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Подсекция 1.5 Ядерная физика, новых материалов и технологии 
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Abstract 

The experimental data on elastic scattering of 
6,7

Li ions on 
28

Si nuclei in the energy range 

from 7.5 to 36 MeV have been analyzed in the framework of the double-folding model on the basis 

of BDM3Y-Paris and M3Y-Paris potentials. Analysis of the dependence of the volume integrals of 

the potential on the energy of the incident particle enabled us to find common energy dependencies 

for interactions of 
6,7

Li nuclei. The energy dependencies of the total reaction cross sections obtained 

in this work are in good agreement with the experimental data. 

1. Introduction 

Nowadays, one of the most important tasks in nuclear physics is studying of elastic and 

inelastic scattering of cluster and exotic nuclei. Investigation of interactions of light weakly-bound 

cluster nuclei with other nuclei provides important information on the structure and mechanisms of 

nuclear reactions, in particular, the data on parameters of the scattering potential of these types of 

nuclei. 

The analysis of the differential cross sections of elastic scattering does not give unambiguous 

values of macroscopic optical potentials. It is well-known that there are two types of uncertainty in 

the determination of nuclear potentials: discrete and continuous. This uncertainty is explained by 

the fact that the internal part of the potential usually feels partial waves with small values of the 

orbital momentuml, whose contribution to the scattering cross section is very small. Therefore, any 

potentials with close values of parameters in the nuclear periphery or potentials correctly predicting 

phases for a limited number of partial waves with a maximum contribution to the cross section have 

similar angular distributions of elastic scattering at low energies. 

Double-folding potential (DFP) can be considered as a semi-microscopic optical potential, 

well describing the experimental data. This method, widely used nowadays, is attractive for its 

realisticity from the viewpoint of the theory. This model takes into account not only the density 

distribution of nuclear matter, but also the nucleon-nucleon potential accounting for interactions on 

a microscopic level and depending on the density of nucleons within the nucleus.Taking into 

account the theoretical justification of the model [1], we analyzed the elastic scattering 
6,7

Li ions on 
28

Si nucleus in the framework of the  double-folding model. 

2. Formalism 

The semi-microscopic optical potentials U(R) are constructed in the double-folding model 

using the effective nucleon-nucleon BDM3Y-Paris and M3Y-Paris interaction potentials as well as 

nucleon densities.  

The difference between interactions is based on the dependence of the BDM3Y-Paris 

potential on the density of nucleons in the nucleus. The potential of interaction of two colliding 

nuclei can be written as: 

 

 ( )  ∫∫   (  )  (  )   (       ) 
    

   ,   (1) 

 

where integration is made over the volume of the projectile and the target, VNN(       ) 

is the effective nucleon-nucleon interaction (BDM3Y-Paris or M3Y-Paris), ρi(ri) is the distribution 

mailto:azhibekoaidos@mail.ru
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of nuclear matter of the projectile and the target (i = 1, 2). Densities are obtained from the 

experimental data. 

In the framework of the double-folding model, the effective nucleon-nucleon BDM3Y-Paris 

interaction can be written in a factorized form: 

 

   (     )   ( )   (     )     (2) 

 

The factor of density dependence (the influence of nuclear medium) is selected in the standard 

form: 

 

 ( )   (          )     (3) 

 

Parameters С=1.2521, α=0, β=0 and γ=1.7452 are found from the comparisons of the volume 

integrals after substitution of these parameters with volume integrals of the G-matrix elements, 

constructed in the framework of the nuclear matter theory [2]. 

The total optical DFM potential has not only a real part but also an imaginary part, 

responsible for the absorption of the incident particle in the inelastic channels. 

The absorption potential was constructed in the framework of two approaches – in the 

Woods-Saxon form (4) and in the form, depending on the calculated real part (5): 

 

 ( )    (      (    )   ))
      (4) 

 ( )     (     )      (5) 

 

Where NI is the factor normalizing the depth of the imaginary part of the potential. Thus, the total 

optical DFM potential is written as: 

 

  ( )     ( )    ( )     (6) 

 

Where NR is the factor normalizing the depth of the real part of the potential. It should be noted that 

U(R)  has two forms: BDM3Y-Paris and M3Y-Paris. 

