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Predictive power for superheavy nuclear mass and possible stability beyond the neutron
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Kaiyuan Zhang ®,' Xiaotao He ®,? Jie Meng®,""" Cong Pan®,! Caiwan Shen,? Chen Wang,? and Shuangquan Zhang

1

IState Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
2Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
3School of Science, Huzhou University, Huzhou 313000, China

® (Received 20 May 2021; accepted 29 June 2021; published 5 August 2021)

The predictive power of the deformed relativistic Hartree-Bogoliubov theory in continuum (DRHBc) for
nuclear mass is examined in the superheavy region, 102 < Z < 120. The accuracy of predicting the 10 (56)
measured (measured and empirical) masses is 0.635 (0.642) MeV, in comparison with 0.515 (1.360) MeV by
WS4 and 0.910 (2.831) MeV by FRDM. Possible stability against multineutron emission beyond the two-neutron
drip line is explored by the DRHBc theory, which takes into account simultaneously the deformation effects, the
pairing correlations, and the continuum effects. Nuclei stable against two- and multineutron emissions beyond
the two-neutron drip line are predicted in ,,,Sg, 10sHs, 110Ds, and ;1,Cn isotopic chains, forming a peninsula
of stability adjacent to the nuclear mainland. This stability is mainly due to the deformation which significantly
affects the shell structure around the Fermi surface. The pairing correlations and continuum influence the stability

peninsula in a self-consistent way.
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The limit of the nuclear landscape is an interesting question
to nuclear physicists [1-3]. From light to heavy nuclei in
the nuclear chart, the valley of stability changes from nuclei
with a neutron number N close to the proton number Z to
nuclei with more neutrons, due to the competition between
the symmetry energy and the Coulomb interaction. Away from
the valley of stability, the lifetimes of the nuclei decrease, and
finally the drip lines are reached, where the nuclei become
unstable against nucleon emission.

Nuclei with even N or even Z are usually more stable than
their odd neighbors owing to the pairing correlations [4,5].
As a result, the nuclear landscape defined by a one-neutron
drip line with one-neutron separation energy S;, = 0 is dif-
ferent from one defined by the two-neutron drip line with
two-neutron separation energy S, = 0. A typical example
is shown in the lithium isotopic chain, in which °Li is the
last bound nucleus defined by S, and 1 is the last bound
nucleus defined by S,, [6]. With increasing Z, more bound
nuclei with even N can appear beyond the one-neutron drip
line. An impressive example is shown in giant halo nuclei [7],
in which more than 10 nuclei with even N exist beyond the
one-neutron drip line.

The giant halo was first predicted by the relativistic con-
tinuum Hartree-Bogoliubov (RCHB) theory in Zr isotopes
[7]. Later, this prediction was supported by both nonrela-
tivistic and relativistic density functional theory studies for
neutron-rich Zr and Ca isotopes [8—13]. The RCHB the-
ory [14,15] takes into account self-consistently the pairing
correlations and continuum effects and has achieved great
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success in describing and predicting various nuclear phenom-
ena [7,8,14,16-22]. The first nuclear mass table including
continuum effects has been constructed based on the RCHB
theory, which shows that the inclusion of continuum effects
remarkably extends the existing nuclear landscape [3]. Inher-
iting the advantages of the RCHB theory and further including
the deformation degrees of freedom, the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc) [23,24]
has been successful in the past decade [25-31]. Very recently,
the 1512 component contribution and the halo features in the
178 nucleus have been explained by the DRHBc theory [32].
The strategy and techniques to construct a mass table with
the deformation and continuum effects based on the DRHBc
theory have been discussed in Ref. [33].

It would be interesting to explore the stability against neu-
tron emission beyond the two-neutron drip line by the DRHBc
theory. We note some previous density functional theory stud-
ies on the neutron emission stability beyond the two-neutron
drip line. Several nuclei stable against two-neutron emission
beyond the two-neutron drip line around the regions of Z =~
60, 70, and 100 have been found by the nonrelativistic Skyrme
Hartree-Fock-Bogoliubov calculations, which was suggested
to be due to the presence of shell effects at neutron clo-
sures [2,34]. Similar phenomena have also been predicted
by relativistic Hartree-Bogoliubov (RHB) calculations, which
was attributed to the local changes in the shell structure in-
duced by deformation [35]. These investigations employed
either the harmonic oscillator (HO) basis or the transformed
HO basis, which is unsuitable for describing weakly bound
systems with diffuse spatial density distributions [36,37]. Sta-
bilities against two-neutron emission beyond the two-neutron
drip line were also discussed by Skyrme Hartree-Fock+BCS
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FIG. 1. Mass difference between the AME2020 data [51] and (a) the DRHBc calculation, (b) the WS4 mass model [52], and (c) the
FRDM(2012) mass model [53] for superheavy even-even nuclei with data available (102 < Z < 116). 0, (07) represents the root-mean-square
deviation from the available 56 (10) measured and empirical (measured only) masses denoted by filled and open (filled) symbols.

calculations [38—40], in which the BCS theory is incapable
of describing the pairing correlations and continuum in ex-
otic nuclei [41-44]. Moreover, it is unclear whether or not
these nuclei stable against two-neutron emission are bound. In
other words, stability against multineutron emission beyond
the two-neutron drip line was not discussed.

