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Abstract Article Info.

The current study uses the relativistic mean field approach to investigate the
nuclear structure of selected even-even neutron-rich nuclei spanning from the Keywords:
stability line to the neutron drip line. Specifically, the nuclei studied include **%0, Relativistic Mean Field,
3(HZSi, 48—60Ca, s&esNi’ ssflooKr’ 96—122Ru’ 14071528& 1427154Sm7 and “*2Er The Neutron Rich, Meson
relativistic Hartree-Bogoliubov (RHB) method was applied, incorporating effective  Exchange, Point Coupling,
density-dependent point coupling (DD-PC) and density-dependent meson exchange Even-Even nuclei.
(DD-ME) interactions. The impact of these interactions was demonstrated through
the calculation of various nuclear structure properties, including binding energy Article history:
(BE), kinetic energy (KE), pairing energy (PE), root mean square (rms) charge Received: Jun. 13, 2024
radius, two-neutron separation energy (S,), mass densities (pny), and triaxial Revised: Jul. 27,2024
deformation. The calculated results were compared with the available experimental ~ Accepted:Aug. 01, 2024
data. It is clear that the RMF approach, particularly with the DD-ME2 and DD-PC1  Published:Dec. 01,2024
effective interactions, proved to be a valuable tool for studying nuclear properties
near the drip lines and away from stability, providing insights into the behavior of
exotic or halo nuclei.

I. Introduction

The study of neutron-rich nuclei is a promising area of nuclear structure research
that contributes significantly to our knowledge of nuclear physics. However, what
happens to nuclei that are far from the stability line is still a mystery. In recent years,
there has been a resurgence in interest in nuclear structure models, particularly for
heavy-mass range nuclei, as experimental data is only accessible for light nuclei and not
abundant. Studying nuclear structural characteristics along the drip lines and away from
stability, especially for exotic or halo nuclei located close to the drip lines, relies heavily
on theoretical models. Nuclear structure systems are complex, and a solid theoretical
model is required to understand the many-body dynamics of nuclei. Although many
unstudied stable nuclei form closed systems, it is still possible to study several of them.
Our theoretical investigation focused on the nuclear isotopic chain, including 220, **Si,
GOCa, 80Ni1 1°0Kr, 122Ru, 15288., 154Sm, and 62gr.

Gangopadhyay has studied the differences between the experimentally and
theoretically calculated binding energies in the relativistic mean field (RMF) approach
for many odd-Z nuclei ranging from A = 47 to 229 [1]. Marcos et al. [2] calculated the
binding energy of two A hyperons bound to a nuclear core using the RMF theory. Wang
et al. [3] performed RMF calculations systematically for light isotopes (of A < 40) with
the non-linear skyrme hartree (NL-SH) parameter set. Additionally, the gap parameter
of the bardeen-cooper-schrieffer (BCS) model and the modified Ginzburg-Landau
model were used for the first time in the RMF at finite temperatures. Furthermore,
Yaghmaei et al. [4] calculated the average binding energy, radii, effective inverse level
density parameter, and heat capacity within both methods for even-even isotopes of 110-

Sn.

The study of nuclei in relativistic and non-relativistic systems can be effectively
analyzed using density functional theory (DFT). This theory is the foundation for
several models, including the covariant DFT, which has various applications. One such
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model, the relativistic Hartree-Bogoliubov (RHB) model, utilizes density-dependent
effective interactions of the point-coupling type DD-PC1 and meson exchange DD-
ME?2 in its calculations. Through numerous tests, the RHB hypothesis has successfully
described nuclei near the drip lines and has been used to research unusual deformed
nuclides. Other studies based on covariant DFT have also been conducted, focusing on
shell structure and shell closure. This theory proves to be a useful tool for studying
many-body systems with important ground-state parameters, such as binding energy
(BE), kinetic energy (KE), pairing energy (PE), root mean square (rms) radius, two-
neutron separation energy (S,n), mass density (pm) and triaxial deformation.

The current study is divided into four sections. Section 2 gives a brief summary of
the theoretical formalism of the RHB model. Section 3 presents and analyzes the
calculated results. Lastly, section 4 provides a summary of the analysis's findings and
conclusions.

