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We have thoroughly investigated the surface characteristics, including symmetric energy, neutron
pressure, and symmetry energy curvature coefficient, from the proton to neutron drip-lines for a
hypothetical super heavy nucleus Z = 126. We use relativistic mean field model with well known
force parameter like NL3 and NLB in our calculations for finite nuclei. The relativistic mean-
field densities use as input in the Coherent Density Fluctuation Model (CDFM) to calculate the
surface properties of the system. Before determining the surface characteristics of the finite nuclei,
the expected bulk properties like binding energy, charge radius and neutron skin thickness are
calculated.
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I. INTRODUCTION

The main interest of the current time is to constraint
the observable range with the help of theoretical and ex-
perimental outcomes. Due to advance computational and
experimental facilities like HIC, FRIB, PREX, these cor-
relation can be done very precisely. The surface proper-
ties of the finite nuclei and nuclear matter is very fun-
damental to control the many structural and dynamics
of the system. The surface properties of finite nuclei like
symmetry energy, neutron skin thickness, etc are always
playing an important role in nuclear matter and astro-
physics properties. The symmetric energy characterizes
the equation of state (EoS) for nuclear matter in connec-
tion with isospin asymmetry. The symmetry energy is
also established the range for the neutron star proper-
ties like mass and radius [1]. The surface characteristics
inherently regulate the neutron star (NS) merger con-
ditions, gravitational waves (GW), and additional fac-
tors. The correlation between symmetric energy of nu-
clear matter and the thickness of the neutron skin in finite
nuclei [2] make the possible to investigate the structure
of neutron stars by understanding the equation of state
(EoS). The symmetry energy has attracted interest be-
cause of astrophysical observations and the presence of
advance unique beams facilities in laboratories [3]. The
study of symmetry energy is also important observable
to identify magic nuclei [3, 4].

The non-relativistic Skyrme-Hartree-Fock method
forecasts nuclear magicity for Z > 114, suggests dou-
ble magicity at Z = 126 and N = 184, and shows en-
hanced stability at N = 162 due to deformed shell ef-
fects [5]. In another work, the author Manjunatha [6]
examined the alpha decay characteristics of superheavy
nuclei Z=126 and forecasted that the cores 126307, 126318

126319, 126320 were discovered to possess extended alpha
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decay half-lives and therefore might be detectable if pro-
duced in a laboratory setting. The potential for a proton
magic number at Z = 126 has been a topic of discus-
sion since 1955 [7]. After the nuclear shell model was
developed, the possibility of stable nuclides at Z = 126
was investigated; the results were controversial [8–11].
The DRHBc computations with PC-PK1 are employed
to determine the even-even Z = 126 isotopes. To ex-
plore possible nuclear magic, the changes in quadrupole
deformation and the energies of neutron and proton pair-
ing are analyzed. There exist circular forms and Proton
pairing energy remains present in Z = 126 isotopes, while
neutron pairing energy vanishes at N = 258 and 350, sig-
nifying these as neutron magic numbers. No significant
gap is observed in the single-proton spectra at Z = 126,
yet there are considerable gaps at Z = 120and138. Con-
sequently, Z = 120and138 are suggested as possible pro-
ton magic numbers, while Z = 126 is not validated [12].
The considered system (Z = 126) is viewed as a magic
number since contemporary nuclear shell models forecast
a significant proton shell gap at Z = 126, resulting from
intense spin–orbit coupling and relativistic influences in
superheavy nuclei.
In this study, we investigate the effective surface prop-

erties in isotopic series of Z = 126 nuclei by assessing
the bulk characteristics and densities of the nuclei using
the relativistic extended Thomas Fermi model (RETF).
The RETF approximation gives more accurate results
for bigger mass system as compare to ligher nuclei. We
have calculated the bulk properties and density profile
for the isotopic chain of considered nuclei Z = 126. We
use coherent density functional model to calculate the
further surface properties like symmetry energy, neutron
pressure and curvature parameter. The CDFM offers a
benefit compared to other methods as it tackles (i) the
variation in the nuclear density distribution by employ-
ing the weight function |f(x)|2 and (ii) the momentum
distributions through the mixed density matrix, namely
the Wigner distribution function [3, 4, 13].
The organization of the paper is outlined as follows:

Section II addresses the relativistic mean-field model and
describes the process of adjusting the energy density
functional to a mathematical form in coordinate space by
employing the Bruckner method [14]. A short overview of
the CDFM is also included. The outcomes of our calcula-
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tions are addressed in Section III. Section III E provides
a summary along with final observations.

