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Microscopic study of the deformed neutron halo of 31Ne
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The properties of the deformed halo of 31Ne are discussed using the antisymmetrized molecular dynamics plus
resonating group method (AMD+RGM). The AMD+RGM calculations describe a large neutron radius for the
ground state and reveal that the ground state is dominated by core-excited components. The resonant states are
also investigated by applying the analytical continuation of the coupling constant. It is found that the first excited
state (the 5/2− state) is also dominated by core-excited components and has a small decay width, whereas the
second excited state (the 7/2− state) is dominated by the valence neutron in the f wave coupled to the ground
state of 30Ne.
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I. INTRODUCTION

The formation of a neutron halo with a broad neutron
distribution outside the core nucleus is a unique phenomenon
observed near the drip line [1]. Since their first discovery in
11Li [2], neutron haloes have been observed and discussed
up to sd-p f shell regions, such as 22C, 29F, and 37Mg [3–8].
31Ne is one such example whose large nuclear radius has
been reported from the measurement of interaction [9] and
Coulomb breakup [10,11] cross sections. Note that in the nor-
mal shell ordering of spherical potentials, the valence neutron
of 31Ne occupies f7/2; however, it must occupy the s or p
wave to form the neutron halo [12]. Thus, the shell structure
of 31Ne is modified from the normal one. This change in
shell order is ascribed to deformation. Hamamoto investigated
the properties of neutron orbits based on the Nilsson model
(a deformed Woods-Saxon potential) to explain the observed
large Coulomb dissociation cross section, and noted that the
valence neutron likely occupies particular orbits ([330 1/2],
[321 3/2], or [200 1/2]) [13]. In these cases, the ground state
is either Jπ = 3/2− or 1/2+. This result is consistent with
shell model calculations [10,11,14] and particle-rotor model
calculations [15,16]; however, to understand the structure of
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the deformed halo, it is important to investigate this with a
full microscopic model that can describe the halo structure.

In a previous work [17–19], the antisymmetrized molec-
ular dynamics plus resonating group method (AMD+RGM)
framework was applied to describe the spatially extended
halo structure and was combined with a microscopic nuclear
reaction model to discuss the large interaction cross-section of
31Ne. In the present study, we focus on the details of this
structure calculation and discuss the properties of the de-
formed halo of 31Ne. We show that the ground state of 31Ne is
dominated by core-excited components, indicating the strong
coupling between the deformed halo and rotational excitation
of the core nucleus. However, the AMD+RGM approach is
inaccurate for describing resonance states. To overcome this
problem, in this study, we introduce the method of the ana-
lytical continuation of the coupling constant (ACCC) [20,21].
We demonstrate that the combination of the AMD+RGM and
ACCC is successful in determining the energies and widths
of resonances. The first excited state, the 5/2−

1 state, is dom-
inated by the core-excited components, whereas the second
excited state, the 7/2−

1 state, is not.
This paper is organized as follows: In the next section, we

explain the theoretical frameworks, that is, the AMD+GCM,
AMD+RGM, and ACCC, which are used to describe 31Ne.
In Sec. III, we compare the antisymmetrized molecular dy-
namics plus generator coordinate method (AMD+GCM) and
AMD+RGM results and discuss the deformed neutron halo.
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Based on the ACCC, we also discuss the excited resonant
states built on top of the deformed halo. The final section sum-
marizes this study.

II. THEORETICAL FRAMEWORK

In this study, we apply the AMD+GCM and AMD+RGM
frameworks to describe the neutron halo of 31Ne. The Hamil-
tonian is common in both frameworks and is given as

H =
A∑

i=1

ti +
A∑

i< j

vi j − tc.m., (1)

where the Gogny D1S interaction [22] is used as effective
nucleon-nucleon and Coulomb interactions. The center-of-
mass kinetic energy, tc.m., is exactly removed.

The variational wave function is also common; a parity-
projected Slater determinant of single-particle Gaussian wave
packets are employed.

