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Received: The nuclear electric quadrupole moment of the proton-rich weakly bound Boron-8 (*B) halo
14 August 2025 nucleus is investigated using three theoretical approaches: the microscopic single-particle shell
Revised: model, the collective model, and the two-body model. These approaches provide a reasonable

prediction of the quadrupole deformation that occurred due to the core polarization and many-
body effects. These approaches also provide how the extended proton distribution influences the
quadrupole moment. The experimental value of electric quadrupole moment (Q) of B is 6.45 +
0.14 e fm2. While the calculated value using the two-body model is 6.86 e fm2 and the collective
model gives 5.83 e fm? and the microscopic single-particle shell model gives 4.03 ¢ fm?. The *B
nucleus is a one-proton halo structure with a loosely bound valence proton outside a dense "Be
core, and it is an excellent candidate for studying nuclear deformation and quadrupole effects
near the proton drip-line. By comparing the predictions of these models with available
experimental data, their effectiveness in describing ®B’s structure can be measured. These
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1. Introduction critical details about its intrinsic deformation, charge
distribution, and underlying nuclear structure.

The study of nuclear structure provides deep information Therefore, *B exhibits a unique proton halo

about the fundamental properties of atomic nuclei
including their shapes, sizes, and electromagnetic
characteristics. One such property is the electric
quadrupole moment (Q), which is a crucial property of a
nucleus particularly exotic nuclei such as ®B which
exhibits a halo structure. The electric quadrupole
moment (Q) of ®*B, a proton-rich weakly bound halo
nucleus, is treated as a fundamental property that reveals
be determined using various models such as the shell
model [2], [3], ab initio methods [4] (e.g., No-Core Shell
Model [5] and Green’s Function Monte Carlo method
[6]), and cluster model [7] etc. These approaches provide

configuration where a single valence proton rotating
around an inert "Be core at an unusually large distance
due to its extremely low binding energy (~137 keV) [1].
This extended proton distribution leads to significant
deviations from spherical symmetry, making the
quadrupole moment a key parameter in characterizing
the nucleus. Theoretically, the quadrupole moment
arises from the contribution of the halo proton that can

predictions that normally range between 3 and 10 e fm?2.
These predictions must take into account for complex
effects including core polarization, coupling to
continuum states (due to the near-threshold binding of
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the proton) and two-body dynamics ("Be + proton), all
of which are the complicated theoretical descriptions of
*B. Experimentally determining the electric quadrupole
moment (Q) has been challenging due to the nucleus’s
short half-life (~770 ms) [1] and low production yields,
but advanced techniques such as laser spectroscopy [8]
(measuring hyperfine splitting), beta-detected nuclear
magnetic resonance [9] (B-NMR), and Coulomb
excitation provide predictions nearly close to 7 e fm?
[10].

The value of the quadrupole moment has vast
implications beyond structural nuclear physics,
particularly in astrophysics, where *B plays a crucial role
in the solar neutrino problem [11], [12]. As a key
participant in the proton-proton chain reaction in the
stars [13], its structure directly influences the high-
energy solar neutrino flux making precise knowledge of
its electromagnetic properties essential for accurate solar
model predictions.

Now, discrepancies between different theoretical
models and experimental measurements, though
relatively small about 15% to 40%, highlight the need
for further refinement possibly through next-generation
facilities and advanced computational techniques such
as continuum-coupled shell models [14] or lattice
quantum chromodynamics (QCD) [15] for light nuclei.
Future high-precision studies will not only enhance our
understanding of *B’s exotic structure but also improve
constraints on nuclear interactions in weakly bound
systems contributing to broader questions in nuclear
astrophysics and the behavior of matter under extreme
conditions.

Thus, the electric quadrupole moment of *B stands as
a vital probe into the nature of halo nuclei bridging
between nuclear theory, experimental works and
astrophysical applications in a way that few other
properties can do. The study of ®B's quadrupole moment
also offers valuable insights into the isospin dependence
of nuclear forces as comparison with its mirror nucleus
(®Li) reveals small but important differences which are
able to change the balance between proton and neutron
interactions [16].

