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Abstract: The ground-state properties of superheavy Z = 122 isotopes are investigated using the deformed relativ-
istic Hartree-Bogoliubov theory in continuum (DRHBc). Bulk properties, including binding energies, Fermi ener-
gies, nucleon separation energies, two-neutron shell gaps, quadrupole deformations, root-mean-square radii, and av-
erage pairing gaps, are calculated. The results are compared with those obtained from the relativistic continuum
Hartree-Bogoliubov (RCHB) theory. By examining the dependence on the angular-momentum cutoff and the effects
of triaxial and octupole deformations, a strategy for determining the ground states is suggested. Furthermore, based
on an analysis of the Fermi and nucleon separation energies, the proton and neutron drip lines for Z = 122 isotopes
are determined within both the DRHBc and RCHB frameworks. The possible magic numbers N = 184, 258, and 350
are also suggested. Finally, the evolution of the two-neutron shell gaps, deformation, charge and neutron radii,
single-particle levels, and average pairing gaps with increasing neutron number is discussed. These quantities con-
sistently support the suggested neutron shell closure.
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I. INTRODUCTION

The synthesis of new superheavy elements is one of
the most important research frontiers in nuclear physics,
as it helps us address fundamental questions regarding the
boundaries of the nuclear chart and the limits of charge
within atomic nuclei. Experimentally, significant pro-
gress has been made in the synthesis of superheavy ele-
ments. To date, those with atomic numbers Z < 118 have
been synthesized through cold and hot fusion reactions
[1-8]. Currently, the synthesis of even heavier new su-
perheavy elements, specifically in the range of Z = 119—
122, represents a highly competitive frontier in nuclear
research. Most of these experiments are concentrating on
Z =119 and 120. Despite extensive attempts, no experi-
ment has yet succeeded in synthesizing these new ele-
ments [9—17].

Understanding the structure of superheavy elements is
quite helpful for synthesizing them. Theoretically, extens-
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ive investigations have been conducted using various
models, such as macroscopic-microscopic models
[18—25] and self-consistent mean-field models [26] in-
cluding non-relativistic [27—31], and relativistic [32—40]
density functional theories. As for the superheavy region,
there is little experimental information. Therefore, the ex-
trapolation power of these models is very important.

The deformed relativistic Hartree-Bogoliubov theory
in continuum (DRHBc) [41—45], which can concurrently
take into account pairing correlations, continuum effects,
and degrees of freedom in deformation, is one of the most
potent models. It can be viewed as the deformed counter-
part of the relativistic continuum Hartree-Bogoliubov
(RCHB) theory [46—49], and it has demonstrated remark-
able ability in the satisfactory description of ground-state
properties through powerful explorations. Based on the
DRHBc theory, numerous interesting nuclear phenomena
have been investigated, such as the halo phenomena [41,
50—62], the shape evolution and shape coexistence
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[63—68], the shell evolution [69—72], fission barriers [73],
a-decay half-lives [74, 75], the one-proton emission [76,
77], etc. In addition, the ground-state properties of those
nuclei in the whole nuclear chart have been calculated
and the corresponding nuclear mass tables based on the
RCHB and DRHBc theories have been established
[78—80].

In Ref. [80], the ground-state properties of even-Z
nuclei have been calculated systematically up to Z = 120,
which is predicted to be a proton magic number. As dis-
cussed in Ref. [81], the upper limit of the nuclear charge
number may extend to Z =173 according to quantum
electrodynamics calculations. Therefore, it is essential to
extend theoretical investigations beyond Z = 120 within
the DRHBc framework. The DRHBc Mass Table Collab-
oration is now working on the whole nuclear chart includ-
ing the superheavy nuclei with 121 <Z <136. In this
work, we present the calculations for the ground-state
properties across the entire Z = 122 isotopic chain using
the DRHBc theory, including binding energies, Fermi en-
ergies, nucleon separation energies, quadrupole deforma-
tions, and root-mean-square (rms) radii, etc. Note that
IUPAC has already provided a temporary name "Unbibi-
um" and symbol "Ubb" for the element with Z = 122 [82].