�π
int = 1 + πPx

2
A{ ϕ1ϕ2 . . . ϕA }, (2)

where Px is the parity operator. In this study, we focus on
the positive-parity states (π = +1) of 30Ne and the negative-
parity states (π = −1) of 31Ne. A single-particle wave packet
has a deformed Gaussian form [23],

ϕi(r) =
∏

σ=x,y,z

exp { −νσ (rσ − Ziσ )2 }χiηi, (3)

where χi is the spinor and ηi is the isospin fixed to either
a proton or neutron. The parameters of the variational wave
function are Zi, ν, and χi.

A. AMD+GCM

The parameters of the variational wave function are op-
timized by the energy variation with the constraint on the
nuclear quadrupole deformation parameter β. After energy
variation, we obtain the optimized wave functions �π

int (β )
for each given value of β. The optimized wave functions are
projected on the eigenstates of the total angular momentum,

�Jπ
MK(β ) = PJ

MK�π
int (β )

= 2J + 1

8π2

∫
d
DJ∗

MK(
)R(
)�π
int (β ), (4)

where PJ
MK, DJ

MK(
), and R(
) denote the angular momen-
tum projector, Wigner D function, and rotation operator,
respectively. Then, we superpose the wave functions with
different values of the quadrupole deformation parameter β,

�Jπ
Mα =

∑
Ki

eKiα�Jπ
MK(βi ). (5)

The coefficients eKiα can be obtained from the Hill-Wheeler
equation [24],∑

K ′i′
(HKiK ′i′ − EαNKiK ′i′ )eK ′i′α = 0, (6)

HKiK ′i′ = 〈
�Jπ

MK(βi )
∣∣H ∣∣�Jπ

MK′ (βi′ )
〉
, (7)

NKiK ′i′ = 〈
�Jπ

MK(βi )|�Jπ
MK′ (βi′ )

〉
, (8)
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FIG. 1. Schematic illustration of an AMD+RGM basis wave
function for the 30Ne +n system.

where Eα is the eigenenergy of the eigenfunction given by
Eq. (5).

This AMD+GCM framework has often been used for
nuclear structure calculations [25–27]; however, it has a disad-
vantage in describing neutron haloes because the asymptotics
of the wave function are restricted to a Gaussian form. To
overcome this problem, we apply the AMD+RGM frame-
work to 31Ne.

B. AMD+RGM and ACCC

In the AMD+RGM framework [18,28], we introduce an
additional set of wave functions that covers a large distance
from the core nucleus. As schematically illustrated in Fig. 1,
we construct 30Ne +n wave functions, which consist of 30Ne
and a valence neutron located on a grid inside a 12-fm radius
sphere with 1-fm intervals,

�(β, ξi, χn) = A{
�30Ne

(
β,− 1

31ξi

)
ϕn

(
30
31ξi, χn

)}
, (9)

where �30Ne is the intrinsic wave function of 30Ne, obtained
from the energy variation with the constraint on β, and ϕn is a
Gaussian wave packet [Eq. (3)], which describes the valence
neutron. To reduce the computational cost, we assume axial
and reflection symmetry for �30Ne. Hence, the relative coor-
dinate ξi between 30Ne and the valence neutron is restricted
within the first quadrant of the xy plane, where the y axis was
the symmetry axis of �30Ne. The generated basis functions are
superposed with the basis functions obtained via the varia-
tional calculations,

�Jπ
Mα =

∑
K

{∑
i=1

fKiα�Jπ
MK(βi )

+
∑

i j

∑
χn=↑,↓

gKi jχnαPJ
MKPπ�(βi, ξ j, χn)

⎫⎬
⎭. (10)

Similar to the AMD+GCM framework, the coefficients fKiα

and gKi jχnα and the eigenenergy are determined from the Hill-
Wheeler equation.
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The AMD+RGM framework [18,28] can describe a long-
ranged halo wave function; however, it is difficult to identify
the resonances owing to the strong coupling with nonresonant
continua. Therefore, we apply the ACCC [20,21] to calculate
the energies and widths of the resonances. We use the two-
body spin-orbit interaction of the Gogny D1S functional as an
auxiliary potential,

H (λ) = H + λvls, (11)

vls = iWls(
−→σ1 + −→σ2 ) · ←−∇ × δ3(r1 − r2)

−→∇ , (12)

where λ controls the strength of the auxiliary potential, and
λ = 0 corresponds to the physical point, that is, the original
Hamiltonian. We note that this auxiliary potential is the same
as the standard form of the spin-orbit interaction of the Gogny
and Skyrme density functionals [22,29]. Hence, the addition
of the above spin-orbit term is equivalent to multiplying a
factor of 1 + λ to the original spin-orbit interaction.

