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Investigating ground-state properties of neutron-rich nuclei with Z =98 - 104
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Abstract: A systematic microscopic analysis of the ground-state properties for the neutron-rich even-even nuclei
with Z=98-104 and N =170-210 is performed using the reflection-asymmetric relativistic mean-field theory
with the NL3, NL3*, and PK1 effective interactions. The pairing effect is taken into account via the BCS approxima-
tion with a constant pairing gap. It is found that the octupole deformation significantly influences the physical prop-
erties of Cf, Fm, No, and Rf isotopes. Particularly, incorporating the reflection-asymmetric degree of freedom en-
hances the binding energies, quadrupole deformations, and neutron, proton, and charge radii for nuclei near N = 184
and N = 196. The possible candidates, N ~ 184 and N =~ 196, for the new neutron octupole magic number are pre-
dicted in the present calculations. The effect of the size of the pairing correlations on the octupole deformation of
nuclei is examined by varying the pairing gap. It is found that the octupole deformation decreases as the pairing gap
increases. This reduction underscores the critical role of precise treatment of the pairing correlations in achieving a
reliable prediction of the octupole deformation of nuclei. Additionally, we further investigate the sensitivity of the
nuclear properties to the Coulomb interaction. The results show that the inclusion of the Coulomb interaction in-
creases quadrupole and octupole deformations as well as neutron, proton, and charge radii but leads to a marked re-
duction in binding energies. These conclusions remain consistent across the calculations employing the NL3, NL3*,
and PK1 parameter sets. To more broadly validate the robustness of the present findings, further investigation based
on other types of effective interactions and pairing forces is worthwhile.
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I. INTRODUCTION

The shape or deformation of the atomic nucleus, as
one of its most fundamental properties, plays a pivotal
role in elucidating various exotic nuclear phenomena,
e.g., shape coexistence [1], chiral rotation [2], wobbling
motion [3], and fission [4]. The occurrence of spontan-
eous symmetry breaking results in nuclear shapes with
various spatial symmetries. Throughout the nuclear chart,
the ground states of most nuclei are well-known to have
axial reflection-symmetric shapes, which are often de-
scribed by the quadrupole deformation B,,. However,
around some specific proton and/or neutron numbers, i.e.,
the so-called octupole magic numbers 34, 56, 88, and 134
[5, 6], the nuclei spontaneously break spatial reflection
symmetry, favoring the axial reflection-asymmetric
ground-state shape characterized by octupole deforma-
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tion B3 [7]. In a mean-field description of the nucleus,
the emergence of octupole deformation can be ascribed to
the coupling between intruder (N,/,j) and normal-parity
(N-1,1-3,j-3) single-particle orbitals near the Fermi
surface [8—10].

The octupole degree of freedom significantly influ-
ences not only the properties of nuclear ground and ex-
cited states [11-20] but also holds the key to a micro-
scopic understanding of the fission process [21-28],
cluster radioactivity [29], and stability of superheavy ele-
ments [30, 31]. Therefore, the study of octupole deforma-
tion in nuclei has remained an active research field in
both theoretical and experimental nuclear physics for the
past few decades. To date, advances in radioactive-ion
beam facilities have enabled nuclear physicists to identi-
fy experimental evidence for permanent octupole deform-
ation in  neutron-rich lanthanides near '*Ba
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(N =88,Z=56) [32, 33] and light actinides near **’Ra
(N =134,Z=88) [34, 35]. Furthermore, fingerprints of
octupole correlations have also been found in 2?#??Rn
[36], 2®Ra [35], and ?®*Th [37]. These findings strongly
support the proposed octupole magic numbers 56, 88, and
134. In parallel, to support the evidence of octupole de-
formation and further understand the novelties associated
with octupole correlations, physicists have developed or
employed a variety of theoretical models to explore the
ground-state properties and structures of octupole-de-
formed nuclei, such as the macroscopic-microscopic
(MM) model [5, 38, 39], the reflection-asymmetric shell
model [40, 41], the quadrupole-octupole collective
Hamiltonian [42—44], the interaction boson model
[45—49], the generator coordinate method [50—54], and
the microscopic calculations based on nonrelativistic en-
ergy density functionals (EDFs) [55—60].