This paper is organized as follows. Section II
provides a brief introduction to the framework of DRHBc
theory. The numerical details of the calculations are de-
scribed in Sec. III. In Sec. IV, we present the ground-state
properties of nuclei in the Z =122 isotopic chain ob-
tained from the DRHBc calculations, with corresponding
RCHB results included for comparison. Finally, a brief
summary is given in Sec. V.

II. THEORETICAL FRAMEWORK

The details of the DRHBc theory can be found in
Refs. [43—45, 83]. Here, we briefly present its formalism.
The relativistic Hartree-Bogoliubov (RHB) equation
reads [84].

hp—A; A Uy Uy
=E; , (D
—A* —h;)-f-/l-r Vi Vi

where A, is the Fermi energy for neutrons or protons
(t=n or p), and E; and (U;, V)7 are the quasiparticle
energy and wave function, respectively. hp is the Dirac
Hamiltonian,

hp(r) =a-p+V(r)+B[M+S5(r)], 2

where M is the nucleon mass, S(r) and V(r) are the scal-
ar and vector potentials, respectively, and A is the pairing
potential.

A(ry,r) = VP (ri,r)k(r,r), 3)

where «x is the pairing tensor [85], and V?? is the pairing
interaction in the particle-particle channel. Here, a dens-
ity-dependent zero-range pairing force is adopted,

1
vw(r],rz):voE(l—P")é(n—rz)(l—p(f‘)) )

in which V; is the pairing strength, pg = 0.152 fm=3 de-
notes the saturation density of nuclear matter, and

3 (1= P7) represents the projector for the spin § =0 com-

ponent in the pairing channel.

In the DRHBc theory, since axial and reflection sym-
metries are assumed, the pairing tensor, various densities,
and potentials are expanded in terms of the Legendre
polynomials.

f) =" fPa(cosh), 1=0.2.4,... (5)
A

The RHB equations are solved in the Dirac Woods-
Saxon (DWS) basis [86, 87], which can provide an equi-
valent description to coordinate-space solutions and ap-
propriately describe the large spatial extension of weakly
bound nuclei.

For an odd-4 nucleus, one needs to further take into
consideration the blocking effect for the unpaired single
proton or neutron [42]. The equal filling approximation is
adopted to deal with the blocking effects in the DRHBc¢
theory [45].

III. NUMERICAL DETAILS

In this work, the relativistic density functional PC-
PK1 [88] is adopted. The DWS basis is constructed in a
box of Ry, =20 fm, with a mesh of Ar=0.1 fm. For the
basis space, the angular momentum cutoff is chosen as
Jmax =31/2 1, and the energy cutoff in the Fermi sea is
E. =300 MeV. The maximum expansion order in Eq.
(5) 1S Apmax = 12, which is sufficient for our study. For the
particle-particle channel, the pairing strength V, = -300
MeV-fm® in Eq. (4), and the pairing window is chosen as
100 MeV. The examinations for the above numerical
cutoffs and the pairing parameters have been carried out
for Z =134 and 135 isotopes [89]. For comparison, the
RCHB calculations are also performed for all the Z = 122
isotopes considered. The corresponding numerical details
can be found in Ref. [78].

To examine the effects of octupole and triaxial de-
grees of freedom on the potential energy curves (PECs),
the calculations with multi-dimensionally constrained co-
variant density functional theory (MDC-CDEFT) are also
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carried out for ***Ubb as an example. For comprehensive
details on the MDC-CDFT framework, see Refs. [90—93].
In these calculations, the density functional PC-PK1 is
also adopted. The Dirac equation is solved by an expan-
sion in the axially deformed harmonic oscillator basis
with N, =20 major shells, which is enough for the super-
heavy nuclei. Pairing correlations are taken into account
in the BCS approximation with a finite range separable
pairing force [94]. The pairing strength and effective
range are taken as G/Gy=1.1 and a=0.644 fm, with
Gy =728 MeV-fm’. The pairing strength is obtained by
reproducing the odd-even differences in binding energies
of the actinides and superheavy nuclei [95—98]. Both in
the DRHBc and MDC-CDFT theories, the microscopic
center-of-mass correction is considered [99—101].