We also comment on the choice of the auxiliary potentials.
In general, its choice is arbitrary; a typical choice is the spin-
and isospin-dependent central force. We also tested such a
case and found that it did not work for 31Ne. The use of the
central auxiliary potential largely changed the binding ener-
gies and structure of 30Ne and 31Ne in the bound state region
from those at the physical point with λ = 0. Consequently, the
extrapolation by the Páde approximation was less accurate.
Therefore, in the present study, we show the properties of the
resonances obtained by using the spin-orbit auxiliary field.

The eigenenergy of 31Ne derived from this Hamiltonian,
which we denote as E (λ), varies as a function of λ. For larger
values of λ, resonances are bound owing to the additional
attraction from the auxiliary potential, whereas nonresonant
states are insensitive to it. In such a way, we can distinguish
resonances from nonresonant continua. The energy and width
of a resonance can be calculated by the analytical continuation
of the eigenenergy E (λ) from the bound region to the physical
point. To this end, we introduced a variable X ,

X =
√

λ − λ0, (13)

where λ0 is the value at which an eigenstate of 31Ne be-
comes particle unbound, i.e., let E30Ne(λ0) be the energy of
the ground state of 30Ne calculated from H (λ), and λ0 satisfies
E (λ0) = E30Ne(λ0). Using X , the wave number of the valence
neutron is approximated by a fractional function (the Padé
approximation),

E (λ) = h̄2

2μ
k2(X ) + E30Ne(λ), (14)

k(X ) = i
c1X + · · · + cMX M

1 + d1X + · · · + dN X N
, (15)

where μ is the reduced mass of the two-body system. The N +
M coefficients are determined by fitting the eigenvalue E (λ)
in the bound region. In this study, N = M = 7 is found to be
sufficient for accurate approximation. Then, the wave number
at the physical point, X0 = i

√
λ0, corresponds to the energy

and width of resonance as h̄2k2(X0)/(2μ) = ER − i�R/2.
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FIG. 2. Energy curves of 30Ne and 31Ne obtained from β-
constrained variational calculations.

C. Valence neutron wave function

To investigate the valence neutron wave functions, we cal-
culate the overlap integral between the AMD+GCM wave
function of 30Ne and the AMD+GCM or AMD+RGM wave
function of 31Ne,

ψ (r) =
√

31
〈
�Jπ

M (30Ne)
∣∣�J ′π ′

M+m(31Ne)
〉
. (16)

The computational method for this integral is explained in
Ref. [30]. The multipole decomposition of Eq. (16) can be
expressed as

ψ (r) =
∑

jl

CJ ′M+m
JM jm u jl (r)/r[Yl (r̂) ⊗ χ ] jm, (17)

where CJ ′M+m
JM jm is the Clebsch-Gordan coefficient. Here, u jl (r)

is regarded as the valence neutron wave function coupled to
the 30Ne core with a spin parity of Jπ . The squared integral of
u jl (r) is the spectroscopic factor (S factor),

S jl =
∫ ∞

0
dr |u jl (r)|2. (18)

