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Abstract: With the development of radioactive-ion-beam facilities, many exotic phenomena have been discovered
or predicted in the nuclei far from the B stability line, including cluster structure, shell structure, deformed halo, and
shape decoupling effects. The study of exotic nuclear phenomena is at the frontier of nuclear physics nowadays. The
covariant density functional theory (CDFT) is one of the most successful microscopic models in describing the struc-
ture of nuclei in almost the whole nuclear chart. Within the framework of CDFT, toward a proper treatment of de-
formation and weak binding, the deformed relativistic Hartree-Bogoliubov theory in continuum (DRHBc) has been
developed. In this contribution, we review the applications and extensions of the DRHBc theory to the study of exot-
ic nuclei. The DRHBc theory has been used to investigate the deformed halos in B, C, Ne, Na, and Mg isotopes and
the theoretical descriptions are reasonably consistent with available data. A DRHBc Mass Table Collaboration has
been founded, aiming at a high precision nuclear mass table with deformation and continuum effects included, which
is underway. By implementing the angular momentum projection based on the DRHBc theory, the rotational excita-
tions of deformed halos have been investigated and it is shown that the deformed halos and shape decoupling effects
also exist in the low-lying rotational excitation states of deformed halo nuclei.

Key words: exotic nuclei; deformed halo; shape decoupling effect; nuclear mass; rotational excitation; density func-

tional theory
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0 Introduction

In nature, there are less than three hundred stable or
long-lived nuclides, which form the -stability valley of the
nuclear chart!'. About three thousand nuclides are found to
be unstable and their properties are less known compared
with those stable ones. With the development of radioactive-
ion-beam facilities, more and more unstable nuclei are pro-
duced, which extends the limit of nuclear existence. Up to
now, the position of the proton drip line has been determ-
ined up to Z=93 (2] but the neutron drip line is only
known for isotopes with Z < 10 3], Exploring the boundar-
ies of nuclear landscape and the properties of exotic nuclei
is at the forefront of nuclear physics nowadays.

Many exotic nuclear phenomena have been predicted
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or observed* 131 The most important characteristic of
exotic nuclei is their weak binding. For unstable nuclei, es-
pecially those close to drip lines, the nucleon Fermi surface
is close to the threshold of particle emission [Fig. 1(a)] and
nucleon separation energies are close to zero [Fig. 1(b)].
Therefore the coupling to scattering states becomes more
important, making exotic nuclei open quantum systems[7’ 16],
Once the valence nucleons in weakly bound nuclei occupy
low orbital angular momentum orbitals, whose wave func-
tions can extend far away from the center of the nucleus
due to the low centrifugal barrier, in which case the nuclear
halo may appear [Fig. l(c)][7’ 1L 17] The phenomenologic-
al picture of halo nucleus is a dense core surrounded by
very low-density pure neutron (proton) matter, in which
pair condensate or strong di-neutron correlations may oc-
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curl 187291 Most open shell nuclei are deformed(*!' and halo ies!®l. Beyond the drip lines, nuclei are unbound with respect

can also appear in a deformed nucleus!??!, such as 3'Ne and
3 7Mg[23_24:|. In deformed halo nuclei, it has been predicted
that the core and halo may have different shapes, leading to
shape decoupling effects [Fig. 1(e) and (f)][lz’ 22, 23] The
spin-orbit splitting changes when going from the B-stabil-
ity line to the drip lines because the nuclear surface could
be more diffuse [Fig. 1(g)]!*%). This results in the shell
evolution in exotic nuclei and changes of nuclear magicit-

(a) (©)

10°

to nucleon(s) emission, which implies some new radio-
activities of which mostly discussed are one- or two-proton
radioactivities [Fig. l(h)][27_29]. Cluster effects!!# 301 ap-
pear in some stable nuclei if they are excited to be close to
certain thresholds and have gained general interest for both
experimental and theoretical sides, a typical example being
the a-cluster in the Hoyle states in 12C. In exotic nuclei, the
ground states are mainly dominated by cluster configurations.
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Fig. 1 Physics in exotic nuclear structurel*]. (color online)

