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Effect of Tensor Force on the Halo Structure of 29Ne and 31Ne∗
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Abstract The structure of Ne isotopes has been investigated by using deformed Skyrme–Hartree–Fock (SHF) method
and BCS approximation. Especially the effect of tensor force on the halo structure of 29Ne and 31Ne is discussed. To
this end, the tensor contributions are considered to the energy density function and the single particle potential in
SHF theory. For comparison, four Skyrme interactions are used: SLy5 and SGII without tensor force, and SLy5+T
and SGII+T with tensor force. The results indicate that the inclusion of tensor force shows a more pronounced halo
structure for 31Ne.
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1 Introduction

During last few decades, structures of exotic nuclei

have been extensively studied theoretically and experi-
mentally. Especially the studies on light exotic nuclei have

revealed a lot of interesting phenomena, such as neutron

halos and skins, prediction of proton halos, and cluster-

like structure. The neutron halo is weakly bound exotic
nuclear state where the valence neutrons are spatially de-

coupled from a tightly bound core and the wave function

extends into the classically forbidden region. Interaction

cross sections and reaction cross section can indicate the
size of nuclei.[1−2] Based on this property, the neutron

halo has been found in some neutron-rich nuclei. Experi-

mentally, 11Li is the first recognized neutron halo nucleus

by Tanihanta et al.[1] Since then, a lot of neutron halo nu-
clei have been observed experimentally (see, for example,

Refs. [3–5]). Theoretically, the neutron halo structure has

been investigated by different models.[6−14]

Recently, the interaction cross sections for Ne iso-

topes from the stability line to the neutron drip line were
measured[15] experimentally. The larger interaction cross

sections for 29Ne and 31Ne were observed compared to

their neighboring nuclei.[15−16] The analysis suggests an s

dominant halo structure of 29Ne and s- or p-orbit halo
in 31Ne.[15] Theoretically, the dependence of the reac-

tion cross section on the ground state of the deformed

halo nucleus 31Ne was investigated by using the Glauber

theory.[17]

The Ne isotopes around N = 20 also make up the so-
called island of inversion.[18] In Ref. [18], the evidence for

the presence of an anomaly in binding energies for the “is-

land of inversion” centered at Z = 11, N = 21 is obtained

by comparison of shell-model calculations to experiment.
Recently, the deformation of Ne isotopes in the region of

the island of inversion was determined by folding model

description of the interaction cross sections measured for
28−32Ne isotopes.[19] The calculation indicates 31Ne is a

halo nucleus with large deformation around β2 = 0.4.

Another topic about the neon isotopes is the shell

structure in this region since they are across the sd neutron

shell. Experimentally and theoretically, the appearance of

new magic number N = 14 or N = 16 was widely studied

(see Refs. [20–21] and references therein). In Ref. [22], the

shell structure of neon isotopes was discussed by investi-

gating the charge radii and a magic number is suggested

in the middle of the sd shell.

On the other hand, one of the current topics is the

role of the tensor interaction on the shell evolution of nu-

clei far from the stability. The experimental isospin de-

pendence of the spin-orbit splittings in the N = 82 iso-

tones and Z = 50 isotopes can not be described by the

Skyrme–Hartree–Fock (SHF) calculations with standard

Skyrme interactions, but is well reproduced by including

the tensor interaction.[23] In Ref. [24], the effect of tensor

interaction is studied on deformation and shell structure

of various nuclei within the deformed SHF+BCS model.

It is shown that Z = 114 and N = 164 shell gaps are

more pronounced by the tensor correlations of SLy5+T

interaction.

In Ref. [12], the deformation effect on the structure

of N = 7 halo nuclei was discussed by using deformed

SHF+BCS theory. In this paper, the shell structure of

neon isotopes and the halo structure of 29Ne and 31Ne are

investigated by using the same theory as in Ref. [12], but

the tensor correlation is considered. Although there are

some arguments[13−14,25−28] that in dealing with pairing

correlation the BCS method is weaker in describing halo

structure than the other approaches, the current studies
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focus on the effect of tensor force on halo structure of 29Ne

and 31Ne.

This paper is organized as follows. A brief introduction

about SHF theory and tensor force is given in Sec. 2. We

study the shell structure of Ne isotopes, the halo structure

of 29Ne and 31Ne and the effect of tensor force in Sec. 3.

A summary is given in Sec. 4.

2 Formalism

To minimize the total energy of nuclear system,

we solve the Skyrme–Hartree–Fock (SHF) Schrodinger

equation,[29]

[

−~▽ ·
h

2m⋆
q(r)

~▽ + Uq(~r) + Wq(~r) · (−i)(~▽× σ)
]

φi

= eiφi , (1)

taking into account the triplet-even and triplet-odd zero-

range tensor interactions,

VT =
T

2

{[

(σ1 · k
′)(σ2 · k

′) −
1

3
k
′2(σ1 · σ2)

]

+
[

(σ1 · k)(σ2 · k) −
1

3
(σ1 · σ2)k

2
]}

δ(r1 − r2)

+ U
{

(σ1 · k
′)δ(r1 − r2)(σ2 · k)

−
1

3
(σ1 · σ2)[k

′ · δ(r1 − r2)k]
}

, (2)

where k and k
′ are the momentum operators acting on

right and left hand side, respectively. The time-even and

time-odd tensor coupling constants T and U are free pa-

rameters in the SHF model. For details, please refer to

Ref. [24].

