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ABSTRACT 

 
The quasielastic scattering angular distribution of the 14Be projectile scattered from the 12C target nucleus at 

incident energy of 796 MeV is analyzed by using the double folding model. In this context, the eight different 

density distributions of 14Be are used to obtain the real part of the optical potential. The imaginary potentials of 
all the density distributions are taken as Woods-Saxon type. The theoretical results obtained for each density 

distribution are compared with each other as well as the experimental data. These comparisons provide 

information about the similarities and differences of the density distributions used in the theoretical analysis. 
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1. INTRODUCTION 

The experimental and theoretical studies conducted in 

the field of nuclear physics have provided a very 

important contribution to our understanding of the 

properties of the nucleus. These studies have often been 

conducted with nuclei located in the stability region. 

Therefore, sufficient information on unstable nuclei 

could not be obtained. In the last few decades, as a 

result of technological progress, the scope of studies 

performed in the field of nuclear physics has expanded. 

Thus, it has become more possible to study the subjects 

that have not been sufficiently known. Some unstable 

nuclei from the experimental and theoretical studies 

performed for this purpose have been noticed to show  

 

very important structural differences such as large 

matter radius, extremely small two-neutron separation 

energy (S2n), weakly bound valence nucleons, the large 

reaction cross-sections, the change of magic numbers as 

compared to the stable nuclei [1-6]. Such nuclei are 

referred to as halo nuclei. At the present time, halo 

nuclei still continue to be one of the most important 

subject in the field of nuclear physics  [7-15]. The 14Be 

nucleus, a secondary beam produced with bombardment 

of a thick target such as Be [16], is a neutron halo 

nucleus which has anomalously large matter radii [17]. 
14Be whose the two-neutron separation energy is known 

to be 1.34 ± 0.1 MeV [18] is also a Borromean nucleus 

where the system is bound. 14Be has often been 
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assumed to be described as a three-body system 

composed by 12Be+n+n. In addition to this, the 14Be 

nucleus has been considered as five-body system with 
10Be+n+n+n+n [19]. The 14Be nucleus has attracted 

much interest due to its neutron-rich structure, and 

many experimental and theoretical studies have been 

performed [19-22]. The density distributions of stable 

nuclei have been intensively studied by electron 

scattering and by proton scattering. For these nuclei, the 

experimental data can be described via a Woods-Saxon 

type density distribution or a Fermi type density 

distribution or a harmonic-oscillator type density 

distribution [23,24]. On the other hand, the density 

distribution of halo nuclei presents a long tail in loosely 

bound nucleus close to the neutron or proton drip lines. 

Also, the cross-section of nucleus-nucleus scattering is 

sensitive to the density distribution [25,26]. Henceforth, 

it is important to examine the density distributions of 

halo nuclei. Various density distributions for the 14Be 

nucleus can be found in the literature [27]. These are the 

Single-Gaussian (SG), Gaussian-Gaussian (GG), 

Gaussian-Halo (GH), Gaussian-Oscillator (GO), Fermi-

Gaussian (FG) and Gaussian-Exponential (GE) density 

distributions. In this context, a comparative analysis of 

these different density profiles probed by reactions with 
14Be can be useful. A measurement of quasielastic 

scattering of the 14Be + 12C system for 796 MeV at 

Michigan State University was performed by Zahar et 

al. [28]. They carried out the phenomenological 

calculations within the optical model (OM) and inelastic 

scattering for the 2+ excited state of the 12C nucleus in 

the coupled-channels (CC) formalism in order to 

explain the experimental data. They showed that the 
14Be + 12C system needs a potential with a much deeper 

surface imaginary component and an attractive surface 

real component to obtain a good agreement with the 

experimental data. The other theoretical analysis of 

quasielastic scattering of the 14Be + 12C system at 

incident energy of 796 MeV was performed by Mermaz 

[29]. With this goal, Mermaz conducted the OM 

calculations with volume Woods-Saxon (WS) type plus 

surface terms for the real and imaginary potentials. 

Although they generally used the phenomenological 

approach within the framework of the OM, a 

microscopic approach such as double folding model 

(DFM) was not applied to the analysis of this reaction. 