The covariant density functional theory (CDFT) has
become a powerful tool for the study of stable and exotic
nuclei over almost the whole nuclear chart with universal
density functionalst’> 12713 317331 Tpe coupling between
bound single-particle states and continuum which plays an
important role in exotic nuclei has been properly con-
sidered by solving the Dirac Hartree-Bogoliubov equation
in coordinate space or r-space Woods-Saxon (WS) basis.
Along this line, several approaches have been established
for spherical and deformed nuclei. The relativistic con-
tinuum Hartree-Bogoliubov (RCHB)[”’ 367381 and relativ-
istic Hartree-Fock-Bogoliubov (HFB) theories!®”! have
been developed for spherical halo nuclei, such as the halo
in "Li'"" and the prediction of giant halos in Ca
isotopes[38]. With a proper treatment of deformation and
pairing-induced continuum, the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc theory)
has been developed aiming at a self-consistent description
of deformed halo nuclei®?]. In recent years, this theory has
been widely used to study deformed halos in B, C, Ne, Na,
and Mg isotopes[zz’ 25, 407461 and its extension with angu-
lar momentum projection (AMP) has been used to explore

the rotational excitation of deformed halos*’*%]. In addi-
tion, the construction of the DRHBc nuclear mass table is
in progress[49_5 11 and many interesting nuclear structures
have been studied. In this contribution, we review the ap-
plications and extensions of the DRHBc theory to the study
of exotic nuclei and nuclear mass table.

This article is organized as follows. In Section 1, we
present the main formulas of the DRHBc theory and AMP.
We summarize the application of the DRHBc theory to de-
formed halo in Section 2 and DRHBc mass table in Section
3. The study of rotational properties of deformed halo is
shown in Section 4. Finally, we give a summary and per-
spective in Section 5.

1 The DRHBc theory and angular mo-
mentum projection

The starting point of the DRHBc theory is a Lagrangi-
an density where nucleons are described as Dirac spinors
which interact via the exchange of effective mesons (o, w,
p) and the photon
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where M is the nucleon mass and m,,, m,, m,, and g, &,
g, are masses and coupling constants of the respective
mesons. U is the nonlinear self-coupling for the scalar
meson.

The detailed formulas for the DRHBc theory can be
found in Zhou et al. [22], Li et al.l*%. In the DRHBc theory,
by using the Bogoliubov transformation, the mean-field
(MF) and pairing correlations are treated self-
consistently[36’ >21 Here we give briefly the main formulas
for the convenience of discussions in the following sec-

tions. The relativistic —Hartree-Bogoliubov (RHB)
equation[53] for nucleons reads,
hp— A, A Ul . (Uk
A kA, )(vk ) B Ek(vk ) @

which is solved in a spherical Dirac Woods-Saxon
(WS) basisl>*l. E, is the quasi particle energy, A. (r =n,p)
is the chemical potential, and U, and V, are quasi particle

wave functions. hp is the Dirac Hamiltonian[3!> 5 ],

hy=a-p+V(@r)+ BIM+S(r)], 3)

where S(r) and V(r) are scalar and vector potentials. The
pairing potential reads

A(ry, 1) = VPP(ry,ry)k(r,, 1), “4)

where we use a density dependent zero-range force in the
particle-particle channel,

Vo (ry,r,) = %vo(l —P”)é(rl,rz)(l _L (")), (5)

sat

and «(ry,r,) is the pairing tensor>®].