III. RESULTS AND DISCUSSION

A. AMD+GCM results

Figure 2 shows the energy curves of 30Ne and 31Ne
obtained from β-constrained variational calculations. Both
nuclei exhibit energy minima at approximately β = 0.1 and
0.4. As shown later, these minima correspond to the 0h̄ω

and 2h̄ω configurations, respectively. The energies of the 0h̄ω

and 2h̄ω configurations are inverted near β = 0.25. To explain
the structure of the 0h̄ω and 2h̄ω configurations, Fig. 3(a)
shows the single-particle energies of the last five neutrons of
31Ne. In the 0h̄ω configuration (β < 0.25), the last neutron
occupies the [330 1/2] Nilsson orbit originating from the
spherical f7/2. In other words, the 0h̄ω configuration has one
particle and zero holes (1p0h) with respect to the N = 20
shell closure. In the 2h̄ω configuration (β > 0.25), there are
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FIG. 3. (a) Single-particle energies of the five most weakly
bound neutrons. Only the occupied orbits are calculated in the
AMD+GCM framework. (b) Occupation numbers of the p and f
waves from the five most weakly bound neutrons.

two neutrons in the [330 1/2] orbit and one in the [321 3/2]
orbit, which is another intruder orbit from f7/2. Because the
[202 3/2] orbit is unoccupied, the 2h̄ω configuration corre-
sponds to 3p2h. At larger deformations (β > 0.6), the 4p3h
configuration appears, in which two neutrons occupy the [321
3/2] orbit and the last neutron occupies the [200 1/2] orbit,
although it is not shown because of its higher excitation en-
ergy. These three configurations (1p0h, 3p2h, and 4p3h) are
in agreement with the analysis by Hamamoto [13].

Note that these single-particle orbits are not the eigenstates
of the orbital angular momentum but mixed states due to
deformation. More specifically, the intruder orbits from the
spherical f7/2 orbit ([330 1/2] and [321 3/2]) are the admix-
ture of f and p waves. The occupation numbers of the f and
p waves in these intruder orbits are shown in Fig. 3(b). They
discontinuously change at β = 0.25 because the configuration
switches from the 0h̄ω to 2h̄ω. The sum of the occupation
numbers of the f and p waves is approximately one or three,
corresponding to 1p0h and 3p2h. If β is close to zero, the last
neutron mostly occupies the spherical f7/2 orbit, and hence,
the occupation number of the p wave is almost zero. As
deformation increases, the occupation number of the p wave
gradually increases. The ground state of 31Ne approximately
corresponds to β = 0.45, where the occupation numbers of
the p and f waves are approximately one and two, respec-
tively.
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FIG. 4. Energy spectrum of 30Ne and 31Ne relative to the ground
state of 30Ne. The AMD+GCM results are denoted as “GCM” and
the AMD+RGM results as “RGM.”

After the angular momentum projection, the energy of the
2h̄ω minimum is lower than that of the 0h̄ω minimum for
both nuclei, indicating that the ground state is dominated by
the 2h̄ω configuration. Here, we focus on the energy curve of
31Ne. For the 0h̄ω configuration, the 7/2− state is lower than
the 3/2− state, indicating that the spherical f7/2 orbit is lower
than the p3/2 orbit in accordance with the normal shell order.
It is noted that the energy difference between the 7/2− and
3/2− states with the 0h̄ω configuration is less than 1 MeV,
which indicates the quenching of the spherical N = 28 shell
gap. For the largely deformed 2h̄ω configuration, the 3/2−
state is lower than the 7/2− state because the valence neutron
occupies the Nilsson orbit [321 3/2] and generates rotational
states with Kπ = 3/2−.

The comparison of the three configurations proposed by
Hamamoto [13] can be summarized as follows. The 1p0h
configuration ([330 1/2]): Our calculations do not yield a
rotational spectrum because of the small deformation and
the spin parity of the ground state is 7/2−, which cannot
have the halo structure. The 3p2h configuration ([321 3/2]):
This yields a rotational spectrum with Kπ = 3/2− and can
explain the halo structure of 31Ne. The 4p3h configuration
([200 1/2]): The energy of this configuration has excitation
energy that is too large and cannot be the ground state if
we attempt to consistently reproduce the properties of the
neighboring nuclei. Thus, 3p2h is the primary candidate for
the ground-state configuration.

