Chinese Physics C  Vol. 46, No. 7 (2022) 074106
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Abstract: In this study, shape evolution and possible shape coexistence are explored in odd-4 Ne isotopes in the
framework of the multidimensionally constrained relativistic-mean-field (MDC-RMF) model. By introducing s
and pp hyperons, the impurity effects on the nuclear shape, energy, size, and density distribution are investigated.
For the NN interaction, the PK1 parameter set is adopted, and for the AN interaction, the PK1-Y1 parameter set is
used. The nuclear ground state and low-lying excited states are determined by blocking the unpaired odd neutron in
different orbitals around the Fermi surface. Moreover, the potential energy curves (PECs), quadrupole deformations,
nuclear r.m.s. radii, binding energies, and density distributions for the core nuclei as well as the corresponding hy-
pernuclei are analyzed. By examining the PECs, possibilities for shape coexistence in 272 Ne and a triple shape co-
existence in *'Ne are found. In terms of the impurity effects of A hyperons, as noted for even-even Ne hypernuclear
isotopes, the sp hyperon exhibits a clear shrinkage effect, which reduces the nuclear size and results in a more spher-
ical nuclear shape. The pp hyperon occupying the 1/27[110] orbital is prolate, which causes the nuclear shape to be
more prolate, and the pp hyperon occupying the 3/27[101] orbital displays an oblate shape, which drives the nuclei

to be more oblate.
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I. INTRODUCTION

In the extensive nuclide chart, most nuclei are ob-
served to be deformed. In these nuclei, shape evolution
and possible shape coexistence, which was first intro-
duced by Morinaga in 1956 [1], have attracted consider-
able attentions. Later, Heyde and Wood revealed that
shape coexistence is ubiquitous and may appear across
the entire nuclide chart [2—4]. Moreover, triple and mul-
tiple shape coexistences have been observed or predicted
[5, 6]. As one evidence of the appearance of shape coex-
istence, exploring the delicate interplay between the
single-particle and collective behavior of nucleons, which
exhibit opposite trends in nuclei, could promote under-
standing of nuclear collectivity and the nuclear shell
structure [7].

Investigations on hypernuclear systems provide in-
valuable information for exploring many-body hadronic
physics with "strangeness" utilized as a new degree of

freedom [8—13]. In hypernuclei, hyperons have the ad-
vantage of being free from the Pauli exclusion principle
for nucleons, and as a result, they can move deep into the
nuclear interior as an impurity to probe nuclear structures
and properties. Numerous studies have been performed
on single-A hypernuclei both experimentally [14—17] and
theoretically [18—24]. The interesting impurity effects of
hyperons have been studied from various aspects, such as
the nuclear size and binding energies [25, 26], nuclear
cluster structures [18, 19, 27], neutron drip line [28-30],
nucleon and hyperon skin or halo [30- 33], and
pseudospin symmetry of nucleons [34].

The impurity effects of A hyperons may also be ob-
served from drastic changes in nuclear shape and deform-
ation. Various studies have shown that s-wave and p-
wave hyperons have significantly different impurity ef-
fects. By including a spherical s, hyperon, the deforma-
tion of nuclei can be reduced, and the corresponding core
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nucleus becomes more spherical. For instance, as shown
in Ref. [35], research using the axially deformed RMF
model for 2Si and > C revealed that the oblate nuclei **Si
and "°C became spherlcal after adding an s, hyperon. A
similar conclusion was obtained in Ref. [36], where the
triaxially-deformed RMF model was used to study the
potential energy surfaces E ~ (B,y), which found that the
additional s, hyperon drove the ground state of light C,
Mg, and Si isotopes to a point with a small § and soft y.
In contrast with the s, hyperon, a p, hyperon exhibits
strong polarization effects, which may enhance nuclear
deformation [37]. In Ref. [38], the study using the de-
formed Skyrme-Hartree-Fock (DSHF) model showed that
pa hyperons in the 1/27[110] and 3/27[101] states had
different effects on nuclear deformation, which resulted
in more prolate and oblate nuclear shapes, respectively.
In recent years, shape-driven effects induced by a valence
nucleon(s) in high-spin states have been extensively re-
searched [39—41]. The nucleon occupying the high-j and
low-Q orbital can cause the nucleus to be more prolate. A
similar hyperon effect has been confirmed that polarizes
nuclear shapes [37, 42].