We would like to mention that for a spherical nucleus
Eq. (2) can be directly solved in coordinate spacel! ), as has
been done in the RCHB theory which has been used to
study spherical halo nucleil!”> 38 and to construct RCHB
mass table 171, It is numerically much more complicated to
solve the deformed RHB equation in coordinate space. One
can solve it in the WS basisl>*l. Thus, to get the solution of
deformed RHB equation, the integrodifferential equations
turns into a matrix diagonalization problem in the WS
basis*?]. The main advantage of the WS basis is that it can
guarantee the asymptotic behavior of the wave function for
a weakly bound system[54] such that it is suitable for halo
nuclei. The WS basis has also been widely used in other
density functional theory calculations!>% 387631,

For axially deformed nuclei with spatial reflection
symmetry, we expand densities and potentials in terms of
Legendre polynomials,

f) = ) iOP(cost), A=0,2.4,, (g
A
with
20+1
fi(r) = 14; [ dQF(r)P,(cosh). %)

When the maximum truncation in Eq. (6) is taken to be
zero, the solution is equal to that of the RCHB theory. If
one wants to extend the DRHBc theory to axially de-
formed systems with spatial reflection asymmetry, odd A
should be included. One can also use the spherical harmon-
ic expansion for triaxially deformed systems[64_65] and for
AMP calculations!*”],

To study the rotational excitation of deformed weakly
bound nuclei, the AMP has been implemented based on the
DRHBc theory[47], in which the projected wave function is
expanded in terms of the Dirac WS basis, similar to what
has been done for the MF wave function in the DRHBc the-
ory. A low-lying rotational state |/M) with the angular
momentum J and its projection M along the z axis in labor-
atory frame is constructed by performing the AMP on the
intrinsic wave function |®(5,)) obtained from DRHBc
calculations with a certain quadrupole deformation para-
meter [,

[Py = £ P 1D(B)), (8)

with a normalization factor f’ and projection operator p 0
written in terms of an integral over the Euler anglesP®). The
energy E’ and f7 can be obtained by solving the Hill-
Wheeler equation[56]. For axially symmetric nuclei the
solution is simplified as[60]

1 (PBIHPIP(B))

D(B)|PL |D(B,))
(D(Bo)] lool (82)) ©

(BBIPIP(B))

The DRHBc theory provides a self-consistent descrip-
tion of a deformed halo nucleus in the intrinsic frame
without a priori decomposition of the core and halo, which
are determined by analyzing the structure of single-particle-
levels (SPLs) after getting the ground state wave
functions!!? 221, By checking the core and halo density dis-
tributions, shape decoupling effects of deformed halos have
been predicted in the MF level®?]. To examine how the
core and halo behave in rotational states, one can calculate the
one-body density of an excited state in coordinate space[67]

Zé(r—r,-)

fJ

pl(r) — < TJM

WM>, (10)
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where the index i represents all occupied single-particle
states of neutrons and protons.

Deformed halos and shape decoupling effects are at-
tributed to the intrinsic structure of valence levels(>?l. The
configuration of the valence nucleon(s) is obtained by cal-
culating the probability amplitude of spherical components
of valence levels in the DRHBc+AMP approach. The Dir-
ac WS basisl>*] consists of spherical basis states labeled by
|nlj) with the radial quantum number #, the orbital angular
momentum / of the large component of the Dirac spinor,
and the total angular momentum ;. For each excited state,
the probability amplitude of |n/j) is calculated asl®8]

s _ (LB P |P(By))
" (D(B)IPLD(By))

o : . . o
where Notj = 2o €l Coin with m being the projection of

(11)

total angular momentum on the symmetry axis.
2 Halos in deformed nuclei

Nuclear halo is characterized by weak binding and
large spatial extension due to the considerable occupation
of low-/ (s- or p-wave) orbitals by valence nucleon(s) close
to the threshold of the particle emissionl®> 10 17,3637, 69-70]
The various shapes of atomic nuclei originate from differ-
ent quantum correlations. For example, the quadrupole de-
formation (ellipsoidal shape) is related to the Y, correla-
tion and the Y3, correlation for octupole deformation (pear-
shaped). For a weakly bound nucleus in the light mass re-
gion, if the configuration of valence nucleons contains the
mixing of sd or pf orbtials, a deformed halo might be de-
veloped. In neutron-rich B, C, Ne, Na, and Mg isotopes,
such conditions can be satisfied such that deformed halos
are formed. The DRHBc theory has been used to study the
ground-state properties, including deformations, matter
radii, density profiles, and single-particle levels, of deformed
halo nuclei in these isotopic chains. In this section, first, we
give a typical example to show how the halo forms in a de-
formed weakly bound nucleus and then we summarise the
application of the DRHBc theory on deformed halos and
the comparison with the available experimental informa-
tion.

