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Possible bound nuclei beyond the two-neutron drip line in the 50 � Z � 70 region
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Possible bound nuclei beyond the two-neutron drip line in the 50 � Z � 70 region are investigated by using
the deformed relativistic Hartree-Bogoliubov theory in continuum with density functional PC-PK1. Bound
nuclei beyond the drip lines of 56Ba, 58Ce, 62Sm, 64Gd, and 66Dy are predicted, forming peninsulas of stability
in the nuclear landscape. Near these peninsulas, several multineutron emitters are predicted. The underlying
mechanism of the peninsulas of stability is investigated by studying the total energy, Fermi surface, quadrupole
deformation, and the single-neutron spectrum in the canonical basis. It is found that the deformation effect is
crucial for forming the peninsulas of stability, and pairing correlations are also essential in specific cases. The
dependence on the deformation evolution is also discussed. The decay rates of multineutron radioactivity in Ba
and Sm isotopic chains are estimated by using the direct decay model.
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I. INTRODUCTION

The study of nuclei far from the β-stability line, i.e., exotic
nuclei, is one of the most fascinating topics in nuclear physics
from both experimental [1–5] and theoretical aspects [6–12].
In exotic nuclei, especially in those near the nucleon drip
lines, many interesting phenomena have been observed, in-
cluding neutron and proton halos [13–15], changes of nuclear
magic numbers [16], and pygmy resonances [17].

Another interesting exotic phenomenon is the possible ex-
istence of bound nuclei beyond the drip line [18]. Starting
from the β-stability line and increasing the neutron num-
ber, the nuclear binding energy keeps increasing until the
neutron drip line, where the binding energy begins to fall.
However, it was found in Ref. [18] that with a further
increase of the neutron number the binding energy may in-
crease again, which leads to reentrant stability against neutron
emissions beyond the drip line and results in a compli-
cated “peninsula” in the nuclear landscape. The reentrant
stabilities have been predicted in several nuclear regions, for
example at around Z = 60, 70, and 100, by using nonrel-
ativistic Hartree-Fock-Bogoliubov (HFB) calculations in a
transformed harmonic oscillator (THO) basis [18,19], HFB
calculations in the harmonic oscillator (HO) basis together
with a mapping to the five-dimensional collective Hamiltonian
[20], and relativistic Hartree-Bogoliubov (RHB) calculations
in the HO basis [21]. It was suggested that such a phenomenon
is due to the presence of shell effects at neutron closures
[18,19] and the local changes of shell structure induced by
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deformation [21]. This phenomenon was also discussed based
on nonrelativistic Hartree-Fock calculations with the Bardeen-
Cooper-Schrieffer (BCS) method [22].

In the above studies, however, on the one hand, nuclear
stability beyond the drip line was discussed mainly based on
the two-neutron separation energy and Fermi energy, while the
stability against multineutron emission was not mentioned.
On the other hand, pairing correlations and continuum effects
play crucial roles in nuclei near or beyond the drip lines. For
these nuclei, the conventional BCS approach turns out to be
insufficient, whereas the Bogoliubov transformation approach
provides a well-found method to treat pairing correlations
[23]. Although the HO basis has achieved great successes in
solving deformed HFB and RHB equations [24], it is not ap-
propriate for the description of nuclei near the drip lines due to
its incorrect asymptotic behavior [25–28]. In comparison with
the HO basis, the THO basis provides an improved asymp-
totic behavior [29,30]. Furthermore, as shown in Ref. [31],
the coordinate-space calculations in large boxes are more
effective when dealing with systems having small separation
energy. This continuum HFB study [31] also suggested the
possibility of reentrant stability. It would be interesting to in-
vestigate the phenomenon of reentrant stability in a relativistic
continuum model.

To properly consider pairing correlations and continuum
effects in the relativistic framework, the relativistic continuum
Hartree-Bogoliubov (RCHB) theory was developed [26,32],
where the spherical RHB equations are solved in the coordi-
nate space. The RCHB theory has been successfully applied
to describe the halo in 11Li [32], predict giant halos [33–35],
interpret the pseudospin symmetry in exotic nuclei [36,37],
predict new magic numbers in superheavy nuclei [38], etc.
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Based on the RCHB theory, the first nuclear mass table in-
cluding continuum effects was constructed and the continuum
effects on the limit of the nuclear landscape were explored
[39].

To simultaneously include the effects of deformation, pair-
ing correlations, and continuum, the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc) was de-
veloped [40,41], in which the deformed RHB equations are
solved in a Dirac Woods-Saxon basis [28]. The successful
applications of the DRHBc theory include the prediction of
shape decoupling between the core and the halo in 42,44Mg
[40–42], the resolving of the puzzles concerning the radius
and halo configuration in 22C [43], the investigation of shell
evolution of C isotopes and neutron halos in 15,19,22C [44],
the study of particles in the classically forbidden regions for
Mg isotopes [45], and the interpretation of a neutron halo
with a small 1s1/2 component in 17B [46]. Most recently, by
comparing with the AME2020 data [47], the predictive power
of the DRHBc theory combined with the density functional
PC-PK1 [48] for the masses of superheavy nuclei has been
shown [49]. A nuclear mass table including simultaneously
the effects of deformation, pairing correlations, and contin-
uum is under construction with the DRHBc theory [50].