Such comparison tests our understanding of charge
symmetry breaking in nuclear forces and provide
constraints for refining nuclear interaction potentials.
Furthermore, the system serves as a testing ground for
exploring the limits of nuclear binding as *B sits very
close to the proton drip line where the competition
between nuclear attraction and Coulomb repulsion
becomes particularly delicate. In this work, the electric
quadrupole moment is computed using three theoretical
approaches for studying the structure of this particular
exotic nucleus near the proton drip line [17].

2. Methodology
2.1. Two-body model
The two-body model is particularly well-suited for halo

nuclei like ®B. It effectively captures the deformation
due to the long-range spatial distribution of the valence
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nucleon, which significantly enhances the quadrupole
moment. In this model, ®B is treated as a composition of
a dense "Be core and a valence proton,

8B=7Be+p (1)

where, "Be is a tightly bound core (inert or slightly
deformed), p is a valence proton loosely bound in a halo
orbital.

This is a classic two-body (core + valence nucleon)
halo nucleus system. For the calculation of the electric
quadrupole moment, it’s necessary to consider another
term recoil quadrupole moment (Qrecoil), Which arises
from the interaction between the core and valence
proton, such as polarization, recoil motion [18]. Because
the valence proton orbits at a large distance, its motion
induces a recoil of the "Be core. This recoil is not
ignorable; it contributes an additional recoil quadrupole
moment. Now, Quadrupole moment of 8B is,

Q(SB) = Qcore + Qvalence + Qrecoil (2)

where, intrinsic quadrupole moment of "Be core [19],
Qeore = — 5.3 e fm2 recoil quadrupole moment [18], Qrecoil
=18.2 e fm2. To determine Qvatence, Which comes from the
halo proton distribution using a microscopic formula for
the quadrupole moment of a single valence nucleon in a
shell [20] is,

_ @i-DjRj-1)
(2j+2) (2j+1)

esff <r? > )

Qvalence =

Here, the valence proton of ®B is in the p;,, orbital
[21], so total angular momentum, j = ; effective charge
of proton [22], egf = 1.12 e. nuclear radius [23], <r?> =

(4.24)2 = 17.98 fm?
Putting these values in Eq. (2) results:

Q(®B) = —5.3 — 6.04 + 18.2 = 6.86 e fm? ()

Finally, the quadrupole moment is calculated from Eq.
(1),
Q(®B) = — 5.3 — 6.04 + 18.2 = 6.86 e fm? (5)

2.2. Microscopic single-particle shell model

The microscopic single particle shell model is a
fundamental framework in nuclear physics that is used
to describe the structure of nuclei in terms of individual
nucleons. This model assumes that the core is inert and
only valence nucleons actively contribute to the
properties such as magnetic and electric quadrupole
moments [20].

The electric quadrupole moment operator is given by
[20], Q=3%,e (3z2— r?). Then, the electric
quadrupole moment for the valence proton of *B is,

(6)

Q=e< lIJval|(3Z2 - r2)llljval >

To solve Eq. (6), consider the wave function as
follows,

Wyar = Ry (1) Yim (6, $) (7)
Here, Ry, (1) is the radial part and Y, (6, d) is the
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angular part. From Eq. (6), to determine the expectation
value,

< lljvall(3zz - rz)lqjval >

)
= J- LI’T/al(3zz - rz)qjval d’r
In Eq. (8), considering, z = rcos8. Hence,
3z2 —r? = 3r%c0s?%0 — r?