The covariant density functional theory (CDFT)
[61-65], as one of the most powerful theories in nuclear
physics, has been successfully applied to describe the
ground-state properties across the nuclear landscape,
from light nuclei to superheavy systems. Therefore, it is
also appropriate to study the ground-state octupole. de-
formations of atomic nuclei by utilizing the CDFT with
the reflection-asymmetric degree of freedom. The first
analysis of octupole shapes of nuclei within the CDFT
framework has been conducted in Ref. [66]. This study
has explored the potential for stable octupole. deforma-
tion in the ground states of Ra isotopes and the influence
of octupole deformation on the static fission properties of
actinides. Starting from the pioneering work of Ref. [66],
the CDFT has been widely used in the investigation of re-
flection-asymmetric nuclear shapes [67—71] and has
provided a reasonable description of the octupole shape
phase transition and shape coexistence phenomena [12,
72—75]. Particularly, to more appropriately describe axi-
ally symmetric octupole-deformed nuclei, the reflection-
asymmetric relativistic mean-field (RASRMF) theory in
the two-center harmonic oscillator (TCHO) basis has
been developed by Geng et al. [76]. Based on the
RASRMEF theory, the octupole deformations in the nucle-
ar 2*Ra [76], as well as La [77], Sm [78], Ba [79], Th
[80], Ce [81], and Dy [82] isotopes, have been investig-
ated successively. The results indicated that reflection-
asymmetric deformation plays a significant role in under-
standing the ground-state features of these nuclei. Be-
sides nuclei near the lanthanides and actinides, the
ground-state properties and possible octupole deforma-
tions for Sr, Zr, Mo, and Ru isotopes have also been re-
cently systematically researched in Ref. [83] by the
RASRMEF theory. It is noteworthy that although no octu-
pole-deformed ground states are found around the tradi-
tional octupole magic numbers N =34 and N =56 in the
studied isotopic chains, the possible octupole-deformed
nuclei are predicted in the region near N = 40, consistent

with the results from both nonrelativistic Hartree-Fock-
Bogoliubov and relativistic Hartree-Bogoliubov calcula-
tions. These findings not only effectively verify the
power of the RASRMF theory for studying octupole-de-
formed nuclei in traditional regions but also exhibit its
potential for exploring new octupole deformation regions.

As noted previously, current theoretical and experi-
mental investigations of octupole-deformed nuclei
primarily focus on mass regions where neutron and/or
proton numbers are around the octupole magic numbers
(34, 56, 88, and 134), especially in neutron-rich lanthan-
ides with (N, Z) ~ (88,56) and neutron-deficient actinides
with (N,Z) ~ (134,88).. However, in addition to investigat-
ing octupole-related features of atomic nuclei in the tradi-
tional regions, the search for new octupole deformation
regions across the entire nuclide chart has also emerged
as an active frontier in contemporary nuclear structure
physics.

Moller et al. [84] systematically investigated ground-
state deformations in 9318 nuclei from '°0O to A =339
based on the MM model, revealing an island of octupole
deformation centered at Z ~ 100, N ~ 184. The global sur-
vey of ground-state octupole deformation for even-even
nuclei with Z < 106 located between the two-neutron and
two-proton driplines using the DD-PC1 [85] and NL3*
[86] EDFs was carried out in Ref. [87]. In particular, this
work predicted, for the first time, a new region of octu-
pole-deformed nuclei centered at Z ~ 98, N ~ 196. Simil-
arly, Cao et al. [88] performed systematic calculations of
octupole shapes for even-even nuclei with Z< 110 and
N <210 employing five Skyrme (UNEDFO [89], UN-
EDF1 [90], UNEDEF2 [91], SLy4 [92], and SV-min [93])
and four relativistic EDFs (NL3*, DD-PC1, DD-ME2
[94], and PC-PK1 [95]). Their calculations show that re-
flection-asymmetric shapes exist in numerous neutron-
rich actinide and transactinide nuclei with 184 < N < 206.
Beyond the global analyses, there are also dedicated in-
vestigations of ground-state octupole deformation for
neutron-rich actinides and superheavy nuclei [67, 96—98],
which encompass nuclides inaccessible to new-genera-
tion radioactive beam facilities. For example, the MM
calculations in Ref. [97] for the nuclei with 98 <Z < 126
and 134 <N <192 revealed a region of octupole-de-
formed nuclei at Z ~ 102 and N ~ 188. Additionally, octu-
pole correlations in the nuclei with 92<Z <110 and
186 < N <202 have been studied in Ref. [98] based on
the Gogny-D1M [99] EDF, and static octupole deforma-
tions have been predicted around N =192. All these ap-
proaches predict the existence of an island of octupole de-
formation in neutron-rich actinides and low-Z super-
heavy nuclei. Notably, while the island's center remains
consistently around Z =100, the corresponding neutron
number exhibits significant discrepancies across differ-
ent models. Given the recurring interest in searching for
new regions of octupole-deformed nuclei, it is meaning-
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ful to conduct a systematic theoretical analysis of the oc-
tupole properties in the ground state of neutron-rich nuc-
lei with Z ~ 100.