To describe nuclear deformation with various shape
degrees of freedom, it is better to reduce the symmetric
restrictions imposed when solving the equations of mo-
tion. In CDFT, we can do this with a harmonic oscillator
(HO) basis [43, 44] or three-dimensional lattice space
[45-48]. Recently, Zhou et al. developed the multidimen-
sionally constrained covariant density functional theories
(MDC-CDFTs) [49—52], which can accommodate vari-
ous shape degrees of freedom. They applied this model to
a series of investigations on, for example, the fission bar-
riers of actinides [50, 51, 53—56], nonaxial octupole Y3,
correlation in N = 150 isotones [57], the third minima and
triple-humped barriers in light actinides [58], and poten—
tial energy curves (PECs) in the superheavy nucleus *"’Hs
[59]. Subsequently, by including A hyperons, the MDC-
CDEFTs have been extended to study hypernuclei. Shape
evolution in the C, Mg, and Si isotopes and the possible
polarization effects of the A hyperon [36], the superde-
formed states in Ar isotopes [42], the AA pairing correla-
tions [60], and the new effective AN interactions [61]
have been either studied or developed. Recently, we used
the MDC-CDFTs to explore shape evolution and pos-
sible shape coexistence in even-even Ne isotopes [62]. By
exploring the PECs, possibilities for shape coexistence
were found in nuclei 24?62Ne. Furthermore, the impur-
ity effects of the s, and pa hyperons on the nuclear
shape, size, and binding energies were studied.

In this paper, following our previous study in Ref.
[62], shape evolution and possible shape coexistence in
odd-4 Ne isotopes are explored with the MDC-RMF
model by including the blocking effect for the unpaired
odd neutron and the impurity effects are investigated by
adding a single-A hyperon occupying the lowest s or p

orbitals. For shape coexistence in odd-4 Ne isotopes, in
Ref. [63], constrained RMF+BCS calculations with the
NLO75 force has been performed and possible shape co-
existence was predicted in >>?’Ne. The paper is organ-
ized as follows: In Sec. II, the MDC-RMF model for
single-A hypernuclei including the blocking effect is
briefly presented. In Sec. IIl, numerical details are
provided. After the results and discussions in Sec. IV, a
summary and perspectives are provided in Sec. V.

II. MODEL

In the meson-exchange MDC-RMF model for single-
A hypernuclei, the covariant Lagrangian density is com-
posed of two parts:

L="Ly+La, (1

where L is the standard RMF Lagrangian density for
nucleons. For details, see Refs. [64—68]. In the case of the
Lagrangian density for the A hyperon L4, considering
the neutral and isoscalar particle properties, only coup-
lings with scalar-isoscalar ¢ and vector-isoscalar
mesons are included, and L, is expressed as

LA =a [i)’”@l —mp —gaAO'—gwAV”wy]lﬁA

f wAA

+ G AT Qi @

where the mass of the A hyperon, my = 1115.6 MeV, the
coupling constants of the A hyperon with the ¢ and w
meson fields, g,5 and g,a, and the parameter f,,5 in the
tensor coupling term between the A hyperon and o field,
which is strongly related to small single-A spin-orbit
splitting [69], constitute the AN interaction. The field
tensor of the w field, Q,, = d,w, —0,w,,.

In the framework of the RMF model, using the vari-
ational procedure, the Dirac equations for baryons as well
as the Klein-Gordon equations for mesons and photons
can be obtained under the mean-field and no-sea approx-
imations. The A hyperon satisfies the following Dirac
equation:

[a@-p+B(mp+SA)+Va+Tala = €pa, 3)

where @ and S are the Dirac matrices, and S, Vj, and
T represent the scalar, vector, and tensor parts, respect-
ively, of the mean-field potentials for the A hyperon,

SA = &on0, “4)
VA = gurw, %)
Ty =1 ‘“AAﬂ( Pw. (6)
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In odd-A4 nuclei, the blocking effect for the unpaired
nucleon should be treated, which is of a crucial import-
ance [70-72]. The ground state of an odd system is a one-
quasiparticle state, and in the BCS approach, it could be
described by the following wave function [70, 71]:

a; |BCS) = a; 1_[ (ug + v a7)10), (7
k> 0.k,

where [BCS) is the BCS vacuum state, @; and & are the
creation operators for the qua51partlcle and single-
particle, respectively, and k; denotes the blocked orbital
occupied by the unpaired particle.

To determine the nuclear ground state and low-lying
excited states in an odd-4 nucleus, a variety of calcula-
tions are performed with the odd nucleon blocked in dif-
ferent single-particle states & around the Fermi surface.
As a result, the state with the lowest total binding energy
is considered the ground state, while others form the low-
lying excited energy spectra.

To obtain potential energy curves (PECs), constraint
calculations [70] with a modified linear constraint meth-
od [50, 51] are performed, which has been effectively
demonstrated in MDC-RMF calculations compared to the
quadratic constraint method [36]. The Routhian is calcu-
lated as

N 1
E/:<H>+Z§CMQM, (8)
Ap

where A is the RMF Hamiltonian, and C, y are variables
that change their values in different iteration steps as fol-
lows:

ot = Ok (B =Bun) ©)

where C;'L”) and CS'Z are values obtained in the (n+ 1)th
and nth iterations, respectively, 8,, is the desired nuclear
deformation, and ,6’(") is the calculated value in the nth it-
eration. Changes in C/m and 8,, are linked by a constant
k.