II. THEORETICAL FORMALISM

A. Effective field theory model

The Virial theorem is obtained from the relativistic
mean-field Hamiltonian within the extended relativis-
tic Thomas-Fermi method (RETF) in the scaling frame-
work [15–17, 19–23].
To ensure completeness, we have concisely reviewed

several key formulas that are crucial for the calcula-
tions conducted σ. The correlations among numerous
particles stemming from the nonlinear features of meson
self-interaction were examined utilizing the nonlinear La-
grangian introduced by Boguta and Bodmer [24]
The relativistic mean field nucleon-meson interacting

system’s Hamiltonian is expressed as [15–18, 25, 26]:

H =
∑
i

φ†
i

[
− iα⃗ · ∇⃗+ βm∗ + gvV +

1

2
gρRτ3 +
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2
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]
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[
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2
]
− 1
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(
∇⃗A
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(1)

The related fields are ϕ, V , and A for the σ, ω, ρ−mesons,
and photon.

The τ3 is the third component of the iso-spin for the
ρ−meson. Due to its fluctuations in the mesonic medium,
the nucleon’s actual massm seems to be obscured, result-
ing in its effective mass m∗ = m − gsϕ. The masses of
the σ-, ω- and ρ- mesons are denoted as ms, mv, and
mρ, respectively. The coupling constants gs, gv, gρ, and
e2/4π=1/137 show how nucleons interact with σ, ω, ρ-
mesons, and photons. In the nonlinear σ − ω model, the
self-limiting factors of the σ−meson field are b and c.
Variational methods can be used to derive the equations
of motion for meson and nucleon fields.

The density’s Hamiltonian in the semiclassical approx-
imation has the following expression:

H = E + gvV ρ+ gρRρ3 + eAρp +Hf , (2)

with,

E =
∑
i

φ†
i

[
− iα⃗ · ∇⃗+ βm∗

]
φi. (3)

In this case, the free part of the Hamiltonian is rep-
resented by Hf , and the total density ρ is the sum of
the distribution densities of protons (rhop) and neutrons
(rhon). The center of mass kinetic energy correction fac-
tor (cm) is determined by the harmonic oscillator equa-
tion Ec.m. = 3

4 (41A
−1/3). Here A is the mass number

of the atomic nucleus. The root mean square charge ra-
dius (Rch), proton radius (Rp), neutron radius (Rn), and

matter radius (Rrms) are as follows:

< R2
p >=

1

Z

∫
ρp(r⊥, z)r

2
pdτp, (4)

< R2
n >=

1

N

∫
ρn(r⊥, z)r

2
ndτn, (5)

Rch =
√

R2
p + 0.64, (6)

< R2
rms >=

1

A

∫
ρ(r⊥, z)r

2dτ. (7)

In this context, all terms retain their standard meanings.
The overall binding energy of the system and various
observables can be derived from their conventional rela-
tionships [27–29]

B. Coherent density Fluctuation Model

The CDFM was developed and suggested in Refer-
ences [30, 31]. The one-body density matrix ρ (r, r′) of
a nucleus can be represented in the CDFM as a coherent
superposition of an infinite number of one-body density
matrices ρx (r, r′) corresponding to spherical particles of
nuclear matter referred to as Fluctons [3, 4, 30]:

ρx(r) = ρ0(x)Θ(x− |r|), (8)
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with ρo(x) =
3A

4πx3 . The spherical radius of the nucleus in
a uniformly distributed spherical Fermi gas is the genera-
tor coordinate x. In a finite nuclear system, the one-body
density matrix can be represented as [3, 4, 13, 30],

