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Abstract 

     The nuclear matter density distributions, elastic electron scattering charge form 

factors and root-mean square (rms) proton, charge, neutron and matter radii are 

studied for neutron-rich 
6,8

He and 
19

C nuclei and proton-rich 
8
B and 

17
Ne nuclei. The 

local scale transformation (LST)  are used to improve the performance radial wave 

function of harmonic-oscillator wave function in order to generate the long tail 

behavior appeared in matter density distribution at high  . A good agreement results 

are obtained for aforementioned quantities in the used model. 

 

Keywords: halo nuclei, nuclear density distributions, elastic electron scattering form 

factors, root-mean square radii. 

 

دراسة نظرية لتوزيعات الكثافة النووية وعوامل التشكل للاستطارة الالكترونية المرنة لبعض النوى 
هالةال  
 

مصطفى خالد صحيب ،*رضاأركان رفعه   
.قسم الفيزياء، كلية العلوم، جامعة بغداد، بغداد، العراق  

 
 الخلاصة                  

تم دراسة توزيعات الكثافة الكتلية النووية بالاضافة الى عوامل التشكل الشحنية  للاستطارة الالكترونية      
 19Cو  6,8He، للنوى الغنية بالنيترونات والنيوترونية والكتليةالبرتونية والشحنية المرنة و انصاف الاقطار 

استخدم تحويل المقياس الموضعي لتحسين اداء تم . 17Neو  8Bبالاضافة الى النوى الغنية بالبروتونات،  
الكبيرة. تم التذييل الظاهر في توزيع الكثافة الكتلية عند الابعاد الدوال الموجية القطرية للمتذبذب التوافقي لتوليد 

 استحصال تطابق جيد جدا مع القيم العملية للكميات المذكورة اعلاه باستخدام هذا الانموذج.
 

Introduction 

     In the mid-eighties, the pioneering discovery of steep rise of total interaction cross-section (  ) by 

Tanihata and coworkers [1] induced by the scattering unstable nuclei on stable targets. Such large 

enhancement is mainly attributed to the large spatially extension in the matter density distribution 

explained by halo [2]. The nuclear halo in general are composed of loosely bound valance neutron(s) 

or proton(s) (the halo), surrounding a compact core. such large diffusivity causes unusual spatial 

properties of the nucleon density distribution, leading to nuclear sizes deviating substantially from the 
3/1

0 ArR   rule. 
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     The use of radial wavefunction of harmonic-oscillator (HO) potential to calculate density 

distributions in the no-core shell model for light nuclei resulted in poor agreement with experimental 

data [3-6]. Besides that, two frequency shell model (TFSM) approach was employed on halo nuclei [7-

9] with variant success. Within this model, one can use two HO size parameters, one for bound core 

(bcore) and second for loosely bound valence nucleon(s) (bhalo), respectively. The transformed HO basis 

derived by local scale transformation is a promising approach to regenerate the long tail behavior in 

the density distribution [10,11]. knowing that the radial wavefunction of HO potential have Gaussian 

decay at large   on contrary to the observed behavior of density distribution which  have exponentially 

decay. The proton and neutron density distributions are calculated with acceptable results using LST 

for 
6,8

He and 
11

Li but with overestimated rms radii [12].  The LST applied with a good success to 

calculate the scattering phase-shifts and the electric transition probabilities       and       for 
6
He 

scattered by 
12

C and 
208

Pb [13]. The nuclear Skyrme Hartree-Fock and Hartree-Fock Bogoliubov are 

solved using the cylindrical transformed deformed HO basis to calculate density distributions and 

axial multipole moments [14]. The cylindrical transformed deformed HO basis is applied successfully 

to solve the nuclear Hartree-Fock and Hartree-Fock Bogoliubov to find the nuclear collective inetia at 

the perturbative cranking approximation and fission fragments charge, mass and deformations [15]. 

     This work is dedicated to calculate proton, charge, neutron and matter density distributions, the 

corresponding     radii, and elastic electron charge form factors for exotic 
6,8

He, 
8
B, 

19
C and 

17
Ne 

nuclei.  

Theoretical basis 

     The nuclear density distributions of point neutron and proton for halo nuclei can be formulated as 

[16]: 

                         
            

                                                                                                       (1) 

where     
        represents the neutron/proton density distributions of core part  calculated using the 

radial wave functions (      ) of HO potential [17] as follows: 
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                                                                                (2)   

where     
       

 represents an integer number denoting the neutrons/protons occupation number in the 

   shell;   and   represent the principal and orbital quantum numbers respectively.     , represents the 

HO size parameters for neutron/proton. The summation in Eq. (2) spans all occupied orbits of the core 

part of any nuclear sample under study. The matter density distribution for the core can be written as 

the sum of densities of core neutrons and protons (  
          

          
       ).     

        in Eq. 