The intrinsic multipole moment Q,, in Eq. (8) can be
calculated with the vector density py(r) and spherical har-
monics ¥;,(Q) by

O = f Erov(r)r'Y ,(Q). (10)

Subsequently, with the multipole moment, the corres-
ponding deformation parameter §,, canalso be calcu-
lated using

A

Pau = 31

Q/l/u (11)

where R = 1.24'3fm is the radius of the nucleus, with 4
as the total number of nucleons, and B represents the
number of protons, neutrons, A hyperons, or total baryons.

In an axially symmetric system, we only have the
good quantum numbers of parity and the z component of
the angular momentum. In this case, calculations with
only a single-constraint on the quadrupole deformation 83,
will be performed.

III. NUMERICAL DETAILS

Shape evolution and possible shape coexistence are
explored in odd-4 Ne isotopes with A = 19 —33 using the
self-consistent MDC-RMF model. Moreover, the impur-
ity effects of A hyperons occupying the s or p orbitals are
investigated. As a continuation of our previous study on
even-even Ne isotopes [62], the same numerical details
are used.

In the RMF functional, the PK1 [73] parameter set is
used for the NN interaction. For the AN interaction, the
PK1-Y1 [74] parameter set is adopted, where the scalar-
isoscalar coupling constant g, = 0.580g, and vector-iso-
scalar coupling constant g, = 0.620g,,, which were de-
termined by fitting the experimentally observed single-A
binding energies, and the tensor coupling constant
JfwAr = —8wn, Which was determined by reproducing pa
spin-orbit splittings in % Be and \*C.

To solve the RMF equations, an axially deformed har-
monic oscillator (ADHO) basis [43, 44] is taken with the
truncation parameters Ng =14 for fermion shells and
Ng =20 for boson shells, as in Ref. [36]. With these para-
meters, the truncation error in the binding energy of the
nucleus “°Si is less than 30 keV.

In the mean-field approximation, the translational
symmetry is broken. To remedy this, the following mi-
croscopic center-of-mass (c.m.) correction [75]is em-
ployed:

| N
Eem = ——(P?), 12
em. = =5 (P) (12)

where M is the total nuclear mass.
The BCS approach is used to treat the pairing effects
with a finite-range separable pairing force [76-78].

V(ri-ry) =-G5(R-R')P(F)P(¥) ! _ZP", (13)

where G is the strength of the pairing force, R and 7 are
the center of mass and relative coordinates between the
paired particles, respectively, and P(#) is a Gaussian
shaped function.

o 1 @
P(F) = We , (14)
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where a is the effective range of the pairing force. Here,
the strength G and range a are taken as

G =7280MeV-fm®, a=0.644 fm, (15)
which can be used to obtain the same momentum depend-
ency of the pairing gap in nuclear matter as that of the
D1S Gogny force [76].

In Fig. 1, the binding energy per nucleon E/A, matter
radius r,,, and quadrupole deformation $, in the ground
states of Ne isotopes determined by unconstrained RMF
calculations with the PK1 parameter set are compared
with the available experimental data [79]. In general,
good consistency with the experimental results is re-
vealed, indicating that the choice of the PK1 parameter
set for the description of Ne isotopes is suitable.

8.0
7.5

7.0

E/A (MeV)

6.5

6.0
36kt T rrrrrrrrrr

32 | (b) -

r_ (fm)

. 1 o 1, 1 . 1 » 1 5 1 5 1 , |
18 20 22 24 26 28 30 32 34
Mass number A
(color online) Binding energy per nucleon E/A, mat-
ter radius r,,, and quadrupole deformation B, as a function of
the mass number 4 in the ground states of Ne isotopes in com-

parison with the available experimental data [79].

Fig. 1.

IV. RESULTS AND DISCUSSIONS

To explore shape coexistence on the mean field level,

the PECs are mainly analyzed. If two close-lying energy
minima with a difference of a few hundred keV that own
prolate and oblate quadrupole deformations are observed
in combination with a pronounced barrier between them,
possible shape coexistence is indicated because their
ground states may have two competing configurations.

In Fig. 2, the PECs for odd-4 Ne isotopes from
A =19 to 33 are plotted as functions of the quadrupole
deformation B, which are obtained using constrained cal-
culations with the self-consistent MDC-RMF model. The
unpaired odd neutron is blocked in different orbitals
around the Fermi surface, and the state with the lowest
binding energy is deemed the ground state while others
form the local minima.

In Fig. 3, to observe the level structures in the Ne iso-
topes, the single-neutron levels Q[Nn3m;] obtained using
the constrained MDC-RMF calculations are plotted for
the even-even nucleus *'Ne, where the solid lines repres-
ent levels with positive parity, and the dashed lines rep-
resent those with negative parity. At a spherical shape
with the deformation 3, = 0, we observe the neutron shell
closures N=8 and N =20, whereas the shell closure
N =28 vanishes owing to the inversion of the 1f7,, and
2p3) levels. Referring to this single-neutron level struc-
ture, the odd neutron in -2 Ne most likely occupies the
2s,1d orbitals and 2p,1f orbitals in 3'33Ne. Calculations
have been performed with all these configurations, and
the obtained PECs are presented in Fig. 2, where the loc-
al energy minima are marked by open circles. The values
of the quadrupole deformations, binding energies, and
blocked orbitals of the unpaired odd neutron correspond-
ing to the local energy minima are listed in Table 1.