)

=r?(3cos20 — 1)

And, in spherical coordinates,
d3r = r?sin6drdfdd¢ (10)

Putting these values and also the value of the wave
function in Eq. (8),

o T 2T
:f Rfﬂ(r)r“drff Y;i, (6, ) (3cos?0
0 o Jo
—1)Yin (6, $)sin6d6dd
Therefore,
0 ‘r[ 2T
Q=e f R2,(r) r*dr f f Yim (6, $) (11)
0 o Yo

(3c0s20 — 1)Y}, (8, $)sin6d6dp

Eq. (11) has two parts, which are the angular part and
the radial part given below, respectively.

fon LZHY&‘(Q' $)(3cos?0 — 1)

(12)
Yim (6, d)sin6d0dd
And,
f R2,(r) r*dr (13)
0
To solve the angular part from Eq. (12),
T 2T
[ [ ¥i@0)@e0s?0-1)
0o Jo
(14)

Yim (6, ¢)sin@dOdd

T 2T
f f [Y,0(8, $)|?(3cos?0 — 1) sinBdBd ¢
o Jo

To use the explicit form of Yo (6, ¢), the spherical
harmonic is given by [24],

Yim (8, ) = Nim A" (cosB)e™? (15)
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here, P™ (cos0) are associated legenre polynomials and,
Njm, is a normalization constant.

Orbital angular momentum of valence proton of B is,
| = 1. magnetic quantum number of valence proton of 8B
is, m=0.

Therefore, normalization constant [24],

_ f(21+1)(1—m)!
Nim = [T (1 + m)! (16)

So,

3
4n
The Legendre polynomial [25], is given by,

Ny =

PY(x) = x
17)
PP (cos®) = cosH
And,
eimc]) — e0 =1 (18)

Put the values of Egs. (16), (17) and (18) in Eq. (15),

Y10 (6, d) =\/§ cosO

3
= |Y;0(0,d)|? = Ecosze

(19)

From Eq. (14),

21 ™ 3
f dq)f (—c0s%0)(3cos?6 — 1)sind d
0 o AT

3 21 T
= — dcl)J c0s20(3cos?8 — 1)sin6 d6
4m ), 0
(20)

3 T
=—Xx2mX f c0s20(3c0s?8 — 1)sinb d6
41 0

3 (T _ 4
= —J c0s20(3cos20 — 1)sin0 d6 = —
2), 5

Now, the radial part from Eq. (13),
Jy Ry (r*dr = ["RE; ()r* dr (21)

Since n =1, | = 1 for the valence proton of ®B.
Here, the quantum harmonic oscillator is given by
[26]
_r2

Ry (r) = Ny 1l eza? 22)

—r2

= Rn(r) = N11.r1. e?

Put this value in Eq. (21) and then,
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o o] r2
f Ri; (Mr*dr = f N2 r?e a2 r*dr
’ ’ (23)
2

© r
=J- N2 rbe” a dr
0

From the gamma function [24],

*© _r 1
f rée aZdr = Ea7l" (3 +—> (24)
0

From Eg. (23),

(25)

f°° r? 15V
0

NZ 6,7 52 — NZ
f11r°%e atdr i1 g a
From the normalization of the radial wavefunction,

f IRi;(0)|?r?dr =1
0

_r2
P N2 w4072 dr —
= [, Nfjrfeardr=1

> N2, x 2 x aT(2.5) = 1 (26)
= N2, %as =1
2 — 8

= Ni, = 3yma’
Put this value in Eq. (25),

2

©\2 6. iz - 8 ISVE 7 5 5
Jo Nfjrbe aZdr= e 16 2 =32 (27)
Since, the harmonic oscillator length scale [26],
h
a= |— (28)
mw

Here, the energy spacing for a 3D harmonic oscillator
is given by [27],

1
hw ~ 41A73 MeV = 3.285 x 10712
(29)
W= %“’ =3.114 x 10?2 rad/s

So,a =1.42fm.
From Eq. (27), 7 a? = 5.041 fm?
From Eq. (11), Q = e x 5.041 x g = 4.03 e fm?2.
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2.3. Collective model

The collective model is also a theoretical framework in
nuclear physics, and it’s useful to describe deformation
effects in many nuclei. According to this model
quadrupole moment arises from the collective
deformation and also from rotational and vibrational
motions of the nucleus [28].