In this paper, taking advantage of the DRHBc theory
which can properly describe deformed exotic nuclei and the
successful density functional PC-PK1 [48,51–53], possible
peninsulas of stability in the region from Sn to Yb (50 �
Z � 70) will be studied in detail. Besides the two-neutron
separation energy and Fermi energy, the stability against
multineutron emission for nuclei beyond the drip line will be
examined. In the discussed nuclear region, the neutron drip
line is expected to locate between the spherical magic num-
bers N = 126 and 184 [19,39], and therefore we can focus
on the influences of shell closure and deformation evolution
on the stability against neutron emissions beyond the drip
line. This paper is organized as follows: In Sec. II, a brief
theoretical framework is introduced. The numerical details are
given in Sec. III. The results and discussion are presented in
Sec. IV. Finally, a summary is given in Sec. V.

II. THEORETICAL FRAMEWORK

The details of the DRHBc theory can be found in
Refs. [40,41,50]. Here a brief formalism is presented. In
the DRHBc theory, the mean field and pairing correlations
are treated self-consistently by the relativistic Hartree-
Bogoliubov (RHB) equation [54],

(
ĥD − λτ �̂

−�̂∗ −ĥ∗
D + λτ

)(
Uk

Vk

)
= Ek

(
Uk

Vk

)
, (1)

where λτ is the Fermi energy of neutrons or protons (τ =
n, p), Ek is the quasiparticle energy, and Uk and Vk are the
quasiparticle wave functions. ĥD is the Dirac Hamiltonian,
and, in the coordinate space,

hD(r) = α · p + V (r) + β[M + S(r)], (2)

where S(r) and V (r) are scalar and vector potentials, respec-
tively. The pairing potential �̂ reads

�(r1, r2) = V pp(r1, r2)κ (r1, r2), (3)

where V pp is the pairing force and κ is the pairing tensor [55].
For an axially deformed nucleus with spatial reflection

symmetry, the potentials and densities are expanded in terms
of the Legendre polynomials,

f (r) =
∑

λ

fλ(r)Pλ(cos θ ), λ = 0, 2, 4, . . . , λmax. (4)

To properly consider the continuum effect, the deformed RHB
equations (1) are solved in a spherical Dirac Woods-Saxon
basis [28]. After self-consistently solving the RHB equations,
the total energy Etot, quadrupole deformation β2, and other
expectation values can be calculated. The canonical basis is
obtained by diagonalizing the density matrix ρ̂ [55],

ρ̂|ψi〉 = v2
i |ψi〉, (5)

where the eigenvalue v2
i is the corresponding occupation

probability of |ψi〉. Due to the axial and spatial reflection
symmetries, the third component m of the angular momentum
and parity π are good quantum numbers to characterize the
canonical single-particle levels.

III. NUMERICAL DETAILS

The present DRHBc calculations are based on the point-
coupling density functional PC-PK1 [48]. PC-PK1 has turned
out to be one of the best density functionals for describing
nuclear properties [51–53]. The box size Rbox = 20 fm and the
mesh size �r = 0.1 fm are taken. For the Dirac Woods-Saxon
basis, the angular momentum cutoff Jmax = 23/2 h̄ and the
energy cutoff for positive-energy states E+

cut = 300 MeV are
taken, and the number of negative-energy states is taken the
same as that of positive-energy states. The Legendre expan-
sion truncation for potentials and densities in Eq. (4) is λmax =
6. The convergence for the above numerical conditions has
been checked in Refs. [50,56]. For the pairing channel, a
density-dependent zero-range force with the pairing strength
V0 = −325 MeV fm3 and the pairing window of 100 MeV is
taken, which can nicely reproduce the odd-even mass differ-
ences for Ca and Pb isotopes [50].

IV. RESULTS AND DISCUSSION

To explore the possible bound nuclei beyond the drip line,
in this paper we focus on the even-even nuclei near and
beyond the neutron drip line in the region of 50 � Z � 70
with the state-of-the-art DRHBc theory. With the calculated
ground-state total energy Etot, or binding energy EB = −Etot ,
one can obtain the two-neutron separation energy defined
as S2n(Z, N ) = EB(Z, N ) − EB(Z, N − 2). In a given isotopic
chain, the value of S2n generally decreases with the increase
of the neutron number N . Once S2n changes from positive to
negative, the two-neutron drip line is reached, and the last
nucleus with positive S2n is regarded as the drip-line nucleus.
Similarly, one can define the multineutron separation energy
Sxn(Z, N ) = EB(Z, N ) − EB(Z, N − x). It is obvious that, for
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FIG. 1. Part of nuclear landscape from Sn to Yb for even-even
isotopes with the neutron number N � 124 from the DRHBc cal-
culations with PC-PK1. Dark-green line shows the border of bound
nuclei, green and red filled squares show the bound nuclei within
and beyond the two-neutron drip line respectively, and red boxes
with cross represent the neutron emitters stable against two-neutron
emission but unstable against multineutron emission.

a bound nucleus, S2n and all Sxn’s must be positive. If one
nucleus has a positive S2n but a negative Sxn, it can be regarded
as a multineutron emitter, i.e., stable against two-neutron
emission but unstable against multineutron emission.

Figure 1 shows the nuclear landscape from Sn (Z = 50)
to Yb (Z = 70) for even-even isotopes with the neutron num-
ber N � 124 predicted from the DRHBc calculations. It can
be found that from Sn to Ba (Z = 56) all the two-neutron
drip-line nuclei are at the traditional magic number N = 126,
reflecting a shell closure. For Ce (Z = 58) with two more pro-
tons, the two-neutron drip line extends to N = 128, whereas
for Nd (Z = 60) the drip line extends dramatically to N =
154. It is notable that there are three Ba isotopes with 136 �
N � 140 and nine Ce isotopes with 134 � N � 150 bound
beyond the drip line. They form an interesting peninsula of
stability, with the “northern” boundary connected with the
mainland of the nuclear landscape. Near this peninsula, there
are three multineutron emitters (188Xe, 188,190Ba), which are
energetically stable against two-neutron emission but unstable
against multineutron emission.