To gain deeper insights into octupole deformation of
neutron-rich nuclei around Z =100 and examine its ef-
fect on nuclear properties, we employ the RASRMEF the-
ory to systematically analyze the ground-state properties
Of 268—308Cf (Z — 98), 270‘310Fm (Z — 100)’ 272—312N0
(Z=102), and ¥*314Rf (Z = 104) isotopes. Furthermore,
the critical role of the Coulomb interaction in characteriz-
ing the ground-state properties of neutron-rich actinides
and low-Z superheavy nuclei is evaluated. The paper is
organized as follows: Sec. II provides an overview of the
RASRMEF theory, Sec. III presents the numerical details
and results, and Sec. IV offers a summary of the findings.

II. THEORETICAL FRAMEWORK

To explore the ground-state properties and possible
octupole deformations of neutron-rich nuclei with
98 < Z < 104, we first present the theoretical formalism of
RASRME. The starting point of the RASRMF theory is
an effective Lagrangian density [61-64],

L= 'Z’[lyuau -M- go'o-_gwwuyﬂ _gpﬁu?yﬂ

1 1
- Eey"(l —T3)A Y + E(aﬂoﬁ”o——mia'z)

., 1 1 1
- Zw" Wy + Emiw”wﬂ— §g20'3 N Zg30'4
1 V= 1 2 = 1 2 1 uv
_Zﬁu ppv+§m;>ﬁJpp+ZC3(a)pwy) _ZA A[lVa (l)

where y is the Dirac spinor of the nucleon with the cor-
responding mass M, ¢ is the isoscalar-scalar meson that
provides medium-range attraction, o is the isoscalar-vec-
tor meson that provides short-range repulsion, p is the
isovector-vector meson reflecting the difference between
the neutron and proton, and A4 is the photon field describ-
ing the electromagnetic properties of atomic nuclei. m,,
m,, and m, are the masses of the o, , and p mesons. g,
8w, and g, are the coupling constants of the mesons with
the nucleons. g,, g3, and ¢; are the nonlinear self-coup-
ling coefficients of the ¢ and @ mesons. Since the c;
parameter is absent from the NL3 [100] and NL3* effect-
ive interactions, it was set to zero in the corresponding
calculations. The field tensors for the mesons and photons
are defined as

W = 0tw’ - 0",
P =P -7,
A = FAY - 9" AX.

Starting from the Lagrangian density, using the classical

variational principle, one can derive the Dirac equation
for the nucleons,

[~id -V + V() +BM +S P)IW; = e, )
with the scalar potential S () and vector potential V(7)
S (’7) = ga'o-(f),
1-
V(7P) = g,wo(#) + g,T3p0(F) + 6’( 2T3)A0(ﬂ 3)

and the Klein-Gordon equations for the mesons and
photons,
(~A+m}) o= —gop,— 8207 —g30~,
(—A +mi) Wo = 8uPv — c3a)3,
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with the densities
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Solving Egs. (2)—(5) iteratively, we can obtain the single-
particle energies, wave functions, densities, fields, and
nuclear binding energies. Equations (2) and (4) are non-
linear coupled equations and are solved by the basis ex-
pansion method. For axially symmetric deformed nuclei,
the Dirac spinors can be presented as

i @r)e@me

PGHE (
1 [ (@) el (®r)e

- ig (z,r,) (1)

V2
o (o) el
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where Q; is the third component of angular momentum.
To include the reflection-asymmetric degree of freedom,
the eigenfunctions of the TCHO potential are used as the
basis to expand the Dirac spinors f* and gf in the RMF
calculations.

The TCHO potential was initially adopted by the
Frankfurt research group to construct the two-center shell
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model [101, 102]. The model has subsequently been
widely applied in research on fission, fusion, heavy-ion
emission, and various cluster phenomena [103]. In recent
years, the TCHO basis has also been introduced in the
MM model [104] as well as in the relativistic and nonre-
lativistic density functional theory [28, 105—111]. It has
proven particularly suitable for describing the reflection-
asymmetric shape and fission of atomic nuclei. The
TCHO potential [76] has the following form:

1
wa%(z+z1)2, z<0,
2 (7)

EMa)%(z—ZZ)z, z>0.