The vector part of the spin-orbit density in the SHF

energy density is written as,

△H =
1

2
α( ~Jn + ~Jp) + β ~J2

n
~J2
p , (3)

where

α = αC + αT , β = βC + βT , (4)

including the contributions of central exchange and ten-

sor term. αC and βC are written in terms of standard

Skyrme parameters, while αT and βT are related to the

tensor interactions (see Eq. (2)),

αC =
1

8
(t1 − t2) =

1

8
(t1x1 + t2x2) ,

βC = −
1

8
(t1x1 + t2x2) ,

αT =
5

12
U, βT =

5

24
(T + U) . (5)

Beyond the mean field approximation, we consider the

pairing interaction with BCS approximation. We take a

density-dependent pairing interaction

V = V0

(

1 −
ρ(~r1 + ~r2)/2

ρ0

)λ

· δ(~r1 − ~r2) , (6)

where λ = 1, and the reference density ρ0 is taken as a

standard value of 0.16 fm−3.

3 Result and Discussion

We perform the deformed SHF+BCS calculations for

Ne isotopes including the tensor contributions to the en-

ergy density function and also to the single particle po-

tential. For odd-neutron nuclei, the blocking effect of odd

neutron was taken into account. In order to study the

effect of tensor force on the halo structure of 29Ne and
31Ne, we choose four different Skyrme interactions: SLy5

and SGII without tensor interaction, and SLy5+T,[23]

SGII+T[30] with tensor interaction. In the calculation,

the pairing strength is taken as V0 = −410 MeV · fm−3 for

neon isotopes as in Ref. [31].

Fig. 1 Single and double neutron separation energies
for Ne isotopes as a function of neutron number. The top
and bottom panel show single and double neutron sep-
aration energies, respectively. The Experimental data
are indicated by filled diamonds. The results for the
SLy5, SLy5+T, SGII, and SGII+T are indicated by open
square, open circles, open down triangle, and open upper
triangle, respectively.

Figure 1 shows the calculated single neutron separa-

tion energies Sn (top panel) and double neutron separa-

tion energies S2n (bottom panel) for Ne isotopes, with

comparison to the experimental data. The neon isotopes

span the whole sd shell across the magic number N = 8

and N = 20. Currently, the new magic numbers such as

N = 14 or N = 16 are widely discussed in the literatures

both from experimental and theoretical side (see Refs. [20–

21] and references therein). From Fig. 1, we see that for

all four Skyrme interactions, there is a big gap of Sn at the

N = 8 magic number. In the middle of sd shell, there are

several gaps such as N = 12, N = 14, and N = 16, which

agree with the investigation of the charge radii of neon

isotopes in Ref. [22]. Compared to the results of SLy5

interaction the calculation with SLy5+T interaction gives

a clear N = 16 gap, and the amplitude is comparable to

the gap at N = 20. Both the calculation with SGII and



No. 1 Communications in Theoretical Physics 103

SGII+T interaction can not give an N = 14 or N = 16

gap, but an N = 12 gap instead.

The calculated single particle separation energies and

experimental data for 29Ne and 31Ne are listed in Table 1.

In the case of 29Ne, compared to the experiment, the re-

sults with SLy5 or SLy5+T are better than those of SGII

or SGII+T interaction, while for 31Ne, due to the large

error bar from experiment, all the calculations agree well

with the experimental data. However, in the case of SLy5

or SLy5+T interaction, the 31Ne is a neutron emission

nucleus.

Table 1 The calculated one-neutron separation energy
and experimental data for 29Ne and 31Ne in the unit of
MeV. The experimental data are from Ref. [33].

SGII SGII+T SLy5 SLy5+T Exp

29Ne 3.594 4.525 2.562 1.802 0.95 ± 0.15

31Ne 0.659 0.418 −0.335 −0.668 0.29 ± 1.6

Fig. 2 The calculated β2 deformation parameters ver-
sus mass number from the quadrupole moments ob-
tained from SHF calculations. The Experimental data
are reprsented by filled diamonds. The results for the
SLy5, SLy5+T, SGII, and SGII+T are given by open
square, open circles, open down triangle, and open up-
per triangle, respectively.

To investigate the shape evolution of neon isotopes,

in Fig. 2 the calculated quadrupole deformation β2 val-

ues are plotted as a function of mass number for SLy5,

SLy5+T, SGII, and SGII+T interaction, respectively. For

comparison, the experimental data are also given. All the

calculations give a spherical shape at A = 30 due to the

N = 20 closed shell. Experimentally, there is a defor-

mation minimum at A = 24 in the middle of the sd shell

corresponding to the closure of d5/2 subshell.[32] The SLy5

and SLy5+T calculations give a β2 minimum at A = 26

corresponding to the gap of Sn (see Fig. 1), indicating the

N = 16 subshell. Compared with the experimental data,

the results with SGII or SGII+T interaction agree better

with the experiment than those of SLy5 and SLy5+T. We

also notice that the tensor force in SGII interaction makes

a big changes of β2 for the nuclei 21 ≤ A ≤ 27, while the

shapes of SLy5 and SLy5+T calculation are nearly the

same except at A = 25 due to shape coexistence in 25Ne.