By further increasing the proton number Z from 60 to 68
(Er), as shown in Fig. 1, the two-neutron drip line continu-
ously extends to the more neutron-rich region, until N = 184,
a predicted magic number [38,39]. The two-neutron drip line
of Yb is also at N = 184. Beyond the drip line, it is found
that there are four bound nuclei, 232Sm, 238,240Gd, and 250Dy,
forming three small isolated regions in the nuclear landscape.
Near the bound nucleus 232Sm, three multineutron emitters
are also found. For Er and Yb isotopes, no bound nuclei
beyond the drip line or multineutron emitters are found. In
the following, we will discuss the reentrant stability in detail
and analyze the underlying mechanism.

Figure 2 shows the total energy Etot, neutron Fermi energy
λn, and quadrupole deformation β2 for the ground states of the
Ba isotopes near the drip line from the DRHBc calculations.
In Fig. 2(a), Etot of the drip-line nucleus at N = 126 is shifted
to zero. With more neutrons, the isotopes with N = 128 and
130 lose some binding energy, i.e., S2n < 0, and thus they are
unbound. Then for N = 132 and 134, S2n becomes positive,

FIG. 2. Total energy Etot (a), neutron Fermi energy λn (b), and
quadrupole deformation β2 (c) of even-even Ba isotopes as functions
of the neutron number near the neutron drip line from the DRHBc
calculations with PC-PK1. Red empty circles, red filled circles, and
red boxes with cross represent respectively unbound nuclei, bound
nuclei, and the neutron emitters. The results from the RCHB calcu-
lations (blue triangles), and the DRHBc calculations without pairing
correlations (gray diamonds) are shown for comparison. The total
energies Etot in all calculations are shifted respectively to make them
equal to 0 at the drip line.

but, in comparison with the drip-line nucleus at N = 126, S6n

or S8n is negative, indicating that these two nuclei are unstable
against multineutron emission. From N = 136 to 140, it can
be found that their S2n and Sxn’s are all positive, showing they
are energetically stable against neutron emissions and pre-
dicted to be bound nuclei beyond the drip line. The isotopes
with N � 142 are unbound again with S2n < 0.

The Fermi energy also carries information about the nu-
cleon drip line, as it represents in a mean-field level the
change of the total energy against the particle number [55].
Normally, a negative Fermi energy corresponds to a positive
separation energy and indicates a bound nucleus, and vice
versa. If the pairing energy vanishes, here the Fermi energy
is chosen to be the energy of the last occupied single-particle
state. It is found in Fig. 2(b) that the neutron Fermi energy
λn at N = 124 and 126 is negative, and the lower λn at N =
126 is caused by the shell closure effect, where the neutron
pairing energy vanishes. After the shell closure at N = 126,
λn suddenly increases and becomes positive at N = 128 and
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130, suggesting the nuclei 184,186Ba are unbound, consistent
with their negative S2n. With more neutrons, the isotopes from
N = 132 to 140 have negative λn, which agrees with their
positive S2n, too. An inconsistency between λn and S2n is
seen at N = 142, where the very small negative λn = −0.01
MeV and S2n = −0.05 MeV are obtained. For N = 144, λn

becomes positive again.
To understand the onset of bound nuclei beyond the drip

line, we first analyze the evolution of β2 in Fig. 2(c). It
is found that the shape of Ba isotopes stays spherical from
N = 124 to 130, as a consequence of the strong shell closure
at N = 126. At N = 132 where S2n becomes positive and λn is
negative again, β2 suddenly increases to 0.135, corresponding
to an elongated spheroid. β2 increases gradually to 0.217
with N = 132 to 140, which overlaps the range of the nuclei
with positive S2n beyond the drip line. This implies a close
relationship between the bound nuclei beyond the drip line
and the deformation effect. For a further analysis, Figs. 2(a)
and 2(b) also present Etot and λn obtained by using the RCHB
theory where spherical symmetry is assumed. It is found that
the RCHB drip line is at N = 126, and no bound nucleus or
multineutron emitter beyond the drip line is obtained. There-
fore, it is concluded that the deformation effect plays a crucial
role on the emergence of the reentrant stability.

As is well known, pairing correlations are important to
describe nuclear properties, especially for nuclei near the drip
lines [8]. To study the role of pairing correlations, Etot and
β2 obtained from the DRHBc calculations with pairing corre-
lations switched off are included in Figs. 2(a) and 2(c). It is
found that the drip line also lies at N = 126, and slight defor-
mation appears for the isotopes nearby. The global evolving
behavior of Etot beyond the drip line is similar to that from the
full DRHBc calculations, but with some specific differences:
N = 134 isotope is no longer a multineutron emitter, and
N = 136 and 140 isotopes are not bound when pairing cor-
relations are switched off. Therefore, it is shown that pairing
correlations can influence the range of the reentrant stability.

To further understand the microscopic mechanisms of the
deformation and pairing correlation effects, Fig. 3(a) shows
the single-neutron energies around the neutron Fermi energy
λn in the canonical basis of Ba isotopes near the neutron drip
line from the DRHBc calculations, and Fig. 3(b) shows the
corresponding pairing energies for neutrons and protons.

