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Halo Structure Investigation of Nucleus 8He via Core Deformation Parameter
(Penyelidikan Struktur Halo Nukleus 8He melalui Parameter Kecanggaan Teras)
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ABSTRACT

Helium-8 (8He) is a four neutrons halo nucleus and is the halo nucleus that attract attention to observe because it 
belongs to the group of light dripline nuclei. We studied the two neutrons halo nucleus of 8He. This halo nucleus 
lies on the neutron rich dripline in the nuclear landscape. Nucleus 8He was investigated in the Three-body Model with 
two different configurations (T and Y). To describe the Three-body Model, Jacobi coordinate systems for few bodies 
was used for this hyper-nucleus (8He). In this study, core (6He) + two valence neutrons (n + n) were considered as the 
Three-body. Based on the finding, theoretical data on configuration Y met a good agreement with the experimental data 
of binding energy and rms matter radius. While for configuration T, the data slightly differ from the experimental data. 
The results showed that the core deformation parameters, β2 of 8He were 0.12, 0.19, 0.35, 0.40, and 0.47. The binding 
energies -3.112 MeV, -3.416 MeV, and -3.625 MeV were calculated for the deformation parameters 0.35, 0.40, and 0.47 
and rms radii 2.032 fm, 2.305 fm, and 2.39 fm were found for the deformation parameters 0.19, 0.35, and 0.4, respectively. 
In conclusion, 8He exhibits in prolate due to positive values of core deformation parameters.
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ABSTRAK

Helium-8 (8He) adalah empat neutron nukleus halo dan nukleus halo yang menarik perhatian untuk diperhatikan 
kerana ia tergolong dalam kumpulan garis titisan nukleus ringan. Kami mengkaji dua neutron nukleus halo 8He. 
Nukleus halo ini terletak pada garis titisan yang kaya dengan neutron dalam landskap nuklear. Nukleus 8He dikaji 
menggunakan dua konfigurasi (T dan Y) di dalam Model Tiga-jasad. Untuk menggambarkan Model Tiga-jasad, 
Jacobi menyelaraskan sistem untuk beberapa badan digunakan untuk hiper-nukleus (8He). Dalam kajian ini, teras 
(6He) + dua neutron valens (n + n) dianggap sebagai Tiga-jasad. Berdasarkan keputusan kajian, data teori pada 
konfigurasi Y menghampiri dengan nilai uji kaji tenaga ikatan dan rms jejari jirim. Manakala, pada konfigurasi T, 
data teori didapati berbeza daripada data uji kaji. Hasil kajian menunjukkan bahawa parameter kecanggaan teras 
bagi, β2, 

8He adalah 0.12, 0.19, 0.35, 0.40 dan 0.47. Tenaga ikatan -3.112 MeV, -3.416 MeV, dan -3.625 MeV dikira 
untuk parameter kecanggaan 0.35, 0.40, dan 0.47 serta rms jejari jirim 2.032 fm, 2.305 fm, dan 2.39 fm didapati 
parameter kecanggaan teras ialah 0.19, 0.35, dan 0.4, masing-masing. Kesimpulannya, 8He berbentuk sferoid lonjong 
disebabkan nilai positif parameter kecanggaan teras.

Kata kunci: Model Tiga-jasad; nukleus halo; parameter kecanggaan teras 

INTRODUCTION

Nuclear structure beyond the stability line N/Z is highly 
attractive for many researchers. Most interesting among 
these was the nuclear structure of halo nuclei, which 
opened a new era of the physics world. There are many 
experiments and theoretical studies have been done on 
halo nuclei. Halo is a composited of a core plus with either 
one, two or four valence nucleons. The valence nucleons 
are orbiting far from the core with low binding energy 
(unbound systems) and lead a sizeable abnormal root mean 
square (rms) (Ershov et al. 2010; Frederico et al. 2012; 
Hansen et al. 1995; Vaagen & Gridnev 2000).

