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Abstract: The exploration of exotic nuclear phenomena is a central theme in nuclear physics. In this work, the
exotic structures of neutron-rich phosphorus, sulfur, chlorine, and argon isotopic chains are systematically investig-
ated using the relativistic mean field combined with the complex momentum representation (RMF+CMR) approach.

Based on the calculated two-neutron separation energies, the neutron drip-line positions of the four isotopic chains

are predicted. In addition, the single-particle levels of these four isotopic chains are examined. The increasing differ-

ence between the neutron and proton rms radii indicates enhanced neutron-skin character in the neutron-rich region.

Finally, diffuse density distributions are observed across the P, S, Cl, and Ar isotopic chains.
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I. INTRODUCTION

With the rapid development of experimental tech-
niques, nuclear physics has expanded from the traditional
[-stability line toward exotic nuclei near the drip line.
These nuclei, characterized by extreme neutron-to-proton
ratios, exhibit a variety of novel phenomena, including
neutron and proton halos [1-6], the disappearance of con-
ventional magic numbers and the emergence of new ones
[7, 8], cluster structures [9], and exotic decay modes [10].

Neutron-rich isotopes of P, S, Cl, and Ar far from sta-
bility have attracted considerable attention because of the
associated shell evolution and shape coexistence [11].
Precision mass measurements of the neutron-rich chlor-
ine isotopes ****Cl were performed at the Low Energy
Beam and Ion Trap (LEBIT) facility, providing key ex-
perimental constraints on shell closure in this region [12].
The B(E2) strengths to low-lying 2* states in neutron-rich
sulfur isotopes were extracted via intermediate-energy
Coulomb excitation, mapping the evolution of quadru-
pole collectivity from near stability to the N =28 island
of inversion and testing nuclear models of collectivity
[13]. The level schemes of 3*3%P are crucial for under-
standing nuclear structure and intruder states in and
around the island of inversion [14]. A recent experiment
at the Radioactive Isotope Beam Factory (RIBF) meas-
ured, for the first time, the f-decay half-lives of several
very neutron-rich isotopes ranging from sulfur to potassi-
um, thereby filling a gap in the experimental database for
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this region [15]. Furthermore, existing experimental res-
ults provide key evidence for the N =32 and N =34 sub-
shell closures in neutron-rich argon isotopes [16—19]. In
parallel, extensive theoretical studies have been carried
out. Using the relativistic mean-field model (RMF),
Wang et al. predicted the inversion of the 2s,,, and 1d;,,
orbitals in neutron-rich phosphorus isotopes [20]. The
strength of the N =28 shell closure depends strongly on
proton number: the shell gap is quenched in sulfur iso-
topes, whereas it remains robust in argon and heavier
nuclei [21]. Systematic ab initio calculations have elucid-
ated the shell evolution and low-lying spectroscopic prop-
erties of neutron-rich sd-pf shell nuclei, providing import-
ant theoretical benchmarks for future experimental stud-
ies [22, 23]. Collectively, these experimental and theoret-
ical efforts on P, S, Cl, and Ar isotopes provide a solid
foundation for understanding shell evolution and exotic
nuclear structures.

As the neutron number approaches the drip line, con-
tinuum coupling becomes crucial for describing exotic
structures such as neutron halos and skins, requiring
proper treatment for reliable predictions in this mass re-
gion. Various methods incorporating continuum effects
have thus been developed over the past decades. For the
first time, Meng and Ring identified the microscopic
mechanism of neutron halo formation in ''Li within the
relativistic continuum Hartree—Bogoliubov (RCHB)
framework [24]. Subsequent theoretical studies further
predicted giant halos in the neutron-rich region [25, 26].
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DRHB studies have extended microscopic investigations
of neutron halos to deformed nuclei [27]. The deformed
relativistic Hartree—Bogoliubov theory in continuum
(DRHBc¢) provides a self-consistent framework for treat-
ing deformation, pairing correlations, and continuum ef-
fects [28]. Recent DRHBc studies have further advanced
the microscopic description of deformed neutron halos,
covering shell evolution, p-wave halo configurations,
shape decoupling, nuclear magnetism, and structure—reac-
tion connections [29—33]. Moreover, triaxial deformation
degrees of freedom are further incorporated in the triaxi-
al relativistic Hartree—Bogoliubov theory (TRHBc),
which provides a theoretical framework for studying tri-
axial deformation halos in Al isotopes [34, 35]. Mean-
while, resonances, which play a key role in the formation
of exotic nuclei, have attracted considerable attention
[36]. The complex momentum representation (CMR)
method recasts resonance problems as bound-state-like
eigenvalue problems by constructing an integration con-
tour on the complex momentum plane, enabling a unified
theoretical treatment of bound states, resonant states, and
the continuum [37]. This method has been demonstrated
to be highly reliable for studying single-particle reson-
ances [38], and it is applicable to both spherical nuclei
[39] and deformed nuclei [40]. On this-basis, the
RMF+CMR framework was developed and has since
been widely used to describe ground-state properties of
neutron-rich nuclei, yielding substantial progress in elu-
cidating a variety of exotic phenomena. In this study, pos-
sible halo structures in the isotopic chains of phosphorus,
sulfur, chlorine, and argon are systematically explored
based on this theoretical framework. This paper is organ-
ized as follows. The theoretical formalism is derived in
Sec. II. Numerical details and results are presented in
Sec. II1I. Finally, conclusions are drawn in Sec. V.