Now, Spectroscopic quadrupole moment [28],

X Qo (30)

Here, Nuclear spin, | = 2, projection of | on the
symmetry axis, K =2

3KZ2-1(1+1)
(1+1).(21+3)

Q:

Therefore,
6
Q= 21 X Qo (31)
Intrinsic quadrupole moment is given by [28],
=3 7aR2 32
Qo —\/S_nZeR B (32)

where, deformation parameter [29], B = 0.3 and, radius
of the halo nucleus [24], R=4.24 fm and, proton
number, Z = 5.Putting these values in Eg. (32) and
then,

Qo= 20.414 efm? (33)
Now, from Eg. (31),

Q=2 x 20414 e fm? = 5.831 e fm? (34)

3. Results and Discussion

In this work, the nuclear electric quadrupole moment of
8B halo nucleus is investigated using three different
theoretical models: the two-body model, the collective
model and the microscopic single-particle shell model.
While the experimental value of electric quadrupole
moment (Q) of 8B is 6.45 + 0.14 e fm? [1] which indicates a
significant deformation in the ®*B nucleus and it's
expected due to the proton Halo structure. The
experimental and three different theoretical values of the
quadrupole moment are presented in Fig. 1 to show the
visual comparison. Now, in the two-body model, *B is
treated as a dense "Be core and a valence proton which
causes quadrupole deformation and the calculated value
is 6.86 e fm2 with a small deviation of only 6% with the
experimental result.

This model effectively employed core-proton
correlation which is crucial for describing quadrupole
deformation in 2®B. In the collective model, the
quadrupole moment arises from the collective
deformation and rotation of the nucleus. Using this
model, the calculated value of quadrupole moment of B
is 5.83 e fm? which is slightly lower than the
experimental value with approximately 10 % deviation
but still reasonably close. The collective model offers
slightly lower value because it accounts for overall
deformation but lack of sensitivity to the Halo structure.
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Figure. 1: Comparison of electric quadrupole moments of °B
between three different models and experimental data.
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On the other hand, the microscopic single-particle
shell model calculation predicts the lowest value which
is 4.03 e fm2. This value is significantly below than the
experimental result about 38%. This discrepancy arises
from the model's limitation in accurately describing
weakly bound systems and its inability to explain the
wave function of the extended valence proton. The large
deviation highlights the necessity of including
continuum and halo effects. Among these three
approaches, the two-body model provides the best
agreement with the experimental data.

4. Conclusions

This investigation examined the electric quadrupole
moment of Boron-8 (®B) halo nucleus using three
different theoretical frameworks, which are compared
with the experimental data. Among these three models,
the two-body model provided the most accurate result,
nearly equal to the experimental data, and confirmed its
effectiveness in describing halo structure. The result of
this model reflects the model's ability to describe the
extended spatial distribution and weak binding of the
valence proton, which are essential characteristics of the
halo structure of *B. Although the collective model is
widely used for deformed nuclei, it provides a slightly
lower value than the experimental value due to its
limited treatment of single-particle halo dynamics. And
the microscopic single-particle shell model provides a
significantly lower value because this model is limited
in describing halo nuclei due to its dependence on well-
bound single-particle states and lack of treatment of the
extended wavefunction of the valence proton, and also
the lack of the coupling of the valence proton to
continuum states near the proton drip line. These
frameworks highlight that the shape of the nucleus of ¢B
is prolate due to the positive value of quadrupole
deformation. The predictions of these approaches
highlight the importance of choosing appropriate models
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for the exotic nucleus. Hence, the two-body approach is
particularly well suited for the system of a proton-rich
weakly bound halo nucleus ®B. Future work may
improve these models for greater accuracy, which
requires incorporating more sophisticated factors such as
three-body dynamics, continuum effects etc.
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