2. Theoretical Part
2.1. Mean Field Theory

In nuclear physics, the many-body system issue can be effectively solved with the
help of the mean field (MF) theory. Since the many-body Schrédinger equation cannot
be solved to obtain a good approximation of a highly interacting system, one solution is
to transform the system so that it is made up of quasi-particles with other interactions.
The perturbation theory can handle any remaining interactions [5]. In this case, the
Hamiltonian system is [6]:

=T+V= ZA; t(r;) + IZ v(r, 1) = ZZ—V + Z v(r;, 1) (1)

i<j 1<]

where m, denotes the nucleon mass, r; denotes the i-coordinates, T represents the
Kinetic energies, and V represents the potential energies. The nuclear MF has to be
derived from a process that is roughly similar to the Hartree-Fock (HF) one. Skyrme's
density-dependent nucleon-nucleon interaction formula is implemented in the MF
theory, making it optimal for closed-shell nuclei. The results for BE, density, and
single-particle energies near the Fermi level are excellent when this method is used [7].
The influential interaction forces are directly parametrized in the HF method. The
Skyrme Hartree-Fock (SHF) interaction [8], is one of the forces we considered. RMF
theory [9], a classical relativistic theory of fields, is another key tool for studying the
nuclear many-body system. According to this model, nucleons have a four-part wave
function y; like Dirac quantum mechanical particles. As they travel through many
classical meson fields, the motion of these particles is dynamically relativistic. The MF
technique is based primarily on using Dirac's four-spinor wave functions in the RMF
framework for a solitary nucleon and the non-relativistic SHF [10, 11] procedure to
produce a two-component-spinor wave function.

2.2. Hartree-Fock Theory
The HF approximation depends on fermions' compliance with the Pauli exclusion
principle; therefore, it is easy to characterize how a nucleus exerts its force by
considering how each nucleon acts when floating freely in a mean potential. This is one
of the test wavefunctions that might help to understand the HF approximation. Here, a
Slater determinant stands for A-nucleon ground states. Since, at first, only the precise
spatial forms of the wave function for a single particle are known, the wave function of
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an oscillator might be utilized to address this issue [8]. For an A-particle system, the HF
approximation [12] makes it possible to express the entire Hamiltonian in terms of two
forces acting on the particles and one component of kinetic energy

A A2 1 A

_ p

H = Zl zmi + Z—Z V(ri,r]-), (2)
i=

i#]j

where V(r;,r;) includes the Coulomb interaction and all the other forces involved in a
nucleon-nucleon contact. By comparing the total Hamiltonian's expected value to the
HF wave function, one can attempt to describe the ground-state energy

Efr = (Wur|H | W)

2 A
- %Z f Ui" (VA (0 + %Z} j f Ui O IV I O () drdr’

A
1
_EZIJ“JJ: (r)qﬁ(r’)v(r’r,)lpi(r')lpj(r)drdr’ -

i#]j

2.3. Relativistic Approximation

Combining RMF theory with the relativistic Hartree (RH) method and the no-sea
approximation has successfully been used to investigate some nuclear processes.
Despite RMF naturally integrating the spin-orbit interaction, the concern is that RMF
needs to consider other effective spin-orbit interactions like the nuclear tensor force.
Recently, the density-dependence relativistic Hartree-Fock (DDRHF) RMF approach
has been proposed for nuclear structures [13]. Using this idea in the relativistic Hartree-
Fock Bogoliubov (RHFB) theory [14], exotic, unstable nuclei could be investigated.
The Bogoliubov scheme, which enables efficient control of the continuum effect, is
made possible by RHFB integration of the MF and the pairing field.