As seen in Fig. 3(a), for the spherical Ba isotopes with
N = 126 to 130, a large energy gap (≈4 MeV) above the
i13/2 orbital is clearly shown, corresponding to N = 126 shell
closure. While the last two neutrons for 182Ba126 occupy the
bound i13/2 orbital with Ecan = −3.27 MeV, the last neutrons
for 184Ba128 and 186Ba130 have to occupy the unbound orbitals
(s1/2, g9/2) in continuum. Correspondingly, the Fermi energy
λn changes from negative to positive, leaving 184,186Ba un-
bound and 182Ba the drip-line nucleus. With more neutrons,
the increasing occupation of the g9/2 orbital and neighbors
drives an onset of nuclear deformation, i.e., β2 = 0.135 for
188Ba132 to β2 = 0.216 for 196Ba140. With the breaking of
spherical symmetry, a spherical single-particle level l j splits
into (2 j + 1)/2 orbitals characterized by quantum numbers
mπ . For N = 132, the 1/2+ and 3/2+ orbitals stemming from
g9/2 as well as the 1/2+ from s1/2 all lie below the continuum

FIG. 3. (a) Single-neutron levels around the neutron Fermi en-
ergy λn (green dotted-dashed line) in the canonical basis, and
(b) pairing energies as functions of the neutron number calculated
by the DRHBc theory with PC-PK1 for even-even Ba isotopes near
the neutron drip line.

threshold, the occupations of which result in a negative λn and
a positive S2n of this nucleus. By further increasing the neutron
number up to N = 140, more single-neutron levels become
lower and cross the continuum threshold with the increase of
deformation, which keeps λn < 0 and S2n > 0. In addition,
one may notice in Fig. 3(a) that the average energy of the
orbitals stemming from the same l j level also decreases with
the increase of the neutron number, which reflects the change
of mean-field potentials with more correlated neutrons.

As seen in Fig. 3(b), for the Ba isotopes from N = 126 to
142, the proton pairing energy E p

pair stays almost unchanged
around −8 MeV, whereas the neutron pairing energy En

pair
depends largely on N , changing from 0 to −16 MeV. A sudden
change of the neutron pairing energy is noticed from N = 130
to 132, which just corresponds to the emergence of the static
quadrupole deformation at N = 132 [cf. Fig. 2(c)]. The dif-
ferent behaviors at N = 134, 136, and 140 between the results
from the DRHBc and the DRHBc without pairing, as shown
in Fig. 2(a), can be understood as a result of the changes in
the pairing energy. When pairing correlations are switched
off, 190Ba134 and 196Ba140 are unbound with S2n = −0.15
and −0.40 MeV, respectively, and 192Ba136 is a multineutron
emitter with a positive S2n but negative S10n = −0.02 MeV.
When pairing correlations are switched on, |En

pair| increases by
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FIG. 4. Same as Fig. 2, but for Sm, Gd, and Dy isotopes.

1.22 MeV from N = 132 to 134, 1.40 MeV from 134 to 136,
and 1.58 MeV from 138 to 140, which provides additional
binding energies and makes 190Ba a multineutron emitter and
192,196Ba bound nuclei.

For the Ce isotopes, analyses similar to those presented
in Figs. 2 and 3 have been performed as well, and the same
conclusion as in Ba isotopes is obtained.

Figure 4 summarizes the total energy Etot , neutron Fermi
energy λn and quadrupole deformation β2 as functions of the
neutron number obtained from the DRHBc calculations for
Sm, Gd, and Dy isotopes near the neutron drip line. The
results from the RCHB calculations and the DRHBc cal-
culations without pairing are also included for comparison.
According to the DRHBc results of Sm isotopes in Figs. 4(a)
and 4(b), it is found that 224Sm162 is the drip-line nucleus,
232Sm170 a bound nucleus beyond the drip line, and 230Sm168

a multineutron emitter. In Fig. 4(c), the deformation changes
suddenly from β2 = −0.171 at N = 166 to zero at N = 168,
where S2n begins to be positive again. For Gd isotopes shown
in Figs. 4(d) and 4(e), it is found that 232Gd168 is the drip-
line nucleus, and 238Gd174 and 240Gd176 bound nuclei beyond
the drip line. In Fig. 4(f), for N = 166 to 174, β2 gradually
changes from −0.19 to −0.05, and for N = 176 to 180, the
shape is prolate with β2 ≈ 0.07. For Dy isotopes shown in
Figs. 4(g) and 4(h), it is found that 246Dy180 is the drip-line
nucleus, and 250Dy184 a bound one beyond the drip line. In
Fig. 4(i), for N = 176 to 180, the shape is prolate with β2 ≈
0.1, and for N = 182 to 188, the shape stays spherical.

It is notable that the shape evolves towards small deforma-
tion, as shown in Figs. 4(c), 4(f), and 4(i), for the Sm, Gd,
and Dy isotopes beyond the drip line, which is in contrast
with the shape evolution towards large deformation for Ba
isotopes in Fig. 2(c). Therefore, it is interesting to investigate
how the reentrant stability depends on the shape evolution.

For this purpose, the RCHB results are also shown in Fig. 4
for comparison. In RCHB, no bound isotope or multineutron
emitter beyond the drip line is found. It is interesting to note
that the RCHB drip lines for Sm, Gd, and Dy are more
extended than the DRHBc ones, and exactly correspond to
the last bound isotopes beyond the drip line predicted from
DRHBc. Indeed, it has been found in Ref. [57] that the drip
line is not necessarily shifted outward after the deformation
effect is included, but rather depends on the evolution of
deformation; for instance, the drip line “shrinks” accompanied
by the decrease of deformation for Ne, and the opposite is
seen for Ar. Our work shows that for Sm, Gd, and Dy the
decrease of deformation not only makes the drip line shrink,
but also leaves some spherical (or near-spherical) isotopes
bound beyond the DRHBc drip line.

