattering reaction [4]. Among these frameworks, Optical potential has been
widely used with great success as the most reliable theoretical framework in describing such
data [5].

This optical potential is composed of real and imaginary component which represent the
elastic and non-elastic channels, respectively [6]. Recently this potential is being
constructed by theorist either phenomenologically or microscopically [7]. Although the
phenomenological potential reproduces experimental data to some extent, however, it faces
challenges of parameter ambiguity [8-12]. This ambiguity emanates from the simultaneous
adjustment of multiple parameters such as potential depth diffuseness and radius such that
fitting to experimental data leads to non-unigue solutions with indistinguishable result [13]
This limitations of the phenomenological potential have ever since motivated researchers to
search a more robust interaction models capable of reproducing and explaining
experimental data, leading to the development and adoption of the microscopic potential
which demonstrated a promising reliability in this regard [14-15]. Double-folding potential
has been successfully used within a microscopic approach where it is constructed by folding
the nucleon-nucleon effective interaction over the density distribution of the interacting nuclei
[11]. Different Effective nucleon-nucleon interactions have been used within this approach,
including the M3Y and its density dependent versions which were derived from the G-matrix
[12]. Recently a modified version of the M3Y has been developed based on the lowest order
variational constraints (LOCV) with improved density dependent and agreement with nuclear
matter properties [14-15].

In this work a full folding approach is used in which both the real and imaginary components
of the optical potential are handled microscopically using the density dependent version of
the B3Y-Fetal (DDB3Y) nucleon-nucleon effective interaction. This approach is applied to
the elastic scattering of *He from °Li, °Be, **Mg and *°Fe. The effective nucleon-nucleon
interaction is constructed after which the parameters of the DDB3Y and the zero-range
pseudo potential are determined using maple software. These parameters are then applied
systematically into the NRV code to obtain the strength and folded potential, the magnitude
of the reaction and total cross-section. This work provides an improved description of the
*He elastic scattering with a full folding approach which has advantages over the traditional
way and also strengthening the link between nuclear structure and reaction observable.
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2.0 THEORETICAL FRAMEWORK
The direct and exchange component of of the DDB3Y nucleon-nucleon interactions are

express as [14]
6591.54e—*"  1777.55e—25"

D — _
Voo ) = ar 2.5r ! (1)

EX 6158.09¢—*"  2253.33¢—25"  7.8474477 ¢—07072
Voo (1) = - -
4r 2.5r 0.7072r

, )

a density dependent form factor is included into the B3Y-Fetal in order to make the nuclear
matter saturated rather than collapsing as [16]

V2ED (o 1) = Fp) Vo0 (), 3)
where = F(p) = C(1 + aexp (—fp)) (4)

The parameters of equation (4) were determined through some iterations using maple
software thereby evaluating equation (3)

The magnitudes of the direct potential of equation (1) were supplied appropriately into the
NRV code.

While the magnitudes of the exchange potential of equation (2) were used to calculate the
zero-range pseudo potential using same software as [16]

Vg =J(E)a(r) (6)
where J(E) is the exchange amplitude
and a(r) is the energy dependence which is given as [17]

[1-v[7] (6i)
equation (6i) was used to evaluate equation (6)

then the potential of the target and the projectile is now given as (17)

Vot =Vp + Vg (7)

where V is the exchange potential that was evaluated using equation (6)

2.1 THE DOUBLE FOLDING POTENTIAL
The V,, is then folded with the density distributions of both the projectile and the target as

[18]

Ve = [ pp ()Pt (1) Vi (1t ) drdre (8)
Equation (8) is the double folding potential which was evaluated using equation (7) and (9)
—Rp(n) |-
oo = poll +exp (122 -1 ©)
p(n)

where equation (9) is the two-parameter fermi function [19]
where p, and R, are the nuclear matter density parameters and ap) is the

diffuseness parameters.
The neutron (proton) half radii are parameterized as [20]

Z
R, = 0.449 + 0.0071 (5)

R = 0.446 +0.0072 ()
While the value of p, is given as

po=| [p,Md3r=12
Jpn d3r=A4-2
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The folded potential is then express in terms of nuclear potential as [5]

N, is the real renormalization factor N; is the imaginary renormalization factor.

Here, both the real and imaginary potentials are folded as seen above.

The optical potential is then defined in terms of the coulomb and the nuclear potential as
[20]

UOP =Vy +V, (11)
where 1, is the coulomb potential and is defined as [21-22]
Ze? R?
|2 (5-5) k= ke

Ze?
Y ,R=R,

Schoedinger equation then incorporate the optical potential of equation (11) as its central
component to account for the relative motion of the interacting nuclei as [23]

given below [‘Z—fvz +UOP|p(r) = Ep(r) (12)

since the potential here is assumed to be central potential, the intrinsic spins are ignored,
the scattering wavefunction is given as

Yk, R) = B0 + 1)y (k 7Py (cos6) (13)

The radial wavefunction y,;(k,r) satisfies the radial Schrodinger equation (12) as
[ 2Ll
2udR?  2u R?