The DFM together the density distributions of both 

projectile nucleus and target nucleus [30] can be used in 

order to obtain the real part of the optical potential. In 

the present study, we focus on the analysis of the 14Be + 
12C system for eight different density distributions of 

the 14Be nucleus by using the DFM based on the OM. 

We obtain the angular distributions of the scattering 

data for all the density distributions. Then, the cross-

sections obtained for each density distribution are 

compared with results of the previous studies as well as 

the experimental data. This comparison between the 

cross-sections obtained with several shapes of the 

matter density distribution from the theoretical analysis 

[31] suggests how to select among the different density 

profiles. In the next section, we present the OM 

calculations. In section 3, we define all the density 

distributions handled in the present study. In Section 4, 

the results of these calculations are presented. Section 5 

is devoted to our summary and conclusion. 

2. OPTICAL MODEL CALCULATIONS 

Here, we briefly outline the method conducted in the 

theoretical analysis of the quasielastic scattering data of 

the 14Be + 12C system within the framework of the OM. 

The nuclear potential has the real and imaginary parts. 

In determining the real part of nuclear potential, the 

DFM is used extensively. To achieve the double folding 

potential, the nuclear matter distributions of both 

projectile nucleus and target nucleus together with an 

effective nucleon-nucleon interaction potential (
NNv ) 

are evaluated. Thus, the double folding potential is 

1 2 1 2 12( ) ( ) ( ) ( )DF P T NNV r dr dr r r v r               (1) 

where 
1( )P r  and 

2( )T r  are the nuclear matter 

densities of projectile and target nuclei, respectively. In 

our calculations, the eight different density distributions 

of 14Be have been used to make a comparative study. 

Each of these density distributions is explained in the 

following section. However, the density distribution of 

the 12C target nucleus is taken as 

12

2 2

2 0 2 2( ) (1 ) exp( )
C

r wr r                       (2) 

where ρ0=0.1644 fm-3, w=0.4988 fm-2, and β=0.3741 

fm-2 [32,33]. For the 
NNv  interaction, we have used the 

M3Y nucleon-nucleon (Michigan 3 Yukawa) realistic 

interaction [34], which is given by  

00

exp( 4 ) exp( 2 5 )
( ) 7999 2134 ( ) ( ) 

4 2 5
NN

r . r
v r J E r MeV

r . r


 
  

            (3) 

where 
00( )J E  is the exchange term in the following 

form 

3

00( ) = 276 [1 0.005 ]  pJ E - E / A MeV fm      (4) 

The imaginary potential of the OM has been taken in 

the WS type 

0( )
1 exp(( ) / )w w

W
W r

r R a
 

 
                         (5) 

where 
1/3 1/3( )w w P TR r A A 

. AP and AT are mass 

numbers of the projectile and target nuclei respectively. 

The code FRESCO [35] has been used for all the 

calculations. 

 

3. PARAMETRIZATION OF THE DENSITY 

DISTRIBUTIONS 

In our work, we have used the eight different density 

distributions of 14Be in order to obtain the scattering 

cross-section of 14Be by 12C. These density distributions 

are the SG, GG-2n, GG-4n, GH, GO-2n, GO-4n, FG 
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and GE density distributions, which have free 

parameters to generate the matter density of 14Be. 

3.1. The Single-Gaussian (SG) density distribution 

The nucleon density of the nucleus examined by means 

of the SG density distribution is calculated by using the 

following equation [36] 

3 2
2

2 2

3 3
( ) exp

2 2

/

m m

r
r

R R




   
    
   

          (6) 

where Rm is the root mean square (rms) matter radius of 

the nucleus. In our calculations, the value of Rm is 2.96 

fm [27]. 