IV. RESULTS AND DISCUSSION

The nuclei in the Z = 122 isotopic chain, with neut-
ron number from N =171 to 352, are calculated by the
DRHBc theory. Bulk properties for the ground states, in-
cluding binding energies, Fermi energies, separation en-
ergies, quadrupole deformations, and rms radii, are ob-
tained. The results are also compared with those obtained
from the spherical RCHB calculations.

Figure 1 presents the evolution of the PECs for the

—4A— DRHBc Unconstrained

Z =122 isotopic chain, calculated from N =172 to
N =352 using constrained DRHBc calculations at inter-
vals of AN = 10. The ground-state deformations from un-
constrained calculations are indicated by solid red tri-
angles. These ground states correspond to the global min-
ima on their respective PECs, validating the self-consist-
ency of the DRHBc calculations. Each PEC typically ex-
hibits several local minima. According to Ref. [89], an
angular momentum cutoff of J,.,x =31/2 7 in the DRHBc
theory has been verified as sufficient for nuclei with pro-
ton numbers Z =122-136. That study also recommen-
ded that with Jy,,x =31/2 &, only the lowest minimum in
the small-deformation region |B,|<0.3 can be reliably
identified as the ground state, whereas the lowest minim-
um at larger deformations |3,|> 0.3 should be checked
carefully, because the PECs in the large-deformation re-
gion vary significantly as J,,, increases. In the present
work, numerous minima appear at large oblate (8, ~ —0.4
to —0.5) and prolate (8, > 0.5) deformations. It is there-
fore essential to determine which minimum in each PEC
represents the actual ground state.

The nucleus ***Ubb, which exhibits several minima in
its PEC, is taken as an example to show the strategy for
determining the ground state. Figure 2 shows the PECs of
3¥Ubb calculated using the DRHBc theory with different
angular momentum cutoffs: J,., =23/2% (black solid
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Fig. 1. (color online) The evolution of PECs for the Z = 122 isotopic chain as a function of neutron number, from N =172 to N =352,
is obtained from constrained DRHBc calculations using the density functional PC-PK1. The calculations are performed at intervals of
AN =10. In each panel, the PECs for ?*122 (N = 172) and ***122 (N =272) are renormalized to the energy of their respective ground
states (indicated by red solid triangles). The remaining PECs are successively shifted upward by 1 MeV for each additional neutron.
The ground-state deformations determined from unconstrained DRHBc calculations are marked by solid red triangles on the corres-

ponding curves.
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Fig. 2. (color online) The PECs of ***Ubb obtained by the

DRHBc calculations are shown with the angular momentum
cutoff Jmax =23/2 1 (black solid squares), 31/2 & (blue open
circles), and 33/2 7 (red solid triangles).

squares), 31/2 % (blue open circles), and 33/2 7 (red sol-
id triangles). Note that for J,,,x = 23/2 #, the pairing inter-
action strength is set to V, = =325 MeV-fm® [44]. It can
be seen that at J,, =23/2%, only two minima are
present: one spherical minimum and a very shallow pro-
late minimum around B, ~0.25. When J,,,, increases to
31/2 h, the PEC drops significantly in both the prolate
and oblate large-deformation regions. An obvious oblate
minimum appears near 3, ~ —0.45, while the prolate min-
imum shifts to B, ~ 0.65. This behavior is consistent with
the findings in Ref. [89] regarding the convergence with
respect to Ju.. In addition, a very flat oblate minimum
also appears near 3, ~ —0.25. Further increasing Jy.x to
33/2 h leads to nearly converged PECs across most de-
formation regions, except for the very large prolate de-
formation (B, >0.6), which shifts a little (about 0.05).
This indicates that an angular momentum cutoff of
Jmax =31/2 1 is sufficient for the present calculations.
Therefore, from the perspective of the axially symmetric
and reflection symmetric DRHBc theory, the minimum
with large oblate deformation B, ~ —0.45 should be re-
garded as the ground state, given its lower energy and sta-
bility upon further increasing Jy.. This finding super-
sedes the previous identification of the minimum within
|B2] < 0.3 as the ground state [89]. In contrast, whether the
lowest minimum with large prolate deformation (8, > 0.5)
corresponds to the ground state remains uncertain since it
changes slightly with further increasing Jix.