ρ(r, r′) =

∫ ∞

0

dx|f(x)|2ρx(r, r′), (9)

where, |f(x)|2 is the weight function (Eq. (13)). The
term ρx(r, r

′) is the coherent superposition of the one
body density matrix and defined as,

ρx(r, r
′) = 3ρ0(x)

J1 (kf (x)|r− r′|)
(kf (x)|r− r′|)

×Θ

(
x− |r+ r′|

2

)
.(10)

The first-order spherical Bessel function is denoted
as J1 here. The Fermi momentum of the nucleons
in the Fluctons with radius x can be expressed as
kf (x)=(3π2/2ρ0(x))

1/3 = γ/x, where γ=(9πA/8)1/3 ≈
1.52A1/3.

The Wigner distribution function of the one body den-
sity matrices in Eq. ( 10) is,

W (r,k) =

∫ ∞

0

dx|f(x)|2Wx(r,k). (11)

Here, Wx(r,k) =
4

8π3Θ(x−|r|)Θ(kF (x)−|k|). Similarly,
the density ρ (r) within CDFM can express in terms of
the same weight function as,

ρ(r) =

∫
dkW (r,k) =

∫ ∞

0

dx|f(x)|2 3A

4πx3
Θ(x− |r|)(12)

and it is normalized to the nucleon numbers of the nu-
cleus,

∫
ρ(r)dr = A. By taking the δ-function approx-

imation to the Hill-Wheeler integral equation, we can
obtain the differential equation for the weight function
in the generator coordinate [4, 30]. The weight function
for a given density distribution ρ (r) can be expressed as,

|f(x)|2 = −
(

1

ρ0(x)

dρ(r)

dr

)
r=x

, (13)

with
∫∞
0

dx|f(x)|2 = 1. For a detailed analytical deriva-
tion, one can follows Refs. [4, 32, 33]. The symmetry en-
ergy, neutron pressure, and symmetry energy curvature
for a finite nucleus are defined by evaluating the corre-
sponding values for infinite nuclear matter in the CDFM.
The characteristics of finite nuclei can be derived from
those of nuclear matter through the CDFM. The curva-
ture ∆K, pressure P , and effective symmetry energy S
of a nucleus can be represented using the CDFM method
as [3, 4, 13, 32–34]

S =

∫ ∞

0

dx|f(x)|2SNM
0 (ρ(x)), (14)

P =

∫ ∞

0

dx|f(x)|2PNM
0 (ρ(x)), (15)
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FIG. 1. The neutron skin thickness, charge radius Rch,
and matter radius Rrms as functions of neutron number for
Z = 126 isotopes are determined using relativistic mean field
theory with Extended Thomas Fermi (RETF-NL3) [17] (solid
black line) and compared to the RETF-NLB [35] (dashed red
line) force parameters for particular nuclei

.

∆K =

∫ ∞

0

dx|f(x)|2∆KNM
0 (ρ(x)). (16)

For describing SNM
0 (x), PNM

0 (x), and ∆KNM
0 (x) we

direct readers to the paper [14] for the complete details.

III. RESULTS AND DISCUSSIONS

A. Charge radius, matter radius distributions and
neutron skin thickness

In our examination, we focused on the distribution of
nucleons. In this section, we present the findings regard-
ing the radius of the analyzed system within its isotopic
series. The Figure1(a–c) illustrates the neutron skin
thickness (a), charge radius (b), and root-mean-square
(c) radius as a function of neutron number (N) for iso-
topes with atomic number Z = 126, computed using the
relativistic mean-field (RMF) approach with the NL3 and
NLB force parameters.
The thickness of the neutron skin ∆R = Rn − Rp is

shown in Fig. 1 (a). A consistent rise in ∆R takes place
with the increase in neutron number for both RMF inter-
actions. This behavior indicates a increasing imbalance
between protons and neutrons, resulting in a broader dis-
tribution of neutron density at the surface of the nucleus.
By adding extra neutrons, these particles predominantly
occupy higher energy orbitals that extend further radi-
ally, thereby enlarging the neutron skin. Although both
parameterizations exhibit similar trends, slight quantita-
tive variations are apparent, indicating a moderate sen-
sitivity of ∆R to the isovector component of the RMF
interaction. The figure 1 (b) shows the variations in the
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FIG. 2. The density and weight function obtained as a func-
tion of neutron number for Z = 126 isotopes are computed
using relativistic mean field theory with Extended Thomas-
Fermi (RETF-NL3) [17] (solid black line) and compare to
RETF-NLB [35](dashed red line) force parameters for selected
nuclei