Relativistic energy density functional (EDF) [15] characterizes the ground state
and collective excitation of nuclei uniformly and globally over the entire nuclide table
[16], which is why nuclear structure research heavily relies on them. Utilizing the
single-particle Hamiltonian h and the Dirac equation along with the energy deflection
function (EDF), where the latter is derived from the energy functional E[p] [17], DFT
develops the fundamental idea of relativistic approximation. To exchange mesons like
Isoscalar-scalar mesons, Isoscalar-vector mesons, and Z bosons, standard quantum
hydrodynamics (QHD) depicts the nucleus as a system of Dirac nucleons connected by
an efficient Lagrangian [13]. The only kind of meson fields that may be used is
isovector-vector fields. Currently, covariant density functional (CDF) theory [18] is the
most advanced theoretical framework. There are three types of CDF models: the
density-dependence meson-exchange model (DD-ME) [19], the density-dependence
point coupling (DD-PC) [20] and the non-linear meson-nucleon coupling model (NL)
[21]. The coupling structure between the DD-ME and DD-PC models consists of two
vector terms and an Isoscalar-scalar term [22]. The ground state properties of neutron-
rich nuclei are examined in this study using both the finite-range interaction DD-ME
and the zero-range interaction DD-PC.
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2.3.1. Density Dependency Model for Meson Exchange
Since mesons are not quantized, Fock terms are superfluous, and all they do is
introduce relativistic accurate classical fields into the nucleus, which is their only
purpose. Using the quantum numbers and the CDF framework, the Lagrangian density
of this model may be determined without taking into account the effects of the Dirac
Sea (the "no-sea approximation™). Theorize as defined by [5]

L=Ly+Ly+ Lint. 4)

Free nucleons (Ly) have the following Lagrangian

Ly = B(iv, 8" - m)u, 5)

where v is the Dirac spinor and m is the atomic mass. To indicate the Lagrangian of the
electromagnetic field and the free meson fields, £, is

F,, .F" (6)

1 1 1 1 1 1
— = U 222 = uv — 2 n_ = uv 22 no_
Ly = zauoa 0 —-mgo ZQHVQ + om0 — Ry R +-mgp, .p

1

4w

Where 0,,, R,, and F, are the field tensors and m,, m,and m,are the
corresponding masses.

Ry =0upy —0ypy, Quy = 0,0y — 0y, Fow=0,A, —0,A, (7)

In contrast to the italicized letters used to symbolize vectors in regular space,
arrows were employed to depict motion in isovector space. L;,; contains the bare
minimum of interaction words.

Line = _gGLTJLlJG - gmlI_JYuLIqu - gpLTJTYulIJ- Pu— elTJY”llJAu (8)

The g4, 94, 9,, and e are the coupling constants, and 7 is the Pauli isospin matrices.

Through using the g4, 9, ,9,, and e-connections, the nuclear matter and its
underlying ground state are simulated using these constants and the unknown meson
masses. In this model, the isoscalar-scalar meson supplies attractive nuclear interaction
at intermediate and long ranges. In contrast, the repulsive component of the interaction
at shorter ranges is provided by the isoscalar-vector meson [19]. Bilinear forms on the
Lorentz scalar are postulated at the vertices of the coupling constants [23]. Operators on
atomic nuclei are often functions of the vector density in practical contexts [24].

pv = /ju* withj, = by, . (9)

In the static scenario, the Hamiltonian density may be calculated directly from the
Lagrangian density using the formula given by Yaghmaei et al. [4]
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A
H@) = D 0] (ap + B + 5 [(V0)2 + m3] — 2 [(Veo)* + m,o]

1 1
—5(p)? + mZp?] — 5 (VA)?
+ [ngSG + gwjuwu + gpju . pll + ejpuAu] ' (10)

where H(r) is the Hamiltonian that depends on the position r and represents the total
energy of the system, A is the vector potential associated with the magnetic interaction,
qJ;r Is the adjoint transition matrix for state i, o, B are Dirac matrices, p is the momentum
related to motion, m is the rest mass of the particle, V is the gradient operator, o is the
scalar field of the nucleus ,o is the vector field of the nucleus, p is the vector field of the
nucleus, S is the nuclear spin, g,,9,, g, are the coupling constants for interactions
between fields, j, is the current density, e is the electric charge, and A* is the spatial
components of the vector potential.

