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Abstract 
     The Harmonic Oscillator (HO) and Gaussian (GS) wave functions within the 

Binary Cluster Model (BCM) were employed to investigate neutron, proton and 

matter densities of the ground state as well as the elastic proton form factors of one 

neutron 
8
Li and 

22
N halo nuclei. The long tail is a property that is clearly shown in 

the neutron density. The existence of a long tail in the neutron densities of 
8
Li and 

22
N indicates that these nuclei have a neutron halo structure. Moreover, the matter 

rms radii and the reaction cross section „  of these nuclei were calculated using 

the Glauber model. 
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 ƕɀ̠Ƹǁä Ɍʕ ǂ˷ǁ ɄƳƑƻ˭ǂǁ ƕƮ̠ƴǁä Ʋ̋Ƒƾ˶ǁäĀ ƕȹìƑ˶ǁä ƕƺƑˮḥǁä çƑƴɀïʕƗ 8Li  Ā22N 
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:ƕƬǘ˱ǁä 
      ʕƙ ýåā˗ǃå þå˗˳˯ƪå Ɨ ƞ˦˸ǃå æ˘ƕ˘˯˸ǃå ɏ˗ǌ˱ǃ ǑǀƼå˦˯ǃå  ā ñāƓƞ Ɨƪåï˗ǃ ǑƑƓ˹˰ǃå ɏí˦ǀ˹ƶǃå êî˦˸ǈǕå ƴǆ

 Ɨ˹ƺǃå ƗǃƓǌǃå Ɏ˦ǃ˹ Ɨǈ̇˸ǃå Ɇɜ˵ǃ˯å Ɇǆå˦Ƶ ā ƗưïǕå ƗǃƓ˲Ǆǃ ƗȻíƓ˸ǃåā Ɨǈ˦ƙā̇ˮǃå ÜƗǈā̇ƙ˦˹˻ǃå ƗƼƓ˰ḧǃå èƓƶɂð˦ƙ
 èƓǈā˙ƙ˦˻˹ǃƓȺ8Li  ā22N úƓ˶ǈå .Ɏ˦ǃ˹å ǉ̆ǌǃ Ɨǈā̇ƙ˦˹˻ǃå ƗƼƓ˰ḧǃå èƓƶɂð˦ƙ ǑƼ ë˦ư˦ƕ ̇ǌl Ɇɂ˦ɣǃå íå̠˯ǆǙå .
 Ɨɂā˦˹ǃå ïƓˠƿǙå êî˦˸ǈ þå̠˳ ƪ˯ƓȺ Ɠǌ˯ƪåïí ʕƙ Ɏ˦ǃ˹å ǉ̆ǌǃ ɆƵƓƽ˯Ǆǃ Ɨư̇ƶǃå ƴ˟Ɠǀ˸ǃåā ƗȻíƓ˸ǃåGlauber . 

 

1. Introduction  

    The phenomena of nuclei far from β-stability are possible to be studied  due to the 

experimental progress of radioactive ion beams. The neutron halos in some neutron-rich 

nuclei   was an exciting discovery observed by interaction cross section measurements [1,2]. 

A series of nuclei near the neutron drip line were  identified, in which neutron halo or neutron 

skin exists [3-5]. However, the behavior of the proton halo is different from that  of the 

neutron halo because the repulsive Coulomb barrier is  responsible for halo formation. The 

measurements of the reaction cross section „  have been used to estimate the sizes and 

matter distributions of exotic nuclei using the Optical Limit Approximation (OLA) of the 

Glauber model [6].  

  The valence neutron in the nucleus 
8
Li has small separation energy of 2.032 MeV. This 

suggests that 
8
Li is  an interesting candidate for exploring the halo structure formation. Many 

calculations, such as the shell model, ab initio calculations, the cluster model, the relativistic 
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mean field and the Hartree-Fock method have been considered to study the halo nuclei 

structure [7-10]. Abdullah [11] used the Binary Cluster Model (BCM) and the Two-

Frequency Shell Model (TFSM) to study the ground state matter densities of neutron-rich 
6
He 

and 
11

Li halo nuclei. Calculations showed that both models provide a good description on the 

matter density distribution of the above nuclei. The root-mean square (rms) proton, neutron 

and matter radii of these halo nuclei were successfully obtained by TFSM. The elastic charge 

form factors for these halo nuclei were studied through combining the charge density 

distribution obtained by TFSM with the Plane Wave Born Approximation (PWBA). Fan et al. 