Regarding the nucleus "“Ne with a neutron number
just exceeding an N =8 shell closure, it is optimal that
the odd neutron occupies the 1ds;; orbital, which can be
splitted into the Q"[Nn3m;]=1/27[220], 3/2*[211], and
5/2*[202] orbitals with axially symmetric quadrupole de-
formation. Further analysis, shown in Fig. 2(a), demon-
strates that the odd neutron blocked in the 1/2%[220] or-
bital corresponds to the ground state with a prolate de-
formation of 8, = 0.361, whereas the odd neutron blocked
in 5/2%[202] contributes to the second energy local min-
imum, which exhibits an oblate shape at 3, = —0.145. In
the case of the unpaired neutron occupying other orbitals,
the obtained PECs (denoted by dashed lines) are signific-
antly higher. Hereafter, we focus our attention on the con-
figurations for the ground state and other local energy
minima that may %?nerate shape coexistence. With two
more neutrons in ~ Ne, the odd neutron occupying the
3/2*[211] orbital results in both the ground state and
second local energy minimum, which are located at the
prolate deformation of 8, = 0.512 and oblate deformation
of B, =—-0.201, respectively. As for *Ne, the configura-
tions of the ground state and the second local minimum
are opposite to those in "Ne, that is, the odd neutron oc-
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Fig. 2. (color online) Potential energy curves (PECs) as a function of the deformation parameter 3, in odd-4 Ne isotopes, with the

odd neutron blocked in different orbitals around the Fermi surface denoted by the Nilsson quantum numbers Q"[Nn3m;]. The open

circles denote local energy minima.
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Fig. 3. (color online) Single-neutron levels Q[Nn3m] as a

function of the deformation parameter g, in *Ne.

cupying the 5/2*[202] orbital leads to the prolate ground
state observed at B, =0.388, while the odd neutron
blocked in the 1/2*[220] orbital corresponds to the

second local energy minimum identified at the deforma-
tion B, = —0.223. Because the corresponding energy dif-
ferences between the ground state and second local en-
ergy minimum in !'92.2Ne are as large as
1.135, 4.836, 2.058 MeV, possible shape coex1stence is
excluded in those nuclei. With regard to the nucleus “Ne,
the configuration of the unpaired neutron blocked in
1/2*[211] from the spherical 2s;/, orbital contributes to
the lowest PEC, on which the ground state with the pro-
late deformation B8, =0.206 and the second local energy
minimum with an oblate shape at 8, =—0.131 are ob-
tained. Although the energy difference between them is
as small as 0.224 MeV, the circumjacent PEC is flat,
where different deformations within a limited scope cor-
respond to similar binding energies In this case, the oc-
currence of shape coex1stence is beheved to be difficult.
Moving further to the nuclei “’Ne and ’Ne, odd neutrons
have great possibilities of occupymg the 1ds,, (1/2%[200]
and 3/2% [202]) orbital. For Ne when the odd neutron is
blocked in the 1/2%[200] and 3/2%[202] orbitals, the
ground state with prolate deformation at 8, =0.190 and
second energy local minimum exhibiting an oblate shape
at B, = —0.130 are observed, respectively. A small energy
difference of 0.333 MeV in combination with a barrier of
0.984 MeV in height between them are observed provid-
ing great potential for shape coexistence in *Ne. In the
case of Ne with the odd neutron blocked in 3/2*[202],
the prolate ground state is identified at a deformation of
B> =0.080, whereas the configuration with the odd neut-
ron occupying 1/2*[200] leads to an oblate second local
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Table 1.
MeV) for ground states and local energy minima (labeled with

Quadrupole deformations and binding energies (in

asterisks) in '°-33Ne.

Quadrupole deformation

Nucleus Energy
B Bon Bap
19Ne(1/2+[220)) 0.361 0.303 0.413 —142.612
19Ne*(5/2+[202]) -0.145 —-0.138 -0.151 —141.477
2INe(3/2*[211)) 0.512 0.515 0.509 -165.917
2INe*(3/2+[211])  —0.201 -0209  -0.193  —161.081
23Ne(5/2%[202]) 0.388 0.370 0.411 —181.759
BNe*(1/2+[220]) -0.223 —-0.236 —-0.205 —179.701
BNe(1/2+[211]) 0.206 0.193 0.225 -193.711
BNe*(1/2+[211])  —0.131 -0.131 —0.130  —193.487
27Ne(1/2*[200]) 0.190 0.177 0.213 -202.836
2INe*(3/2+[202])  —0.130  —0.135 -0.120  —202.503
29Ne(3/2*[202]) 0.080 0.068 0.103 -210.166
29Ne*(1/2*[200]) -0.075 -0.073 -0.079 -210.144
3INe(1/27[321]) 0.191 0.196 0.181 -213.707
3INe*(7/27[303])  —0.090  -0.089  —0.091  —213.022
3INe* (3/2+[202]) 0.429 0.439 0.408 -212.986
BNe(3/27[312]) 0.419 0.428 0.397 ~216.533
BNe*(3/27[312]) -0.162 —-0.182 -0.116  —212.418