The RHFB model's most effective EDF is a particle-based one. The self-
consistency of both the particle-hole (p-h) and particle-particle (p-p) channels is
maintained. The CDF energy density of the RHFB model is determined by the
Hamiltonian H of the system and its projected value concerning the wave function in
the ground state |®):

E = (O|H|D) (11)

To calculate the RHB EDF, we adjusted the energy functional in Eq. (11)
based on the Dirac spinor y(r)

Eruglp, kKl = Ermr[p] + Epair [k, (12)

The RMF energy functional, designated by Exyr[p], is obtained by integrating the
Hamiltonian Eqg. (10) across the r-space

Erue[p] = f &3 rH() (13)

Cooper pair scattering to the continuum through the pairing interaction is enabled
by the nucleon separation energy, denoted by the E,;.[K] pairing component, which is
comparable to the pairing gap energy. To extract this energy, we must first solve the
RHB energy function [13]

1 :
Byl K =7 D > Kiyny s (11m/IVPP Iz, ) g, (14)

ning, Nzng,

which satisfies (n;n, '|VF?|n,n,’) may be considered the density matrix and pairing
tensor for a single body, respectively, and represent the pairing interaction between two
bodies, respectively. The RHB equation may be derived using the theory of variations
as shown [21]
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(h]iA_*A —(hDA+ A)*) = E(g) (15)

where hp denotes the m mass Dirac nucleon Hamiltonian. The chemical potential A is
described in terms of neutron and proton average particle number restrictions. Here, V
and U are the Dirac spinors (energy quantifiers) of the quasi-particles, and E is the
energy of the quasi-particles. The Dirac Hamiltonian, often known as

hp =alp—2) +Zy + (M + =) (16)

The attractive scalar potential is represented as follows in terms of the nucleon's
self-energies Z

25(r) = g50(r) (17)

The term Xs(r) denotes the scalar potential at a specific position r within the
nucleus, go represents the coupling constant associated with the scalar field interaction
in the nuclear model, and o(r) corresponds to the scalar field distribution within the
nucleus. For the repulsive vector potential

Zo(r) = gowo(1) + gpT. po (1) + eAg(r) + 25 (r) (18)

This component includes terms involving the omega field (wo(r)), the rho field
(t°po(r)), the vector potential (Ao(r)), and a residual component Zo”R(r).
The magnetic potential is:

Ty = 9w, (D) + g,T.p,(r) + €A, (r) + Z3(r) (19)

where X, is the total current density, g,,is the coupling constant associated with the ®
field, w, (r)is the vector field o at position r, g, is the coupling constant associated with
the p field, t is the isospin operator, p,(r) is the vector field p at position r, € is the
electric charge, A, (r) is the vector potential A at position r, and Z}}(r) is the external
current density.

2.3.2. Point-Coupling Models with Density Dependence

Point-coupling models may be considered as a special case of the RMF
framework that satisfies the principle of internal consistency. In complete identification
to the ME phenomenology [13], where the smallest set of meson fields necessary for a
guantitative description of the nucleus consists of the Isoscalar-scalar meson, the
isovector-vector meson, and the isovector-vector meson. Similar local interactions [20]
between nucleons have been created as a replacement for these pathways, with density
dependence coming either from the two-body coupling constant contacts or the contact
of many-body potential conditions [13].

The effective Lagrangian includes the interactions of the isoscalar, isovectors, and
scalars for a total of four fermions. For which the textual form is [25]
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_ 1 — 1 — _
L= (-0 = m - 2 as@Y AW W@Y) - 2 av @ Gy ) (dy,b)
1 — — 1 — —
-3 ary (P) (WTyHy) (‘IJTYu‘IJ) 3 850, YY) (0VPpy)

- 1-1
~ efyA—— (20)

The free-nucleon Lagrangian and point-coupling interaction components are also
included in the model, along with the coupling of protons to the electromagnetic field.
Quantitatively characterizing the nuclear density distribution (in terms of nuclear radii)
relies on a precise understanding of the effects of finite-range interactions, which were
described by the derivative term in Eq. (20). In each space-isospace channel, similar
interactions can be involved but only constrain a single derivative term in particle data
involved, for example &5(0,yy)(@Vyy). The acceptable derivative term only
consistently appears in the isoscalar-scalar channel and traditional meson-exchange
RMF models, where the mass of the meson is viewed as a free parameter, even though
the masses of the mesons are set at random. By coupling constants in Eg. (20), the
interaction terms can be understood as functionals of the nucleon four-current

"=yt = put (21)
where u" is a 4-velocity expressed as (1 — V2)1/2(1,v).