Generally, the halo phenomenon only occurred on 
nuclei that are situated near to neutron or proton drip lines. 
This phenomenon happened in which particles are held in 

short-range potential wells (Jensen et al. 2004). Nucleus 
halo consists of a core with loosely bound nucleon(s), 
which cause an extension to spatial distance (Khan & Das 
2001; Liang et al. 2008). Moreover, halo phenomenon 
was related to Borromean system where it only exists 
when both sub-system n-n and core-n were loosely bound 
with low energy (Bacca et al. 2012; Mueller et al. 2007; 
Nielsen 2001).

Helium -8 (8He) is a four neutrons halo nucleus (Moon 
2014). 6He and 8He are the two-halo nuclei that attract 
attention to observe because these two nuclei belong to 
the group of light dripline nuclei. In addition, 6He was 
the first nucleus that was observed in its structure. 6He 
is a composite of core (4He) with two neutrons and 8He 
is a composite of a core (4He) with four neutrons. These 
two nuclei are characterized as a Borromean halo system 
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and had been investigated in experimental and theoretical 
studies (Chulkov et al. 2005; Kanada-En’yo 2007; Keeley 
et al. 2007; Hagino et al. 2008; Ye 2012). The ground 
state of 8He is 0+, and energies for the excited state 
at 2+ are in between 3.6 and 3.9 MeV, while at state 1+, 
the energies are 5.3 to 5.5 MeV (Golovkov et al. 2009; 
Korsheninnikov et al. 2003). 8He has (1p3/2)

4 structure and 
other configurations such as (1p3/2)

2 (1p1/2)
2 based on 

probability in the ground state wave function (Hagino 
et al. 2008; Keeley et al. 2007).

In previous studies, properties of 8He were determined 
in electromagnetic fragmentation reactions, quasi-free 
scattering and knockout reaction. 8He was also studied 
using a cluster shell model, microscopic cluster model 
(resonating group model) and large-basis no-core shell 
model. 8He has been observed in a bound state with 2.140 
MeV was needed to remove a neutron pair and 3.112 
MeV was need to remove two neutron pairs (Audi et al. 
2003; Pfeiffer 2012). This 3.112 MeV is much closer 
to the binding energy, 3.1 MeV for four neutron halo 
nuclei 8He (Lemasson et al. 2010). In addition, Jacobi 
coordinates Three-body model is applied to a systematic 
study for the energy and hyper-nucleus structure (Hiyama 
et al. 1999).  In this present work, Jacobi coordinate as 
well as Hamiltonian of three-body of the system are used 
to produce the theoretical values of the binding energy 
of the three-body and the rms matter radii. Because the 
binding energies for the deformation parameters 0.12, 
0.19, and 0.35 and the rms radii for the core deformation 
parameters 0.12, and 0.47 for the 8He nucleus were 
obtained experimentally but the rest of them were waiting 
for experiment. This work will predict the binding energy 
for core deformation parameters 0.4, 0.47, and rms radii 
for the core deformation parameters 0.19, 0.35, 0.40 which 

are still waiting to obtain experimentally. This paper has 
been described as the following structure: Literature 
review is described in the introduction, followed by the 
theoretical framework (methods). After that there will be 
results, discussion and conclusion have been discussed 
sequentially in this paper.

THEORETICAL FRAMEWORK

The system of three-body is used in two different 
configurations which are configuration-T and 
configuration-Y as shown in Figure 1. These two 
configurations are explained in Jacobi coordinates. In 
this section, to discuss the 8He halo nucleus is considered 
as the three-body system. To explain the system, Jacobi 
coordinate has been used. There are three sets of Jacobi 
coordinates of this system. In this work, core (6He) + n 
+ n model was considered for the 8He hyper-nucleus. In 
this model, we employed the realistic nn interaction of 
the Bonn-A type and a one range Gaussian potential for 
the nn correlations between the valence nucleons and 
core (6He) + n interactions, respectively.

