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Abstract: The properties of neutron-rich boron isotopes are studied in the relativistic continuum Hartree-

Bogoliubov theory in coordinate space with NL-SH, PK1 and TM2 effective interactions. Pairing corrections

are taken into account by a density dependent force of zero range. The binding energies calculated for these

nuclei agree with the experimental data quite well. The neutron-rich nucleus '“B has been predicted to have

a two-neutron halo structure in its ground state. The halo structure of "B is reproduced in a self-consistent

way, and this halo is shown to be formed by the valence neutron level 2s; /5.
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1 Introduction

Since the advent of radioactive nuclear beam fa-
cilities, the exotic nuclei far from the 3-stability line
have been studied extensively and many new phe-
nomena, such as neutron skin, neutron- and proton-
halo, and a change of magic numbers, have been ob-
served [1-6]. After the neutron halo in ''Li was dis-
covered [1, 7], the existence of the neutron halo in
some neutron-rich light nuclei was suggested. The
halo nucleus exhibits an extended density distribu-
tion, a sudden rise in the interaction cross sections, a
narrow fragment momentum distribution, and so on.
The investigation of the halo structure has therefore
become a hot topic in the field of radioactive nuclear
beam physics.

The electric and magnetic moments of neutron-
rich boron isotopes show an interesting dependence
on the neutron number [8]. The neutron dependence
of the electromagnetic properties is caused by some
structural changes, such as the development of cluster
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and halo structures. The properties of neutron-rich
boron isotopes have been studied with the antisym-
metrized molecular dynamics (AMD) model [9, 10].
The "B was predicted to have a halo structure with
the core '°B, plus two valence neutrons [11-19]. It is
first pointed out that the long-range effective poten-
tial indicates the effect of the three-body correlation
and leads to neutron halos in "B [12]. On the exper-
imental side, several results have confirmed the halo
structure of '"B [16-18]. The two-neutron separation
energy Ss, is known to be 1.3940.14 MeV for '"B.
The interaction cross section for "B on a carbon tar-
get at 880 A MeV was measured to be 1118 +22 mb
at FRS [15]. The effective root-mean-square (rms)
matter radii of "B were about 2.90 and 2.99 fm from
o1 by two different methods: a Glauber-type calcula-
tion based on the optical limit approximation and a
few-body reaction model. A Glauber-type analysis of
the data provides clear evidence of a two-neutron halo
structure in '"B [16]. In the experiment performed at
RIKEN, the density distribution of "B shows a large
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tail, which indicates the existence of a two-neutron
halo structure [17].

Relativistic mean field theory has achieved great
success in describing finite nuclei and nuclear mat-
ter. The relativistic continuum Hartree-Bogoliubov
(RCHB) theory [21, 22], which extends the RMF the-
ory via the supplementation of the Bogoliubov trans-
formation to treat the pairing correlations and solves
the RHB equations in coordinate space, has had great
success in the analysis of halo and giant halo struc-
tures in atomic nuclei [23, 24].
traditional BCS theory, RCHB theory can properly

In comparison with

take into account the coupling to continuum, which is
crucial for the description of dripline nuclei. As shown
in Ref. [20], the scattering of Cooper pairs into the
continuum containing low-lying resonances of small
orbital angular momentum plays an important role
in the formation of neutron halos, e.g. in 'Li.

In the present work, we study the properties of
7B, as well as other boron isotopes, with the RCHB
theory. The main goal of this work is to understand
the formation of the halo structure of !"B.