Figure 4 shows the spectra of 30Ne and 31Ne obtained
from AMD+GCM. 30Ne is largely deformed and has the
rotational ground band that consists of the 0+

1 , 2+
1 , and 4+

1
states. Our calculation predicts the 0+

2 and 2+
2 states with

0h̄ω configuration at approximately 2 MeV, although they
have not yet been experimentally identified. The ground state
of 31Ne is also dominated by the 2h̄ω configuration, which
exhibits a rotational spectrum with Kπ = 3/2− owing to large
deformation. An obvious problem in the AMD+GCM cal-
culations is that 31Ne is unbound, and hence, we apply the
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TABLE I. One-neutron separation energy in units of MeV (Sn),
point-proton and neutron distribution radii in units of fm, and the
quadrupole moments of protons (Qp) and neutrons (Qn) in units
of fm2. The AMD+GCM results are denoted as “GCM” and the
AMD+RGM results as “RGM.”

Sn

√
〈r2

p〉
√〈r2

n 〉 Qp Qn

30Ne(GCM) 3.05 3.40
31Ne(GCM) −0.36 3.06 3.45 11.8 29.1
31Ne(RGM) 0.61 3.11 3.69 11.2 31.1

AMD+RGM and ACCC frameworks to improve the descrip-
tion of neutron haloes.

B. AMD+RGM and ACCC results

Here, we show how the AMD+RGM calculation improves
the description of the neutron halo and bound the ground state
of 31Ne. As listed in Table I, the calculated one-neutron sepa-
ration energy (Sn) is 610 keV, which is approximately 1 MeV
deeper than the AMD+GCM result and slightly overestimats
the experimental value of 150 ± 160 keV deduced from the
one-neutron removal experiment [11]. The neutron distribu-
tion radius has increased from 3.45 fm in the AMD+GCM to
3.69 fm in the AMD+RGM owing to the proper description of
the neutron halo. The proton radius has also increased slightly
owing to the recoil effect of the valence neutron.

The large electric quadrupole moment predicted by the
present calculations is a direct observable to show core de-
formation. The quadrupole moment of neutrons is also large
and slightly larger in the AMD+RGM result than in the
AMD+GCM result because of the development of the p-wave
neutron halo with spatial anisotropy.

To discuss the structure of the deformed halo in more de-
tail, the spectroscopic factors of the ground state are listed in
Table II. The main channels of the ground state are Jπ ⊗ l j =
0+

1 ⊗ p3/2, 2+
1 ⊗ p3/2, 2+

1 ⊗ f7/2, and 4+
1 ⊗ f7/2, where Jπ is

the spin parity of 30Ne, and l j is the angular momentum of
the valence neutron. Compared with the AMD+GCM results,
the S factors of the p-wave channels have increased in the
AMD+RGM results owing to the formation of a p-wave

halo. The one-neutron removal experiment reported the S
factor of the 0+

1 ⊗ p3/2 channel as 0.32 ± 0.21 [11], which
is reasonably reproduced by the AMD+RGM calculation. It
is remarkable that AMD+RGM calculations yields larger S
factors for core-excited channels (2+

1 ⊗ p3/2, 2+
1 ⊗ f7/2, and

4+
1 ⊗ f7/2) than the 0+

1 ⊗ p3/2 channel because of the strong
coupling between the neutron halo and the rotational exci-
tation of the deformed core. This is qualitatively consistent
with the results of the rigid-rotor model calculation [15],
which assumed large core deformation, and the shell model
calculation with the SDPF-M interaction [11]. In fact, the
observed inclusive parallel momentum distribution for the
1n-removal reaction [11] showed that the f -wave component
is larger than the p-wave component, which is consistent with
the theoretical calculations. Whether the reaction calculation
can reproduce this momentum distribution is an interesting
problem for future study.