3.2. The Gaussian-Gaussian (GG) density 

distribution 

The core and halo density distributions of this nucleus 

for this model has the following Gaussian profiles [37] 
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where Rc and Rh are the rms radii of the core and halo 

nucleon distributions, respectively. The total matter 

distribution m is given in following form 

 ( ) (r) ( ) (r)m c c c hr N A N / A             (9) 

where Nc and A are the number of nucleons in the core 

and mass number, respectively. In the present work, we 

have assumed that 14Be consists of two different 

structures as 2n-halo nucleus (GG-2n) and 4n-halo 

(GG-4n) nucleus. Firstly, the Gaussian density 

distribution for both 12Be and 2n has been used. The 

values of Rc and Rh are taken as 2.79 fm and 5.67 fm, 

respectively [27]. For these values, we obtained 

Rm=3.35 fm. Secondly, the Gaussian density 

distribution for 10Be and 4n has been used. In this case, 

the values of Rc and Rh are taken as 2.61 fm and 4.48  

fm, respectively [27]. For these values, the value of Rm 

has been found as 3.25 fm. 

3.3. The Gaussian-Halo (GH) density distribution 

Another density distribution of 14Be nucleus is the GH 

density distribution. The GH density distribution is 

given by 
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2
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where 

2 4

3
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4 m m
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      (11) 

 is a parameter in the range 0    0.4. For =0, the 

GH density distribution has a Gaussian form, whereas 

for values of  close to 0.4 the density distribution has 

halo component tail. In our calculations, the values of 

Rm and   are taken as 3.19 fm and 0.11 fm, 

respectively [27]. For these values, the rms matter 

radius of the nucleus is 3.18 fm. 

3.4. The Gaussian-Oscillator (GO) density 

distribution 

Here, we assume that the density distribution of the 
14Be nucleus is the sum of the core and the halo density 

distributions. With this goal, the core density 

distribution is taken in the following Gaussian form 

3 2
2

2 2

3 3
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r
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The 1p-shell harmonic oscillator density distribution for 

the halo density distribution is assumed. This density 

distribution is given by 
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2
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5 5 5
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.  (13) 

The m is given in following form 

 ( ) (r) ( ) (r)m c c c hr N A N / A      (14) 

In the present study, 14Be has two different structures 

such as 2n-halo nucleus (GO-2n) and 4n-halo (GO-4n) 

nucleus. Firstly, the Gaussian density distribution for 
12Be and the oscillator density distribution for 2n have 

been used. The values of Rc and Rh are taken as 2.74 fm 

and 5.50 fm, respectively [27]. We have obtained the 

value of Rm as 3.09 fm. Then, the Gaussian density 

distribution for 10Be and the oscillator density 

distribution for 4n have been used. The values of Rc and 

Rh are taken as 2.48 fm and 4.48 fm, respectively [27]. 

For these values, Rm is 2.97 fm. 

3.5. The Fermi-Gaussian (FG) density distribution 

This model for 14Be consists in a core plus a 4n halo. In 

this context, the density distribution of 14Be can be 

taken in the following form 

14 10
( ) ( ) + 4 ( )

Be Be nr r r   .       (15) 

The density distribution of 10Be is in the Fermi form 

[38] 

0
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where 0 is determined by using the normalization 

condition 

24 ( )r r dr A,           (17) 

where A is mass number of 10Be core. Finally, the 

density distribution of 1n-halo is in Gaussian form 

[39,40] 

3
2

2

1
( ) expn

r
r

 

   
    

  
,       (18)                   

where  is adjusted to reproduce the experimental value 

for the rms radius of 14Be. For these values, Rm is 3.18 

fm. 

3.6. The Gaussian-Exponential (GE) density 

distribution 

Here, the density distribution of 14Be is the sum of the 

core and halo density distributions. The core density 

distribution is taken in the following Gaussian form 

3 2
2

2 2

3 3
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/
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r
r
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.      (19) 

The exponential density distribution of the halo is given 

by 

2

5
( ) exp 30h

h h

r r
r

R R


   
    
   

.       (20) 

In our calculations, the values of Rc and Rh are taken as 

2.67 fm and 5.70 fm, respectively [36]. For these 

values, we obtained Rm=2.71 fm. 

4. RESULTS AND DISCUSSIONS 

We have conducted the theoretical analysis of 

quasielastic scattering of the 14Be + 12C system at 796 

MeV. For this, we have obtained the eight different 

density distributions of the 14Be nucleus. All the density 

distributions have been shown in Figs. 1 (logarithmic 

scale) and 2 (linear scale) in order to make a 

comparative work. We have observed that the FG 

density distribution extends much farther than the other 

density distributions. However, the GG-4n density 

distribution is very close to the FG density distribution. 