2 Formalism

In RCHB theory, the particle-hole (ph) and
particle-particle (pp) correlations are described in a
unified way on a mean field level by using two av-
erage potentials: the self-consistent mean field that
encloses all the long-range ph correlations, and a pair-
ing field A which sums up the pp correlations. The
ground state of the nucleus is described by a gen-
eralized Slater determinant |@) that represents the
vacuum with respect to the independent quasiparti-
cles (a;f), which are related to the single-nucleon (¢;")
and annihilation ¢, operators through the unitary Bo-
goliubov transformation

a::ZUlKC:J’_‘/IKCI) (1)
1

where U and V are the Hartree-Bogoliubov wave
functions determined by the solution of the RCHB
equation. In coordinate representation, this is

ho—m—X A
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U, U,
y ( (’">>:E,€< (r))
VK (T) VK (’l") (2)
where m is the nucleon mass, and the chemical po-

tential A is determined by the particle number sub-
sidiary condition, in order that the expectation value

of the particle number operator in the ground state
equals the number of nucleons. The column vectors
denote the quasiparticle wave functions, and E, are
the quasiparticle energies.
fLD, in the usual meson-exchange representation and
for the stationary case with time-reversal symmetry,

The Dirac Hamiltonian

R 1—
hD:a-p—i—ﬁ(m—&-gga)—i—gwwo—i—eTTng (3)

contains the mean-field potentials of the isoscalar
scalar o-meson, the isoscalar vector w-meson, and
the isovector vector p meson, as well as the electro-
static field A°. The RHB equations have to be solved
self-consistently, with the potentials determined in
the mean field approximation from the solutions of
Klein-Gordon equations.

The pairing correlations are taken into account by
a density-dependent § force of the form [4]

vpp(rl,rz):voa(rl,rz)%u_al-az) {1_ ”(T)} @

where p, is taken as 0.152 fm~2 as usual.
The pairing field A in Eq. (2) is defined

Ay (T, r ZVabcd r,T ) ca(r,T ) (5)
where a,b,c,d denote the quantum numbers that
specify the single-nucleon states. Vabcd(rm/) are the
matrix elements of a general two-body pairing inter-
action, and the pairing is defined

= > UL(r)Va(r). (6)

E>0

In order to describe the coupling between the

bound and continuum states more exactly, the RHB

equations and the equations for the meson fields

should be solved in coordinate space, and one arrives

at the RCHB theory. For details of the RCHB for-
malism and its applications, see Refs. [21, 22].

3 Numerical details and results

The RCHB equations are solved in a self-
consistent way by the shooting method and the
Runge-Kutta algorithm with a step size of 0.1 fm us-
ing proper boundary conditions in a spherical box of
radius R=
restricted by introducing a cutoff energy of 120 MeV.
More details can be found in Ref. [22].

Three nonlinear effective interactions, NL-SH [25],
PK1 [26] and TM2 [27] are adopted. Pairing is ne-
glected for the five protons, and the pairing strength
Vo for the neutrons is determined by fitting to the
experimental binding energies of '"B.

20 fm. The number of continuum levels is
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In Fig. 1 we plot the total binding energy of "B
as a function of the neutron pairing strength from
the RCHB calculations with the effective interactions
of NL-SH, PK1 and TM2. As expected, the total
binding energy increases with the pairing strength
V.. Compared with the experimental binding ener-
gies of "B, the pairing strengths V, = 326, 307 and
302 MeV-fm~3 are adopted in the following calcula-
tions for NL-SH, PK1 and TM2, respectively.
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Fig. 1. (color online) The total binding energy

(EB) as a function of neutron pairing strength
in the RCHB calculations, with the effective
interactions of NL-SH (left), PK1 (middle)
and TM2 (right) for '"B. The experimental
data of binding energy Ec.xp are indicated as
horizontal lines, correspondingly.

In Fig. 2 we show the calculated binding energies
FEg and the rms matter radii for the B isotopes with
the mass numbers A = 10 to A = 19, and compare
them with the experimental values [28] and the results
calculated with the AMD method [29]. The bind-
ing energies of boron isotopes are reproduced within
the RCHB framework quite well, as are the experi-
mental data of the rms matter radii of B isotopes.
This shows that all three effective interactions pre-
dicted very similar properties of B isotopes. However,
compared with PK1 and TM2, the NL-SH parameter
gives better agreement. The rms matter radii of B
isotopes are practically constant for N < 8, however
there is a large increase in the radius from B to '"B.
A similar rate of increase is seen from "B to °B.