The first application of the DRHBc theory is to study
the deformed halo structures in the magnesium isotopic
chain. With the density functional NL3[71] the DRHBc cal-
culations predicted that 46Mg is the neutron drip line nucle-
ust??! and 44Mg is a deformed halo nucleus. The two-neut-
ron separation energy S,, of 44Mg is very small, only 0.44
MeV, and the quadrupole deformation parameter (3, is 0.32,
meaning that the ground state has a prolate shape. Fig. 2(a)
shows the proton and neutron two-dimensional density dis-
tribution of 44Mg. Since 44Mg is an extremely weakly
bound neutron-rich nucleus, the neutron density is more
spatially extended than the proton density. In the MF ap-

proach, the configuration and formation mechanism of the
halo nucleus can be obtained by analyzing the structure of
the valence orbitals. In Fig. 3, the neutron SPLs of *Mg in
the canonical basis near the neutron Fermi level (4,) is
shown. Near the neutron Fermi level, the valence neutrons
occupy weakly bound %_, 3 levels, and some orbitals in
the continuum. There are p-wave components in the levels
n =73, 4, 6, and the occupation number of the p-wave orbit-
als is about 2, which leads to the halo structure of this nuc-
leus.

10 @ (b) 10!
102
5 10°
—4
K 10°
fs o
-10 “Mg
-10 -5 0 5 10
x/fm
10 G
5
£ o
[N]
=5
-10
-10 -5 0 5 10 -10 -5 0 5 10
x/fm x/fm

Fig. 2 Density distributions of 44Mg with the z-axis as the
symmetry axis: (a) The proton (x <0) and the neutron
(x>0) densities, (b) the density of the neutron core,
and (c) the density of the neutron halo. In each plot, a
dotted circle is drawn to guide the eye[zz]. (color on-

line)
: 11172
W 10 5/2
. 93/2'
s b 81/2* [3d‘5/2+3d3/2]
; = 73027 [1fsnt1f0]
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Fig.3 Single neutron levels with the quantum numbers Q"
around the chemical potential (dotted line) in the ca-
nonical basis for 44Mg versus the occupation probabil-
ity v2. The order n, Q% , and the main DWS compon-
ents for orbitals close to the threshold are also given.
The dashed line corresgonds to the BCS formula with

an average pairing gap[ 2, (color online)
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In the DRHBc theory description of magnesium iso-
topes, 42Mg is a deformed two-neutron halo nucleus!*"],
and its halo structure is caused by the p-wave dominated
valence neutrons. However, the heaviest observed magnesi-
um isotope is 4OMg up to now!7%). Therefore the existence
of deformed halos in 4% 44Mg still requires further experi-
mental confirmation. Whether 4OMg is a deformed halo
nucleus remains an open question. The DRHBc theory pre-
dicts that 4OMg is not a deformed halo nucleus. It should be
noted that the triaxial deformation plays a role in the de-
scription of 4OMgm] and the influence of triaxial deforma-
tion on single particle structure should be investigated in
future. In Mg isotopes, a single-neutron halo has already
been observed experimentally in 37Mg[24]. Considering the
blocking effect, the DRHBc calculations with different
density functionals have shown that 3’Mg is a deformed
one-neutron halo nucleus*] with p-wave.