It is well known that for actinides and superheavy
nuclei, the inner fission barrier is generally lowered when
triaxial deformation is allowed, while the outer barrier is
further reduced when octupole deformation is considered
[73, 102—106]. In some cases, the outer barrier may even
disappear after including octupole degrees of freedom.
Therefore, it is important to examine whether the minima
identified in Fig. 2 remain stable when triaxial and octu-

pole deformations are taken into account. However, the
present DRHBc calculations keep both axial and reflec-
tion symmetry. Although a triaxial version of the DRHBc
theory has recently been developed [107, 108], systemat-
ic calculations for superheavy nuclei within this frame-
work remain computationally prohibitive.

The MDC-CDFT developed by Lu et al. can break
both axial and reflection symmetries [90, 91]. To exam-
ine the effects of octupole and triaxial deformations on
the energy minima of Z =122 isotopes, we still take
3#Ubb as an example and calculate its PECs using MDC-
CDFT under different self-consistent symmetry con-
straints, as shown in Fig. 3. The black solid curve repres-
ents the result with axially symmetric and reflection-sym-
metric (AS-RS) deformation, the red dashed curve corres-
ponds to the axially symmetric but reflection-asymmetric
(AS-RA) case, and the olive dash-dotted curve shows the
result with triaxial and reflection-symmetric (TA-RS) de-
formation. Results obtained from the DRHBc calcula-
tions are also plotted as blue open circles for comparison.
For clarity, the energy at 8, =0 has been subtracted in
both the DRHBc and MDC-CDFT calculations. It can be
seen that the minima corresponding to spherical, oblate,
and prolate deformations are essentially the same
between the DRHBc and MDC-CDFT (AS-RS) calcula-
tions. The differences arise from the different pairing in-
teractions and basis choices employed in these two meth-
ods. When reflection symmetry is broken (AS-RA), the
prolate minimum near 3, ~ 0.7 disappears. This indicates
that an energy minimum exhibiting very large quadru-
pole deformation should not be identified as the ground
state, despite possessing the lowest energy. When axial
symmetry is broken (TA-RS), the barrier around 3, ~ 0.2
is lowered. Nevertheless, these minima still persist, sug-
gesting that the oblate minimum with 8, ~-0.4 to —-0.5
should indeed be considered as the ground state if it pos-
sesses the lowest energy. Note that in the calculated PECs
for all the Z =122 isotopes, there is no minimum with
even larger oblate deformation (8, < —0.6). Whether they
can be recognized as ground states when they possess the
lowest energy in other isotopes still needs to be checked
carefully. Following this strategy, the ground states for all
the Z =122 isotopes are determined using the uncon-
strained DRHBc calculations (red solid triangles in Fig.
1) and the bulk properties, such as binding energies, nuc-
leon separation energies, etc., are obtained.

Figure 4 shows the binding energy per nucleon B/A
for the ground states of Z = 122 isotopes as a function of
neutron number, calculated within both the DRHBc (blue
solid line) and the spherical RCHB (red dashed line)
frameworks. A local maximum around N = 180 is ob-
served in the results of both models. This feature is simil-
ar to that found for isotopes of Z =117-120 [71], a beha-
vior primarily governed by the competition between the
volume energy contribution and the contributions from
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Fig. 3. (color online) The PECs of ***Ubb obtained by the