II. FORMALISM

In RMF theory, nucleons are treated as Dirac particles
moving in meson and electromagnetic fields. The Lag-
rangian of the system is given by [41]:
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In the present calculations, the NL3 parameter set
[42] is adopted for the coupling constants and masses in

the Lagrangian. Here, M denotes the nucleon mass, and
m,, m,, and m, denote the corresponding meson masses.
The coupling constants of the w, o, and p mesons to nuc-
leons are g, g,, and g,, respectively. Application of the
classical variational principle yields the Dirac

[@-P+BM+S)+V]y = )

In this equation, @ and f§ are Dirac matrices, and S
and V denote the scalar and vector potentials, respect-
ively. To treat bound states, resonances, and continuum
states in a unified manner, we transform the Dirac

/ dR (RIHIK Y(K) = e (k). 3)

For axially deformed nuclei, the momentum-space
wave function (k) can be separated into radial

)

With the notation /= 2j— 1, the radial components are
labeled f'and g, and the angular part is expressed as:
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In complex momentum space, Y,,(€;) is a spherical
harmonic. Meanwhile, y,,. stands for the spin wave func-
tion corresponding to the third component m, of the spin
angular momentum. Substituting (4) into (3), the Dirac
equation takes the following form:
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When the above equation is solved in complex mo-
mentum space, both bound-state and resonance solutions
are obtained. The corresponding wave functions are then
Fourier transformed to the coordinate space, where their
upper and lower spinor components are expressed as:

. 2 .
Gy = =12 ek 0,

. 2 .
FlitryJr = =i \/;f K2 dkji(kr)g" (k).

For more details on the theoretical formalism, see ref-
erences [43].

II. NUMERICAL DETAILS AND RESULTS

Based on the theoretical formalism presented in Sec.
11, we investigate neutron-rich even-/ nuclei along the P,
S, Cl, and Ar isotopic chains. The coordinate-space cutoff
is set to R = 14.0 fm, which is sufficient based on con-
vergence tests with R, =14, 16, 18, and 20 fm. A mo-
mentum cutoff of k., =4.0fm™" ‘and N, =8 spherical
configurations are employed. Pairing correlations are
treated within the Bardeen—Cooper—Schrieffer (BCS) ap-
proximation using the empirical gap A = 12/ VA MeV for
both neutrons and protons [44]. For odd-Z nuclei, the un-
paired proton is treated using the blocking procedure.

The calculated two-neutron separation energies (S,,)
as a function of neutron number N for the P, S, Cl, and Ar
isotopic chains within the RMF+CMR+BCS framework
are presented in Fig. 1, together with the corresponding
results without BCS pairing and available experimental
data [45]. Overall, the calculated S,, values decrease with
increasing neutron number for all four isotopic chains.
The inclusion of BCS pairing leads to a smoother evolu-
tion of S,, along the isotopic chains, indicating that pair-
ing correlations affect both the magnitude and evolution
of §,,. Nevertheless, both calculations predict the same
neutron drip-line positions. For the P, S, Cl, and Ar iso-
topic chains, S,, first becomes negative at N =42, indic-
ating neutron drip lines at N =40, corresponding to 3P,
%8, 37Cl, and *®Ar, respectively. A noticeable discontinu-
ity in S,, is also observed at N = 28 for the Ar chain, re-
flecting the shell effect associated with this neutron ma-

gic number. The present calculations reproduce the over-
all experimental trend reasonably well. However, notice-
able deviations from experiment occur at N =34 for the
Cl and Ar isotopes, where the experimental S,, values
decrease more sharply. These discrepancies may arise
from effects not fully considered in the present calcula-
tions, such as triaxial deformation and tensor-force con-
tributions.
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Fig. 1.
number N. The red circles and blue triangles denote the res-
ults obtained with the RMF+CMR+BCS approach and
without BCS pairing, respectively, while the gray squares rep-
resent the available experimental data [45].

(color online) S,, is shown as a function of neutron

To better investigate the exotic structures of these
four neutron-rich isotopic chains, the single-neutron en-
ergy levels at selected neutron numbers are presented in
Fig. 2. Different colors are used to label the quantum
numbers of each orbital, and the occupancy status of the
last neutron in each nuclide is indicated. The relevant en-
ergy gaps at N =28 are relatively weak for P and S iso-
tones, and become more pronounced for Cl and Ar. In ad-
dition, the calculated shell gap across N =34 in >2Ar is
1.556 MeV. Although this gap is noticeably smaller than
those predicted by other theoretical models, the nonvan-
ishing orbital energy splitting still confirms the presence
of the N =34 subshell closure, which is consistent with
the spectroscopic feature of an elevated 2 excitation en-
ergy observed in experiments [17]. The neutron Fermi en-
ergies are also indicated in Fig. 2 to clarify the binding
properties of the nuclei. As the neutron number increases,
the Fermi energies generally approach the continuum
threshold. Importantly, the neutron Fermi energies of the
drip-line nuclei in all four isotopic chains are negative,
confirming that these nuclei are bound against neutron
emission and supporting the drip-line positions determ-
ined from S,,.
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Fig. 2.