Fig. 3 (a) Rms neutron and proton radii (b) difference
between rms neutron and proton radii of Ne isotopes as
a function of atomic number. The solid signs represent
proton radii. The open signs are the neutron radii.

Fig. 4 Neutron and proton density distribution of 28Ne
as a function of r (left panel) and z (right panel) direc-
tion with (a) SLy5 at β2 = 0.16 (b) SLy5+T at β2 = 0.20
(c) SGII at β2 = 0.23 and (d) SGII+T at β2 = −0.22,
respectively. The solid line and dashed line indicate the
proton and neutron density, respectively.
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To study the halo structure of neon isotopes, in Fig. 3,

we plot the neutron and proton root-mean-square (rms)

radii (upper panel) and the difference between the neu-

tron and proton radii (lower panel) of Ne isotopes as a

function of mass number. In upper panel, both the neu-

tron and proton rms radii increase with A. The tensor

force in SGII+T interaction makes a big change of radii

in the nuclei 21 ≤ A ≤ 27 corresponding to the changes of

shapes. For SGII and SGII+T interaction, we see a jump

for the A = 31 neutron radius and a corresponding jump

in the difference of neutron and proton radii, which indi-

cates the neutron halo structure in 31Ne. It agrees with

the experimental halo structure.[15] While for 29Ne, the

jump of neutron is not obvious for all four interactions.

Fig. 5 The same as Fig. 4, but for 29Ne with (a) SLy5
at β2 = −0.07 (b) SLy5+T at β2 = −0.07 (c) SGII at
β2 = 0.14 and (d) SGII+T at β2 = 0.17, respectively.

In order to describe the density distribution of halo

nuclei, it is suggested that the relativistic Hartree theory

should be solved in coordinate space[34] or in the basis

equivalent to coordinate space.[35] In current calculation,

the axial symmetry is assumed and the SHF Eq. (1) is

solved in cylinder coordinate space. In Figs. 4 and 5, the

neutron and proton densities of ground states are given

as a function of r and z direction for SLy5 (β2 = −0.07),

SLy5+T (β2 = −0.07), SGII (β2 = 0.14), and SGII+T

(β2 = 0.14), respectively. Compared to the density dis-

tribution of 28Ne (Fig. 4), the 29Ne density distributions

of the calculations with SLy5 and SLy5+T Skyrme force

show an exponentially extended tail, indicating the halo

structure of this nucleus. The difference between the den-

sity distributions of 29Ne in r and z direction indicates

the deformed halo structure in this nucleus for SLy5 and

SLy5+T interaction.

Fig. 6 The same as Fig. 4, but for 30Ne with β2 = 0.0.

Fig. 7 The same as Fig. 4, but for 31Ne with (a) SGII
at β2 = 0.23 (b) SGII+T at β2 = 0.20.

Similarly, we plot in Fig. 6 the neutron and proton

densities of ground states as a function of r and z direc-

tion for SLy5, SLy5+T, SGII, and SGII+T, respectively.

Since for the above four Skyrme forces, only the SGII and

SGII+T can produce a bound nuclear system. In Fig. 7,

we only plot the neutron and proton densities as a func-

tion of r and z direction for SGII (β2 = 0.23), and SGII+T
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(β2 = 0.20), respectively. Only the density distribution of
31Ne with SGII+T force shows an exponentially extended
tail in comparison with to the density distribution of 30Ne
(Fig. 6), which indicates a halo structure for this nucleus.
In this sense, the inclusion of tensor force can better repro-
duce the deformed halo structure of 31Ne with β2 = 0.20.

4 Summary

In summary, the deformed SHF+BCS method has
been applied to study the structure of neon isotopes. The

tensor contributions to the energy density function and
the single particle potential are taken into account. The
effect of tensor force on the halo structure of 29Ne and
31Ne is discussed. In the calculation, we choose four dif-
ferent Skyrme interactions: SLy5 and SGII without ten-

sor interaction, and SLy5+T, SGII+T with tensor cor-

relation. For 29Ne, all the calculations can produce a

bound system. Either the SGII or SGII+T can not pro-

duce a halo structure, while the calculation with SLy5 and

SLy5+T interaction shows a very extended spatial den-

sity distribution indicating a halo structure in 29Ne. In

the case of 31Ne, only SGII and SGII+T interaction can

give a bound nuclear system. Compared to the results of

SGII, the neutron density distribution with SGII+T inter-

action shows an exponentially extended tail at β2 = 0.20,

indicating a deformed halo structure. In other words, the

deformed SHF + BCS calculation indicates that the inclu-

sion of tensor force shows a more pronounced halo struc-

ture for 31Ne.
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