DRHBc theory (blue open circles) and the MDC-CDFT with
various self-consistent symmetries imposed are as follows:
axially symmetric and reflection symmetric (AS-RS) deforma-
tion (black solid curve), axially symmetric and reflection
asymmetric (AS-RA) deformation (red dashed curve), and tri-
axial and reflection symmetric (TA-RS) deformation (olive
dash-dotted curve). The energy at B, =0 is subtracted in the
DRHBc and MDC-CDFT calculations, respectively.
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Fig. 4. (color online) The binding energy per nucleon B/A

for the ground states of Z =122 isotopes as a function of neut-

ron number is calculated by the DRHBc (blue solid line) and

RCHB (red dashed line) theories using the density functional

PC-PK1.

the Coulomb and asymmetry energies. The DRHBc and
RCHB results are in close agreement in the neutron-num-
ber regions N=171-186, 242—262, and 339-352. This
consistency stems from the spherical or weakly oblate de-
formed shapes of the nuclei in these regions. When de-
formation is included self-consistently in the DRHBc cal-
culations, the nuclei generally gain additional binding en-
ergy compared to the spherical RCHB results.

Figure 5 shows the proton (4,) and neutron (4,)
Fermi energies for the ground states of Z = 122 isotopes
as a function of neutron number calculated by the

2, (MeV)
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Fig. 5.  (color online) The (a) proton Fermi surface 1, and
(b) neutron Fermi surface A, for the ground states of Z = 122
isotopes as a function of neutron number, calculated by the
DRHBc (blue open circles) and the RCHB (red open tri-
angles) theories, using the density functional PC-PK1.

DRHBc theory. Results from the spherical RCHB theory
are also shown for comparison. As shown in Fig. 5(a), the
proton Fermi energy A, obtained in the RCHB calcula-
tion decreases smoothly with neutron number and be-
comes negative beyond N = 181. We know that the A, for
the nuclei within the proton drip-line should be negative.
However, whether the nucleus is bound also depends on
the nucleon separation energies, which are positive for a
bound nucleus. From Fig. 6, the two-proton separation
energy S, calculated within RCHB theory is negative for
N < 178. Combining these criteria, the RCHB calculation
indicates that **Ubb (N =181) is the proton drip-line
nucleus, with isotopes having N < 180 being unbound. In
the DRHBc results, A, shows an overall decreasing trend
with neutron number but exhibits abrupt increases at spe-
cific neutron numbers. Notably, A, first turns negative at
N > 173, then becomes positive again at N = 180 and 181.
The two-proton separation energy S,, from DRHBc the-
ory (Fig. 6) increases with neutron number, albeit with
small fluctuations, and is negative for N <178, consist-
ent with the RCHB results. Therefore, according to the
DRHBc calculations, isotopes with N < 181 are unbound,
and the proton drip-line nucleus is ***Ubb (N = 182).

As for the neutron Fermi energy A, [see Fig. 5(b)], it
continuously increases with neutron number in both the
RCHB and DRHBc calculations, exhibiting sharp rises at
specific neutron numbers such as N =184, 258, and 350.
These abrupt increases suggest the existence of neutron
shell closures. The present calculations identify N = 184,
258, and 350 as possible neutron magic numbers, consist-
ent with previous DRHBc studies [109—112]. It can be
seen that in the DRHBc results, 4, becomes positive for
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Fig. 6.
for the ground states of Z = 122 isotopes as a function of neut-

(color online) The two-proton separation energy S»,

ron number is calculated by the DRHBc (blue open circles)
and the RCHB (red open triangles) theories using the density
functional PC-PK1.