[12] used the transmission method at intermediate energies to measure  „ of 
8
Li  using 

9
Be, 

12
C, 

27
Al, and proton targets. Using a modified Glauber model, they calculated the density 

distribution of 
8
Li. Abdullah [13] has investigated the ground state features such as the proton, 

neutron and matter densities, the rms nuclear radii of unstable neutron-rich 
14

B, 
15

C, 
19

C and 
22

N nuclei using the cosh potential radial wave functions within the two-body model of 

(Core+n). The obtained results showed that the cosh potential radial wave functions of the 

two-body model are capable of reproducing neutron halo in these nuclei. 

       In this work, the harmonic oscillator (HO) and Gaussian (GS) wave functions within the 

BCM were employed to investigate neutron, proton and matter densities in the ground state as 

well as the elastic proton form factors of one neutron 
8
Li and 

22
N halo nuclei. Moreover, 

matter rms radii and  the reaction cross section ʎ  of these nuclei were calculated using the 

Optical Limit Approximation (OLA) of Glauber model.  

2. Theory 

     The halo nuclei in BCM [14] are treated as composite projectiles (Figure 1) with an ὃ  

mass as core and halo (valence) clusters with masses of ὃ and ὃ  ,respectively, bounded 

with a state of relative motion. It is assumed that ὃ ὃ . The matter density of the 

composite projectile is given by [15]: 

” ὶ ” ὶ ” ὶȟ                                                                                  ρ 

where the core and valence densities are denoted by ” ὶ and ” ὶ, respectively. 

 Two distributions were adopted in this study, namely; harmonic oscillator (HO) and Gaussian 

(GS) distributions. 

The densities of the core and halo clusters in the HO distribution are described using HO 

wave functions [16]: 

” ὶ
ρ

τ“
ὢЉ

Љ

ὙЉὶȟὦ                                                                    ς 

” ὶ
ρ

τ“
ὢЉὙЉὶȟὦ                                                                          σ 

where ὢЉ represents the number of protons or neutrons and ὙЉὶ is the radial wave 

functions of HO potential. 

Whereas, the densities of the core and halo clusters in the GS distribution are described using 

GS wave functions [14]: 

” ὶ ὃ Ὣ ȟὶ ὃ Ὣ ȟὶȟ                                                   τ 

where  Ὣ  is the Gaussian function.  

Ὣ  ȟὶ
ρ

“Ⱦ
 Ὡ Ⱦ ȟ         Ὣ  ȟὶὨὶᴆ ρ         υ 

The GS  ȟ  and HO ὦ ȟὦ  size parameters are given by [14,16]: 

Ὣ Ὣ
ὃὫ

ὃ ὃ
ȟ       Ὣ Ὣ

ὃὫ

ὃ ὃ
ȟ   Ὣḳ ȟὦ                φ 

The matter density distribution in Eq. (1) can be written in terms of neutron density [” ὶ] 

and proton density [” ὶ] as follows [17]: 
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” ὶ ” ὶ ” ὶȟ                                                                                  χ 
where  

” ὶ ” ὶ ” ὶ                                                                                  ψ 
and 

” ὶ ” ὶ ” ὶ                                                                                  ω 

 

 
Figure 1- The coordinates of the target and two-cluster projectile [14]. 

 

       The elastic form factors for the investigated nuclei are calculated using the proton 

densities obtained via HO distributions with the Plane Wave Born Approximation (PWBA), 

which can be represented as [18]:  

Ὂή
τ“

ὤ
” ὶὮήὶὶὨὶȟ                                                                ρπ 

where Ὦήὶ is the zero-order spherical Bessel function and q is the momentum transfer from 

the incident electron to the target nucleus. Inclusion of the corrections of the finite nucleon 

size Ὂ ή ὩὼὴπȢτσήȾτ and the center of mass Ὂ ή ὩὼὴὦήȾτὃ in the 

calculations needs multiplying the form factor of Eq. (10) by these corrections.  