However, coupled-rearrangement channel Gaussian 
basis variational method was employed for the three-
body wave equation for the above interactions. For these 
interactions, the total wave function of these three bodies 
was described as a sum of the amplitude using three 
rearrangement channels c = 1~3, where c = 1-2 are used 
for the Y-configuration and c = 3 is for the T-configuration. 
Figure 1 shows the Y- and T-configurations. However, 
Y-configuration shows the rearrangement channel is c 
= 1, not for c = 2 (Hiyama & Kamimura 2018; Hiyama 
et al. 1999).
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FIGURE 1. Three-body system of T-configuration and Y-configuration
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Set of eigenstates ϕcore and eigenvalues εcore are used 
in the intrinsic Hamiltonian operation of the core with:

                                                                            (1)

The Jacobi coordinates are included in the total wave 
function of the three-body system:

                                                                                  (2)

The wave function ψ(x,y) contains information on radius, 
angle and spin associated with the two particles are 
relative to the core. The hypersphere coordinate is used to 
describe the relative motion in the system of three-body 
containing a mass of Ai, where i = 1, 2, 3. The distances 
between each pair of particles,         and the distance between 
the centre mass of the particle pairs and the third particles 
can be based on the Jacobi coordinates (x,y) (Brida et al. 
2006; Nunes et al. 1996; Raynal & Revai 1970):

                                                                                      (3)

Hyper-radius ρ and hyper-angular θ are defined as:

                                                                                  (4)

ρ and θ are hypersphere coordinates that are converted 
from Jacobi coordinates (x,y). The expansion of 
hypersphere coordinates for the radial and angular wave 
function of three-body is (Brida et al. 2006; Nunes et al. 
1996; Raynal & Revai 1970):

                                                                                (5)

                                                                                (6)

where ρ = √ j (j + 1) and  ρ0 = √ mj (mj + 1), while, j = 
lx+1 and mj = -j, j + 1, … , j. Where j is the total angular 
momentum of the valence nucleon. z =      where z is 
dependence on ρ and ρ0. L5

nlang is associated Laguerre 
polynomials of order nlang = 0,1,2,3, … , Nk

lxly is 
normalization coefficient and k is the hyper-angular 
momentum quantum number with k = 2n+lx+ ly and     
                 (cos2θ) is the Jacobi polynomial, where n = 
lx + 1. The wave function of valence nucleon (neutron) 
is (Brida et al. 2006; Nunes et al. 1996: Raynal & Revai 
1970):

                                                                        (7)

Hamiltonian   in the three-body system is defined as 
(Hwash et al. 2014, 2012; Salih et al. 2018, 2017):

                                                                                (8)
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�̂�𝐻 
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where T is referred to kinetic energy and         is the 
intrinsic Hamiltonian of the core which depends on the 
variable     . The potential energies for two interacting 
bodies which are Vc-n and Vn-n as follows:

                                                                                  (9)

                                                                                 (10)

with: 

                                                            for 6He     (11)

The potential energies for (9) and (10) use deformed 
Wood-Saxon potential and also included with (11) where 
the radius R (θ,ϕ) of the deformed core is expanded in 
spherical harmonics with the quadrupole term, β2. We 
used R0=1.25Ac

1/3,  Rs.o= R and l is the operator of orbital 
momentum, S is the operator of the nucleon’s spin, 
m is the mass of pion and β2 is the core’s quadrupole 
deformation.

The operators of squared distance two nucleons for 
an A-body system from the position of the total centre 
of mass are (Hwash et al. 2014, 2012; Salih et al. 2018, 
2017):

                                                                         (12)

                                                                         (13)

                                                                         (14)

where        is the centre of mass;     is the position of 
i nucleon; and          is the root mean square of the 

radius. The total quadrupole moment for halo nucleus 
can be written as Q = Qj + Qc, where Q is the amount of 
quadrupole moment comprising of Qj caused by a loose 
nucleon, while Qc is due to the core. Generally, Qc >> Qj 
(Homyak 1975):

                                                                        (15)

Equation (15) can be rewritten in the form:

                                                                       (16)

where J is the total angular momentum or nuclear spin; 
Ω is the projection angular momentum of nuclear; j 
and Q, (intrinsic quadrupole moments) can be taken as: 

ℎ𝐶𝐶(𝜉𝜉) 