minimum with a deformation of 8, = —0.075. Similar to
“Ne, owing to the small energy difference of 0.022 MeV
coupled with a barrier of 0.4 MeV between the two local
energy minima, possible shape coexistence is expected in
®Ne. Far from the N =20 shell closure, the unpaired
neutron in the nuclei °'Ne and *’Ne is likely to occupy the
2ps;n (1/27[3211, 3/27[312]) and 1fy, (1/27[330],
3/27[3211, 5/27[312], 7/27[303]) orbitals. For the nucle-
us “'Ne, a possible triple shape coexistence is observed,
which is comprised of the prolate ground state at
B> =0.191 with the odd neutron blocked in 1/27[321], a
second oblate local energy minimum at 3, = —0.090 with
the odd neutron in 7/27[303], and a third prolate local
minimum at B, =0.429 with the odd neutron in
3/2*[202]. The corresponding excitation energies are
0.685 and 0.721 MeV with respect to the ground state,
which together with a proper barrier between them, guar-
antees the appearance of shape coexistence. In the case of
33Ne, with the odd neutron occupying 3/27[312], both the
ground state and the second local minimum are observed
owing to a prolate shape at 8, = 0.419 and an oblate shape
at B, = —0.162, respectively. Because of the large energy
difference of AE =4.1 MeV, the appearance of shape co-
existence is difficult.

To explore the impurity effects of A hyperons, taking
the single-A hypernucleus 3*Ne (or denoted by *’Ne®A)

as an example, PECs are plotted in Fig. 4 where the s-
wave (Q"[Nnsmy] =1/2*[000]) and three p-wave
(1/27[110], 1/27[101], and 3/27[101]) single-A hyperons
are considered (denoted by dashed lines). In panels (a)
and (b), the odd neutron is blocked in the 1/2*[200] and
3/2%[202] orbitals, respectively.

Generally, after injecting an s, hyperon, the PEC
shapes remain almost unchanged, while the depths deep-
en significantly owing to the attractive AN interaction.
Moreover, a clear "glue-like" effect of the s, hyperon is
observed, which results in smaller nuclear deformations
and a more spherical nuclear shape. For example, in
Fig. 4(a), the reduced deformation of the prolate ground
state changes from B, =0.190 to 3, =0.165, and in Fig.
4(b), the deformation of the oblate second local minim-
um reduces to 8, = —0.115 from B, = —0.130.

Regarding single-p, hypernuclei, PECs obtained with
the A hyperon injected into the 1/27[101] orbital from the
1p1)2 orbital and the 3/27[101] orbital from the 1p3/, or-
bital are almost degenerate owing to small spin-orbit
splitting; however, they exhibit significant differences
from those obtained by injecting the po hyperon into the
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: ‘\\ \\.\~ ./’." - ’:
Sanf N TTEag T
d’ - \\\ ‘,”‘ N
= [ ]
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-190 INe'®A(1/2101]) p
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B,
Fig. 4. (color online) PECs as a function of deformation 3,

in ?’Ne and the single-A hypernucleus 2¥Ne ('NegA). The
odd neutron is blocked in the (a) 1/2%[200] and (b) 3/2*[202]
orbitals, and the single-A hyperon is injected into the lowest s
or p orbitals. The open circles denote the local energy minima.
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1/27[110] orbital. Hereafter, considering that the p, hyp-
eron occupying the 1/27[101] and 3/27[101] orbitals ex-
hibit similar effects, we only discuss the latter case. In
general, after injecting a pp hyperon, the PEC shapes as
well as the locations of the local energy minima clearly
change. Furthermore, different polarization effects are ex-
hibited by pa hyperons occupying the 1/27[110] and
3/27[101] orbitals. For instance, in Fig. 4(a), with the A
hyperon blocked in the 1/27[110] orbital, the prolate de-
formation of B, =0.190 corresponding to the nuclear
ground state in “Ne is driven to B> =0.265, whereas it is
reduced to B8, = 0.126 when the p, hyperon is blocked in
the 3/27[101] orbital. Similar effects by the p, hyperon
have been observed in Fig. 4(b), where the unpaired neut-
ron in the core nucleus is blocked in the 3/2*[202] orbit-
al, which corresponds to the second local minimum. In
detail, the pn hyperon in the 1/27[110] state drives the
nucleus toward a spherical shape, and the oblate deforma-
tion of B, = —0.130 corresponding to the second local en-
ergy minimum decreases to 3, = —0.044. Meanwhile, the
pa hyperon occupying the 3/27[101] orbital causes the
hypernucleus to become more oblately deformed with
B2 =-0.162.