The GG-2n and GE density distributions, very similar to 

each other, extend much farther than the other density 

distributions except for the FG and GG-4n density 

distributions. The GH and GO-2n density distributions 

are essentially identical.  The SG density distribution 

has the shortest tail among the density distributions. 

 

 

Figure 1. The density distributions of the SG, GG-2n, GG-4n, GH, GO-2n, GO-4n, FG, GE in logarithmic scale. 
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Figure 2. Same as Fig. 1, but in linear scale. 

 

The optical model calculations, with these different 

density distributions used to define the real part of the 

optical potential in the DFM, were carried out by 

searching the parameters W0, rw and aw of the imaginary 

part of the potential in order to fit the experimental data. 

Firstly, we have tested different values of rw in steps 

from 0.1 to 0.01 fm. After that, the value of rw=0.99 fm  

 

 

has been fixed for all calculations. Then, we have 

conducted similar calculations for the value aw of the 

imaginary potential in steps of 0.1 and 0.01 fm at fixed 

radius. Thus, the value of aw has been fixed to 0.98 fm 

in the calculations of all the density distributions. The 

fitting procedure for the studied systems has been 

completed by adjusting the depth of imaginary 

potential. The obtained optical potential parameters are 

listed in Table 1. 

 

Table 1: The microscopic optical potential parameters for the SG, GG-2n, GG-4n, GH, GO-2n, GO-4n, FG, GE density 

distributions used in the analysis of the 14Be + 12C system at ELab=796 MeV. 

       

Density distribution 
RN  W( MeV )  

wr ( fm)  
wa ( fm)  σ(mb) 2/N 

       

SG 0.900 46.50 0.99 0.98 1756.7 4.25 

GG-2n 0.900 43.20 0.99 0.98 1721.5 4.25 

GG-4n 0.840 40.80 0.99 0.98 1691.8 4.48 

GH 0.813 39.50 0.99 0.98 1674.9 4.95 

GO-2n 1.000 48.60 0.99 0.98 1781.1 3.76 

GO-4n 1.000 47.60 0.99 0.98 1769.9 3.88 

FG 1.000 46.00 0.99 0.98 1754.2 3.82 

GE 1.100 50.00 0.99 0.98 1793.4 5.78 
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In Fig. 3, we have presented the theoretical results 

obtained for each of the density distributions. The SG 

density distribution appears to represent the 

experimental data to some extend. The GG-2n and GG-

4n density distributions show a behavior very similar to 

each other. The GO-2n, GO-4n and FG density 

distributions present a similar behavior and are in good 

agreement with the experimental data. On the other 

hand, the GO-2n density distribution is slightly better 

than the GO-4n and FG density distributions. Also, 

when we search for the best fit of the data, we have 

observed that the results of the GO-2n density 

distribution are better than the ones obtained with other 

density distributions. We think that the neutron halo tail 

is important in explaining the experimental data. In 

addition to this, density distribution selected for both 

core and neutron halo is important. Finally, we should 

say that in general these density distributions 

reproduced the experimental data.  

 

 

Figure 3. The elastic scattering angular distributions for the SG, GG-2n, GG-4n, GH, GO-2n, GO-4n, FG, GE density 

distributions of the 14Be + 12C reaction at ELab=796 MeV in comparison with the experimental data. The experimental data 

have been taken from [28]. 

 

Figure 4. The elastic scattering angular distribution of the GO-2n density distribution in comparison with the previous 

studies [28,29] as well as the experimental data. The experimental data have been taken from [28]. 
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In Fig. 4, we compared the theoretical results of the 

GO-2n density distribution which give good agreement 

results with the experimental data in order to make a 

comparison work with the previous studies [28,29]. 