(color online) The single neutron energy levels of P, S, Cl, Ar isotopes are shown as a function of neutron number N. The dif-

ferent colors are selected to mark distinct energy levels. The neutron Fermi energy is shown by the solid black curve with red dots.

The root-mean-square (RMS) radius is a fundamental
observable for investigating nuclear structure. In the
present work, the neutron and proton RMS radii of the P,
S, Cl, and Ar isotopic chains are calculated. As shown in
Fig. 3, the neutron RMS radii increase with neutron num-
ber N in all four isotopic chains, while the proton RMS
radii vary relatively moderately. Among the four isotopic
chains, the P chain exhibits a more pronounced increase
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Fig. 3.  (color online) RMS radius as a function of neutron

number N. Red circles and black squares denote the neutron

and proton rms radii, respectively, calculated with the

RMF+CMR+BCS method.

toward the neutron drip line, whereas the increases in the
other three chains are relatively weaker. Despite these
differences, the increasing separation between the neut-
ron and proton radii enhances the neutron-skin character
of these neutron-rich nuclei.

The neutron density distributions as a function of the
radial coordinate r for the P, S, Cl, and Ar isotopic chains
are shown in Fig. 4. Different colored curves correspond
to isotopes with different neutron numbers within each
chain. A logarithmic scale is used on the vertical axis to
highlight the tail behavior of the density distributions.
Overall, the neutron density distributions of all nuclei are
concentrated within a certain range of radius, but some
differences can be observed among different isotopic
chains and even among isotopes within the same chain.
With increasing neutron number toward the neutron drip
line, the neutron density distributions gradually extend to
larger radial distances, and the drip-line nuclei exhibit
more pronounced density tails than the lighter isotopes.
To clarify the origin of this behavior, the contributions
from bound and resonant states in the drip-line nuclei are
shown by the blue and green dashed curves, respectively,
in the insets of Fig. 4. The former decreases rapidly with
radial distance, while the latter extends much farther.
This indicates that the pairing-induced occupation of low-
energy resonant states plays a crucial role in generating
the diffuse density tail. In particular, the occupation prob-
ability of low-energy resonant states in >°P is higher than
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Fig. 4. (color online) The total neutron density distributions

of the P, S, Cl, and Ar isotopes are presented as functions of
the radial coordinate r. Isotopes with different neutron num-
bers N are distinguished by different colors. The insets show
the decomposition of the total neutron density for 3P, %S,
SCl, and ¥ Ar, with the solid orange curves denoting the total
contribution. The blue and green dashed curves denote the
bound and resonant state contributions respectively.

those in 3¢S, 3Cl, and ®Ar, thereby accounting for the
differences in their density tails.

We also obtain the quadrupole deformation paramet-
ers B, for all neutron-rich nuclei, which are determined
self-consistently from the converged ground-state solu-
tions. With increasing neutron number, the calculated S,
values show no clear pattern. The present results suggest
that quadrupole deformation is not the key mechanism
underlying the changes in nuclear structure properties of

these neutron-rich isotopes.

IV. SUMMARY

In summary, we systematically explore the ground-
state properties of even-N neutron-rich phosphorus, sul-
fur, chlorine, and argon isotopic chains within the
RMF+CMR+BCS framework. The neutron drip lines for
the four elemental sequences are determined to be at 3°P,
68, 37Cl, and % Ar, as inferred from the evolution trend of
the two-neutron separation energy S,,. The single-neut-
ron energy levels are also calculated for the four isotopic
chains. The shell closure at the neutron magic number
N =28 is not significant in P and S, whereas it is stronger
in Cl and Ar. The negative neutron Fermi energies yield
the same drip-line nuclei as those identified from S,,.
The neutron radii generally increase toward the neutron
drip line, while the proton radii remain comparatively
stable. The growing difference between the neutron and
proton rms radii reflects the progressively stronger neut-
ron skin character of these neutron-rich nuclei. The neut-
ron density distributions exhibit increasingly extended
tails toward the neutron drip line. This behavior is mainly
attributed to the contributions of low-energy resonant
states, whose occupation probability is higher in 3P than
in 38, ¥Cl, and ®Ar. The quadrupole deformation does
not play a major role in the exotic phenomena arising
from the significant increase in neutron number. These
results may help clarify the mechanisms of structural
evolution in neutron-rich nuclei near the neutron drip line
and can serve as a theoretical reference for future experi-
ments and nuclear astrophysics.
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