𝑉𝑉𝑐𝑐−𝑛𝑛(𝑟𝑟𝑐𝑐−𝑛𝑛,𝜉𝜉) = −𝑉𝑉0
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𝑅𝑅(𝜃𝜃,𝜙𝜙) = 𝑅𝑅0[1 + 𝛽𝛽2𝑌𝑌20(𝜃𝜃,𝜙𝜙)] for 6He   
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𝑥𝑥 = √𝐴𝐴𝑗𝑗𝑗𝑗𝑟𝑟jk = √ 𝐴𝐴𝑗𝑗𝐴𝐴𝑘𝑘
𝐴𝐴𝑗𝑗+𝐴𝐴𝑘𝑘

𝑟𝑟jk   and  

 

 

 𝑦𝑦 = √𝐴𝐴(𝑗𝑗𝑗𝑗)𝑖𝑖𝑟𝑟(jk)i
 = √ (𝐴𝐴𝑗𝑗𝐴𝐴𝑘𝑘)𝐴𝐴𝑖𝑖

𝐴𝐴𝑗𝑗+𝐴𝐴𝑘𝑘+𝐴𝐴𝑖𝑖
𝑟𝑟(jk)i 

 

𝑥𝑥 = √𝐴𝐴𝑗𝑗𝑗𝑗𝑟𝑟jk = √ 𝐴𝐴𝑗𝑗𝐴𝐴𝑘𝑘
𝐴𝐴𝑗𝑗+𝐴𝐴𝑘𝑘

𝑟𝑟jk   and  

𝑉𝑉𝑛𝑛−𝑛𝑛(𝑟𝑟𝑛𝑛−𝑛𝑛) = − ℏ2
𝑚𝑚2𝑐𝑐2 (2𝑙𝑙. 𝑠𝑠)

𝑉𝑉𝑠𝑠.𝑜𝑜
4𝑟𝑟𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐−𝑛𝑛

𝑑𝑑
d𝑟𝑟𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐−𝑛𝑛

1

[1 + 𝑒𝑒
𝑐𝑐𝑛𝑛−𝑛𝑛−𝑅𝑅𝑠𝑠.𝑜𝑜

𝑎𝑎𝑠𝑠.𝑜𝑜 ]
 

𝑃𝑃𝑛𝑛
𝑙𝑙𝑥𝑥+

1
2, 𝑙𝑙𝑦𝑦+

1
2 

n-n n-n

ℎ𝐶𝐶(𝜉𝜉) 
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Z is the parameter of proton number; R is the radius 
of the nucleus, and parameter δ is related to the parameter 
of deformation β2, where β2=2/3(4π/5)1/2 δ (Homyak 
1975). Equation (7) is a wave function for the three-body 
system. The wave function is the result of multiplication 
of internal wave functions of the cluster (between core 
with neutron valence). However, for the core like α-core 
in nucleus 6He, where the core configuration is        
for the proton and neutron, the wave function can be 
ignored from the three-body system. The total wave 

(1𝑠𝑠1/2)
2
 

 

function for the entire system is similar to the wave 
function of valence neutron, which includes correlation 
of valence neutron and core movements.

Variable in Jacobi polynomial in (6) was used to 
link up with the principal quantum number of the 
polynomials so that input values of the quantum numbers 
into the calculation of computational methods can produce 
different results. Table 1 shows the parameter values used 
in the computational process by using MATLAB.

TABLE 1. The parameter values used for calculation of computational in present work

lx ly n K p po ro 

(fm)
a 

(fm)
 as.o

(fm)
Vo

(MeV)
Vs o

(MeV)

0 0 1 2 0.866 0.866 1.25 0.65 0.65 -74 -7.5

1 1 2 6 0.866 1.936 1.25 0.65 0.65 -74 -7.5

- - - - 1.936 - 1.25 0.65 - - -

2 2 3 10 0.866 2.958 1.25 0.65 - - -

2 2 3 10 1.936 - 1.25 - - - -

Based on shell model, the ground state of 8He was 
(p3/2)

4 for valence neutron configuration and recent 
finding suggested that 8He ground state was (p3/2)

2 (p1/2)
2. 

Probability of wave function for (p3/2)
4 was 0.349, while 

for configuration (p3/2)
2 (p1/2)

2 was 0.237. In this study, 
theoretical calculation was performed only for the values 
of lx and ly from 0 to 2 based on the previous study on 
neutron halo (Chulkov et al. 2005; Hagino et al. 2008; 
Itagaki et al. 2001; Keeley et al. 2007; Korsheninnikov 
et al. 2003; Makenroth 2001; Markenroth et al. 2001; 
Skaza et al. 2006).