(1), represents the density distribution for halo part and it is calculated using transformed HO (THO) 

radial wavefunctions based on LST as follows [12]: 
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 in Eq. (3), represents the occupation numbers of neutron(s)/proton(s) in the halo part.      in 

Eq. (4), represents a function chosen so as to reproduce the proper asymptotic condition (exponential 

shape) for the density distribution at large  , besides it leaves the interior shape of density unchanged 

[12].    and   in Eq. (5) are an integer and real numbers controls how sharply the tail of wave 

function will be; such technique is going to be called HO+LST. 

     Again, the matter density distribution for whole halo nucleons can be written as a sum the densities 

of halo neutrons and protons (  
       

       
    ).   

 The charge density distribution (CDD),        of the nucleus is obtained by folding the point 

proton density in Eq. (1) with the charge density distribution of the proton itself as follows [18]:   

                       ∫                                                                                                           (6) 
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where      ⃗  is taken to have a Gaussian form [18]: 

                       
 

(√    )
  

(
   

   
 )

                                                                                                        (7)   

where              is chosen such that to produce the experimental     charge radius of the 

proton to be 〈  〉  
   

 (
 

 
)
   

          . 

     Another way to reproduce the tail in the density is by using two HO size parameters, one for the 

compact core (    
 ) and the second for halo part (    

 ); such technique is going to be called HO+HO. 

The point neutron/proton density distribution in such away can be written as [16]: 

                         
    (      

 )      
    (      

 )                                                                             (7)   

     The     radii of neutron, proton, charge and matter can be directly calculated from their density 

distributions [18]: 

      〈  〉 
   

 √
  

 
∫       

   
 

 
                                                                                                          (8) 

In Eq. (8),   denotes to   (number of neutrons),   (atomic number) and A (mass number), 

respectively. 

In the first Born approximation, the longitudinal electron scattering form factors off nuclei can be 

written as [19, 20]: 

                |     
    |

 
 

  

         
|⟨  ‖         

    ‖  ⟩|
 
  

                                                               (9) 

where   and    represent the momentum transfer from electron to nucleus during scattering and 

isospin quantum number for nucleon (   
 

 
 for proton and     

 

 
 for neutron).  |  ⟩ and |  ⟩ are the 

initial and  final states of the nucleus.       is the charge form factor of a single proton given by 

Fourier transforms to Eq. (7).          
     represents the Coulomb multipole operator of the 

longitudinal electron scattering given by [19,20]: 

         
            ∑           

    
 

 

   

 

where         and     
    

  are spherical Bessel and spherical harmonics functions, 

correspondingly.         is the charge of a single proton. 

Eq. (9) can be simplified to be related to transition charge density distribution as following [19]: 
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                                                              (10)      

where          is charge transition density distribution. For    , Eq. (10) can be written as [19]: 

|     
    |

 
 (

  

  
)
 
|∫         

 

 
         |

 
                                                                                    (11) 

Results and Discussion 

     The LST is used to improve the performance the radial wave functions of the HO potential. The 

exotic 
6,8

He, 
8
B, 

19
C and 

17
Ne nuclei are divided into two parts; the first is the stable core studied using 

the radial wave functions of HO potential, the second is the unstable exotic parts which is studied 

using the modified HO wavefunctions under LST technique. The MDDs,     proton, charge, neutron, 

and matter radii, besides elastic electron scattering charge form factor are computed. Besides, two HO 

size parameters are used to regenerate aforementioned quantities; one for protons (    and the second 

for neutrons (  ). 

     The properties of the nuclei under study are presented in table 1. In Table- 2, the parameters,   , 

  ,   and    used to fulfill the calculations are tabulated. Such parameters are chosen so as to 

reproduce the rms radii and the tail in the density distribution. 

     The calculated proton, charge, neutron, and matter     radii HO+LST technique are shown in 

table 3. In table 4, the same things that mentioned in table 3 are calculated and presented, but using the 

technique of HO+HO. Very good agreements are obtained for the calculated     radii in comparison 

with the corresponding to the experimental data for all nuclei under study in both HO+LST and 

HO+HO techniques. 
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     The calculated MDDs are depicted in Figures- 1(a, b, c ,d and e) for 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne 

nuclei, respectively. The solid and dashed curves represent the calculated matter density distributions 

in HO+LST and HO+HO respectively. In general, it is clear that there are good agreements for the 

calculated MDDs with experimental data in HO+LST technique, where the long tail behavior which is 

a distinguishing feature of halo nuclei is well generated for the calculated matter density distribution.  