In formulas (5 – 6), NR,Iare parameters of the potential, which are varied in order to get the 

best agreement with the experimental data on the differential cross sections and the total reaction 

cross sections. 

The search for optimal parameters of the potentials was carried out by minimizing the value 

of χ
2
: 

   
 

  
∑  

  (  )  
 (  )

   (  )
  

  
        (7) 

 

Where Ne is the number of experimental points in the angular distribution,  Т
and e 

are the 

calculated and measured values of the differential scattering cross section at an angle  i,  e 
is 

an uncertainty of e
( i). 

The double-folding potential (DFP) for BDM3Y-Paris was calculated using DFM-POT 

program [3] and for M3Y-Paris using the DF-POT program [4]. Differential and total reaction cross 

sections were calculated by the FRESCO program [5]. 

The matter density distributions for 
6,7

Li nuclei obtained from electron scattering (Figure 1) 

have the following form: 

 

  
   (  )          (            

 )   

 (                  
 )    (         

 )     [7],   (8) 

  
   (  )        (          

 )    (         
 )        (9) 
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For these configurations of densities the rms radii of 
6
Li and 

7
Li nuclei are equal to 2.394 fm 

and 2.403 fm, respectively.  
As the nuclear matter density distribution for 

28
Si nucleus in the ground state, we used the 

harmonic oscillator function with the standard radius of the nucleus of 3.137 fm (Fig. 1) [9]: 

 

  
    (  )        (          

 )    (         
 )       (10) 

 

 
Figure 1. The matter density distribution for 

6,7
Li and 

28
Si nuclei. 

 

3. Analysis of the experimental data 
Tables 1, 2 and 3 present values of parameters of Ut=NRU(r,ρ,E)+iW

WS
, Ut=NRU(r,E)+iW

WS 

and Ut=NRU(r,ρ,Е)+iNIU(r, ρ,E) potentials for 
6,7

Li + 
28

Si reactions.  

 

Table 1 

Parameters of Ut=NRU(r, ρ, E)+iW
WS 

potential for 
6,7

Li + 
28

Si elastic scattering 

Eлаб 

(МэВ) 

NR W 

(МэВ) 

rw (фм) aw(фм) χ
2

 

6
Li + 

28
Si 

9 0.33 27.60 1.270 0.700 0.581 

13 0.49 29.40 1.170 0.690 0.292 

20 0.57 8.50 1.360 0.590 1.296 

25 0.72 10.60 1.364 0.517 6.596 

32 0.56 27.50 1.170 0.690 2.115 
7
Li + 

28
Si 

8 0.275 10.0 1.16 0.667 0.120 

8.5 0.279 10.0 1.16 0.653 0.427 

9 0.289 22.55 1.10 0.668 0.114 

13 0.410 30.0 1.16 0.665 0.401 

16 0.560 31.16 1.20 0.643 0.255 

20 0.409 15.70 1.19 0.653 5.861 

26 0.60 20.481 1.20 0.660 5.871 

36 0.594 24.21 1.20 0.658 15.786 
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Table 2  

Parameters of Ut=NRU(r,E)+iW
WS 

potential for 
6,7

Li + 
28

Si elastic scattering 

Eлаб 

(МэВ) 

NR W 

(МэВ) 

rw (фм) aw(фм) χ
2
 

6
Li + 

28
Si 

9 0.458 24.949 1.200 0.690 0.168 

13 0.490 16.170 1.200 0.690 0.608 

20 0.630 8.700 1.360 0.590 3.939 

25 0.756 11.519 1.350 0.550 6.401 

32 0.674 27.500 1.170 0.690 2.115 
7
Li + 

28
Si 

8 0.330 10.50 1.16 0.667 0.121 

8.5 0.342 11.00 1.16 0.653 0.427 

9 0.337 20.00 1.10 0.668 0.124 

13 0.498 31.00 1.16 0.665 0.476 

16 0.680 33.45 1.20 0.643 0.264 

20 0.463 14.83 1.19 0.653 5.861 

26 0.686 20.89 1.20 0.660 5.871 

36 0.708 24.00 1.20 0.658 15.786 

 