In this Letter we study the stability against multineutron
emission beyond the two-neutron drip line by considering si-
multaneously the deformation effects, the pairing correlations,
and the continuum effects, with the state-of-the-art DRHBc
theory.

Superheavy element synthesis and the search for the “is-
land of stability” are at the forefront in nuclear physics. Until
now, superheavy elements, with Z < 118, have been synthe-
sized [45—47]. Although the island has still not been located
[48], more and more data are available now in the superheavy
region, which are very useful to examine the predictive power
of theoretical models. We first examine the predictive power
of the DRHBc theory for nuclear mass in the superheavy re-
gion, 102 < Z < 120, by comparison with the available data
[49-51] as well as the popular macroscopic-microscopic mass
models WS4 [52] and FRDM(2012) [53]. Then based on the
DRHBc calculations, the possible stabilities against two- and
multineutron emission beyond the two-neutron drip line are
explored.

The details of the DRHBc theory with meson-exchange
and point-coupling density functionals can be found in
Refs. [24] and [33], respectively. In the DRHBc theory, the
RHB equation reads [54],

hp — A A U\ _ . (U
(—A* —hg+/\>(vk>—E’<<vk)’ M

where hp is the Dirac Hamiltonian, A is the Fermi energy,
and E; and (Uy, Vi)' are the quasiparticle energy and wave
function. The pairing potential is

A(rlvrz):Vpp(rler)K(rhrz)v (2)

with a density-dependent force of zero range,

1 r
V(1) = Vo (1= PT)5(r — r2>(1 o ‘)>, 3)
sat
and the pairing tensor « (ry, r2) [5].
The RHB equation, (1), is solved in a Dirac Woods-Saxon
basis [55] which can describe the large spatial extension of
halo nuclei. In the Dirac Hamiltonian,

hp(r) = - p+V(r)+ BIM + S(r)], “

the scalar and vector potentials are expanded in terms of the
Legendre polynomials,

f) =" fi(r)Pi(cosh), 1=0,2,4,...; (5
A

so are the pairing potential and various densities in the
DRHBc theory.

The present calculations are carried out with the
density functional PC-PK1 [56]. The pairing strength
Vo = —325.0 MeV fm® and the saturation density pg =
0.152 fm~ in Eq. (3) together with a pairing window of 100
MeV. The energy cutoff E}, =300 MeV and the angular
momentum cutoff Jp,x = 23/2 /i are adopted for the Dirac
Woods-Saxon basis. The above numerical details are the same
as those suggested in Ref. [33] for the DRHBc mass table cal-
culations. For superheavy nuclei here, the Legendre expansion
truncation in Eq. (5) is chosen as A« = 10 [29].

Figure 1 shows the mass difference between the DRHBc
calculations and available data from the latest Atomic Mass
Evaluation (AME2020) [51] for 102 < Z < 120, in compari-
son with those for the popular macroscopic-microscopic mass
models WS4 [52] and FRDM(2012) [53]. For the 10 measured
masses, the root-mean-square (rms) deviation in the DRHBc
calculations is 0.635 MeV, comparable with the 0.515 MeV
by WS4 and 0.910 MeV by FRDM. After including the 46
empirical data, the rms deviation in the DRHBc calculations
changes slightly, to 0.642 MeV. However, the rms devia-
tion for WS4 and FRDM increases, respectively, to 1.360
and 2.831 MeV. The Atomic Mass Evaluation empirical data
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FIG. 2. Two-neutron separation energy S,, for superheavy even-even nuclei with 102 < Z < 120 near the two-neutron drip line as a
function of the neutron number N and the proton number Z, where the filled squares and circles represent bound nuclei within and beyond the
drip line, respectively, and the crossed circles represent nuclei stable against two-neutron emission but unstable against multineutron emission
(see text for details). The dashed line represents the possible magic number N = 258.

are estimated from the trends in mass surface, together with
all available experimental information [50]. The accuracy of
these empirical data is usually proved by subsequent exper-
iments [57,58]. In Fig. 1, the DRHBc calculations provide
not only a good description for the isospin dependence of the
nuclear masses along the isotopic chains, but also a consistent
accuracy with increasing Z. These features are in stark con-
trast to the macroscopic-microscopic models and demonstrate
clearly the predictive power of the present calculation.