For the B isotopic chain, the DRHBc theory has predic-
ted the existence of deformed neutron halos in 7> 1?BI#3744]
with the valence neutrons occupying the s-wave orbital.
The s-wave component of the two valence neutrons in 7B
obtained from quasi-free neutron knockout reactions is only
9(2)%[43]. The deformation of "B has been studied in
2005741 and the quadrupole deformation parameter of neut-
rons is about 0.6l73]. The DRHBc theory predicts that !’B
is well deformed with the s-wave component of 14% and
the calculated neutron separation energy and radius are con-
sistent with experimental data. The measurements of the
B(E1) excitation in '°B by using Coulomb breakup reac-
tions confirmed the presence of a neutron halol7%. Assum-
ing the two-neutron separation energy being 0.5 MeV, a
three-body model suggests that 9B is a two-neutron halo
nucleus caused by the s-wave with the percentage of 35%.
The antisymmetrized molecular dynamics and relativistic
mean-field calculations have predicted that YBis de-
formed!”’~7°]. The DRHBc calculations show that the halo
in B is crucially related to the deformation effects and the
valence neutrons are mainly dominated by s- and d-waves
with the s-wave percentage of 36%. Furthermore, the two-
neutron halos in !> B exhibit shape decoupling effects,
prolate cores and oblate halos. The neutron drip line of B

Table 1

isotopic chain is located at 9B and experimentalists have
observed 2B and 2'B as resonance states!®%), which might
be dominated by the channels 9B+n and '"B+2n, respect-
ively. Therefore it will be very interesting to study the
structure of the resonant states in 2% 2'B based on a proper
description of halo structure in 198,

For the C isotopic chain, the DRHBc theory predicts
that '3C and 2C are deformed halo nucleil?® 421, The
ground state of I5C has a prolate shape and the valence
neutron is partially occupied with s-wave, leading to the ap-
pearance of a halo. The neutron core is nearly spherical
while the neutron halo has an elongated shape, demonstrat-
ing the shape decoupling effect. Recent calculations using
time-dependent density functional theory have shown that
the deformed halo structure of >C enhances fusion cross-
sections below the Coulomb barrier in the fusion reaction
with 232Th[®!], For 22C, the halo configuration of this nuc-
leus is not completely determined up to now experiment-
ally. The measurement in 20101%2] shown that the matter ra-
dius extracted from the cross section is 5.4 fm, indicating a
huge halo. The two-neutron removal reaction in 20121831
supported that the valence neutrons are dominated by s-
wave. But the following experimental work[®4! shows a
matter radius of (3.44 +0.08) fm. The theoretical descrip-
tions of this nucleus vary from model to model(60: 85971,
The DRHBc theory calculations show that the ground state
of 22C has an oblate shape and predict a “shrunk halo” due
to the amplitude of s-wave in valence neutrons being 25%,
which is smaller than the other theoretical predictions[zs].
In addition, this work[®] also demonstrates that various
exotic nuclear phenomena, including deformed halos,
changes of shell-closure due to the inversion of SPLs, and
shape decoupling effects coexist in this single nucleus 2*C.
As for 1°C, the DRHBc calculations show an oblate shape
for its ground state without a neutron halo. The calculated
ground state spin-parity, %+ , does not agree with the exper-
iment { . However, in the DRHBc calculations, an excited
state of 1°C with prolate shape (referred as 19C*) has the
spin-parity of { and exhibits a deformed one-neutron halo.

We summarize the DRHBc predictions for s-wave
halo in Table 1 and some available experimental informa-

The quadrupole deformation parameter B, , two- or one- neutron separation energy S$2,(Sn) , root-mean-square matter radi-

us Rn, and the amplitude of s-wave components of the halo nuclei in born and carbon isotopes from the DRHBc calculations.

Available experimental values are included for comparison. The experimental data of neutron-separation energies are taken

from AME2020[%3,
Nuclei B2 Son (Sn )/MeV Ry /fm Percentage of s-wave Shape decoupling
DRHBc DRHBc Exp. DRHBc Exp. DRHBc
"B 052 178 1.38Q21) 3.03 3.00(6)1%%) 14% prolate core with oblate halo
B 036 022 0.089(56) 327 3.11(13) ] 36% prolate core with oblate halo
3¢ 0.26 1.22 1.2181(8) 2.64 2.54(4) 1100 36% spherical core with prolate halo
9c” 037  0.04 0.5633(915)  3.05 3.16(7)!1] 66% prolate core with oblate halo
22C —026  0.40 0.035(20) 3.25 3.44(8)84 25% oblate core with prolate halo