.

charge radius involving neutron number. The charge ra-
dius steadily increases as more neutrons are incorporated
into the nucleus. This rise results from the connection
between neutron and proton densities via the nuclear in-
teraction, leading to a minor outward displacement of the
proton distribution. The gradual development of Rch in-
dicates that there are no sudden structural changes in
the examined isotopic chain. The strong correlation be-
tween NL3 and NLB outcomes suggests that the charge
radius is quite unaffected by the selection of RMF param-
eter set. The figure 1 (c), In both types of interactions,
the rms radius steadily grows with the neutron numbers.
The increase in the rms radius is directly linked to the
overall growth in nuclear size with rising mass numbers,
as it reflects the collective spatial distributions of protons
and neutrons. Across the examined neutron range, the
derived rms radii display a uniform trend, indicating a
continual structural change within the nucleus in both
force parameters.

B. Densities and Weight Function

We are discussing the mainly surface properties in this
section. We use the density from the RMF model within
RETF approximation in CDFM to calculate the surface
properties of the considered nuclei. The results are given
in figure 2, which displays the radial density distribu-
tions and weight function as a function of neutron count
for Z = 126, computed using the relativistic mean-field
approach with NL3 and NLB force parameter sets. The
results for the density and weight function for Z = 126
are shown for the isotopes 126184 and 126207, which is
located within the area of predicted ”island of stabil-
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FIG. 3. The (a) symmetry energy (S), (b) neutron pres-
sure (P), and (c) symmetry energy curvature coefficients ∆K
as a function of neutron number for Z = 126 isotopes are
computed using relativistic mean field theory with Extended
Thomas-Fermi (RETF-NL3) [17] (solid black line) and com-
pared to RETF-NLB [35] (dashed red line) force parameters
for specific nuclei

.

ity” for super-heavy elements. The panel in Figure 2,
illustrates the weight functions for the nuclei 126184 and
126207 as examples. The illustration indicates that the
weight function represents variations in the density pro-
file. Both interactions predict a comparable qualitative
density profile, including the center depletion and the en-
larged surface region, according to a comparison of the
NL3 and NLB parameterizations. Although there are
slight quantitative variations in the surface diffuseness
and the depth of the central depression, overall agree-
ment indicates that the bubble-like density distribution
is a reliable and model-independent feature for nuclei
with Z=126. The microscopic basis of this behavior is
explained in the right pannel of the Fig. 2, which shows
the squared radial wave function. This radial localiza-
tion means that nucleons in these orbitals steer clear of
the nucleus central area, thus directly contributing to the
observed reduction in central density. The stability, de-
cay characteristics, and reaction dynamics of super-heavy
nuclei near the anticipated island of stability may be sig-
nificantly impacted by these characteristics.

C. Effective surface properties of the super heavy
nuclei

The figure 3 displays the progression of the symme-
try energy(S), neutron Pressure(P), along with the sym-
metry energy curvature coefficient ∆K as a function of
neutron count for isotopes with a specific atomic num-
ber Z = 126, computed using the relativistic mean-field
approach with NL3 and NLB force parameter sets.
The symmetry energy(S) display in figure 3 (a),
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demonstrates a steady and almost linear rise with neu-
tron number across the range N = 180–212. For both
the parameter force examined, the strength of Symme-
try energy(S) remains near 30 MeV, suggesting that the
primary isovector characteristics of nuclear matter are
only slightly altered with higher neutron excess. How-
ever, a distinct model dependence is noted in the slope
of the symmetry energy, indicating variations in the den-
sity dependence of the isovector interaction. The rise of
Symmetry energy (S) with neutron number indicates a
higher energetic expense linked to sustaining substantial
neutron–proton asymmetry in superheavy nuclei.