The results of the DRHBc without pairing are also given in
Fig. 4, which show no bound isotope beyond the drip lines for
Sm, Gd, and Dy. It means for these three isotopic chains the
deformation effect alone is insufficient to give the reentrant
stability. Here both the effects of deformation and pairing
correlations are crucial to produce bound nuclei beyond the
drip line, which is different from the cases of Ba and Ce.

More microscopically, taking Sm as an example, Fig. 5(a)
shows the evolution of the single-neutron energies around the
Fermi energy λn in the canonical basis with the increase of
neutron number from the DRHBc calculations. As seen in
Fig. 5(a), for the Sm isotopes with N = 162 to 166 which have
oblate deformation around −0.2, the neutron Fermi surface is
very close to the continuum threshold and increases from a
negative value at N = 162 to positive at N = 164 and 166.
Correspondingly, N = 162 is the drip line, and the isotopes
with N = 164 and 166 are unbound. By increasing the neu-
tron number to N = 168, the shape changes to spherical. The
splitting of single-particle levels due to deformation vanishes,
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FIG. 5. Same as Fig. 3, but for Sm isotopes.

and an energy gap (≈2.2 MeV) appears between the j15/2

orbital in continuum and the bound sdg orbitals, pointing to a
spherical subshell at N = 168. The obtained λn of 230Sm168 is
−0.33 MeV, and the corresponding S2n is positive. However,
although 230Sm168 is stable against two-neutron emission, it
is unstable against multineutron emission as its Etot is higher
than that of the drip-line nucleus 224Sm162. For 232Sm170, λn

is still negative, and it is found to be a bound nucleus by
comparing its Etot with 224Sm162. For 234Sm172, λn becomes
positive again, making it unbound.

Figure 5(b) shows the pairing energies of Sm isotopes
near the drip line. It is seen that both the neutron and pro-
ton pairing energies have a sudden change from N = 166 to
168, which corresponds to the shape evolution from oblate to
spherical. As shown in Fig. 4(a), when pairing correlations
are switched off, Etot of all Sm isotopes with N > 162 are
higher than that at N = 162 by more than 0.8 MeV, and there
is no bound isotope beyond the drip line. In Fig. 5(b), when
pairing correlations are switched on, the total pairing energies
|En

pair + E p
pair| of the isotopes with 164 � N � 172 are larger

than that at N = 162, which provides additional binding en-
ergy and lowers Etot. In particular at N = 170, Etot becomes
lower than that at N = 162, making 232Sm170 a bound isotope
beyond the drip line.

In addition to the peninsulas of bound nuclei beyond the
drip line, as shown in Fig. 1, the DRHBc calculations with
PC-PK1 also predict multineutron emitters that are energeti-
cally stable against two-neutron emission but unstable against

multineutron emission. This potentially leads to multineutron
radioactivity, which is nowadays an interesting topic [58,59].
On the experimental side, evidence for the ground-state two-
neutron emitters has been reported in light nuclei 16Be [60],
13Li [61], and 26O [62]. Meanwhile, the possibilities of four-
neutron emission in 7H, 18Be and 28O have been suggested
theoretically [63,64]. In 28O, a possibility of 2n-4n decay
competition was also suggested [65]. It would be illuminating
to estimate the half-lives of the heavy multineutron emitters
predicted in Ba and Sm isotopic chains and check whether
their half-lives are long enough for future experimental search.

For this purpose, we adopt the direct decay model
in Ref. [64], which has been applied to study the two-
neutron/proton and four-neutron emissions [58,59,64,66]. In
the direct decay model, based on the picture of independent
particle motion, one assumes that the total decay energy ET

is shared by the emitted nucleons with definite orbital angular
momenta, and the interactions between the emitted nucleons
are neglected. In the four-neutron emission case, the decay
width �4n deduced from the direct decay model reads [64]

�4n(ET ) = E3
T

(
ET − ∑4

i=1 Eri

)2

2π3

∫ 1

0
dε1

∫ 1−ε1

0
dε2

×
∫ 1−ε1−ε2

0
dε3

4∏
i=1

�i(Ei )(
Ei − Eri

)2 + �2
i (Ei )/4

. (6)

Here Eri is the energy of the lowest resonance between the
core and ith nucleon; Ei = εiET for i � 3 and E4 = (1 −∑3

i=1 εi )ET . The width �i(Ei ) for the two-body subsystem
is given by the standard R-matrix expression, �(E ) = 2γ 2Pl ,
where Pl is the penetrability. The reduced width is γ 2 =
θ2h̄2/2MR2, with the spectroscopic factor θ2, the nucleon
mass M, and the “channel radius” R, typically taken as 1.4A1/3

fm [58]. The expression of decay width can be generalized
straightforwardly for the six- and eight-neutron emissions.

In our estimation, the spectroscopic factor θ2 is taken as 1,
and the penetrability Pl for the two-body subsystem is calcu-
lated by using the Wentzel-Kramers-Brillouin approximation,

Pl = exp

{
−2

h̄

∫ r2

r1

√
2M[V (r) − ET ]dr

}
, (7)

where r1 and r2 are classical turning points, and the poten-
tial V (r) = VN (r) + Vcent (r) is the summation of the nuclear
potential VN (r) obtained self-consistently from the DRHBc
calculations and the centrifugal potential Vcent (r). For simplic-
ity only the spherical component, i.e., the λ = 0 component in
Eq. (4), is considered for the nuclear potential. The resonance
energies Eri are taken as the difference between the calculated
ground-state binding energies of the “core” and “core + n”
systems for all emitted neutrons with different configurations.