N =321-334, turns negative again until N = 351, but re-
mains positive for a few nuclei at N =337, 338, and 345.
Within the spherical RCHB framework, this phenomen-
on is less pronounced. The 1, only becomes positive at
N =349 before the shell closure N = 350. From Fig. 7(a),
it can be seen that the two-neutron separation energy S,
calculated by the DRHBc theory generally decreases with
neutron number (with minor fluctuations) and drops
sharply precisely at N = 184, 258, and 350, which coin-
cide with those sudden increases in the neutron Fermi en-
ergy. This correlation confirms N = 184, 258, and 350 as
neutron magic numbers. The two-neutron separation en-
ergy S,, values become negative for N =321-340 and
positive again from N =341 to the shell closure N =350,
indicating that nuclei with N =321-340 are unbound.
This identifies the neutron drip line for Z = 122 isotopes
in the DRHBc theory as “*Ubb (N = 320). However, sev-
eral nuclei far away from the neutron drip line may still
exist. In contrast, the RCHB theory predicts §,, to re-
main positive until beyond the shell closure N = 350, sug-
gesting more bound nuclei than the DRHBc theory. This
indicates that treating the deformation effects as well as
pairing and continuum effects in a consistent way can sig-
nificantly affect the predicted location of the neutron drip
line [113]. The one-neutron separation energy S, should
also be positive if the nucleus is bound. In Fig. 7(b), it
can be seen that S, also decreases with neutron number
and shows sharp drops at the same magic numbers. A
clear odd-even staggering is observed in both DRHBc
and RCHB calculations. In the DRHBc¢ theory, the S, for
the nuclei at N = 311, 313, 315, 317, 341, 343, 345 are
negative. This illustrates that several nuclei far away from
the neutron drip line N =320 are bound since their Fermi
energies are negative, and their one- and two-neutron sep-
aration energies are positive. This phenomenon is quite

20
15 %, 184 i —~—DRHBd | ]
7T sy | RoHE] ]
310 F 3 .
= : 350; ]
c5- :_
(%) «.’5:**%77%7«««:«. o |

R sy

160 180 200 220 240 260 280 300 320 340 360
Neutron Number N

Fig. 7. (color online) The text is identical to Fig. 6, but it

now refers to (a) the two-neutron separation energy S, and

(b) the one-neutron separation energy S,.

similar to the so-called "stability peninsula" identified in
the 50<Z <70 [114] and 100<Z <120 [115-117] re-
gions. In the RCHB results, S, is negative for odd-N nuc-
lei in the region N =287-341, marking them as un-
bound. According to the S, and §,, systematics in the
RCHB theory, the neutron drip line is located at “*Ubb
(N = 350).

To better illustrate the shell closures and the fine
structure of S,, in the Z =122 isotopes, Fig. 8 presents
the two-neutron shell gaps, 6,,, as a function of neutron
number, calculated using the DRHBc¢ and RCHB theor-
ies. 0y, is defined as the difference in S,, between two
neighboring nuclei:

021(Z,N) = §24(Z,N) = S 24(Z,N +2). (6)

The overall patterns from the DRHBc and RCHB res-
ults are quite similar. At the known or possible shell clos-
ures N =184, 258, and 350, both models yield pro-
nounced peaks in 6,,. The DRHBc calculations exhibit
more small peaks than the RCHB ones, which can be at-
tributed to deformation effects omitted in the RCHB ap-
proach. Most 6,, values from both models are non-negat-
ive, reflecting the globally decreasing trend of S,, with
increasing neutron number. The DRHBc results show
more negative peaks than the RCHB ones. The only two
small negative peaks in the RCHB results correspond to
nuclei beyond the proton drip line, whereas the negative
peaks in the DRHBc results are associated with the fine
structure of S,,, indicating shape changes in these iso-
topes (see Fig. 9). Therefore, it is necessary to examine
the evolution of quadrupole deformation in the Z =122

084105-6



Ground-state properties of superheavy Z = 122 isotopes within the deformed...

Chin. Phys. C 50, 084105 (2026)

2160 180 200 220 240 260 280 300 320 340 360
Neutron Number N

Fig. 8.  (color online) Two-neutron shell gaps &, for the

ground states of Z =122 isotopes as a function of neutron

number, calculated by the DRHBc (blue open circles) and the

RCHB (red open triangles) theories using the density func-

tional PC-PK1.
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Fig. 9.
ground states of Z =122 isotopes as a function of neutron
number is calculated by the DRHBc theory (blue solid circles)
using the density functional PC-PK1.

(color online) The quadrupole deformation g, for the

isotopes.