~UG) +E| xi(K,R) =0 (14)

Solving the above equation numerically from R=0 starting from y;(k,r) =0 up to the
maximum radius R4, At this distance boundary conditions are imposed such that [24]

2K, R Rz = = ™2 H7 (1, KRawe) = SHF (0, KRpna)]  (15)

Where Hl(i)(n,K R.m4x) @re the outgoing and ingoing coulomb function and g; is the coulomb
shift and S; is the scattering matrix element. Using equation (15) the coefficient of the s-
matrix element is determine which are then used to obtain the scattering amplitude of
equation (16)

The scattering amplitude was calculated as [25]

f(8) = £2(6) + 5 3 (2L + 1)e?0L (S, — 1)Py(cosh) (16)

where f.(0) is the coulomb scattering amplitude
The elastic differential cross-section was expressed as

20 = 1£0) + () (17)
While the elastic and reaction cross-sections were respectively expressed as
01 =21 [y | £(0)|2sin 0d0 = % _o(2L + 1S, — 1/ (18)
and
or =21 [ Jds = 5 T1=o(2l + D(1 = |5, |2 (19)

The total scattering cross-section is defined as
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Otot = Og+ 0y = fdQZ_g(e) = klzzzlo(Zl + 1)|Sl - 1|2 (20)

3.0 PROCEDURE

The parameters of the density dependent version of the B3Y-Fetal effective interaction are
determined by solving two equations simultaneously and also using the parameters of the
exchange potential of the effective interaction to determine the zero-range pseudo potential
using maple software 2023. Then the above determined parameters together with those of
the direct potential are taken as input systematically into the folding model of the NRV code
where an option of custom is provided in order to have a unique interaction. The density of
both the projectile and target was taken from the two fermi-parameter function. EXFOR
software (which is from Hokkaido University Nuclear Reaction Data center, last updated, 28™
February, 2026) was then used to obtain experimental data, (the data was obtained from a
published paper within the EXFOR software) by specifying the projectile, target, quantity
(partial differential data with respect to angle, differential data with respect to angle among
others), Emission (elastic scattering, inelastic scattering, transfer reaction among others).
Collision energy was obtained from this experimental data. The data is then input into the
NRV code in order to solve the Schrédinger equation using optical code and finally the
theoretical calculations was compared with the obtained experimental data graphically.
Rpyaw lmax@nd dR are integration parameters were chosen appropriately in order to
numerically solve the Schrddinger equation. The calculate button was then pressed where
an output file was obtained which is graphical and text form. The renormalization constants
were varied in order to obtain the best fit between experimental data and theoretical
calculations. Total cross-section, reaction cross -section plot and the differential cross-
section were simultaneously obtained. The process was repeated for different nuclei at
different energies.

4.0 RESULT AND DISCUSSIONS

4.1 RESULTS

The results of the elastic scattering reaction of *He from °Li, °Be, **Mg and °°Fe are
displayed graphically and in a tabular form as given below. The elastic scattering analyses of
*He from °Li, °Be, **Mg and *°Fe were carried out at different energies using the B3Y-Fetal
effective Interaction within the frame work of optical potential. The Strength of the
component of the real and imaginary of the folded potential were determined using the
double folding model. Renormalization constants were appropriately used for proper fitting.
The reaction cross section the total cross section and other reaction parameters were
determined as shown in table 1 below. Furthermore differential cross-section and strength of
the folded potential were also obtained as shown in the figures below.

Table 1 represent the reactions kinematics

Targets| Elab N, N; kfm™1 U] oy or
(Mev)

°Li 60 0.9 0.64 1.956 0.211 709.61 1264.43

*Be 50 1.3 0.8 2.009 0.309 948.35 1703.54

“Mg 130 0.7 0.64 3.839 0.574 1010.55 | 1788.95

>Fe 33.45 1.02 1.0 2.079 2.452 1532.07 | 2654.25
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The determined the reaction and total cross-section and the reaction kinematics were
reported in table 1 above.
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Fig 1. Angular distribution of *He+ °Li elastically scattered at Elab = 60Mev
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Fig 2. The depth of the folded potential *He+ °Li elastic scattering at Elab = 60Mev
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Fig 3 Angular distribution of *He+ *Be elastically scattered at Elab = 50Mev
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Fig 4. Strength of the folded potential *He+ °Be elastically scattered at Elab = 50Mev

& 00/40 (mbisr)

e + Mg, €, » 1156 Mev

L
—— mecry

-
-]
w
S e e

1w’
1072
w0?