The nuclear matter is homogeneous, so its rest frame velocity is 0. The
Hamiltonian density 7 (r)and EDF for the point-coupling model are derived using a
Lagrangian density and the Euler-Lagrange Equation [4][9]

ERMF [l/), lpr Aﬂ] 4
1
= [ &@rH@) = ) | dryp] (ap + pm); — 5 (VA)?
fomogfemimen
+5e j d3rjy A,

1
* zf d* rlaspd + ayju* + oryju J* + Sspsps] (22)

From the derivative of the EDF concerning the Dirac spinors y in Eq. (22)

{=iaV + BM*(r) + V() ;i (r) = (1) (23)

under the assumption that time-reversal invariance can be verified. To define the
Dirac effective mass, we need

M* =m+ZS = m+85p5+85ApS (24‘)
whereas the definition of the vector potential is:

V(r) = aypy + aryT3pey + €Ag + Z(l} (25)
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The rearrangement contribution, indicated by X%, is a function of the variation of
the couplings ag , ay , and ay,. According to the nucleon fields in the density operator

0 ATy

o o
= —p2 Y2 + 3 PEv (26)
v

IR =
0 =30, T ap,

The rearrangement of self-energy must be taken into consideration [24] to ensure
that the model is thermodynamically and kinematically consistent and that energy and
momentum are conserved.

3. Results and Discussions

In this investigation, a thorough analysis was conducted on the nuclear properties
of specific isotope chains, including *%0, 342G 48-00cq, *0-08Nj, 810Ky 96122, 140-
2B, 121%2gm and °1%%Er. The results were calculated using RMF and then
compared with available experimental data. As depicted in Fig. 1, the ground-state
binding energies were calculated using both DD-ME2 and DD-PC1 effective
interactions and compared with experimental data from the National Nuclear Data
Center [26]. The binding energy (BE) increased with the rise in mass number. Our
results are in good agreement with the general trend of the experimental data, with the
exception of Kr and Ba isotopes. In both cases, our calculations underestimated the
experimental data for both parameterizations. As illustrated in Figure 2, the Kinetic
energy (KE) also increased with the rise in mass number. Notably, a significant
concordance is observed between ME2 and PC1 in isotopes %0 and ***’Si, while a
minor disparity in KE values is noted between ME2 and PC1 of the isotopes “*®Ca, °*
08N, 810K, H10Ry, 140-152B, 142-134gm and 1019%Er. The difference in kinetic energy
values between ME2 and PC1 model may be due to different theoretical structures;
underlying assumptions in the two models functionally dependent droplet- like
interactions between the interfaces can lead to differences in the predicted kinetic
energy values, especially for isotopes with a certain number of atoms that may contain
meson exchange or point-join interactions.