Figure 5 compares the wave functions of the valence neu-
tron (overlap integral of 31Ne and 30Ne) in the Jπ ⊗ l j = 0+

1 ⊗
p3/2, 2+

1 ⊗ p3/2, and 2+
1 ⊗ f7/2 channels calculated using the

AMD+GCM and AMD+RGM. The AMD+RGM has sig-
nificantly improved the description of the wave function in all
channels and has reproduced the correct asymptotics at large
distances. The neutron wave function in the 0+

1 ⊗ p3/2 channel
exhibits a very long tail due to the small Sn and small orbital
angular momentum, which is the origin of the large neutron
halo. The wave function of the 2+

1 ⊗ p3/2 channel also exhibits
a similar distribution; however, it dumps more quickly than
that of the 0+

1 ⊗ p3/2 channel because core excitation enlarges
Sn. The 2+

1 ⊗ f7/2 channel has no halo tail owing to its large
angular momentum. The wave function of the 4+

1 ⊗ f7/2 chan-
nel dumps as rapidly as that of the 2+

1 ⊗ f7/2 channel, although
it is not shown in the figure.

The resonance energies and widths calculated using the
ACCC are shown in Fig. 4 and Table II. The S factors of the
resonances are calculated at the bound region close to λ = λ0

because the S factors at the physical point cannot be calculated
within the ACCC framework. It is found that the S factors are
not sensitive to the value of λ in the vicinity of λ = λ0; hence
we expect that these values are a reasonable approximation of
the S factors at the physical point.

The S factor shows us the structure of the resonances. The
first excited state is the 5/2−

1 state for which the 0+
1 ⊗ p3/2

TABLE II. One-neutron separation energy and widths in units of MeV, and the S factors of the ground and excited states of 31Ne calculated
using AMD+RGM and ACCC. The S factors of the resonances are calculated at the bound region close to λ = λ0. The numbers in the
parentheses are the resonance energies obtained within the bound-state approximation. The results of the AMD+GCM are also shown for the
ground state.

Sn � 0+
1 ⊗ p3/2 2+

1 ⊗ p3/2 4+
1 ⊗ p3/2 0+

1 ⊗ f7/2 2+
1 ⊗ f7/2 4+

1 ⊗ f7/2

3/2−
1 (GCM) −0.36 0.13 0.32 0.78 0.66

3/2−
1 (RGM) 0.61 0.30 0.43 0.57 0.47

5/2−
1 −0.12 (−0.12) 0.07 0.48 0.12 0.66 0.33

7/2−
1 −0.69 (−0.60) 0.18 0.07 0.21 0.76 0.05 0.06

Sn � 0+
2 ⊗ p3/2 2+

2 ⊗ p3/2 0+
2 ⊗ f7/2 2+

2 ⊗ f7/2

3/2−
2 −1.76 (−1.02) 0.29 0.64 0.09 0.23

7/2−
2 −1.60 (−1.22) 0.21 0.14 0.65 0.14
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FIG. 5. Wave functions (overlap functions) of the ground state of
31Ne in the (a) 0+

1 ⊗ p3/2, (b) 2+
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1 ), and (c) 2+
1 ⊗ f7/2(2+

1 )
channels calculated using the AMD+GCM and AMD+RGM. The
amplitudes are arbitrarily normalized for presentation. The dotted
lines show the correct asymptotics at large distances, where the
interaction between 30Ne and the valence neutron is negligible.

channel is forbidden and the core-excited 2+
1 ⊗ p3/2 and 2+

1 ⊗
f7/2 channels dominate. Therefore, we regard this state as the
rotational excitation of the 30Ne core coupled to the neutron
halo with p- and f -wave mixing. We have also calculated the S
factor for the 0+

1 ⊗ f5/2 channel and found it to be very small.
Note that this state is located above the 30Ne(0+

1 ) + n thresh-
old but below the 30Ne(2+

1 ) + n threshold; hence, the decay
channel of the main component is closed. Consequently, this
state is a narrow and sharp resonance. The 7/2−

1 state looks
like a rotational state in the sequence of the 3/2−

1 , 5/2−
1 , and

7/2−
1 states. However, the S factor indicates that this state is a

single-particle state, that is, it is dominated by the 0+
1 ⊗ f7/2

component. Because the decay channel is open, its width is
larger than that of the 5/2−

1 state. We also note that the en-
ergy of these resonances (5/2−

1 and 7/2−
1 ) can be reasonably

evaluated within the bound state approximation because their
energies are not much higher than the decay threshold.