1
V(ry,z) = Esziri +

Here, z; and z, represent the distances from the centers of
the ellipsoids to the plane of their intersection, and w;
(wy) corresponds to the oscillation frequency of the har-
monic oscillator for z<0 (z>0). The eigenfunction of
the TCHO potential can be obtained by solving the
Schrodinger equation in the cylindrical coordinate sys-
tem, and it can be written as

O(ry,z,0,5) = @, (r )P, (2)O@)xm, (5), (®
with
\/5 n,!
mny - _ - r m//ZLm[ —n/2
Gt (ry) b, Gampl +m,)!" o (e,
C,, H, (e, z<0,
D=4 i
Cvszz ({2)6_42 /25 2 0,
O(p) = ——e™*.
(®) N>

Where L)' (n) and H, () represent the Laguerre polynomi-
al and Hermite function, respectively. Moreover,
n=ri/bi, & =@+z) /by, and & = (z—2) /by. by, by, and
b, are the characteristic lengths of the harmonic oscillat-
or, and C,,(i = 1,2) is the normalization constant (see Ref.
[112] for full details).

The TCHO basis can be completely determined by
the following three parameters: 6,, d3, and Az. 6, is the
quadrupole deformation parameter in the hemisphere
with z > 0. 85 is the asymmetric coefficient of the TCHO
basis, §; = w;/w,. When &3 = 1, the system is reflection
symmetric. Az (= z; +2z,) represents the center distance of
the TCHO basis. Here, we mainly focus on the reflection-
asymmetric deformation of atomic nuclei, and the adop-

ted Az is consistent with that in Ref. [76].
Using Eq. (8), we expand the upper and lower com-
ponents of the Dirac spinor as

- 1 f;’+ (Z’ rl) ei(Q—%)&ﬁ M (i) -
JrsD = (f-‘ oot | = 2oL @0 0,
S 1 (g (zr)e@ vy = ey (=2
gi(r, S, t) = E (gl_ (Z’ rl)ei(g"'%)% = Zg@ (D[y(r, S)Xt,‘(t).
9
The Dirac equation can be correspondingly written in
matrix form,
Aa,u/ Ba,ﬁ/ fo(zl’) fo(zi)
o] =4l ol (10)
Biow —Caw 8& 8a

By diagonalizing the Hamiltonian matrix above, which
has dimensions @+ @max, We can obtain the single-
particle energies and wave functions.

III. RESULTS AND DISCUSSION

Based on the aforementioned formalism, we delve in-
to the octupole properties in the ground states of Cf, Fm,
No, and Rf isotopes with 170 < N <210. In the present
calculations, the NL3, NL3* and PK1 [113] parameter
sets are adopted. Since these three interactions yield con-
sistent conclusions, only the results obtained with the
NL3 interaction are shown here for clarity. To ensure
convergence for the studied physical quantities, 20 major
shells are considered in the TCHO basis. The pairing cor-
relations are treated using the BCS approximation with a
constant pairing gap. For convenience, an empirical for-
mula A =12/+VA [114] is employed for the neutron and
proton pairings.

The binding energies per nucleon E/A for the Cf, Fm,
No, and Rf isotopes as a function of the neutron number
N are depicted in Fig. 1. The red circles denote the specif-
ic binding energies from the RASRMF calculations,
while the black squares represent the results from the usu-
al reflection-symmetric relativistic mean-field (RSRMF)
calculations for a clearer understanding of the impact of
the reflection-asymmetric degree of freedom on the bind-
ing energies of these nuclei. In Fig. 2, we present the en-
ergy difference between RSRMF and RASRMF calcula-
tions. As shown in Fig. 1, the binding energies decrease
gradually with the increasing neutron number across all
isotopic chains in both the RSRMF and RASRMF calcu-
lations. When reflection asymmetry is considered, the
binding energies of Cf, Fm, No, and Rf isotopes around
N =184 and N = 196 show a pronounced gain relative to
the RSRMF results, which enhances the stability of the
nuclear ground state. This gain in binding energy also im-



Investigating ground-state properties of neutron-rich nuclei with... Chin. Phys. C 50, (2026)

73 g —@— RSRMF 73
- ““B_. —®— RASRMF
72 |- @, 7.2
ANy = 71
D B D
=70 | = 7.0
X - X
Q 6.9 | R 6.9
6.8 6.8
6.7 |- 6.7
| I T T M N T T N T N TN A TN M NN N A AN A |
| T T T T | T L] L] Ll | T T T T | T T T T |
7.3 - 7.3 -
7.2 - 7.2 -
E 7.1 - E 71 i
I 7.0 - I 7.0 -
Y <3

b
=
1
A
=

@

No (Z=102) | T
6.8 (© =\ - 6.8
[EFETET AT AT AT BP AT A BT AT IR AT EF AT AT AP AT AT A B A A
170 180 190 200 210 170 180 190 200 210
N N

Fig. 1. (color online) Binding energy per nucleon E/A and its variation with the neutron number N in the (a) Cf, (b) Fm, (c¢) No, and
(d) Rf isotopes. The black squares represent the results obtained from the RSRMF calculations, while the red circles correspond to
those obtained from the RASRMF calculations.
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Fig. 2. (color online) The difference between the binding energy per nucleon of the (a) Cf, (b) Fm, (c) No, and (d) Rf isotopes ob-
tained from the RSRMF and RASRMF calculations.
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plies the possible presence of octupole deformations in
the ground states of these nuclei, as seen in Fig. 4. Fur-
thermore, as the proton number increases from Z =98 to
Z =104, the energy gain around N = 184 caused by the
octupole deformation progressively rises. For the iso-
topes in the vicinity of N =174 and N =206, the
RASRMEF calculations nearly match the RSRMF calcula-
tions, indicating that octupole deformation has little ef-
fect on the binding energies of these nuclei.