- 80 - BT &Y R

41 %

tion is also given for comparison. Besides the studies men-
tioned above, the DRHBc theory is also applied to the
newly observed Na isotopes 3Na and has predicted that
3941Na have deformed halos!*). The self-consistent de-
scription of deformed halos using the DRHBc theory is also
combined with reaction models to examine the reaction ob-
servables, such as interaction cross section and parallel mo-
mentum distributions in breakup reactiont 9']. With the Fo-
ck terms considered, the deformed relativistic Hartree-Fock-
Bogoliubov theory has been developed recently[m] and it
has been applied to the halo in 'Bel!%?]. It should be noted
that the predictions of deformed halos can also be made by
using non-relativistic MF modelst! 3710 and an “egg-like”
halo has been predicted!!?]. Other methods, such as
Green's method! 107 108], complex scaling
method!' %], and the analytical continuation of the coup-
ling constant!! 1% based on self-consistent MF calculation
are also used to investigate the halo structures in deformed
nuclei.

function
[109

3 The DRHBc Mass Table Collaboration

Nuclear mass, as one of the most fundamental quantit-
ies for the atomic nucleus, is very important for nuclear
physics, astrophysics and cosmology. It is the key to under-
standing the interaction between nucleons, the evolution of
shell structures, and the limit of nuclear existence. It also
provides the basic information for nuclear reactions and
the necessary inputs to study the origin of elements. Up to
now, many nuclear models have been used to establish nuc-
lear mass tables, such as finite-range droplet model (FR-
DM)!HT112] Weizsicker-Skyrme 4 (WS4) modell! 1371141,
and HFB-27* modell' '], The DRHBc Mass Table Collab-
oration consists of more than 20 institutions from China,
Korea, and Japan, including Peking University, Anhui Uni-
versity, Beihang University, Huzhou Normal University,
Institute for Basic Science, Institute of Modern Physics,
Chinese Academy of Sciences, Institute of Theoretical
Physics, Chinese Academy of Sciences, Nanjing Uni-
versity of Aeronautics and Astronautics, Pusan National
University, Sichuan Normal University, Soongsil Uni-
versity, Southwest University, Sungkywan University, the
University of Hong Kong, Zhengzhou University, Guizhou
Minzu University, the University of Tokyo, Institute of
Nuclear Physics and Chemistry, China Academy of Engin-
eering Physics, Jiangnan University, Lanzhou University,
Nankai University, Sun Yat-sen University, University of
Chinese Academy of Sciences, and so onl! 16], aiming to the
bulk properties of all bound nuclei with Z > 8 based on the
systematic calculations of all the nuclei in the nuclear chart.
After careful checking for the numerical details of the
DRHBc theory with density functional PC-PK1M] the
nuclear mass table for all the even-even nuclei has been fin-

ished®°]. It has been shown that with the effects of deform-
ation and continuum included simultaneously, 2583
even—even nuclei are predicted to be bound and the root-
mean-square deviation from the 637 mass data is 1.518
MeV, providing one of the best microscopic descriptions
for nuclear masses. For calculating odd-4 or odd-odd nuc-
lei, treating the blocking effects automatically has been
achieved within the DRHBc theory[5 11" which is suitable
for large-scale DRHBc calculations. The mass table for all
the even-Z odd-N nuclei has been finished!!!” and the next
step aims to odd-Z nuclei.

Many interesting exotic nuclear structures have also
been studied based on the global DRHBc calculations. The
effect of deformation on the position of the drip lines for
8 <Z<20 has been studied'®]. The dependence on the
multipole expansion of the potentials and densities in
DRHBc has been carefully checked! 7], Considering the
deformation effects, the pairing correlations, and the con-
tinuum effects, possible stability against multineutron emis-
sion beyond the two-neutron drip line have been explored
by the DRHBc theory[mo*]%]. The calculations of Hf, W,
Os, Pt, and Hg even-even isotopes have predicted some
candidates with both bubble structure and shape coexist-
encel 124, Possible shape coexistence in Pb isotopesms]
and prolate-shape dominance in atomic nucleil'?%! are also
investigated. Additionally, beyond-mean-field dynamical