Table 3  

Parameters of Ut=NRU(r,ρ,Е)+iNIU(r, ρ,E) potential for 
6,7

Li + 
28

Si elastic scattering 
6
Li + 

28
Si 

Eлаб (МэВ) NR NI χ
2
 

9 0.319 0.418 0.39 

13 0.400 0.450 0.67 

20 0.580 0.125 17.7 

25 0.800 0.260 21.4 

32 0.550 0.550 03.1 
7
Li + 

28
Si 

8 0.275 0.180 0.121 

8.5 0.279 0.112 0.420 

9 0.289 0.249 0.115 

13 0.400 0.465 0.410 

16 0.556 0.605 0.261 

20 0.416 0.342 6.266 

26 0.635 0.465 5.972 

36 0.591 0.513 14.182 

 

Figure 2 shows the energy dependence of parameters of Ut=NRU(r, ρ,E)+iNIU(r, ρ,E) 

potential. It is seen that the normalizing factors NU and NI for the reaction of 
7
Li + 

28
Si elastic 

scattering have a common behavior shown by the line.  At energies ranging from 13 to 36 MeV, the 

values of both parameters are at the level of 0.4 – 0.635, with a decrease in energy they fall to the 

level of 0.112 – 0.289. For the purpose of visualization, the energy range is divided by the energy of 

the Coulomb barrier (Ec.b.=8.69 MeV )[6]. 
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Figure 2. Energy dependence of normalizing factors NU and NI for 

6
Li + 

28
Si (left) and 

7
Li + 

28
Si (right). The solid line (right) shows the general trend in the energy dependence. 

 

Figure 3 shows the results of a comparative analysis of angular distributions of the differential 

cross sections for elastic scattering of 
6,7

Li ions on 
28

Si nucleus at different energies using 

Ut=NRU(r, ρ,E)+iW
WS

, Ut=NRU(r,E)+iW
WS 

and Ut=NRU(r,ρ,Е)+iNIU(r, ρ,E) potentials. It is seen 

that the curves calculated in this work in terms of two approaches give a good description of the 

angular distributions of experimental cross sections. 

 

 
Figure 3.Angular distributions of differential cross sections for elastic scattering of 

6
Li ions 

(left) and 
7
Liions (right) on 

28
Si nucleus. Points are the experimental data [10 - 17]; the solid line is 

the result of calculations using Ut=NRU(r, ρ,E)+iW
WS

potential; the dashed line corresponds to 

Ut=NRU(r, ρ,E)+iNINRU(r, ρ,E) potential; the dotted line corresponds to 

Ut=NRU(r,E)+iW
WS

potential. 

 

In addition to the angular distributions of elastic scattering reactions, as a criterion of selection 

of optimal parameters we used the experimental values of the total reaction cross sections(TCS) 

[18]. We compared the results of calculations of the total reaction cross sections made using DFP 

and the Woods-Saxon potential for real and imagine part[19]. Figures 4 and 5 show that our 

calculations well describe the experimental data, which confirms the realisticity of cross sections 

calculated using the above approaches. 
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Figure 4.Energy dependence of DFP for 

6
Li + 

28
Si. ▼denotes the data taken from [18];● 

denotes calculated TCS values taken from [19]. The solid line is the result of TCS calculations 

using Ut=NRU(r, ρ,E)+iW
WS

potential; the dashed line is the result of TCS calculations using 

Ut=NRU(r, ρ,E)+iNIU(r, ρ,E) potential; the dotted line corresponds to 

Ut=NRU(r,E)+iW
WS

potential. 