The nuclear shape is one of the most fundamental
properties of nuclei. By introducing the reflection-asym-
metric degree of freedom, the RASRMF theory can sim-
ultaneously provide the ground-state quadrupole and oc-
tupole deformations of atomic nuclei.

In Fig. 3, we display the quadrupole deformation B,
of Cf, Fm, No, and Rf isotopes as obtained from the
RSRMF and RASRMF calculations. It can be clearly
seen that along all these isotopic chains, both calcula-
tions present a consistent trend of deformation evolution,
i.e., an initial decrease followed by an increase. However,
due to the inclusion of the reflection-asymmetric degree
of freedom, the B,, values calculated by RASRMF show
some deviations from those calculated by RSRMF. Spe-
cifically, for those isotopes near the neutron magic num-
ber N =184, RSRMF predicts the ground states with
Bao ~ 0, whereas RASRMF generally yields slightly lar-
ger quadrupole deformations. A similar scenario also oc-

LI S e B S e e e o e e g o
—#— RSRMF

025 —@&— RASRMF

0.20

0.10
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o

170 180 190 200 210

N
Fig. 3.

curs in the 190 < N < 196 region of Cf, Fm, No, and Rf
isotopic chains, where the RASRMEF calculations give en-
hanced B, values compared to the RSRMF calculations.
Conversely, after N = 196, RASRMF predicts smaller de-
formations than RSRMF, up to N =204.For the ex-
tremely neutron-rich region with N > 204, the difference
between the RASRMF and RSRMF calculations in-
creases gradually from Cf (Z=98) to Rf (Z=104) iso-
topes. Furthermore, for the nuclei with N ~ 172, the quad-
rupole deformations obtained from both calculations are
consistent.

To explore the possible region of octupole deforma-
tion for neutron-rich nuclei with Z ~ 100, Fig. 4 presents
the predicted octupole deformation B;, and its evolution
with the neutron number N in Cf, Fm, No, and Rf iso-
topes. The obtained B;, by the RSRMF calculations is
zero for all isotopic chains due to the absence of the octu-
pole degree of freedom. In contrast, the ground states of
the majority of atomic nuclei for these chains are pre-
dicted to have nonzero octupole deformations in the
RASRMF calculations. As can be seen from Figs. 4(a)
and 4(b), nonzero B, values exist in both Cf and Fm iso-
topes with N =170-206. Particularly, 83| <0.1 in the
range of 170 < N < 188, while |B39| > 0.1 in the range of
190 < N <204. From Figs. 4(c) and 4(d), we observe that
the ground states of the No isotopes with 174 < N < 186
and 190 <N <206, as well as the Rf isotopes with

0.10

0.05

0.00

170 180 190 200 210
N

(color online) The quadrupole deformation g,y for the (a) Cf, (b) Fm, (c) No, and (d) Rf isotopes obtained from the RSRMF

(black squares) and RASRMF (red circles) calculations as a function of the neutron number N.
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(color online) The octupole deformation B3y for the (a) Cf, (b) Fm, (c) No, and (d) Rf isotopes as a function of the neutron

number N. The black squares and red circles represent the results from the RSRMF and RASRMEF calculations, respectively.

178 < N <186 and 192 < N <210, are octupole-deformed.
Furthermore, a pronounced change occurs in the B
value of the No and Rf isotopes around N = 188, whereas
such a change is absent in the Cf and Fm isotopes. By
performing constrained RASRMF calculations for **No,
22Rf, and *“Rf, we found that this variation may arise
from the presence of coexistence of prolate and pear
shapes within these nuclei. Overall, the predicted octu-
pole-deformed nuclei concentrate predominantly in the
vicinity of neutron numbers N = 184 and N =196 in all
the studied isotopes, and the B3y values near N = 196 are
universally larger than those near N = 184. Similar res-
ults, not shown here, have also been obtained from
RASRMF calculations employing both the NL3* and
PK1 parameter sets. It is worth noting that the present
calculations are consistent with the nonrelativistic
Hartree-Fock-Bogoliubov (HFB) calculations [88] using
the UNEDF1 and UNEDF2 functionals, but do not com-
pletely agree with the MM calculations [84] and the re-
lativistic Hartree-Bogoliubov (RHB) calculations [87]
with the NL3* functional. The MM and RHB calcula-
tions only predict nonzero B3y values around N = 184 and
N =196, respectively. For neutron-rich isotopes around
Z =100, although there are differences between the pre-
dictions of various models for the range of octupole-de-
formed nuclei, the obtained nonzero octupole deforma-
tions are mainly located around N = 184 and/or N = 196,
which indicates that the RASRMF results should be reli-
able.