Taking 188Ba as an example, Fig. 6 shows the estimated
4n and 6n emission widths �xn (x = 4, 6) and the correspond-
ing half-lives T1/2 as functions of the decay energy ET . The
decay energies of 188Ba from DRHBc calculations are Q4n =
0.181 MeV and Q6n = 0.463 MeV. The calculated resonance
energies Eri are 0.621 and 0.627 MeV for the 4n and 6n
emissions, respectively. As seen in Fig. 6, the decay width
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FIG. 6. The estimated multineutron emission width �xn and the
corresponding half-life T1/2 for 188Ba as functions of the decay en-
ergy ET . The solid and dashed lines represent the calculated results
for the 4n and 6n emissions, respectively. The curves with different
colors show the results obtained for different possible configurations
of the emitted neutrons, and the parentheses ( ) and brackets [ ] are
used to denote 4n and 6n configurations, respectively. The gray ver-
tical lines represent the calculated decay energies Q4n = 0.181 MeV
and Q6n = 0.463 MeV for 188Ba.

strongly depends on the configuration of the emitted neutrons.
For 4n emission, the (s2d2) configuration is likely to provide
the lower lifetime limit (≈10−14 s), and the (d2g2) and (g4)
configurations with higher orbital angular momentum compo-
nents provide upper lifetime limits (>102 s). For 6n emission,
it shows a trend of an increasing lifetime with increasing
number of emitted nucleons, and the estimated lower limit of
the half-life is ≈10−10 s, corresponding to the [s2d4] config-
uration. Based on the present results, 188Ba is more likely to
decay via the 4n-2n sequential emission rather than the pure
6n emission, and the low limit of its half-life is estimated to be
≈10−14 s. By means of this method, for the pure 8n emission
of 190Ba with the extremely small decay energy Q8n = 0.063
MeV, the estimated low limit of the half-life is ≈1016 s, which
indicates that 190Ba is more likely to decay via other modes,
instead of the pure 8n emission. The estimated low limits
for the 4n and 6n emission half-lives of 230Sm are ≈10−12

and ≈10−6 s, respectively. It is noted that the feasibility of
an experimental search for a neutron emitter with a half-life
ranging from 1 ps to sub-μs has been discussed in Ref. [64].
Nevertheless, we also note that the present estimations are
rather simple, since the direct decay model adopted here is a
very schematic model, which ignores deformation and pairing
effects, and the related configuration mixing.

V. SUMMARY

In summary, possible bound nuclei beyond the two-neutron
drip line in the region from Sn to Yb are investigated by

using the deformed relativistic Hartree-Bogoliubov theory
in continuum with density functional PC-PK1. The stability
against multineutron emission is also investigated based on
two-neutron and multineutron separation energies. The nuclei
192–196Ba, 192–208Ce, 232Sm, 238,240Gd, and 250Dy are predicted
to be bound beyond the drip line, forming peninsulas of sta-
bility in the nuclear landscape. It is interesting to find that
near these peninsulas some nuclei are energetically stable
against two-neutron emission, but unstable against multineu-
tron emission, i.e., they are multineutron emitters. The decay
rates of multineutron radioactivity predicted in Ba and Sm
isotopic chains are estimated by using the direct decay model.

The underlying mechanism is investigated by studying the
total energy, Fermi energy, quadrupole deformation, pairing
energy, and the canonical single-neutron spectra, and it is
found that the deformation effect is crucial for forming the
peninsulas of stability, and pairing correlations are also es-
sential in specific cases. Interestingly, for Ba and Ce where
the quadrupole deformation β2 increases with N beyond the
drip line, some single-neutron levels become lower and cross
the continuum threshold, which provides more binding energy
and leads to the reentrant stability; in contrast, for Sm, Gd, and
Dy where β2 decreases with N beyond the drip line, the drip
line is less extended than in the spherical case, leaving some
spherical (or near-spherical) isotopes beyond the DRHBc drip
line stable against specific neutron emissions. It means that
not only the increase of deformation but also the decrease of
deformation can lead to the reentrant stability. Although the
locations of the reentrant stability could be model dependent
[19,21], the present discussion shows that a relativistic contin-
uum model can hold this exotic phenomenon, and the revealed
mechanism should be general.

Finally, it is interesting to note that a peninsula of stability
is also found in the 100 � Z � 120 region [49,67] according
to the DRHBc theory. It is also noted that some other effects
might influence the prediction of stability beyond the drip
line, such as triaxial [52] and high-order deformation [67],
dynamical correlations [52,68,69], charge-symmetry breaking
[70,71], and Coulomb energy corrections [71,72], which de-
serve more efforts in the future.
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[24] T. Nikšić, D. Vretenar, and P. Ring, Prog. Part. Nucl. Phys. 66,
519 (2011).

[25] J. Dobaczewski, W. Nazarewicz, T. R. Werner, J. F. Berger,
C. R. Chinn, and J. Dechargé, Phys. Rev. C 53, 2809 (1996).

[26] J. Meng, Nucl. Phys. A 635, 3 (1998).
[27] S.-G. Zhou, J. Meng, S. Yamaji, and S.-C. Yang, Chin. Phys.

Lett. 17, 717 (2000).
[28] S.-G. Zhou, J. Meng, and P. Ring, Phys. Rev. C 68, 034323

(2003).
[29] M. Stoitsov, P. Ring, D. Vretenar, and G. A. Lalazissis, Phys.

Rev. C 58, 2086 (1998).
[30] M. V. Stoitsov, W. Nazarewicz, and S. Pittel, Phys. Rev. C 58,

2092 (1998).

[31] Y. N. Zhang, J. C. Pei, and F. R. Xu, Phys. Rev. C 88, 054305
(2013).

[32] J. Meng and P. Ring, Phys. Rev. Lett. 77, 3963
(1996).

[33] J. Meng and P. Ring, Phys. Rev. Lett. 80, 460 (1998).
[34] J. Meng, H. Toki, J. Y. Zeng, S. Q. Zhang, and S.-G. Zhou, Phys.