Figure 9 shows the quadrupole deformation 3, for the
ground states of Z = 122 isotopes as a function of neut-
ron number calculated by the DRHBc theory. Similar
evolutionary patterns can be observed between the pre-
dicted magic numbers, specifically in the regions from
N=184 to 258 and from N =258 to 350. First, the
ground states are spherical or nearly spherical near the
magic numbers. Then, with the addition of a few neut-
rons, they rapidly develop a highly oblate deformation
(B2~-04 to —0.5 in the ranges N =188-214 and
N =263-291). Subsequently, the nuclei shift to a moder-
ately prolate deformation (B, ~0.3), which then de-
creases to B, ~ 0.1 as the neutron number increases fur-
ther. This is followed by a transition to a weakly oblate
shape (B8, ~ —0.1). Finally, the spherical shape is restored
upon approaching the next magic number. It can also be

seen that shape transitions occur at N =187, 215, 242,
251, 263, 292, and 339, most of which correspond to or
lie near the small peaks in the two-neutron shell gap d,,
shown in Fig. 8.

Figure 10 shows the charge radii (R.,) and neutron
radii (R,) for the ground states of Z = 122 isotopes as a
function of neutron number, calculated by the DRHBc
(blue open circles) and the RCHB (red open triangles)
theories. For comparison, results from the empirical for-
mula R, = ryN'® with ry = 1.14, determined by the neut-
ron rms radius of **Pb [80], are also shown (dashed line).
The empirical formula reproduces the RCHB neutron
radii well at smaller neutron numbers, but the deviation
grows larger with increasing neutron number. This sug-
gests that isospin-dependent effects become important for
accurately describing neutron radii in this region. The Ry,
and R, values obtained from the DRHBc and RCHB cal-
culations agree well near the neutron magic numbers
N =184, 258, and 350, where the nuclei are spherical in
the DRHBc picture. For nuclei with small deformations
(|82] < 0.3), the results from the two methods are also
quite close. Nearly all DRHBc results are larger than the
corresponding RCHB values, except for a few nuclei
around N ~ 340 with oblate deformation. A similar trend
has been observed in earlier DRHBc studies and is attrib-
uted to specific shell structures, particularly key single-
particle levels near the Fermi surface [118]. For nuclei
with large oblate deformation, the DRHBc results are sig-
nificantly larger than those from the RCHB theory.

Figure 11 displays the single-particle energy levels
for spherical configurations of Z = 122 isotopes in the ca-

7.5
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Fig. 10. (color online) (a) The charge radii R., and (b) the
neutron radii R, for the ground states of Z = 122 isotopes as a
function of neutron number, calculated by the DRHBc (blue
open circles) and the RCHB (red open triangles) theories us-
ing the density functional PC-PK1. The results obtained by the
empirical formula R, = 1.14N'/3 are shown as a dashed line.
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nonical basis as a function of neutron number. The pro-
ton levels exhibit relatively smooth evolution with neut-
ron number, except for a limited number of discrete
states. Notably, the Z = 120 shell gap remains nearly con-
stant across neutron numbers. Due to the intruder orbital
Liyy 2, this gap becomes largest around N = 258, which is
predicted as a neutron magic number. Additionally, signi-
ficant spherical shell gaps are observed at Z=92 and
Z =138 in Fig. 11(a). The Z=92 shell gap contradicts
experimental data and corresponds to a spurious shell
closure in certain relativistic mean-field parametrizations
[119], though this artifact can be mitigated by density
functional updates [120]. The Z =138 shell gap arises
from splitting in the proton 3p states, where reduced
splitting correlates with enhanced gap magnitude.
Moreover, there is a relatively smaller spherical shell gap
at Z = 114 formed by the splitting of proton 2f states, and
no discernible gap appears at Z = 126 in any isotope with-
in the present DRHBc calculations.