While the results [28,29] have been achieved, we have 

performed only the phenomenological calculations for 

the OM parameters given in Refs. [28,29] without 

including the inelastic scattering of the 12C nucleus. In 

Refs. [28,29], the theoretical results consist of the sum 

of the elastic and inelastic scattering. Therefore, we 

should point out that there is some difference between 

our results and the results of Refs. [28,29]. However, 

we have observed that our results are better than the 

results of previous studies although we have not 

included the surface potential for both the real and 

imaginary potentials in our calculations. We deduce that 

the DFM results with the different density distributions 

are better than the phenomenological OM results. As a 

result of this, we think that the internal dynamics of the 
14Be exotic nucleus is taken into account by using 

different density distributions and the DFM. 

 

 

Figure 5. The shapes of the real potentials of the nuclear potential of the 14Be + 12C reaction for the SG, GG-2n, GG-4n, 

GH, GO-2n, GO-4n, FG, GE density distributions. 

 

In Figs. 5 and 6, the shapes of the real and imaginary 

potentials used in the theoretical calculations conducted 

with different density distributions of the 14Be projectile 

are shown. It has been observed that the real potential of 

GE density distribution is deeper than the real potentials 

of the other density distributions. However, the shallow 

real potential is attributed to the GG-2n density 

distribution. In case of the imaginary potential, the 

deepest imaginary potential is found for the GE density 

distribution and the shallow imaginary potential is 

observed for the GH density distribution. 
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Figure 6. The shapes of the imaginary potentials of the nuclear potential of the 14Be + 12C reaction for the SG, GG-2n, 

GG-4n, GH, GO-2n, GO-4n, FG, GE density distributions. 

 

We have given the cross-sections of all the density 

distributions investigated in Table 1. We have noticed 

that the cross-sections vary in the range of 1674.9  σ  

1793.4 mb. Then, we compare our results with the 

cross-sections of the previous studies. Zahar [28] 

reported as 1900 mb the value of the cross-section for 

the 14Be + 12C system. This result is close to the cross-

section determined with our study.  

In Table 1, we have given the calculated 2 /N values 

for each density distribution according to the 

experimental error around 10%. In this context, if we 

compare the 2 /N values of the density distributions, 

we can see that the GO-2n density has lower 2 /N value 

than the other density distributions. On the other hand, 

the biggest 2 /N value is found for the GE density 

distribution.  

The normalization (NR) constant is used to generate 

good agreement results between the theoretical results 

and the experimental data. The value NR=1.0 indicates 

the success of the DFM [30]. Whereas, the deviation of 

NR from unity would imply the necessity to perform 

corrections in the normalization of the effective NN 

interaction used for each DFM, associated with the 

different density profiles [30]. The values of NR applied 

in the analysis of the density distributions of the 14Be 

nucleus by 12C have been listed in Table 1. The NR 

values used in the analysis of the GO-2n, GO-4n and 

FG density distributions are unity while the values NR of 

the other density distributions present the deflection 

from unity. This is important by means of using of the 

GO-2n, GO-4n and FG density distributions. The DFM 

calculation with the GO-2n, GO-4n and FG densities 

can describe the 14Be + 12C quasi elastic scattering data 

with NR=1. The fit is not perfect for the other models. In 

these cases the normalization NR was changed from 

unity in order to fit the cross-section. We conclude that 

the GO-2n, GO-4n and FG models without 

renormalization among the eight density distributions 

analyzed for the 14Be nucleus showed better results than 

the ones presented in the literature. 

5. SUMMARY AND CONCLUSIONS 

In the present study, we have performed the DFM 

calculations for the quasielastic scattering of the 14Be + 
12C system. The eight different density distributions of 

the 14Be exotic nucleus have been used. It is noticed that 

the results of the GO-2n, GO-4n and FG density 

distributions are generally better than the results of the 

other density distributions. However, we can say that all 

the 14Be matter density profiles fit to some extend the 

experimental data. Our fits to the cross-section are in 

general much better than the ones found in the 

literature. 

In summary, this work provided a comprehensive 

analysis on the validity of different density distributions 

of the 14Be nucleus. Our study has shown better fits than 

previous OM calculations, without the necessity of 
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surface terms for the real and imaginary parts of the 

optical potential. Also, this study emphasizes the 

importance of the internal dynamics of the 14Be nucleus 

through the density profiles that take into account the 

neutron halo. 
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