The proton and neutron densities in *B and "B
from the RCHB calculations with the NL-SH, PK1
and TM2 effective interactions are shown in Fig. 3.
From this figure it can be clearly seen that the neu-
tron density of "B has a long tail respect to the pro-
ton density compared with the neutron magic nucleus
13B. This means that '"B is a neutron-halo nucleus.
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Fig. 2. (color online) The binding energies (up-
per part) and matter radii (lower part) for B
isotopes calculated with the RCHB are com-
pared with experimental values and the results
calculated with AMD.
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Fig. 3. (color online) The density distributions

of protons and neutrons in 3B and "B from
the RCHB calculations with the NL-SH (black
solid line), PK1 (blue dashed line) and TM2
(red dash-dotted line) effective interactions,
respectively.

In Fig. 4 we show the mean field potentials of the
neutron and proton for ®*B and "B, together with
the energy levels €, = (n | h | n) in the canonical ba-
sis. B is a neutron magic nucleus with N =8, and
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the Fermi level (A, = —4.27 MeV) is away from the
continuous spectrum. The 15,2, 1p3/2 and 1p;/, lev-
els are filled by eight neutrons. For the usual stable
nuclei, the 1ds,, level is lower than the 2s;,, level.

For "B, we clearly see that the neutron Fermi
surface (A, =—0.91 MeV) is very close to the contin-
uum limit in close vicinity to the v2s;,, and vlds,»
levels, in addition to the fact that the v2s;,, level is
lower than the v1ds,, level, and the pairing correc-
tions cause a partial occupation of both the v2s;,,
and vlds,, levels.
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Fig. 4.

In Table 1 we present the neutron single particle
energy and occupation probability in canonic basis,
and the corresponding rms radius from the RCHB
calculations with NL-SH, PK1 and TM2 effective in-
teractions. Due to the large orbital angular momen-
tum and correspondingly large centrifugal barrier, the
neutron halo of '"B cannot be formed by level 1ds ».
The rms radius of level 2s;,, is large. The neutron
halo is formed mostly by the occupied valence neutron
level 25, /5, with small orbital angular momentum and
a correspondingly small centrifugal barrier.
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(color online) The single particle levels of **B (left panel) and "B (right panel) calculated by RCHB

with the NL-SH effective interaction. The mean field potentials S+ V for the proton (left sub-panel) and
neutron (right sub-panel) are shown by the solid curves. The chemical potential is given by a dashed line.

The energy levels in the canonical basis are indicated by horizontal lines with various lengths proportional

to the occupation of the corresponding orbit (except for the levels v1d5/2, v2s1/2 and v1d3/2 of **B, whose

lengths are proportional to the occupation of the corresponding orbit times 10%).

Table 1.

2

The neutron single particle energy (e«), occupation probability (vy) and corresponding rms radius

(1/(r?)«) from the RCHB calculations with NL-SH, PK1 and TM2 effective interactions for the ground-state

of "B.
NLSH PK1 TM2
Y x v Vi ex AT e v VP
1s12 —36.680 0.999 1.970 —35.950 0.999 1.963 —37.340 0.999 1.987
1ps/2 —15.920 0.993 2.756 —15.380 0.993 2.784 —15.880 0.994 2.804
1p1/2 —9.431 0.979 3.078 —9.363 0.980 3.103 —8.457 0.979 3.211
2512 —1.391 0.654 4.952 —1.665 0.730 4.934 —1.348 0.673 5.084
1ds —0.445 0.402 3.869 —0.359 0.376 3.801 —0.563 0.407 3.853

5/2
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4 Summary

In summary, the ground state properties of "B
have been studied in the context of RCHB theory
with the NL-SH, PK1 and TM2 effective interactions.
A density-dependent d-force has been used for the
pairing channel. The pairing strength for the neutron
is determined by fitting to the experimental binding
energies.

A neutron halo structure was found in the ground
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