1w

0’y 20 a0 0 80
Sem, Gog
Fig 5 Angular distribution of *He+ 24Mg elastically scattered at Elab = 130Mev
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Fig 6. Strength of the folded potential of *He+ 24Mg elastically scattered at Elab = 130Mev
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Fig. 7. Angular distribution of *He+ *°Fe elastically scattered at Elab = 33.45Mev
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Fig. 8. Strength of the folded potential of *He+ °Fe elastically scattered at Elab = 33.45 Mev

4.2 DISCUSSIONS

Figures 1,3,5 and 7 represent Represents the differential cross-section as a function of
center of mas scattering angles of (*He) from °Li °Be **Mg and *°Fe.The dotted lines
represent the experimental data (published work) while the solid lines represent the
theoretical calculations. The cross-sections are analyzed based on three regions; the
forward angle (0j —30°, the intermediate angle (30°—QOD) and the backward angle
(90D — 1803). At forward angle the scattering is dominated by long range is coulomb
interaction and a weak nuclear effect for all the interactions, so the compound nucleus
contribution is negligible due small time of interaction and also the pre-equilibrium effects
are minimal because the reaction is yet to proceed beyond initial interaction. At the
intermediate angle, oscillatory structure is observed which are due to interference between
coulomb and nuclear scattering, the oscillations emanated from partial wave interference
and Fraunhofer diffraction, in this region there is weak compound contribution and the pre-
equilibrium effects has started emanating through partial loss of flux in the elastic channel
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and redistribution of energy. At the backward angle, the scattering is dominated by
absorption effects, compound nucleus effects. Compound systems are formed but weak for
the *°Fe nucleus and there is reasonable condition pre-equilibrium contribution especially
for’Li °Be nuclei. Conclusively, the theoretical curve generally aligns with the experimental
data and also with its oscillatory structure especially at the forward and intermediate angles
especially for Mg and *°Fe. This shows that the theoretical model was able to describe the
elastic scattering mechanism. And also, there is an excellent fit between experiment and
theory, which demonstrate the effectiveness of the optical potential using the DDB3Y.
Figures 2,4,6 and 8 represent the Represent the depth of the folded potential as a function
of the radial distance (r) while the Y-axis represent the potential depth in Mev while the X-
axis with a dashed line represents the center of mass energy of (*He) on °Li °Be **Mg and
*®*Fe. The blue solid lines represent the real folded potential while the solid red line represent
the imaginary potential. The real potentials were observed to be predominantly attractive at
short distances, and as the distance increase the potential becomes less attractive which
shows that the nuclear force is short -ranged. The imaginary part of the potential account for
the absorption flux from the elastic scattering channel into other non-elastic reaction
channels. It was observed that, there is a weak absorption for light nuclei °Li °Be and a
moderate absorption for medium nuclei and also a strong absorption for heavier nuclei such
as *°Fe primarily due to the increasing depth of the imaginary potential associated with
higher nuclear density and other reaction channels available.

5.0 CONCLUSION

This work presents a detailed analysis of elastic scattering of Helium-3 (*He) on °Li °Be **Mg
and *Fe was carried out using the DDB3Y-Fetal nucleon-nucleon effective interaction.
Double folding potential was used both as the real and imaginary component of the optical
potential. The work addresses the limitation of parameter ambiguity of the phenomenological
potential through the use of double folding potential. The cross-sections are analyzed based
on three regions; the forward angle (0 —30°), the intermediate angle (30°—907) and the

backward angle (90[ - 180]).

At forward angle the scattering is dominated by long range is coulomb interaction and a
weak nuclear effect for all the interactions, so the compound nucleus contribution is
negligible due small time of interaction and also the pre-equilibrium effects are minimal
because the reaction is yet to proceed beyond initial interaction. At the intermediate angle,
oscillatory structure is observed which are due to interference between coulomb and nuclear
scattering, the oscillations emanated from partial wave interference and Fraunhofer
diffraction, in this region there is weak compound contribution and the pre-equilibrium effects
has started emanating through partial loss of flux in the elastic channel and redistribution of
energy. At the backward angle, the scattering is dominated by absorption effects, compound
nucleus effects. Compound systems are formed but weak for the *°Fe nucleus and there is
reasonable condition pre-equilibrium contribution especially for’Li °Be nuclei. The real
potentials were observed to be predominantly attractive at short distances, and as the
distance increase the potential becomes less attractive which shows that the nuclear force is
short -ranged. The imaginary part of the potential account for the absorption flux from the
elastic scattering channel into other non-elastic reaction channels. It was observed that,
there is a weak absorption for light nuclei °Li °Be and a moderate absorption for medium
nuclei and also a strong absorption for heavier nuclei such as **Fe primarily due to the
increasing depth of the imaginary potential associated with higher nuclear density and other
reaction channels available. The obtained result of *He induced reaction cross section is
pertinent in the production of medical and industry isotopes. *He are increasingly used in
cyclotron-based isotope production, particularly for positron-emitting radionuclides and
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theranostic isotope.it also has significant importance for nuclear data evaluation in support
of accelerator-based technologies including neutron source design, material irradiation
studies and space radiation shielding. The above analysis indicates that, the double folding
potential provides a coherent description of the *He elastic scattering from light to heavy and
also in its capacity to reproduce the angular distribution of the experimental data. The result
shows the applicability of the DDB3Y in exploring the nuclear structure and reaction
dynamics of *He induced reaction. This work can be extended to predict cross-section for
*Heinduced reactions such as transfer and breakup reaction for a unified description of the
reaction. It is also recommended to carry out this reaction using unstable target nuclei,
higher incident energy, coupled-channels analyses which will further strengthen the
capability of the double folding model.
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