Similar investigations as those of 2*Ne shown in Fig.
4 have also been performed for other Ne hypernuclei. The
same impurity effects of single-A hyperons on nuclear
deformations and binding energies are obtained. As a res-
ult of the introduced A hyperons, the nuclear PECs are
significantly deepened; however, their increments are
varied at different deformations f,. Therefore, the en-
ergy difference AE between different local energy min-
ima might change, which may influence the possibility of
shape coexistence. In Table 2, the values of AE in the
nuclei '°~3Ne are presented in comparison with values
after injecting a single-A hyperon into the 1/2*[000],
1/27[110], and 3/27[101] orbitals. With the additional sx
hyperon, the energy difference AE decreases signific-
antly in all the hypernuclei. As a result, possible shape
coexistence in 2723 Ne can persist well in *****% Ne. For
example, the value of AE between the ground state and
second local energy minimum reduces to 0.238 MeV in
P¥Ne from 0.333 MeV in *’Ne. Moreover, the hyper-
nucleus 2°Ne becomes a new candidate for possible shape
coexistence because AE therein is reduced to 0.924 MeV.
With the addition of a p, hyperon, the influence on the
value of AE becomes complex. With the addition of a
single-pa hyperon occupying the 1/27[110] orbital, there
is a significant increase in AE in all hypernuclei, which
reduces the possibility of shape coexistence. For instance,
the energy difference AE in 3¥Ne increases to 1.811 MeV
from 0.333 MeV. Furthermore, one of the local energy
minima disappears in 22’25’\Ne with the addition of a pj
hyperon. Similarly, by including a pa hyperon in the
state of 3/27[101], the values of AE increase in most of

Table 2. Energy difference AE (in MeV) between the two
local energy minima in *-3*Ne (core nuclei) and the corres-
ponding single-A hypernuclei *-33Ne®A with the A hyperon
injected into the 1/2*[000], 1/27[110], and 3/27[101] orbitals.

Corenuclei  A(1/2*[000])  A(1/27[110])  A(3/27[101])

"Ne®A 1.135 0.924 2916 0.138
'Ne®A 4.836 4.434 - 3.188
PNe®A 2.058 1.831 4.804 0.502
PNe®A 0.224 0.113 - -

Ne®A 0.333 0.238 1.811 —0.443
PNe®A 0.022 0.020 0.902 -0.356
'Ne®A 0.685 0.602 1.934 -0.019
PNe®A 4.115 3.955 6.218 2.834

the nuclei, and the probabilities of shape coexistence de-
crease. This differs from those in even-even Ne isotopes
[62], where the additional pa occupying the 3/27[101]
orbital provides a higher possibility of shape coexistence.

To study the impurity effects of s5 and p, hyperons
on the nuclear quadrupole deformations 8,, nuclear root
mean square (r.m.s.) radii , and binding energies £, we
take the hypernucleus f\SNe as an example and list the
corresponding values in Table 3. The single-A separation
energies S = E(3*'Ne)— E(“Ne) are also given. Config-
urations with the odd-neutron blocked in the 1/2%[200]
and 3/2*[202] (denoted by asterisks) orbitals, which cor-
respond to the ground state and the second local minim-
um of the core nucleus *'Ne, are considered. In general,
the s5 hyperon is more deeply bound than the p, hyper-
on, which results in a relatively small nuclear size r, and
a large single-A separation energy S . Moreover, the sa
and pa hyperons induce different impurity effects. The
sa hyperon exhibits a significant shrinkage effect, which
makes the nuclei more bound with a smaller size. For ex-
ample, with the addition of the s, hyperon, the nuclear
rm.s. radius in the ground state : Ne(1/2*[200]) de-
creases from 3.083 fm to 3.074 fm, the total binding en-
ergy E becomes 16.546 MeV deeper, and the nuclear
shape tends to be more spherical. For the quadrupole de-
formation 8, of 27Ne®A(1 /2*[000]), it maintains the same
sign as the core nucleus. In the case of the s5 hyperon, its
deformation B, is influenced in turn by the core nucleus.
For instance, in the hypernucleus 27Ne(l /27[200]) ® sa,
the A hyperon is slightly prolate with a deformation
Baoa = 0.053, the sign of which is the same as that of the
core nucleus 27Ne(1/2+ [200]). The same behavior is
found in 27Ne*(3/2+[202])®s/\. In contrast with the sy
hyperon, the pp hyperon may enhance the nuclear size
slightly. Additionally, pa hyperons in the states of
1/27[110] and 3/27[101] exhibit significantly different
effects on nuclear deformation. For the p, hyperon oc-
cupying 1/27[110], which is a prolate shape, the core
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Table 3.

Quadrupole deformation parameters, root mean square (r.m.s.) radii, binding energies, and A separation energies in the odd-

A nucleus ?’Ne and the corresponding single-A hypernuclei ?’Ne® A with the A hyperon injected into the lowest s orbital or three p or-
bitals. The odd neutron is blocked in the 1/2+[200] and 3/2*[202] orbitals, which correspond to the ground state and the second local en-

ergy minimum (denoted by asterisks), respectively.