Rev. C 65, 041302(R) (2002).
[35] S.-Q. Zhang, J. Meng, S.-G. Zhou, and J.-Y. Zeng, Chin. Phys.

Lett. 19, 312 (2002).
[36] J. Meng, K. Sugawara-Tanabe, S. Yamaji, P. Ring, and A.

Arima, Phys. Rev. C 58, R628 (1998).
[37] J. Meng, K. Sugawara-Tanabe, S. Yamaji, and A. Arima, Phys.

Rev. C 59, 154 (1999).
[38] W. Zhang, J. Meng, S. Q. Zhang, L. S. Geng, and H. Toki, Nucl.

Phys. A 753, 106 (2005).
[39] X. W. Xia, Y. Lim, P. W. Zhao, H. Z. Liang, X. Y. Qu, Y. Chen,

H. Liu, L. F. Zhang, S. Q. Zhang, Y. Kim, and J. Meng, At. Data
Nucl. Data Tables 121–122, 1 (2018).

[40] S.-G. Zhou, J. Meng, P. Ring, and E.-G. Zhao, Phys. Rev. C 82,
011301(R) (2010).

[41] L. Li, J. Meng, P. Ring, E.-G. Zhao, and S.-G. Zhou, Phys. Rev.
C 85, 024312 (2012).

[42] X.-X. Sun and S.-G. Zhou, Sci. Bull., doi:
10.1016/j.scib.2021.07.005.

[43] X.-X. Sun, J. Zhao, and S.-G. Zhou, Phys. Lett. B 785, 530
(2018).

[44] X.-X. Sun, J. Zhao, and S.-G. Zhou, Nucl. Phys. A 1003,
122011 (2020).

[45] K. Y. Zhang, D. Y. Wang, and S. Q. Zhang, Phys. Rev. C 100,
034312 (2019).

[46] Z. H. Yang, Y. Kubota, A. Corsi, K. Yoshida, X.-X. Sun, J. G.
Li, M. Kimura, N. Michel, K. Ogata, C. X. Yuan, Q. Yuan,
G. Authelet, H. Baba, C. Caesar, D. Calvet, A. Delbart, M.
Dozono, J. Feng, F. Flavigny, J.-M. Gheller et al., Phys. Rev.
Lett. 126, 082501 (2021).

[47] M. Wang, W. J. Huang, F. G. Kondev, G. Audi, and S. Naimi,
Chin. Phys. C 45, 030003 (2021).

[48] P. W. Zhao, Z. P. Li, J. M. Yao, and J. Meng, Phys. Rev. C 82,
054319 (2010).

[49] K. Zhang, X. He, J. Meng, C. Pan, C. Shen, C. Wang, and S.
Zhang, Phys. Rev. C 104, L021301 (2021).

[50] K. Zhang, M.-K. Cheoun, Y.-B. Choi, P. S. Chong, J. Dong, L.
Geng, E. Ha, X. He, C. Heo, M. C. Ho, E. J. In, S. Kim, Y. Kim,
C.-H. Lee, J. Lee, Z. Li, T. Luo, J. Meng, M.-H. Mun, Z. Niu
et al. (DRHBc Mass Table Collaboration), Phys. Rev. C 102,
024314 (2020).

[51] P. W. Zhao, L. S. Song, B. Sun, H. Geissel, and J. Meng, Phys.
Rev. C 86, 064324 (2012).

[52] K. Q. Lu, Z. X. Li, Z. P. Li, J. M. Yao, and J. Meng, Phys. Rev.
C 91, 027304 (2015).

[53] S. E. Agbemava, A. V. Afanasjev, T. Nakatsukasa, and P. Ring,
Phys. Rev. C 92, 054310 (2015).

[54] H. Kucharek and P. Ring, Z. Phys. A 339, 23 (1991).
[55] P. Ring and P. Schuck, The Nuclear Many-Body Problem

(Springer-Verlag, Berlin, 1980).
[56] C. Pan, K. Zhang, and S. Zhang, Int. J. Mod. Phys. E 28,

1950082 (2019).
[57] E. J. In, P. Papakonstantinou, Y. Kim, and S.-W. Hong, Int. J.

Mod. Phys. E 30, 2150009 (2021).
[58] M. Pfützner, M. Karny, L. V. Grigorenko, and K. Riisager, Rev.

Mod. Phys. 84, 567 (2012).