    The GS wave functions within the OLA of the Glauber model is employed to calculate the 

„ of the considered nuclei which can be written as [19]: 

„ ς“ ρ Ὕὦ  ὦ Ὠὦȟ                                                                       ρρ 

where Ὕὦ is the transparency function at impact parameter ὦ. 
The Ὕὦ in the OLA is given by [14]: 

Ὕὦ Ὓ ὦ ȟ                                                                                       ρς 

where Ὓ ὦ is the elastic S-matrix for the target-projectile system given as [14]: 

Ὓ ὦ ὩὼὴὭὕ ὦ                                                                                                                       ρσ  
The overlap ὕ ὦ  of the projectile and target ground state densities (”and ”ȟ 
respectively) is given as [14]: 

ὕ ὦ ὨὙ Ὠὶᴆ Ὠὶᴆ” ὶ” ὶὪ Ὑᴆ ὶᴆ ὶᴆ                    ρτ 

3. Results and discussion 
     The BCM with the HO and GS wave functions were used to study the neutron, proton and 

matter densities of the ground state as well as the elastic proton form factors of one neutron 
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8
Li (Sn=2.032 Mev, τ1/2 = 8.399 s) and 

22
N (Sn= 1.28MeV τ1/2 = 24 ms) [20, 21] halo nuclei. 

Two distributions in BCM calculations were adopted which are: HO and GS distributions. 

Moreover, the matter rms radii and „ of selected nuclei were calculated using the OLA of 

Glauber model. 

     The HO wave functions were used to describe the densities of the core and halo clusters in 

the HO distribution. It was considered that 
8
Li [

22
N] is composed of one valence neutron in 

1p1/2 [2s1/2] with 
7
Li [

21
N] core nucleus which has the configuration (1s1/2)

4
, (1p3/2)

3 
[(1s1/2)

4
, 

(1p3/2)
8
, (1p1/2)

3
, (1d5/2)

6
]. The GS wave functions were used to describe the densities of the 

core and halo clusters in the GS distribution. The HO and GS size parameters used in the 

present calculations for selected halo nuclei were obtained by Eq. (6) and are tabulated in 

Table 1. The HO ὦ and GS  size parameters for stable nuclei 
6
Li and 

15
N were adjusted 

to reproduce the experimental rms matter radii for these nuclei as shown in Table 2. 

 

Table 1-The HO and GS size parameters for halo 
8
Li and

 22
N nuclei 

Halo Nucleus Core nucleus 
HO GS 

ὦ (fm) ὦ (fm)  (fm)  (fm) 
8
Li  

7
Li  1.589 3.288 1.604 3.821 

22
N 

21
N 1.820 3.959 2.135 5.229 

    

Table 2- The HO and GS size parameters for stable 
6
Li and

 15
N nuclei 

Stable nucleus ╫ (fm) ♪ (fm) 
ộ►□Ớ╬╪■

Ⱦ
(fm) 

ộ►□Ớ▄●▬
Ⱦ

 (fm) [22] 
HO GS 

6
Li  1.714 1.899 2.32 2.32 2.32±0.05 

15
N

 1.622 1.976 2.42 2.42 2.42±0.1 

       

     The calculated and experimental matter density distributions for 
8
Li (parts a and b) and 

22
N 

(parts c and d) halo nuclei are depicted in Figure 2 which are represented by dot-dash red 

curves and gray area [23, 24], respectively. The density distributions of the core and valence 

neutron are also plotted in this figure, the black and green curves. These distributions were 

calculated by the GS [Figures 2(a) and 2(c)] and HO [Figures 2(b) and 2(d)] methods. The 

significant property of the dot-dash red curves is the long tail (the distinctive property of halo 

nucleus). It was found   from the above comparison between the calculated and the 

experimental results that the experimental matter density distributions for the selected halo 

nuclei are reproduced well by the present calculations using the GS and HO distributions. 