Recently, Tarasov et al. [115] examined the depend-
ence of octupole deformation in nuclei on the strength of
the pairing interaction. The results indicate that increas-
ing the pairing force can lead to a reduction or even the
complete disappearance of octupole deformation in nuc-
lei. To confirm this assertion, we explore the effect of
variations in the pairing gap on the octupole deformation
of nuclei in Fig. 5, using Fm isotopes as an illustrative ex-
ample. One can clearly see that, as the pairing parameter
o0 increases from 10 to 14, the octupole deformations de-
crease accordingly for the considered nuclei. Addition-
ally, the ground-state octupole deformation of Fm iso-
topes with N ~ 184 is more sensitive to the change in the
pairing gap than that of Fm isotopes with N ~ 196. These
findings are consistent with previous studies [115—117]
that highlight the role of pairing interactions in the octu-
pole deformation of nuclei. In particular, the appropriate
selection of the pairing gap is essential for achieving an
accurate prediction of octupole deformation in nuclei in
calculations employing the BCS approximation with a
constant pairing gap.

As another fundamental property of atomic nuclei, the
nuclear radius is a crucial observable that directly re-
flects various exotic nuclear phenomena and is sensitive
to deformation effects. To illustrate the role of octupole
deformation in the nuclear radii, the root-mean-square
(rms) radii of neutrons and protons as well as the charge
radii as a function of the neutron number N for the Cf,
Fm, No, and Rf isotopes obtained by the RSRMF and
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Fig. 5. (color online) The octupole deformation B3y of Fm

isotopes obtained from the RASRMF calculations with differ-
ent values of the pairing parameter J. The empirical pairing
gap is given by A =6/ VA.

RASRMEF calculations are plotted in Figs. 6, 7, and 8, re-
spectively. From Fig. 6, it can be seen that the neutron
radii for each isotopic chain exhibit a smooth evolution
trend with the increasing neutron number in both calcula-
tions. For the nuclei with the neutron number below
N =190 in all isotopic chains, the neutron radii obtained
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in the RASRMF calculations are consistent with those
obtained in the RSRMF calculations, implying that the
impact of octupole deformation on the neutron radii of
these nuclei is negligible. As Fig. 4 elucidates, the major-
ity of the nuclei with N <190 exhibit nonzero octupole
deformation. Additionally, for the very neutron-rich nuc-
lei around N =196, RASRMF predicts larger R, com-
pared to those by the RSRMF calculations due to the sig-
nificant octupole deformation effects. Similar to Fig. 6,
the calculated proton and charge radii present a smooth
evolution along these chains in Figs. 7 and 8, respect-
ively. With the incorporation of the octupole degree of
freedom in RASRME; larger proton and charge radii are
observed in the ground states of Cf, Fm, No, and Rf iso-
topes around N = 196. Notably, the additional increase in
R, and R; also appears in these isotopes around N = 184,
and the amplitude of increase grows more pronounced
with the proton number. It can also be observed that the
deviation between the RSRMF and RASRMF calcula-
tions, 'arising from the octupole deformation effects, in
the proton and charge radii is more marked than that in
the neutron radii. This suggests that the proton and charge
radii are more sensitive to octupole deformation than the
neutron radii in the studied nuclei.

The binding energies, deformations, and radii of Cf,
Fm, No, and Rf isotopes with 170 <N <210, obtained
through detailed studies, have emphasized the significant

‘‘‘‘‘
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@ &
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(color online) Neutron rms radius R, for the (a) Cf, (b) Fm, (c) No, and (d) Rf isotopes as a function of the neutron number N.

The RSRMF and RASRMF results are shown by black squares and red circles, respectively.
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role of the reflection-asymmetric degree of freedom in
describing the ground-state properties of neutron-rich ac-
tinides and low-Z superheavy nuclei. Recently, the influ-
ence of the Coulomb interaction on the nuclear proper-
ties was investigated in Ref. [118]. It was found that the
Coulomb interaction enhances the quadrupole deforma-
tion across a broad range of nuclei. However, this study
was restricted to even-even nuclei with 2 < Z < 60, which
has sparked our interest in examining the extent to which
the ground-state properties of neutron-rich nuclei with
Z ~ 100 are affected by the Coulomb interaction.