 

 
Figure 5.Energy dependence of  TCS for

7
Li + 

28
Si. Experimental data: ● – [18]. The solid 

line is the result of TCS calculations using Ut=NRU(r, ρ,E)+iW
WS

 potential; the dashed line is the 

result of TCS calculations using Ut=NRU(r, ρ,E)+iNIU(r, ρ,E) potential; the dotted line corresponds 

to Ut=NRU(r,E)+iW
WS

potential. 

 

To obtain more information from the reaction and a more adequate description of the data, it 

is necessary to introduce additional integral characteristics of the potential: volume integrals of the 

potential and the root mean square radius of the potential. The volume integral of the nuclear 

potential J is a key value in determining a realistic interaction potential. 

Since the selection by χ
2
 does not give an unambiguous choice of parameters of the potential, 

as an additional criterion for selection of optimal potential parameters, we used the values of the 

volume integrals of the real and imaginary parts. 

The volume integrals of the real and imaginary parts are calculated as follows: 

 

   
  

    
∫   

 (     )    .    (10) 

 

   
  

    
∫   

 (     )    ,    (11) 

 

   
  

    
∫ ( )    ,    (12) 
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where Ap,t are mass numbers of the projectile and target nucleus, V
F
(r,   ) and W(r) are the 

real and the imaginary parts of the potential of nuclear interaction. 

The energy dependences of the volume integrals for elastic scattering reactions of exotic and 

cluster nuclei show a common trend for the real and imaginary parts of the volume integrals 

[20,21]. 

Figure 6 shows the energy dependences of the volume integrals of the real and imaginary 

parts of the potential for 
6
Li + 

28
Si elastic scattering. A symmetrical pattern is observed: the real 

part increases with increasing energy, whereas the imaginary part decreases. The figure shows that 

two different forms of potentials have the same trend in the behavior of volume integrals of the real 

and imaginary parts of the potential with an energy increase. 

 

 
Fifure 6.Energy dependences of the volume integrals of the real (top) and imaginary (bottom) 

parts of the potential for 
6,7

Li + 
28

Si elastic scattering. Starts denote V
F
+ iW

WS
, ● –V

F
+ iV

F
. The 

solid line is a general trend in the energy dependence. 

 

Figure 7 shows the energy dependences of the volume integrals of the real and imaginary 

parts of the potential for 
7
Li + 

28
Si elastic scattering. It is seen that they have the same dependence 

on energy (the straight line). At energies of 8-16 MeV an increase in the volume integrals of both 

real and imaginary parts is observed. In the range of 16 - 21 MeV there is a slight decrease in the 

values of the integrals of both parts. For the purpose of visualization, the energy scale is divided by 

the energy of the barrier (Ec.b. = 8.69 MeV). 

 

 
Figure 7.Energy dependences of the volume integrals of the real (top) and imaginary 

(bottom) parts of the potential for 
6,7

Li + 
28

Si elastic scattering correspond to V
F
+ iW

WS
 – to V

F
+ 

iV
F
. The solid line shows a general trend in the energy dependence. 
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In terms of understanding the mechanisms of interactions it is interesting to consider the rms 

radii of the potentials in the framework of the double-folding model. The BDM3Y potentials for 
6,7

Li + 
28

Si elastic scattering have the radii equal to 4.220 and 4.232 fm, respectively. The double-

folding M3Y potentials for elastic scattering 
6,7

Li + 
28

Si have the radii 4.492 and 4.454 fm, 

respectively. 

 

4. Conclusion 

The experimental data on elastic scattering of 
6,7

Li ions on 
28

Si nucleus in the energy range 

from 7.5 to 36 MeV were analyzed in the framework of the optical model using various forms of 

potentials. All the approaches used in the work enabled us to obtain a good description of the 

experimental data on the differential and total reaction cross sections for the 
6,7

Li + 
28

Si interaction. 

The paper analyzes the dependence of the volume integrals on the energy of the incident particle. 

The parameters of the potential and the energy dependencies obtained in this work enable us to 

make a conclusion about realisticity of our potential parameters and mean square radii. 
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