RESULTS AND DISCUSSION

In this study, 8He ground states are considered to have 
a 4He + 4n (α + 4n) structure and 6He + 2n structure. 
These two structures showed exciting behaviour. This 
behaviour is related to the deformation parameter and 
binding energy. The binding energy and the matter 
radius of 8He were calculated using the experimental 
deformation value which is showed in Figures 2 and 
4, respectively, through the normalization. For the Y- 
configuration and T-configuration, the binding energy 
was found -3.416 MeV and -3.625 MeV, respectively, 
for a given deformation parameter β2. To calculate the 
deformation of the core (6He) and the binding energy, 
the experimental matter radius of 8He was used. To 

obtain the Figure 2, we solved the Hamiltonian for Y-and 
T-configurations to collect the theoretical binding energy 
for a particular deformation value. Then, the theoretical 
binding energies were plotted with the deformation 
parameters. After this, the experimental binding energies 
were drawn in the Figure 2. These binding energies 
intersect the curves in Figure 2. From these intersect 
points, the theoretical deformation parameter values 
were determined. Moreover, theoretical binding energies 
for the given deformation parameters were used to 
calculate rms matter radius. These rms matter radii and 
yielded core deformations are plotted in Figure 4. These 
yielded core deformations intersect the curve in the 
figure which shows the theoretical rms matter radius. 

The experimental binding energy for α+4n was 3.112 
± 0.0285 MeV (Audi et al. 2003; Pfeiffer 2012), while 
for 6He + 2n were -2.125 ± 0.0001MeV and -2.140 ± 
0.0070 MeV (Audi et al. 2003; Pfeiffer 2012). Based on 
Lemasson et al. (2010) study, binding energy for one, 
two, three and four were 2.6, 2.1, 4.0, and 3.1 MeV (Ye 
2012). The theoretical core deformation parameter, β2 
based on experimental binding energies were 0.12, 0.19, 
0.35, and 0.40. These values will be used to determine the 
rms matter radius of 8He to produced theoretical values 
that correspond to the experimental value of binding 
energies. Core deformation parameter, β2=0.47, was 
produced through normalization based on rms matter 

(Source: Hwash et al. 2014. 2012; Salih et al. 2018, (2017)
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radius graph. Theoretical binding energy were -3.416 and 
-3.625 MeV based on β2=0.47. These values differ by 
10% to 16% from 3.112 ± 0.0285 MeV (Audi et al. 2003; 

Pfeiffer 2012). All the experimental and theoretical 
values of the binding energy of two and four valence 
nucleon are tabulated in Table 2.

FIGURE 2. Binding energies of the bound states in 8He in two different configurations as functions of the core 
deformation parameter

Based on Golovkov et al. (2009), the highest resonance 
peak for 8He was 3.57 ± 0.12 MeV 260 for the first 
excitation from the ground state. From this work, the 
binding energy range is -3.416 MeV to -3.625 MeV 
at 0.47 (core deformation parameter). However, Figure 
3 shows the energy level of 4He plus with two and 
four-neutron valences. Core deformation parameter, 
β2=0.47 came from the normalization of optical limit 
approximation values from Figure 3. Based on the 
Y-configuration and T-configuration, we could assume 

the 8He nucleus is either 6He + n + n or 4He + 2n + 
2n with the three-body system. But the 6He + n + n 
configuration is not possible due to the weak binding 
energy of 6He. On the other hand, 4He + 4n configuration 
with three-body system exists for the binding energy 
3.16 MeV (Wurzer & Hofmann 1997). The binding 
energy showed the neutron skin (4 neutrons) surrounded 
in the 4He was bound around 3.112 to 3.625 MeV. 
Figure 3 shows the energy level of the valence neutrons 
bound with the 6He.