      In Figure 3 the black, green and dot-dash red curves represent the proton, neutron and 

matter density distributions, respectively. These distributions were calculated by the GS 

[Figures 3(a) and 3(c)] and HO [Figures 3(b) and 3(d)] methods. The long tail is a property 

that is clearly revealed in the density of the neutrons since it is found in halo orbits. Since 

protons are absent in the halo orbit and all protons of these nuclei are present in their cores, 

the black curves have a steep slope. The existence of a long tail in the neutron density 

distributions of 
8
Li and 

22
N indicates that these nuclei have a neutron halo structure. 

     In Figure 4, the dot-dash red and green curves represent matter densities of unstable (
8
Li, 

22
N) and stable (

6
Li, 

15
N) nuclei, respectively. The dot-dash red curves extend much farther 

than the green curves due to the weak binding of the last neutron in 
8
Li and 

22
N.    

   The proton densities obtained by HO distributions within the PWBA are employed to 

calculate the elastic form factors of the unstable (
8
Li, 

22
N) and stable (

6
Li, 

15
N) nuclei which 

are presented in Figure 5. In this figure, the red and green curves correspond to the calculated 

C0 form factors of unstable and stable nuclei, respectively, whereas, the filled circle curves 

represent the experimental data of the stable nuclei 
6
Li [25] and 

15
N [26]. According to these 

calculated results, one diffraction minimum appears in each of the red and green curves. The 
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red curve minimum location shifts to the right due to the difference in the center of mass 

correction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-The calculated and experimental matter densities for halo 
8
Li and 

22
N nuclei. 
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Figure 3-The proton, neutron and matter densities for halo 
8
Li and 

22
N nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-The calculated matter densities for 
6,8

Li and 
15,22

N nuclei. 
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Figure 5- Elastic form factors for 
6,8

Li and 
15,22

N nuclei. 

 

    The GS wave functions within the OLA of the Glauber model were employed to calculate  

„ of 
8
Li and 

22
N nuclei on 

12
C target. The obtained results are summarized in Table 3 

together with the analogous experimental data [12, 27].  The calculated results give a good 

description of the experimental „. 

 

Table 3-The experimental and calculated „  for 
8
Li and 

22
N halo nuclei. 

Halo nuclei 
Energy (MeV) 

[12, 27] 
Calculated „ (mb) Experimental „ (mb) [12, 27] 

8
Li

 

61 2311 ρπσχρχ 
105 880 ψχπρσ 
790 772 χφψω 

22
N 632 1250 ρςτυτω 

 

        Figure 6 demonstrates the dependence of  „ (in mb), calculated via the OLA of Glauber 

model, on matter rms radii (in fm) for 
8
Li (Figure 6 (a)) and for 

22
N ( Figure 6 (b)) exotic 

nuclei on 
12

C target at high energy. The green lines and the horizontal magenta lines are the 

calculated and the experimental „, respectively, whereas the shaded area refers to the error 

bar of the experimental „ . The intersection point of the green line and magenta line refer to 

the calculated matter rms radius (ộὶỚȾ) of the halo nuclei. It is noted from Figure 6(a) for 
8
Li [ Figure 6(b) for 

22
N] that the calculated ộὶỚȾ of 

8
Li [

22
N] is equal to 2.495 [3.14] fm 

which give a good agreement with the experimental value  2.50±0.06 [3.08±0.13] fm [6, 27]. 
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Figure 6- The dependence of the „ on the rms radii for halo 
8
Li and 

22
N nuclei. 

 

4. Summary and conclusions 
    The HO and GS wave functions within the BCM were employed to investigate neutron, 

proton and matter densities in the ground state as well as the elastic proton form factors of one 

neutron 
8
Li and 

22
N halo nuclei.  Two distributions in BCM calculations, namely: HO and GS 

distributions, were adopted. The experimental matter density distributions for selected halo 

nuclei were reproduced well by the present calculations using the GS and HO distributions. 

The long tail is a property that is clearly revealed in the density of the neutrons since it is 

found in halo orbits. The existence of a long tail in the neutron density distributions of 
8
Li and 

22
N indicates that these nuclei have a neutron halo structure. Moreover, the matter rms radii 

and „ of these nuclei were calculated using the OLA of Glauber model at high energy. The 

calculated results of matter rms radii and „ gave a good description of the experimental data. 
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