For neutron levels in Fig. 11(b), abrupt energy shifts
occur for specific orbitals at neutron shell closures
N =184, 258, and 350, especially for the positive parity
levels. Multiple spherical shell gaps can be identified.
The N =184 shell gap diminishes with increasing neut-
ron number owing to the 4s,,, state and the intruder state
1j13/2, whereas the N =172 shell gap remains robust. It
weakens significantly only around neutron number
N =258. It can be seen that the magnitude of the N = 172
shell gap exhibits an inverse correlation with the spin-or-

bit splitting in 2f and 3d states: reduced splittings corres-
pond to enhanced gap stability. Similarly, the N =258
shell gap decreases with neutron number due to the 1k;s),
intruder orbital. It nearly vanishes around the neutron drip
line N =320. Note that the N =350 shell gap is not dis-
played as it resides in the positive energy continuum,
where resonant states dominate.

The average pairing gap A provides detailed informa-
tion about the impact of pairing correlations and serves as
an important indicator of possible shell closures. Fig. 12
shows the proton pairing gap A, and neutron pairing gap
A, for the ground states of even-even Z = 122 isotopes as
a function of neutron number, as calculated by DRHBc
theory. The neutron pairing gap A, drops to zero at the
candidate shell closures N = 184, 258, and 350, as well as
at specific neutron numbers such as N =232, 320, 336,
and 344, which may correspond to subshell closures. In
addition, A, also shows decreases (not to zero) at several
positions. Note that these subshell structures are not dis-
cernible in Fig. 11(b) due to either their origin in de-
formed shell gaps or their location within the positive en-
ergy region. Between the shell and subshell closures, A,
first increases and then decreases, exhibiting arch-like
structures. The average pairing gap also reflects nuclear
deformation, as the mean field is influenced by pairing
correlations. Since Z =120 is a magic number [see Fig.
11(a)] predicted by the covariant density functional the-
ory [26], proton pairing collapse may still occur when
two more protons are added for the Z = 122 isotopes. The

a) Proton b) Neutron
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Fig. 11.
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(color online) Single-particle energy levels for spherical states of Z =122 isotopes are shown separately for (a) protons and

(b) neutrons in the canonical basis as a function of neutron number. The positive and negative parity levels are denoted by blue solid

and red dashed lines, respectively.
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Fig. 12.  (color online) The proton and neutron pairing gaps,

A, (red open circles) and A, (blue solid circles), for the
ground states of even-even Z =122 isotopes as a function of
neutron number, are calculated by DRHBc theory using the
density functional PC-PK1.

proton pairing gap A, becomes zero or very small in sev-
eral mass regions. Interestingly, these regions coincide
exactly with those where the nuclei exhibit large oblate
deformations (see Fig. 9). In regions where A, is relat-
ively larger, it first decreases and then increases, exhibit-
ing inverted arch-like structures that contrast with the be-
havior of A,. As can be seen in Fig. 9, the nuclei in these
regions are all prolate deformed, weakly oblate deformed,
or spherical.

V. SUMMARY

In this work, the ground-state properties of super-

heavy Z =122 isotopes are investigated using the de-
formed relativistic Hartree-Bogoliubov theory in con-
tinuum. Bulk properties of the ground states, including
binding energies, Fermi energies, nucleon separation en-
ergies, quadrupole deformations B,, two-neutron shell
gaps 6,,, root-mean-square radii, and average pairing
gaps, are calculated. The results are also compared with
those obtained from the spherical relativistic continuum
Hartree-Bogoliubov theory. By examining the effects of
angular momentum cutoff J,,,, triaxial deformation, and
octupole deformation, a strategy for determining the
ground states is proposed. The present investigation
shows that an angular momentum cutoff of J,,.x =31/2 %
is sufficient for the Z = 122 isotopes. The inclusion of oc-
tupole deformation eliminates the large prolate minimum,
while triaxial deformation only lowers the first barrier on
the prolate side, leaving the minima in the potential en-
ergy curve unchanged. Furthermore, based on an analys-
is of Fermi and separation energies, the proton and neut-
ron drip lines for Z = 122 isotopes are determined within
both the DRHBc and RCHB frameworks. Possible neut-
ron magic numbers at N = 184, 258, and 350 are also sug-
gested. Finally, the evolution of the two-neutron shell
gaps, deformation, charge and neutron radii, single-
particle levels, and average pairing gaps with increasing
neutron number is discussed. These quantities consist-
ently support the suggested neutron shell closure.
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