The pairing energy is a fundamental aspect of nuclear structure, representing the
energy associated with pairing nucleons in a nucleus. In the context of neutron-rich
nuclei, the behavior of the pairing energy curve can offer valuable insights into the
nuclear properties and stability of these exotic systems. The pairing energy curve
typically demonstrates distinctive trends as the number of neutrons increases within a
nucleus and strong agreement between the ME2 and PC1 interactions for most isotopes.
Various factors influence its behavior, such as the neutron shell structure, the
occupation of neutron energy levels, and the interplay of nuclear forces within the
nucleus. The pairing energy trend observed in the nuclei in Fig. 3 follows a consistent
pattern across different isotopes, reflecting the interplay between nuclear structure and
neutron numbers. For *?20 isotopes, the pairing energy values decreased as the neutron
number approached the magic numbers, resulting in lower pairing energies due to the
formation of closed-shell configurations. The pairing energy curve for ***2Si isotopes
showed a non-linear trend and abrupt changes in the pairing energy values. This is due
to the influence of shell structure evolution, magic numbers, and the onset of
deformation on the pairing energy variations in silicon isotopes. The pairing energy
curves for Ca, Ni, Kr, Ba and Er isotopes showed consistent trends as the number of
neutrons increased within the isotopic chains. The behavior of the pairing energy curves
is influenced by factors such as the neutron shell structure, the occupation of neutron
energy levels, and the interplay of nuclear forces within the nucleus. In the case of Ru
isotopes, there was a noticeable gradual increase in the discrepancy in pairing energy
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calculations for isotopes *“Ru, Ru, and °Ru when using the ME2 and PC1
interactions. These differences are influenced by the changing neutron numbers,
sensitivity to neutron interactions, and the treatment of pairing factors, all of which
collectively contribute to the growing disparity in the pairing energy results as the
neutron number varies across the isotopes. The pairing energy curve for Sm isotopes
showed a rapid decrease, especially for the **Sm isotope with N=82, compared to other
Sm isotopes. This is due to strong pairing correlations resulting from the presence of a
magic number, causing a more significant pairing effect than in other Sm isotopes. This
behavior results in a considerable reduction in the energy associated with pairing
nucleons, indicating the strong binding and stability of the nucleus.
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Figure 1: The binding energy (BE) in MeV as a function of mass number (A) for even-

even: (a) 16—280, (b) 30—428i’ (C) 48—60Ca1 (d) 56_68Ni, (e) 88_100KI’, (f) 96_122Ru, (g) 140_15258., (h)

12-1%45m and (i) ***°Er isotopes, using ME2, PC1 interactions. In comparison with the
experimental data of the National Nuclear Data Center [25].
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Figure 2: The kinetic energy (KE) in MeV as a function of mass number (A) for even-
even: (a) 16—2801 (b) 30_428i, (C) 48_60(:&, (d) 56_68Ni, (e) 88_100Kr, (f) 96_122RU, (g) 140_15283,
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Fig. 4 illustrates the calculated rms charge radii of each isotopic chain, which
exhibit systematic trends as the number of neutrons increases within the nucleus. With
the addition of neutrons, the nuclear size may change due to the influence of the neutron
distribution on the overall charge distribution of the nucleus. The behavior of rms
charge radii for isotopic chains can be understood in terms of systematic trends with
neutron number, the influence of magic numbers and shell effects, nuclear deformation
and shape changes, and the impact of pairing effects on nuclear stability and charge
distribution. These physical interpretations provide insights into the variations observed
in the rms charge radii for different isotopes within the isotopic chains studied in the
paper. Comparison with experimental data for each isotopic chain, as shown in Fig. 4,
showed a reasonable agreement in rms charge radii [27]. This suggests that the model
used in the study effectively predicts the charge distribution and nuclear properties of
the isotopes studied. The good alignment between experimental and theoretical results
validates the model's capability to accurately describe these isotopes’ nuclear structure.
The differences in the calculated rms charge radius curves using the PC1 and ME2
interactions, especially in Ni isotopes, can be attributed to the distinct characteristics,
assumptions, parameterizations, and treatment of nuclear structure effects within the
theoretical model. These discrepancies highlight the importance of understanding the
nuances of different effective interactions and their impact on predicting nuclear
properties accurately.

The discrepancies between the PC1 and ME2 interactions result in calculating the
rms charge radii for nickel isotopes (Z=28) while showing good agreement in oxygen
(Z=8) and calcium (Z=20) isotopes with the proton magic numbers attributed to the
unique combination of nuclear symmetry effects, shell structure properties, deformation
characteristics, and sensitivity to effective interaction parameters specific to nickel
isotopes. These factors highlight the intricate nature of nuclear structure modeling and
the need to consider the nuanced behavior of isotopes with different proton numbers in
theoretical calculations.