To explore the possible neutron emission stability beyond
the two-neutron drip line, the two-neutron separation energy
S,,, for superheavy nuclei with 102 < Z < 120 near the two-
neutron drip line is shown in Fig. 2. The sudden decrease
in S5, at N = 258 suggests it as a possible magic number,
which agrees with previous predictions [20,35,59]. For ;0,No
and ;o4Rf isotopic chains, the existence of bound nuclei ends
at N = 258. For the ;y,Sg isotopic chain, although nuclei
with 266 < N < 284 have small positive S,,, showing their
stability against two-neutron emission, their binding energies
are smaller than that of the drip-line nucleus ***Sg, s, show-
ing their instability against multineutron emission. For josHs
and 19Ds isotopic chains, the stability against two-neutron
emission also starts at N = 266, and the nuclei stable against
multineutron emission appear in the regions of 276 < N <
288 and 270 < N < 290, respectively. For the |1,Cn isotopic
chain, all nuclei with positive S,, beyond the drip line are
stable against multineutron emission. For 114 < Z < 120 iso-
topic chains, N = 258 is no longer the two-neutron drip line,
which extends farther to the neutron-rich side. Interestingly,
it can be seen that a peninsula of stability for 106 < Z < 112
emerges from the nuclear mainland.

In order to study the underlying mechanism behind the
emergence of the stability peninsula, taking jogHs isotopes as
examples, Fig. 3 shows the DRHBc calculated total energy
relative to that of 366Hsz5g, the quadrupole deformation, and
the neutron Fermi energy as well as the pairing energy. The
DRHBc results without pairing and the RCHB results are also
shown for comparison. In Fig. 3(a), there are three unbound,
five two-neutron emission stable, and seven bound nuclei
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FIG. 3. The DRHBc-calculated (a) total energy relative to that
of 3%Hs (N = 258), (b) quadrupole deformation ,, and (c) neutron
Fermi energy A, as well as pairing energy, as functions of the neutron
number N for Hs isotopes near the two-neutron drip line. The results
from the DRHBc without pairing and the RCHB calculations are
shown for comparison. For the DRHBc results, the filled, open, and
crossed symbols correspond to nuclei that are bound, unbound, and
stable against two-neutron emission but unstable against multineu-
tron emission, respectively.
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2 for 366,368.370,372,374HS

in the DRHBc calculations. For spherical nuclei **3337°Hs levels with v?> > 10~ are labeled by their quantum numbers nl j. For **Hs, the

unoccupied levels 1k;s/, and 2i;3,, are shown by dotted lines.

between the two-neutron drip line and the right border of the
stability peninsula. In Fig. 3(b), the ground-state deformations
for nuclei with N = 258, 260, and 262 are spherical and
become prolate afterwards. In Fig. 3(c), the neutron Fermi
energies for nuclei with N = 260 and 262 are positive and
become negative at N = 264, coinciding with the onset of
deformation. Although 372H3264 with a negative neutron Fermi
energy gains binding energy from the deformation effects, it
is shown in Fig. 3(c) that a loss of pairing energy counteracts
this, explaining the reason why *’?Hs is still unstable against
two-neutron emission. After N = 264, the ground-state defor-
mation continues to increase and the stabilities against two-
and multineutron emission emerge. In the RCHB results with
spherical symmetry, the total energy progressively increases
and the neutron Fermi energy remains positive beyond N =
258. Therefore, the deformation effects play an essential role
in the appearance of stabilities against two- and multineutron
emission beyond the two-neutron drip line. In the DRHBc
results without pairing, it can be seen in Fig. 3(b) that the
absolute values of ground-state deformation are larger than
those with pairing. Starting at N = 264, the nuclear system
simply gains binding energy from the deformation effects,
and thus the regions of stability against two- and multineutron
emission are slightly changed.

To further explore the role of deformation effects in a
microscopic way, the single-neutron spectra around the Fermi
energy for 366:368.370.372.374Hg are shown in Fig. 4. One can
see a clear gap about 3 MeV between the occupied and
the unoccupied levels in 306 s, indicating a shell closure at
N = 258. With more neutrons added to °°Hs, although the
energies of single-neutron levels around the Fermi energy
decrease slightly, the valence neutrons in ***Hs and *’°Hs

mainly occupy the 1k;s,> and 2i3,, resonant orbits embedded
in continuum, such that the two isotopes are unbound with
positive Fermi energies. Adding two more neutrons, 3’>Hs
becomes deformed with 8, = 0.08, and each nl/j orbit is
split into 2j 4+ 1 ones. Two positive-parity orbits cross the
continuum threshold and the neutron Fermi energy become
negative for 32Hs. However, as discussed in Fig. 3, 2Hs is
still unstable against two-neutron emission due to the loss of
pairing energy. For *’*Hs, it becomes more deformed with
B2 = 0.10, one more orbit crosses the continuum threshold,
and it becomes stable against two-neutron emission. Hence,
the deformation significantly influences the shell structure
and results in stability against neutron emission beyond the
two-neutron drip line. Noteworthy here is another important
deformation effect which results in a shallow connecting the
known continent of stable nuclei and the predicted “island of
stability”’; for details see Ref. [60] and references therein.