[127]

correlations for nuclear mass have been considered and

the finite amplitude method has been developed! %3],

4 Angular momentum projection: Rotat-
ing deformed halos

The beyond-mean-field approaches including AMP
have been widely used to study nuclear collective
motionsl!® 3% 1291 and also for exotic nuclear structure, for
instance, the shape coexistencel 1307131 ], shell
evolution!'32], low-lying excitation of hypernucleil!337136],
excitation of triaxially deformed nucleil 3771421 nuclear oc-
tupole excitation!' #3143 the structure and fission of super-
heavy nucleil 4071481 and exotic shapes[149_152]. One of
the motivations for developing AMP based on the DRHBc
theory is to explore how the shape decoupling effects be-
have in the rotational states and to predict some signals that
can be detected. The MF studies on halo nuclei have shown
that the deformation of halo nuclei is connected to the evol-
ution of shells!>> #4. It is well-established that nuclear
shapes and shell closures can be reflected by nuclear col-
lective excitation spectra. The implementation of AMP
based on the DRHBc theory can be also used to study the
properties of collective excitations in deformed halo
nucleil*”], which can provide insight into halo configura-
tions for a better understanding of the mechanism for de-
formation-driven halos. In this section, we take the rotation
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of the two-neutron halo nucleus as an example to show the
properties of deformed halos in excited states.

Neutron-rich Mg isotopes **Mg, ¥*Mg, and ‘Mg are
well deformed with S, =0.46, 0.38, and 0.31, respect-
ively based in the DRHBc calculations with PC-PK 11331,
The ground state of *Mg has a deformed halo which is
caused by the considerable occupation of p-wave compon-
ents in weakly bound valence neutron levels*% 481 Accord-
ing to the structure of SPLs, the density of a halo nucleus
can be divided into the halo part contributed from valence
nucleons and the core part from the other tightly bound or-
bitals. In the first row of Fig. 4, we show the densities of
the whole nucleus, all neutrons, neutron core, and neutron
halo in the xz plane from left to right for 42Mg. One can see
that the core has a prolate shape while the halo is slightly
oblate, which means that 42Mg is a deformed halo nucleus
with shape decoupling effects.
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Fig.4 Densities for the whole nucleus, all neutrons, the

neutron core, and neutron halo of 42M§ in the MF
ground state and projected 07, 27, and 4" states (with
M=0)[*38]. Black dotted circles are given to guide the
eye. (color online)

Using the intrinsic wave functions of 42Mg obtained
from DRHBc calculations, one can get the excited-state
wave functions by using AMP and subsequently investig-
ate their properties. The results demonstrate that the excita-
tion spectrum based on the deformed ground-state wave
function of *?Mg conforms to the feature of nuclear rota-
tional excitations, wherein the excitation energy linearly
correlates with the square of the angular momentum. By
computing the expectation value of the one-body density
operator in the projected wave functions, we can determine
the density distribution of the excited states. The partition-
ing of the neutron core and halo introduced in the intrinsic
frame remains in the projected excited states for the one-

body density operator. Fig. 4 also includes the density dis-
tributions of the whole nucleus, neutron halo, neutron core,
and neutrons for the 07, 2*, and 4" states. It can be seen that
the halo structure persists in the excited states. For the 0
state, the nuclear density distribution is spherical, resulting
in spherical density distributions for the neutron halo and
core such that there are no shape decoupling effects. In the
2" and 4" states, we find that the core and halo have differ-
ent shapes, which means that the shape decoupling effects
are preserved. To understand this, we calculated the config-
uration of each rotational excited states, see Fig. 5. It is
found that the configurations of valence neutrons almost do
not change with respect to the angular momentum. Con-
sequently, the presence of deformed halo structures and
shape decoupling effects in the intrinsic frame persists in
the low-lying rotational states. This prediction awaits ex-
perimental verification. In addition, in AMP calculations
we still did not find the clue to detect shape decoupling ef-
fects and it is still an open question what kind of observ-
ables are closely related to this exotic structure. We hope
that one can find some signals in future precise measure-
ment on the density distribution and the scattering of had-
ronic probes.