The 3/2−
2 and 7/2−

2 states are significantly different from
the other states. They are strongly coupled to the spheri-
cal 30Ne(0+

2 ) with the 0h̄ω configuration. Owing to small

deformation, the coupling to 30Ne(2+
2 ) is not strong. It de-

cays through weakly coupled 30Ne(0+
1 ) channels, and the

widths are broader due to larger decay Q values. For these
resonances, the bound state approximation yields inaccurate
estimation of the resonance energy due to the contamina-
tion of non-resonant continua. The structure of this state is
considerably different from the ground state of 31Ne and
the neighboring nuclei, indicating the coexistence of the de-
formed halo state and spherical non-halo states.

Finally, we compare our numerical results with the latest
experimental data obtained by the two-proton knockout re-
action from 33Mg [31]. They observed two low-lying peaks
at 0.30 ± 0.17 and 1.50 ± 0.33 MeV in the 30Ne +n decay
spectrum, which might correspond to either two resonances
or two groups of resonances. Since they did not observe the
final state of 30Ne, there are two interpretations of the data.
If we assume the decay to the ground state of 30Ne, the
corresponding one-neutron separation energies are 0.30 and
1.50 MeV for the lower and higher peaks, respectively. This
interpretation is qualitatively consistent with our results: the
lower peak (Sn = 0.30 MeV) corresponds to the 5/2−

1 and
7/2−

1 states, while the higher peak (Sn = 1.50 MeV) can be
assigned to the 3/2−

1 and 7/2−
1 states. The higher peak is

broader than the lower peak, which also qualitatively agrees
with our results.

Another interpretation of the data is the assumption of the
decay to the 2+

1 state of 30Ne. In this case, the lower and higher
peaks correspond to Sn = 1.1 and 2.3 MeV, respectively. This
interpretation is less consistent with our results. In particular,
we have not obtained the resonances corresponding to Sn =
2.3 MeV. Note that this does not mean that such resonances do
not exist, but we could not obtain the numerical results in this
energy region because of the lack of the numerical precision of
the ACCC calculation. In any case, further theoretical and ex-
perimental studies are needed to identify the 31Ne resonances,
which is a quite interesting issue.

IV. SUMMARY

In this study, we have discussed the properties of the
deformed halo of 31Ne by applying the AMD+RGM and
investigated the properties of the resonances built on top of
the ground state by applying the ACCC. By comparing the
results from the conventional AMD+GCM framework, we
have shown that the AMD+RGM correctly describes the
asymptotic form of the neutron halo wave function and yields
a large neutron radius for 31Ne. We have also microscopically
calculated the S factors, revealing that the ground state of
31Ne is dominated by core-excited channels (2+ ⊗ p3/2 and
2+ ⊗ f7/2) rather than the ground-state channel. This result
explains the observed S factor in the ground-state channel,
0.32 ± 0.21, reported by a one-neutron removal experiment
[11]. Simultaneously, it shows that 31Ne is a deformed halo
nucleus in which the rotational excitation of the core is cou-
pled with a deformed neutron halo.

Furthermore, by applying the ACCC to the AMD+RGM,
the energy and width of the resonances have been obtained.
The first excited state, the 5/2− state, is dominated by core-
excited components. Because neutron decay in the dominant
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channel is a negative Q value, this state has a small width. In
contrast, the second excited state, the 7/2−

1 state, is dominated
by the f7/2 channel. Other obtained resonances are predicted
to have the valence neutron coupled to the spherical 0+

2 state
of 30Ne.

We have also compared our results with the latest experi-
mental data [31]. Although quantitative comparison is difficult
due to the uncertainty of the experiment, we have confirmed
that the observed candidate of resonances are qualitatively
consistent with our results, assuming that the decays to the
ground state of 30Ne were observed in the experiment.

We note that the successful combination of the
AMD+RGM and ACCC frameworks will allow us to
discuss the properties of other deformed haloes, such as
37Mg, and the nuclei beyond the neutron drip line, such as
26O.
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