Fig. 5 shows the calculated two-neutron separation energy (S2n) for each isotopic
chain. This energy is crucial for understanding nuclear stability, shell structure effects,
nuclear interactions, predicting nuclear reactions, studying nuclear structure evolution,
and exploring exotic nuclei near the drip lines. It is a fundamental quantity in nuclear
physics research and significantly contributes to our understanding of the properties and
behavior of atomic nuclei. In the case of oxygen isotopes, a sudden shift in slope was
observed for certain isotopes, such as 2°0, due to a closed shell structure. This suggests
a significant energy barrier for removing two neutrons, resulting from the stability
conferred by the magic number of neutrons. The difference between experimental and
theoretical Sy, values for specific isotopes may indicate the influence of shell closures
and the need for a more refined theoretical description of these nuclei. A discrepancy
appeared between theoretical predictions and experimental S,, values for Si isotopes,
which may indicate limitations in the theoretical approach used. The behavior of Sy, in
Ca isotopes showed slight differences between experimental and theoretical S,, values
for certain isotopes (°* *°Ca). This may suggest variations in the nuclear structure
properties and the impact of the effective interactions used in the calculations. The
presence of magic numbers in calcium isotopes can lead to specific trends in the Sy,
values, indicating the stability of these isotopes against neutron removal. For Ni
isotopes, the behavior of S,, can reveal a sudden shift in slope observed for certain Ni
isotopes (°® ®* %% %Nj), which may indicate the presence of closed shell structures and
the associated energy barriers for neutron separation.

The S;;, curve for Kr isotopes using the PC1 interaction showed a particular trend
in the separation energies, indicating the stability of these isotopes against neutron
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removal. The ME2 interaction exhibited a slightly different trend compared to PC1,
potentially reflecting variations in the nuclear structure properties and effective
interactions. The discrepancies between the theoretical predictions using PC1 and ME2
interactions and the experimental data may suggest limitations in the theoretical
approach used or the need for a more refined description of these nuclei. The S;, curve
for Ru isotopes with the PC1 interaction showed a gradual increase or decrease in
separation energies, influenced by the varying neutron numbers and pairing effects.
When using the ME2 interaction, the S,, curve aligned with the PC1 curve, and both
were in good agreement with experimental data.

The (Szn) curve for Ba, Sm, and Er isotopes with the PC1 and ME2 interactions
demonstrated a clear and consistent pattern, adhering to the expected behavior.
However, a noticeable discrepancy arised when comparing these curves to the
experimental data. Nonetheless, the overall trend of the separation energy changing
alongside the increasing number of neutrons remained consistent with theoretical
expectations. The discrepancies between the calculated S, values and the experimental
data could indicate areas where the models may need adjustments or refinements.

The mass density distribution and triaxial deformation shown in Fig. 6 are for
selected isotopes with the highest mass number from the investigated isotopic chains
and close to the neutron drip line, specifically, 20, *%Si, *®Ca, ®®Ni, 'Kr, '*Ru, *Ba,
154Sm, and '°?Er.
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Figure 4: RMS charge radii in fm as a function of mass number (A) for even-even: (a) **
280, (b) 30—428i’ (C) 48—600a1 (d) 56_68Ni, (e) 88_100Kr, (f) 96_122Ru, (g) 140_15288., (h) 142—154Sm
and (i) ®*%Er isotopes, using ME2, PC1 interactions. In comparison with the
experimental data of Angeli and Marinova [26].
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Figure 5: S,, in MeV as a function of mass number (A) even-even (a) 0O, (b) Si,

(C) 48—60Ca, (d) 56_68Ni, (e) 88_100KI’, (f) 96_122Ru, (g) 140_15283., (h) 142—154Sm and (l) lSO—lGZEr
isotopes, using ME2, PC1 interactions. In comparison with the experimental data of the
National Nuclear Data Center [25].
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The mass density distribution for 220 suggests that it has a compact nucleus with a
well-defined spatial arrangement of nucleons. The density profile demonstrated a
central peak, which indicates a strong nuclear binding force. By analyzing the contour
lines in the figure, it is apparent that ®0 has a spherical shape rather than exhibiting
triaxial deformation. This spherical shape is a result of the specific nuclear structure and
interactions present in this isotope.