6 42Mg
o5 Core Halo
E| mmMF [ MF
Sy wmo o
g oM — 2+
>3 . 4 — 4
§ 2 x10
S~
&

v2py,  V2ps, vifsn vifin V28

Fig. 5 Probability amplitudes of p-, f~, and g-wave compon-
ents contributed to the halo and core of the MF ground
state and each collective state for 42Mg[48]. The prob-
ability amplitude of v2g9» is multiplied by 10. (color
online)

S5 Summary and perspective

In this contribution, we have summarized the applica-
tions of the DRHBc theory and its extensions. This theory
has been used to describe deformed halo structures in B, C,
Ne, Na, and Mg isotopes. The DRHBc mass table collabor-
ation has been established and the DRHBc nuclear mass ta-
ble is under construction, meanwhile different groups in
this collaboration also use the DRHBc theory to study exot-
ic nuclear structures in the mass regions of which they are
in charge. The AMP based on the DRHBc theory has been
developed to study the rotational excitations of deformed
halo nuclei.

The nature of the halo nuclei is related to their shapes.
At present, based on the DRHBc theory, the influence of
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reflection-asymmetry deformation on halo structure has not
been considered. So it is necessary to extend the DRHBc
theory in this direction. Since hyperons do not need to obey
the Pauli principle of nucleons, they can be utilized as
“probes” to detect the properties of atomic nuclei, for ex-
ample, to explore the effect of hyperons on the properties of
deformed halo nuclei. This requires to consider the hyper-
on degrees of freedom within the framework of the DRHBc
theory. In beyond-mean-field calculations based on the
DRHBc theory, only the AMP has been included. The in-
clusion of the particle number projection to treat the fluctu-
ation of particle number and the generator coordinates
method to deal with the quantum fluctuation of collective
degrees of freedom are also future tasks for a fully self-con-
sistent description of the deformed halo from ground states
to excited states.
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THRERPRRINRBE KEEHMA

hiE 12, B g 1234
(1. P ERBER R ER 2 SHARZRE, b5 100049;
2. ERL AR ES PR ST, ES P EE AT E S sEIe =, bR 100190;
3. P ERF R R 2R, JERT 100049,
4. b MR R ESE R ZEEP O, dERT 100191)

WE: MEHAEZRMBENRELE, ELEPRELWETEFAARLET E TR FHIALR, CEEEEH
TEMEN, EVE. ERECTHREBEGE, X LHFRZALZNARE LY ZYENEZ A, hE
FEZRHEL(CDFT) E#H R EFE LI AR TR R R R ANHMN T HZ—. 2#CDFTT, AT LHAHE
R R E R R T RE R, RET @4 %550 & T4 %1% 1 Hartree-Bogoliubov 2 £ (deformed relativ-
istic Hartree-Bogoliubov theory in continuum, DRHBc). £ A& X ¥, # & % DRHBc 2 16 75 7 45 4% % A4 8 % o iy p F DA
FHY E. DRHBcE W A THEM. . A, MHERLE#FINERFTEIAR, FEUHEFERFEMEAN
EH# . DRHBc M E R FAE AR THIZERMEL R A ESERNNEHER TR E X, W,
A TDRHBcEUWWANERFZITHEKA: EXWERNRBRAENESFRAFEZIAZURTREBBEGIL,
XA aRETE AR, WREMEG;, RTERE; ®aBA; HETEZRER

i B EA: 2023-08-14; &2 HEA: 2024-03-01

LW B: EFARFAE SR H (12205308, 11525524, 12070131001, 12047503, 11961141004, 12175151); i [E 8+ J5 Rl 5 4 % Bh I
H (2022M713106); A E R} B 2856 5 RHE 5 I (XDB34010000);  [F b5 R T RE ML W A B 7055 H (F41033)
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