Quadrupole deformation r.m.s. radii/fm Energy/MeV
Nucleus
B2 Bon Bop B Tin Teore A E Sa

2TNe(1/2+[200]) 0.190 0.177 0.213 3.083 —202.836
2TNe® A(1/2*[000]) 0.165 0.157 0.188 0.053 3.056 3.074 2.511 —-219.382 16.546
2TNe® A(1/27[110]) 0.265 0.217 0.262 1.087 3.105 3.091 3.461 —210.693 7.857
2TNe® A(1/27[101]) 0.128 0.140 0.162 -0.414 3.093 3.079 3.443 —209.133 6.297
2TNe®A(3/27[101]) 0.126 0.138 0.161 —-0.429 3.092 3.079 3.431 —-209.317 6.481

2TNe*(3/2%[202]) -0.130 -0.135 -0.120 3.077 -202.503
2TNe* ® A(1/2+[000]) -0.115 -0.124 -0.109 -0.033 3.051 3.069 2.505 —219.144 16.641
2TNe* ® A(1/27[110]) —-0.044 —-0.082 —-0.061 0.774 3.088 3.075 3.432 —208.882 6.379
2TNe* @ A(1/27[101]) -0.162 —-0.155 -0.139 —-0.509 3.094 3.080 3.444 —209.625 7.122
2TNe* ® A(3/27[101]) -0.162 —-0.154 -0.139 -0.530 3.094 3.080 3.439 —209.760 7.257

nucleus becomes more prolate. Conversely, for the hyper-
on occupying 3/27[101] or 1/27[101], which is oblate,
the core nucleus becomes more oblate or less prolate. For
instance, in 27Ne(l /27[200]) ® pa(1/27[110]), because
both the p, hyperon and core nucleus are prolate, the pa
hyperon enhances the nuclear prolate deformation from
B>=0.190 to B, =0.265, while shape decoupling occurs
in 27Ne(1/2+[200])®p,\(3/2‘[101]), where the pp hyper-
on and core nucleus have different shapes, which leads to
a reduction in the total nuclear deformation from
B> =0.190 to B, =0.126. In Refs. [80, 81], shape decoup-
ling in the deformed halo nuclei “**Mg are discussed, in
which the shapes of the core and outside halo are differ-
ent.

In Fig. 5, the density distributions p(r,z) in the r-z
plane with the symmetric axis along the z-axis are shown
for the nucleus ~'Ne (a) and the corresponding hyper-
nucleus 2*Ne (b,c,d). Cases with the core nucleus ~'Ne in
the ground state and the second local minimum (denoted
by asterisks) as well as the single-A hyperon occupying
the 1/2+[000] (b), 1/27[110] (c), and 3/27[101] (d) orbit-
als are studied. In the upper and lower parts of panels
(b—d), densities are plotted for the total hypernucleus and
single-A hyperon, respectively. In Fig. 5$a), a prolate
shape is observed for the ground state of *’Ne, while an
oblate shape is observed for the second energy minimum.
After introducing an s, hyperon, in Fig. 5(b), the nuclear
shapes remain almost unchanged but with an increment
of inner density. Meanwhile, the injected s, hyperon is
slightly deformed and has the same shape as the core nuc-
leus. In Fig. 5(c), a "dumbbell" shape is observed for the
prolate p hyperon in the state of 1/27[110], the addition
of which increases (reduces) the prolate (oblate) deforma-

tion of the core nucleus in the ground state (second en-
ergy minimum). At the same time, owing to the coupling
of the pa hyperon and nuclear core, slight differences in
the density distributions of the p, hyperon are observed
in the two cases (panel c). In Fig. 5(d), a "ring" shape is
observed for the oblate p, hyperon in the state of
3/27[101]. As a result, deformation of the prolate ground
state decreases, and the oblate deformation of the second
energy minimum is enhanced. A similar analysis of the
impurity effects of the p, hyperon on the nuclear density
can be found in Refs. [38, 62].

To explain the mechanism behind the effects of su
and pa hyperons on nuclear densities and shapes in an in-
tuitive way, taking ?’Ne® A with the core nucleus in the
ground state an example, we presentdensity distributions
p along the - and z-axes in Fig. 6. For the s, hyperon, al-
most the same density distributions (red dashed lines in
the lower part of each panel) are found along the - and z-
axes; however, the distribution is slightly extended along
the z-axis, which suggests the s, hyperon has a weakly
prolate shape. With the addition of an s, hyperon to *'Ne,
the nuclear density clearly increases in the inner part
(r <3 fm, z<2.5 fm) both in the directions of the »- and
z-axes. However, for the densities on the outer nuclear
side, different influences are found, that is, p(r) becomes
slightly more extended while p(z) shrinks. These cause
*’Ne®A to become more spherical compared to the core
nucleus. In the case of the p, hyperon occupying
1/27[110], p(r) vanishes and a visible distribution is
presented along the z-axis with a maximum at z = 2.5 fm.
As aresult, a clear increment in the nuclear density along
the z-axis is induced, and the nuclear shape becomes
more prolate. For the p, hyperon in the state of
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Fig. 5. (color online) Two-dimensional density distributions in the r-z plane for (a) the core nucleus *Ne and (b), (¢), (d) the corres-
ponding single-A hypernuclei with the A hyperon injected into the (b) 1/2+[000], (c) 1/27[110], and (d) 3/27[101] orbitals, respectively.
The odd neutron in the ground state and the second local minimum (denoted by asterisks) occupies the 1/2*[200] and 3/2*[202] orbitals,
respectively. The upper and lower parts of panels (b), (c), and (d) are the densities of the entire hypernuclei and the single-A hyperon,