TABLE 2. Experimental values of the binding energy of three-body and present theoretical values of the core 
deformation parameter of 8He

Core deformation parameter, β2
Binding energy of three-body (MeV)

0.12 -2.125 ± 0.0001 (Audi et al. 2003)

0.19 -2.140 ± 0.0070 (Pfeiffer 2012)

0.35 -3.112 ± 0.0285 (Audi et al. 2003; 
Pfeiffer 2012)

0.40 -3.416

0.47 -3.625
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FIGURE 3. Energy level of  4He plus with two and four-neutron valences

Core deformation parameter values, β2 obtained 
through normalization of the experimental binding 
energy of three-body. Figure 4 is used to determine the 
rms matter radii of 8He. The rms matter radii of 8He are 

2.032, 2.305, and 2.395 fm. All the experimental and 
theoretical values of rms matter radii are tabulated in 
Table 3.

FIGURE 4. Rms matter radius of 8He as functions of the core deformation parameter

Based on Tanihata et al. (1992), rms matter radius 
of 8He was 2.49 ± 0.04 fm. This value was closed to rms 
matter radius at β2=0.35 and 0.40, which gave 2.305 and 
2.395 fm, respectively. While experimental data, 1.92 
± 0.03 fm was close to core deformation parameter 
β2=0.19 giving matter radius 2.032 fm. Both experimental 
values of the binding energy of three-body and rms 
matter radius had the same core deformation parameter 
β2, which was 0.12. This showed that the core of 8He 
was deformed. We assumed that 8He exhibits as 4He + 4n 
structure. This 4He + 4n structure is clustering in the four 

configurations (α-n-n-n-n, α-n-n-nn, α-nn-n-n, and α-nn-
nn) in the 8He nucleus (Wurzer & Hofmann 1997). Among 
of these clusterings, α-nn-nn structure is the only for 
three-body system in 8He nucleus. Therefore, structure 
of 8He is 4He + 2n + 2n  due to the core deformation 
parameter β2=0.35, 0.40, and 0.47 was closed with four-
neutron separation energy. This was supported by rms 
matter radius calculation from the relativistic mean 
field model and optical limit approximation (Ozawa et 
al. 2011; Tanihata et al. 1992).
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TABLE 3. Experimental value of the rms matter radius and present theoretical values of the core deformation 
parameter of 8He

Core deformation parameter, β2
RMS matter radius (fm)

0.12 1.92 ± 0.03 (Angeli & Marinova 
2013)

0.19 2.032

0.35 2.305

0.40 2.395

0.47 2.52 ± 0.03 (Ozawa et al. 2001)

The different theoretical rms matter radius with 
experimental was 6 to 25% and 5 to 19% differ with 
optical limit approximation (Angeli & Marinova 2013; 
Ozawa et al. 2001). Nuclear radii based on liquid drop 
model with r0 A1/3 law, cannot predict nuclear radii of 
halo nucleus well. In this work, we used (14) to calculate 
the rms matter radius of 8He halo nucleus due to the 
successful achievement on previous works (Hwash et al. 
2014, 2012; Salih et al. 2018, 2017; Wang rt al. 2001). 
Based on the theoretical data, expansion in nuclear radius 
for core + 2n and core + 4n was different. This showed 
that the density distribution of nucleon for core + 4n was 
larger than core + 2n. Therefore, adding four neutrons 
into 4He nucleus caused the large extension of the density 
distribution compared to adding two neutrons. Based on 
the core deformation parameter, 8He exhibit in prolate 
shape due to the positive value of β2. In this respect, 
the theoretical result of 8He meet an agreement with 
experimental data, meaning a nearly closed shell for 
neutrons more strongly bounded compared to 6He (Audi 
et al. 2003; Pfeiffer 2012). Thus, 8He need more energy 
to remove two or four neutron valence and the radius 
become a bit smaller compared to 6He due to tightly 
bounded system.

CONCLUSION

Based on the discussion, the theoretical calculation 
was performed in two configurations based on Jacobi 
coordinates. Experimental data were used through 
normalization for this study especially, to calculate rms 
matter radius and core deformation of 8He. Experimental 
data met an agreement with the theoretical data for 
configuration-Y. This model showed that the core of 
the 8He is deformed and exhibited as a prolate shape 
(positive). Deformation has an effect on the bound state of 
the three-body system. The low binding energy of three-
body and large rms matter radius of 8He nucleus have 
been confirmed throughout this work.
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