     In Figs. 2(a), (b), (c), (d) and (e), the elastic electron scattering form factors in plane wave Born 

approximation for 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne nuclei are presented by solid and dashed curves for 

HO+LST and HO+HO techniques, respectively. The calculated charge form factors in HO+HO for all 

nuclei shift downwards on contrary to the calculated results of HO+LST which enhance form factors 

and shift the results upwards. The calculated charge form factors for the aforementioned nuclei are 

future predictions for the planned electron colliders which may provide us with experimental data. 

Table 1- Properties of exotic 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne nuclei 

   
     [21] Half-Life Time [21] Type Separation Energies 

    
                    2n Halo [22]          [23] 

    
                   4n Skin [22] 

         [23] 

         

   
                 1p Halo [22]          [23] 

    
                     1n Halo [22]         [23] 

     
                      2p Halo [22]          [23] 

 

 

Table 2-The HO size parameters and   for exotic 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne nuclei 

   
                Halo state           

    
  1.559 1.547       6 1.5 

    
  1.435 1.362       4 1.435 

   
  1.6 1.595       10 1.360 

    
   1.631 1.951       16 1.693 

     
   1.657 1.64       8 1.617 
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Table 3- Calculated and experimental proton, charge, neutron, and matter      

radii in Fermi’s for exotic 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne nuclei using HO+LST technique 

   
  〈  〉 

   
 

Exp. 

〈  〉 
   

 
〈  〉  

   
 

Exp. 

〈  〉  
   

 
〈  〉 

   
 

Exp. 

〈  〉 
   

 
〈  〉 

   
 

Exp. 

〈  〉 
   

 

    
  1.909 

          
[22] 

2.068 
          

[22] 

 

2.749 
        

[22] 

 

2.500 
        

[22] 

    
  1.757 

          
[22] 

 

1.929 
          

[22] 
2.702 

        
[22] 

2.500 
        

[22] 

 

   
  2.742 

        
[24] 

2.827 
        

[25] 
2.159 

        
[24] 

2.539 
        

[24] 

    
   2.401 

        
[26] 

2.529 - 3.455 - 3.161 
        

[26] 

     
   2.948 - 3.041 

           
[27] 

2.440 - 2.750 
        

[28] 

 

 

Table 4- Calculated and experimental proton, charge, neutron, and matter     radii in Fermi’s for 

exotic 
6
He, 

8
He, 

8
B, 

19
C and 

17
Ne nuclei using HO+HO technique 

   
  Core halo 〈  〉 

   
 

Exp. 

〈  〉 
   

 
〈  〉  

   
 

Exp. 

〈  〉  
   

 
〈  〉 

   
 

Exp. 

〈  〉 
   

 
〈  〉 

   
 

Exp. 

〈  〉 
   

 

6
He 

  
        

  
        

  
        1.909 

          
[22] 

2.068 
          

[22] 

 

2.748 
        

[22] 

 

2.50 
        

[22] 

8
He 

  
        

  
        

  
        

 
1.758 

          
[22] 

 

1.929 
          

[22] 
2.727 

        
[22] 

2.52 
        

[22] 

 

8
B 

  
      

  
        

  
        

 
2.742 

        

[24] 
2.855 

        

[25] 
2.16 

        

[24] 
2.54 

        

[24] 

19
C 

  
        

  
       

  
        

 
2.401 

        

[26] 
2.529 - 3.261 - 3.016 

        

[26] 

17
N

e 

  
       

  
       

  
       

 
2.938 - 3.043 

           
[27] 

2.381 - 2.722 
        

[28] 
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Figure 1-The calculated MDDs for exotic 

6
He (a), 

8
He (b), 

8
B (c), 

19
C (d) and 

17
Ne (e) nuclei 

represented by solid and dashed curves, respectively. The shaded areas are experimental data. 
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Figure 2- The calculated charge form factors for exotic 

6
He (a), 

8
He (b), 

8
B (c), 

19
C (d) and 

17
Ne (e) 

nuclei represented by solid and dashed curves, respectively. 

Conclusions 

     The LST is applied to the exotic nucleons for neutron-rich 
6,8

He and 
19

C nuclei and proton-rich 
8
B 

and 
17

Ne nuclei to find the nuclear proton, charge, neutron and matter root-mean square radii and 

corresponding density distributions and elastic electron scattering charge form factors. Such technique 
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unstable one to improve the HO radial wave functions successfully to reproduce the tail behavior in 

MDDS at high   which is the main characteristic of halo nuclei.  Two approaches are used in this 

work, the first is HO+HO using two HO size parameters one for stable core and the second for 

unstable halo part. The second approach is HO+LST, where one HO size parameter is applied for the 

whole nuclear system, but LST is applied for exotic nucleons. Good agreement results are obtained for 

aforementioned quantities. 
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