respectively.
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Fig. 6. (color online) Density distributions p(r,z) along the -
axis (a) and z-axis (b) in *’Ne with the odd neutron occupying
1/2%[200] (solid lines) and the corresponding single-A hyper-
nuclei (dashed lines) with the A hyperon injected into the
1/2*1000] (red short dashed line), 1/27[110] (blue dash-dotted
line), and 3/27[101] (olive dashed line) orbitals. In the upper
and lower parts of each panel, density distributions contrib-
uted by the total nuclei and the A hyperon are plotted, respect-
ively.

3/27[101], the nuclear density is enhanced in the direc-
tion of the r-axis and prolate deformation is weakened.

V. SUMMARY AND PERSPECTIVES

In this study, following our previous research [Sci.
China-Phys. Mech. Astron. 64, 282011(2021)], shape
evolution and possible shape coexistence in odd-4 Ne
isotopes are explored using the MDC-RMF model, which
has achieved great success in describing nuclear deforma-
tions. Moreover, by introducing s- or p-wave A hyperons,
the impurity effects on nuclear shape, energy, size, and
density distribution are discussed. For NN and AN inter-
actions in the RMF functional, the PK1 and PKI1-Y1
parameter sets are adopted, respectively.

By blocking the unpaired odd neutron in different or-
bitals around the Fermi surface, the nuclear ground state
and other local energy minima are determined, and by ex-
amining the PECs, possible shape coexistences in 27*’Ne
and a possible triple shape coexistence in *'Ne are pre-
dicted. For 27Ne, with the odd neutron blocked in the
1/2*[200] and 3/2*[202] orbitals, the ground state is ob-
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served in a prolate shape at a deformation of 8, =0.190
and the second energy minimum exhibits an oblate shape
at 8, = —0.130, respectively. A small energy difference of
0.333 MeV and a barrier with a height of 0.984 MeV
between thengre observed, supporting possible shape
coexistence in ~'Ne. Similarly, in ~ Ne, with the odd neut-
ron blocked in the 3/2%[202] orbital, the prolate ground
state is identified at 8, = 0.080, while the configuration
with the odd neutron occupying 1/2*[200] leads to an ob-
late second local minimum at 8, = —0.075. In the case of
*'Ne, possible triple shape coexistence, including the
ground state at 8, = 0.191 with the odd neutron blocked at
1/27[321], the second local energy minimum at oblate de-
formation B, = —0.090 with the odd neutron at 7/27[303],
and the third local minimum at prolate deformation
B> =0.429 with the odd neutron at 3/2*[202], is predic-
ated.

To discuss the impurity effects of sy and p, hyper-
ons, nuclear quadrupole deformations, r.m.s. radii, bind-
ing energies, and density distributions are compared in
detail for *'Ne and the corresponding hypernuclei Z¥Ne in
cases where the odd neutron occupies the 1/2*[200] and
3/2*[202] orbitals. The s, hyperon exhibits clear shrink-
age effects, which reduces the nuclear size and deforma-
tion. In contrast, the p, hyperon exhibits strong polariza-
tion effects, which may enhance the nuclear deformation.
Meanwhile, the ps hyperons occupying different orbitals
exhibit different effects: the hyperon from the 1/27[110]

orbital drives the nuclear shape to become more prolate,
and the hyperon in the 3/27[101] or 1/27[101] state res-
ults in a more oblate nuclear shape. These conclusions are
consistent with those for even-even Ne isotopes [62]. Fur-
thermore, with the addition of the s5 hyperon, the energy
difference AE between the ground state and second local
energy minimum decreases, which may increase the
probability of shape coexistence. However, introducing a
pa hyperon results in a distinct disadvantage for shape
coexistence in most of hypernuclei.

In the present study, we investigate shape evolution
and possible shape coexistence at the mean-field level by
analyzing PECs. This is the first step in our research. Re-
cently, in Refs. [82, 83], the angular momentum and par-
ity projected multidimensionally constrained relativistic
Hartree-Bogoliubov model was developed. In the future,
we aim to go beyond the mean-field to perform studies
[84— 87]. Quantities such as electric quadrupole trans-
itions B(E2) will also be analyzed to study the shape co-
existence and impurity effects of A hyperon, as conduc-
ted in Refs. [38, 88].
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