024331-8

https://doi.org/10.1016/j.ppnp.2012.07.001
https://doi.org/10.1016/j.ppnp.2013.02.003
https://doi.org/10.1016/0146-6410(96)00054-3
https://doi.org/10.1016/j.physrep.2004.10.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1088/0954-3899/42/9/093101
https://doi.org/10.22323/1.281.0373
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1103/PhysRevLett.55.2676
https://doi.org/10.1103/PhysRevLett.69.2058
https://doi.org/10.1007/BF01291183
https://doi.org/10.1103/PhysRevLett.84.5493
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1103/PhysRevC.68.054312
https://doi.org/10.1038/nature11188
https://doi.org/10.1103/PhysRevC.81.014303
https://doi.org/10.1016/j.physletb.2013.09.017
https://doi.org/10.1016/0375-9474(84)90433-0
https://doi.org/10.1016/j.ppnp.2011.01.055
https://doi.org/10.1103/PhysRevC.53.2809
https://doi.org/10.1016/S0375-9474(98)00178-X
https://doi.org/10.1088/0256-307X/17/10/006
https://doi.org/10.1103/PhysRevC.68.034323
https://doi.org/10.1103/PhysRevC.58.2086
https://doi.org/10.1103/PhysRevC.58.2092
https://doi.org/10.1103/PhysRevC.88.054305
https://doi.org/10.1103/PhysRevLett.77.3963
https://doi.org/10.1103/PhysRevLett.80.460
https://doi.org/10.1103/PhysRevC.65.041302
https://doi.org/10.1088/0256-307X/19/3/308
https://doi.org/10.1103/PhysRevC.58.R628
https://doi.org/10.1103/PhysRevC.59.154
https://doi.org/10.1016/j.nuclphysa.2005.02.086
https://doi.org/10.1016/j.adt.2017.09.001
https://doi.org/10.1103/PhysRevC.82.011301
https://doi.org/10.1103/PhysRevC.85.024312
https://doi.org/10.1016/j.scib.2021.07.005
https://doi.org/10.1016/j.scib.2021.07.005
https://doi.org/10.1016/j.physletb.2018.08.071
https://doi.org/10.1016/j.nuclphysa.2020.122011
https://doi.org/10.1103/PhysRevC.100.034312
https://doi.org/10.1103/PhysRevLett.126.082501
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1103/PhysRevC.82.054319
https://doi.org/10.1103/PhysRevC.104.L021301
https://doi.org/10.1103/PhysRevC.102.024314
https://doi.org/10.1103/PhysRevC.86.064324
https://doi.org/10.1103/PhysRevC.91.027304
https://doi.org/10.1103/PhysRevC.92.054310
https://doi.org/10.1007/BF01282930
https://doi.org/10.1142/S0218301319500824
https://doi.org/10.1142/S0218301321500099
https://doi.org/10.1103/RevModPhys.84.567


POSSIBLE BOUND NUCLEI BEYOND THE TWO-NEUTRON … PHYSICAL REVIEW C 104, 024331 (2021)

[59] M. Pfützner, Phys. Scr. 2013, 014014 (2013).
[60] A. Spyrou, Z. Kohley, T. Baumann, D. Bazin, B. A. Brown, G.

Christian, P. A. DeYoung, J. E. Finck, N. Frank, E. Lunderberg,
S. Mosby, W. A. Peters, A. Schiller, J. K. Smith, J. Snyder,
M. J. Strongman, M. Thoennessen, and A. Volya, Phys. Rev.
Lett. 108, 102501 (2012).

[61] Z. Kohley, E. Lunderberg, P. A. DeYoung, A. Volya, T. Bau-
mann, D. Bazin, G. Christian, N. L. Cooper, N. Frank, A. Gade,
C. Hall, J. Hinnefeld, B. Luther, S. Mosby, W. A. Peters, J. K.
Smith, J. Snyder, A. Spyrou, and M. Thoennessen, Phys. Rev.
C 87, 011304(R) (2013).

[62] Z. Kohley, T. Baumann, D. Bazin, G. Christian, P. A. DeY-
oung, J. E. Finck, N. Frank, M. Jones, E. Lunderberg,
B. Luther, S. Mosby, T. Nagi, J. K. Smith, J. Snyder,
A. Spyrou, and M. Thoennessen, Phys. Rev. Lett. 110, 152501
(2013).

[63] M. S. Golovkov, L. V. Grigorenko, A. S. Fomichev, Y. T.
Oganessian, Y. I. Orlov, A. M. Rodin, S. I. Sidorchuk, R. S.

Slepnev, S. V. Stepantsov, G. M. Ter-Akopian, and R. Wolski,
Phys. Lett. B 588, 163 (2004).

[64] L. V. Grigorenko, I. G. Mukha, C. Scheidenberger, and M. V.
Zhukov, Phys. Rev. C 84, 021303(R) (2011).

[65] K. Fossez, J. Rotureau, N. Michel, and W. Nazarewicz, Phys.
Rev. C 96, 024308 (2017).

[66] L. V. Grigorenko and M. V. Zhukov, Phys. Rev. C 91, 064617
(2015).

[67] X. He, C. Wang, K. Zhang, and C. Shen, Chin. Phys. C, doi:
10.1088/1674-1137/ac1b99.

[68] Q.-S. Zhang, Z.-M. Niu, Z.-P. Li, J.-M. Yao, and J. Meng, Front.
Phys. 9, 529 (2014).

[69] Y. L. Yang, Y. K. Wang, P. W. Zhao, and Z. P. Li (unpublished).
[70] J. M. Dong, Y. H. Zhang, W. Zuo, J. Z. Gu, L. J. Wang, and Y.

Sun, Phys. Rev. C 97, 021301(R) (2018).
[71] J. M. Dong, X. L. Shang, W. Zuo, Y. F. Niu, and Y. Sun, Nucl.

Phys. A 983, 133 (2019).
[72] J. M. Dong and X. L. Shang, Phys. Rev. C 101, 014305 (2020).

024331-9

https://doi.org/10.1088/0031-8949/2013/T152/014014
https://doi.org/10.1103/PhysRevLett.108.102501
https://doi.org/10.1103/PhysRevC.87.011304
https://doi.org/10.1103/PhysRevLett.110.152501
https://doi.org/10.1016/j.physletb.2004.02.069
https://doi.org/10.1103/PhysRevC.84.021303
https://doi.org/10.1103/PhysRevC.96.024308
https://doi.org/10.1103/PhysRevC.91.064617
https://doi.org/10.1088/1674-1137/ac1b99
https://doi.org/10.1088/1674-1137/ac1b99
https://doi.org/10.1007/s11467-014-0413-5
https://doi.org/10.1103/PhysRevC.97.021301
https://doi.org/10.1016/j.nuclphysa.2019.01.003
https://doi.org/10.1103/PhysRevC.101.014305