The mass density distribution of “*Si indicated a more spread-out nucleus
compared to 20, with a wider distribution of nucleons. Variations in density profiles
sug%est changes in nuclear structure and neutron-proton interactions. The nuclear shape
of **Si differs from 220. This nucleus has a magic number of N=28, which requires a
strong spin-orbit interaction. The ground state is localized around the oblate-shaped
energy minimum at (B, y) = (0.35, 60°).

The mass density distribution for ®*Ni showed a nucleus with a well-defined
central peak and a broader distribution of nucleons compared to *°Ca. Variations in
density profiles could indicate changes in nuclear structure and pairing effects.
According to the triaxial deformations curves shown in Figs. 6, it can be inferred that
®8Ni nuclei, which have a single-shell closure, exhibit a spherical shape with values of p
=y = 0. The mass density distribution for *®’Kr indicated a central peak and a broader
distribution of nucleons compared to ®®Ni. Variations in density profiles could indicate
changes in nuclear structure, magic numbers, and shell effects. The contour plot of the
19 nucleus showed a sharp transition from a prolate ground state to an oblate one.
The occurrence of a triaxial shape transition can be attributed to the competition
between different nuclear forces and energy considerations. The mass density
distribution for **?Ru exhibited a well-defined central peak and a broader distribution of
nucleons. Variations in density profiles could indicate changes in nuclear structure and
pairing effects. Triaxial deformation in **?Ru was almost spherical, and a rising hill
pushing it towards the right, making it more axial (prolate).

B 00 02 04 06

Figure 6: Mass density in fm™ for even-even (a) 20, (b) **Si, using PC1 interaction.
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The mass density distribution for *°Ba showed a central peak and a broader
distribution of nucleons. Variations in density profiles could reflect changes in nuclear
structure, magic numbers, and shell closures."*’Ba isotopes displayed prolate
deformation at their absolute minima. The mass density distribution for *>*Sm showed a
distinct central peak and a broader distribution of nucleons. The triaxial deformation
demonstrated an increase in the depth of both prolate and oblate shapes, as well as the
emergence of a pronounced prolate deformation. This deformation is more rigid with
respect to the y degree of freedom. The mass density distribution for ***Er showed a
central peak and a broader distribution of nucleons. Variations in density profiles could
reflect changes in nuclear structure, magic numbers, and shell closures.

The mass density distribution for ®°Ca exhibited a well-defined central peak,
indicating a compact nucleus with a high nucleon concentration. Variations in density
profiles could reflect the influence of magic numbers and shell closures. The triaxial
deformation in ®°Ca suggests a symmetric shape.

10

Figure 6 continued but for (h) ***Sm and (i) **Er.
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Figure 6 continued but for but for (c) ®Ca, (d) ®Ni, (e) "*Kr, (f) ***Ru, (g) **Ba.

39



Iraqi Journal of Physics, 2024 Sahar M. Aldulaimiand Ali A. Alzubadi

4. Conclusions

The present study utilized the RHB method with different parameterizations to
calculate the ground state nuclear properties of neutron-rich heavy nuclei near the drip
line. The RHB demonstrated the effectiveness of approximating highly interacting
systems with quasi-particles. This approach allows for the study of complex many-body
systems by transforming them into more manageable forms, enabling the calculation of
nuclear properties near the drip line. The DD-PC1 and DD-ME2 interactions in the
RMF calculations play a crucial role in accurately describing the nuclear properties of
neutron-rich nuclei. These interactions capture the nuanced effects of the nuclear
environment, leading to improved agreement with experimental data. The comparison
of theoretical results with experimental data underscores the predictive power of
advanced nuclear physics models in capturing the intricate dynamics of neutron-rich
nuclei. The success of the DD-PC1 interaction in reproducing key nuclear properties
highlights the importance of selecting appropriate effective interactions for accurate
predictions. The observed variations in triaxial deformation across different nuclei, such
as prolate, oblate, and spherical shapes, indicate the presence of shape transitions in the
nuclear structure. These transitions are influenced by the competition between different
nuclear forces and energy considerations, leading to changes in the overall shape of the
nucleus.
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