In Fig. 2, it is shown that the appearance of stabilities
against two- and multineutron emission is also relevant to
Z. For N = 260, 262, and 264 isotonic chains, nuclei with
Z < 112 are unbound and those with Z > 114 are bound. To
explore the underlying mechanism, the single-neutron spectra
around the Fermi energy for the N = 260 isotones **°Sg,
368Hs, 379Ds, 372Cn, and 7*Fl are shown in Fig. 5. Due to
the neutron shell closure at N = 258, all these isotones ex-
hibit a spherical shape. The energies of single-neutron levels
around the Fermi energy slightly decrease with increasing Z,
similar to the case in Fig. 4 for 3%38:370Hs  As a result, the
neutron Fermi energy also decreases and becomes negative
at ¥7*F1, making *’*FI bound. It should be pointed out that,
although the 1k;5,, and 2i;3/, orbits are located in continuum,
their density distributions are localized in **Fl due to the
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FIG. 5. Same as Fig. 4, but for N = 260 isotones ***Sg, **Hs, 3"°Ds, 7Cn, and ¥*Fl.

negative neutron Fermi energy [61]. For the weakly bound nu-
clei, the proper treatment of pairing correlations is of crucial
importance [15,41]. The DRHBc calculations without pairing
show that the N =260 isotone will remain unbound until
Z = 120. Therefore, the pairing correlations and continuum
contribute to the stability peninsula.

In summary, the predictive power of the deformed relativis-
tic Hartree-Bogoliubov theory in continuum for nuclear mass
in the superheavy region, 102 < Z < 120, has been exam-
ined. The accuracy to predict the 10 (56) measured (measured
and empirical) masses is 0.635 (0.642) MeV, which is in
contrast to the 0.515 (1.360) MeV by WS4 and 0.910 (2.831)
MeV by FRDM.

The stabilities against two- and multineutron emission be-
yond the two-neutron drip line are explored by the DRHBc
theory, which takes into account simultaneously the defor-
mation effects, the pairing correlations, and the continuum
effects. Nuclei stable against two- or multineutron emission
beyond the two-neutron drip line are predicted in the |4cSg,
108Hs, 110Ds, and 11,Cn isotopic chains, forming a peninsula
of stability adjacent to the nuclear mainland. To explore the
underlying mechanism, by taking Hs isotopes near the drip
line as examples, the total energy, neutron Fermi energy, and
ground-state deformation are studied and compared with the
results in the RCHB and DRHBc without pairing calcula-
tion. The single-neutron spectra around the Fermi surface for
several Hs isotopes and N = 260 isotones are analyzed. The
formation of the stability peninsula beyond the two-neutron
drip line is essentially due to the deformation which signif-
icantly affects the shell structure around the Fermi surface.
The pairing correlations and continuum influence the stability
peninsula in a self-consistent way.

It would be interesting to study the stability against
two- and multineutron emissions beyond the two-neutron

drip line in other mass regions and the deformation ef-
fects of higher orders. Work along this line is in progress
[62,63].

Finally, it is interesting to discuss the stabilities against
other decay modes, such as nuclear fission and 8~ decay, for
the nuclei stable against neutron emission beyond the neutron
drip line. To examine the stability against fission, taking **Hs
and *®Hs as examples, constrained DRHBc calculations have
been performed. Their fission barrier heights are found to be
around 2.0 and 4.6 MeV, respectively. The fission half-life is
sensitive to not only the barrier height but also other quantities
such as the width and shape of the barrier. Based on the
systematics on the half-life versus the fission barrier height in
Ref. [64], the fission half-life for ¥*Hs ranges from femtosec-
onds to seconds, and that for ***Hs ranges from picoseconds
to minutes. To examine the stability against §~ decay, taking
384-39Hg as examples, their Qg- values are calculated to be
around 12—-15 MeV. According to the Sargent law [65], these
Qgp- values correspond to B8~ decay half-lives of the order
of 10 ms. Future studies on the stability of these very exotic
nuclei with triaxial deformation and other higher multipoles
are expected.
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Program of China (Contracts No. 2017YFE0116700 and No.
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