The figure3 (b) illustrates with the associated neutron
pressure (P) as a function of the number of neutrons.
An uninterrupted rise in neutron pressure (P) is moni-
tored for both the NL3 and NLB RMF interaction. This
behavior is directly tied to the rising slope of the symme-
try energy and signifies an increasing repulsive influence
from the isovector channel as more neutrons are included.
Parameter sets defined by a more rigid symmetry energy
forecast consistently greater neutron pressures. The rise
in neutron pressure indicates a forceful ejection of sur-
plus neutrons, likely to increase neutron skin thickness
and affect the spatial extent and stability of neutron-rich
superheavy nuclei.

The figure3 (c) depicts the variation in the curvature
coefficients of symmetry energy ∆K as a function of neu-
tron count. ∆K reliant on neutron count N for nuclei
having Z = 126, established with the RMF model using
NL3 and NLB force parameters, reveals a typical config-
uration in RMF(RETF) calculations for N = 195− 202.
In RMF(NLB) calculations at N = 201, enhanced shell
effects suggest possible sub-shell closures and increased
stability for these neutron numbers

D. Correlation of neutron skin-thickness with the
surface properties

In this section we try to explain the correlation proper-
ties between neutron skin thickness and surface proper-
ties of selected isotopes of the superheavy nuclei Z = 126.
The figures 4(a)–(c) shows importance of symmetry en-
ergy parameters are influenced by the thickness of the
neutron skin ∆R = Rn-Rp as derived in the relativis-
tic mean-field (RMF) approach employing NL3 and NLB
force parameter sets.

The figure 4 (a) illustrates the changes in symmetry
energy(S) at saturation density, depending on the neu-
tron skin thickness. A distinct and almost linear rise of
Symmetry energy (S) with rising ∆R is noted for both
NL3 and NLB RMF parameterizations examined. This
consistent pattern suggests that nuclear models forecast-
ing a thicker neutron skin correlate with higher symmetry
energy values. Despite the existence of quantitative vari-
ations both the NL3 and NLB force parameter sets, the
positive correlation is consistently strong, indicating that
neutron skin thickness serves as a critical observable for
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FIG. 4. The (a) symmetry energy (S), (b) neutron pressure
(P), and (c) symmetry energy curvature coefficients ∆K as
a function of neutron skin thickness (∆R) for Z = 126 iso-
topes, calculated with relativistic mean field theory through
Extended Thomas-Fermi (RETF) [17] (black solid line) and
compared with Non-linear Boson (NLB) [35] (red dashed line)
force parameters for certain selected nuclei

.

limiting the size of the symmetry energy. Figure 4 (b)
shows the neutron pressure(P) in neutron rich matter
as a function of the thickness of the neutron skin. The
pressure demonstrates a significant consistent rise with
growing ∆R. Relative to the symmetry energy itself, the
connection between neutron pressure and neutron skin
thickness is clearer. This behavior indicates that models
exhibiting greater neutron pressure push neutrons more
outward in finite nuclei, leading to a thicker neutron skin
thickness. The figure 4 emphasizes neutron skin thick-
ness as a direct indicator of the pressure in neutron-rich
matter close to saturation density. The figure 4 (c) il-
lustrates the relationship of symmetry energy curvature
coefficient ∆K with ∆R. It is changes in a systematic
manner with ∆R, become increasingly less negative as
the neutron skin expands. This trend indicates that neu-
tron skin thickness is influenced not only by the magni-
tude and pressure linked to symmetry energy but also by
its higher order dependence on density.

E. summary and conclusions

The collective behavior of neutron skin thickness,
charge radius, and rms radius offers a thorough overview
of the size development in neutron-rich superheavy nu-
clei with Z = 126. The noticeable rise in neutron skin
thickness underscores the significant influence of surplus
neutrons on the nuclear surface formation, whereas the
slow growth of charge and rms radii illustrates the reac-
tion of the proton distribution and the complete nuclear
system.
These findings highlight the significance of isospin ef-
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fects in superheavy nuclei and offer valuable limitations on RMF parameterizations in the highly neutron-rich do-
main.
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