The binding energies per nucleon E/A, quadrupole
deformations f,y, octupole deformations pBs,, neutron
radii R,, proton radii R,, and charge radii R, for the Cf,
Fm, No, and Rf isotopes obtained in the RASRMF calcu-
lations without and with the Coulomb interaction are
presented in Figs. 9, 10, 11, 12, 13, and 14, respectively.
As illustrated in Fig. 9, the specific binding energies of
all the studied nuclei are dramatically reduced when the
Coulomb interaction is taken into account. This lowering
effect drives the ground state of these neutron-rich iso-
topes with the high proton number Z toward greater in-
stability. It is also found that the influence of the Cou-
lomb interaction on the binding energies generally de-
creases with the increase of the neutron number.
However, due to the dependence of this influence on the
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Fig. 9.

neutron number being relatively weak, the isotopic trend
of the binding energies is similar to that obtained when
neglecting the Coulomb interaction. In Fig. 10, it can be
seen that, as a general trend, the presence of the Cou-
lomb interaction enhances the nuclear quadrupole de-
formation, which is consistent with previous work [118].
Especially, the increase in quadrupole deformation in-
duced by the Coulomb interaction is more pronounced
among extremely neutron-rich Cf, Fm, No, and Rf iso-
topes with N >190, with the exception of 3%Cf
(N =202). In the RASRMF calculations without the Cou-
lomb interaction, the quadrupole deformation in the Cf
isotopes undergoes an.abrupt rise to a larger value after
N =200, which compensates for the difference between
both calculations at 3*Cf. Moreover, the magnitude of
enhancement becomes relatively small in those isotopes
in the vicinity of the neutron magic number N =184,
while the quadrupole deformations are slightly lowered
by the Coulomb interaction in the isotopes near N = 176.
In addition to the quadrupole deformation, the inclusion
of the Coulomb interaction also augments the nuclear oc-
tupole deformation, which can be seen from Fig. 11. It is
noted that compared to the Cf, Fm, No, and Rf isotopes
with N < 190, the Coulomb interaction exerts a stronger
influence on octupole deformation in the isotopes with
N >190. Especially for the No and Rf isotopes with
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(color online) Binding energy per nucleon E/A for the (a) Cf, (b) Fm, (c) No, and (d) Rf isotopes as functions of the neutron

number N. The RASRMF results without and with the Coulomb interaction are shown by blue squares and red circles, respectively.

The parameter set used is NL3.
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Fig. 11. (color online) Same as the caption of Fig. 9, but for the octupole deformation B3.
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192 <N <206, the |B3| values -calculated by the
RASRMF with the Coulomb interaction are generally
greater than 0.1, whereas the results obtained from the
RASRMF without the Coulomb -interaction are widely
less than 0.1 or even zero. However, the influence of the
Coulomb interaction cannot alter the overall trend of the
octupole deformation with respect to the neutron number
for the studied isotopic chains, which is similar to the
case shown in Fig. 10. From Fig. 12, it is observed that
the inclusion of the Coulomb interaction indirectly in-
creases the nuclear neutron radii, and the radii from both
calculations follow a consistent variation trend along
these chains. Owing to the repulsive character of the Cou-
lomb force between protons, as illustrated in Figs. 13 and
14, the enhancement of the proton and charge radii is
more significant than that of the neutron radii. Further-
more, the proton radii gradually rise as the neutron num-
ber and proton number increase, respectively, regardless
of whether the Coulomb interaction is considered. This
same trend is also mirrored in the charge radii in Fig. 14.
Finally, we would like to point out that the present
conclusions are robust against the parameter sets used,
i.e., NL3, NL3*, and PK1, as illustrated in Fig. 15 using
the Fm isotopes as an example. In addition, it is worth
mentioning that nonlinear point-coupling interactions
(e.g., PC-PK1, PC-X [119], and PC-L3R [120]), which
avoid explicit meson degrees of freedom, have gained in-
creasing popularity in recent years as an alternative to tra-
ditional nonlinear meson-exchange models. To further ef-

180

170

(color online) Same as the caption of Fig. 9, but for the charge radius R..

fectively take into account medium effects, various dens-
ity-dependent effective interactions have also been pro-
posed successively (e.g., DD-ME2, DD-PC1, DD-MEX
[119], and DD-PCX [121]). A set of consistent results
generated from various interactions is essential to reveal
the underlying physics, especially the explanation for the
same and different outcomes. To this end, future work
should further extend the RASRMF theory to incorporate
nonlinear point-coupling interactions, as well as density-
dependent point-coupling and meson-exchange interac-
tions. This will enable a more comprehensive exploration
of nuclear ground-state properties and provide a broader
validation of the robustness of our findings. Additionally,
forthcoming work will further explore the impact of pair-
ing force type on octupole deformation by introducing the
zero-range and separable pairing forces [95, 122] into the
RASRMF framework. In particular, the new interactions,
e.g., PC-X, PC-L3R, DD-MEX, and DD-PCX, incorpor-
ate the separable pairing force.

IV. SUMMARY

In summary, the RASRMF theory is applied to sys-
tematically analyze the ground-state properties and pos-
sible octupole deformations for the Cf (Z=98), Fm
(Z=100), No (Z=102), and Rf (Z =104) isotopes with
170 < N <210. To better understand the role of the reflec-
tion-asymmetric degree of freedom in the ground-state
properties of neutron-rich actinides and low-Z super-
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(color online) The binding energy per nucleon E/A, quadrupole deformation By, octupole deformation B3, neutron radius

Ry, proton radius R,, and charge radius R. of the Fm isotopes obtained from RSRMF (black squares) and RASRMF (red circles) calcu-
lations with the NL3, NL3*, and PK1 parameter sets as a function of the neutron number N.

heavy nuclei, the results are compared to those from the
RSRMF calculations. It is found that accounting for re-
flection asymmetry markedly enhances the binding ener-
gies of Cf, Fm, No, and Rf isotopes around N = 184 and
N =196 relative to the symmetrical case. Furthermore,
across the Cf to Rf isotopes, the energy gain around

N = 184 caused by the octupole degree of freedom pro-
gressively rises. This gain in binding energy suggests the
possible existence of octupole-deformed ground states in
these nuclei.

The calculated quadrupole deformation by RASRMF
exhibits a few differences from the RSRMF results in the
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Cf, Fm, No, and Rf isotopes, particularly in the region
with N~ 184 and N ~ 196. Although discrepancies exist
in the By values due to the octupole deformation effect,
both calculations follow a similar overall trend along the
isotopic chains. Based on the RASRMEF calculations,
nonzero octupole deformations are found in the ground
states of the isotopes in the vicinity of N =184 and
N =196, with the B;, values near N = 196 generally lar-
ger than those near N = 184. For Cf, Fm, No, and Rf iso-
topes, while various models exhibit deviations in predict-
ing the range of nuclei with nonzero S5, the predicted oc-
tupole-deformed nuclei are predominantly concentrated
around N =184 and/or N =196. This effectively valid-
ates the reliability of our results. Furthermore, the de-
pendence of the octupole deformation on the pairing in-
teractions is analyzed. It is found that the octupole de-
formation reduces with the increase of the pairing gap,
suggesting that appropriately handling the pairing correl-
ations is essential for a precise description of octupole de-
formation in nuclei.

The neutron, proton, and charge radii obtained by the
RSRMF and RASRMF calculations present a smooth
evolution trend along each isotopic chain, respectively. In
particular, the inclusion of octupole deformation effects
enhances the radii for the Cf, Fm, No, and Rf isotopes
around N =184 and N=196. It is also observed that
compared with the neutron radii, the deviation of the two
calculations in the proton and charge radii is greater. This
indicates that the proton and charge radii are more sensit-

ive to octupole deformation than the neutron radii in the
studied nuclei.

Based on the RASRMF calculations, we further ex-
amine the influence of the Coulomb interaction on the
ground-state properties of the Cf, Fm, No, and Rf iso-
topes. It is found that the presence of the Coulomb inter-
action dramatically lowers the binding energies of these
neutron-rich nuclei, driving their ground state toward
greater instability. Moreover, the lowering effect of the
Coulomb interaction systematically weakens with the in-
creasing neutron number, but its magnitude is relatively
small and insufficient to alter the evolution trend of bind-
ing energy in the studied isotopic chains. It is worth not-
ing that, in contrast 'to the reduction in binding energy,
the Coulomb interaction generally increases the nuclear
quadrupole and octupole deformations. Particularly, the
enhancement of deformation is more significant in those
isotopes with N > 190 versus the Cf, Fm, No, and Rf iso-
topes with N < 190. In addition, owing to the repulsive
nature of the Coulomb force between protons, the nucle-
ar radii are also increased by the Coulomb interaction,
whose impact is more pronounced on proton and charge
radii than on neutron radii.

Overall, the significant deformation and Coulomb ef-
fects are verified in the ground-state properties of the
studied neutron-rich actinides and low-Z superheavy nuc-
lei. Particularly, the possible neutron octupole magic
numbers N = 184 and 196 are predicted in the present cal-
culations.
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