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The phenomenological and semi-microscopic values of the potentials found in the angular distribution of 

scattering of ions 
6
Li - lithium, 

16
О - oxygen from the target nucleus 

12
C- carbon accelerated at low energies are 

determined. The experimental data of elastic scattering were analyzed based on the optical model and the double 

folding model. Based on the folding model, the density-dependent new Fetal potential of Yukawa 3 terms of 

effective nucleon-nucleon interactions was first used. The density-dependent  Fetal, Paris, Reid microfolding 

potentials were constructed in the double folding model as a real part of the optical potential. The efficacy of the 

new Fetal micropotential at laboratory energies of 28 MeV and 30 Mev for the 
16

О+
12

С nuclear system was 

studied in comparison with the Reid, Paris variants. The efficacy of the new Fetal potential at laboratory energies 

of 12.3 MeV and 20 MeV for the 
6
Li+

12
C

 
system has been studied in comparison with Reid and Paris potentials. 

The relative errors of phenomenological theoretical analysis and experimental cross-sections were determined in 

the range of 1.1 -3.0. As a result of semimicroscopic analysis, the coefficients of renormalization of folding 

potentials in the range Nr=0.8-1.0 were determined. The data obtained will be used in various fundamental 

research, in particular in future thermonuclear installations and nuclear astrophysics. 
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1. Introduction 

The study of the interaction of accelerated ions with heavy nuclei will become an urgent topic as 

fundamental research in nuclear astrophysics and thermonuclear energy. Analysis of experimental data based 

on various models, the construction of the equation of state of nuclei is a theoretically important issue.  The 

article presents a phenomenological and semi-microscopic analysis of the angular distribution of elastic 

scattering of low-energy weakly coupled 
6
Li+

12
С, 

16
О+

12
С  nuclear systems. The significance of the 

phenomenological and microfolding potentials was determined within the framework of the Optical Model 

(OM) and double folding model (DFM) core. For the microscopic study of nuclear interactions , the equation 

of state can be constructed depending on the saturation property of the nucleus. K - nuclear incompressibility 

is the only value characterizing the saturation of nuclear matter [1, 2].   

The Yukawa's Michigan three Yukawa (M3Y)-Reid, M3Y-Paris potentials were calculated based on 

effective nucleon-nucleon (NN) interactions as a real part of the optical potential. Effective NN interactions 

are generated in the G - matrix and consist of сentral, spin-orbital, and tensor members. In the calculation of 

their matrix interaction, all spin, isospin interaction components are formed. When calculating the folding 

potential, it is important to be an isospin independent сenter. Taking into account the spin-orbital interaction 

of two nuclei with NN interactions at low energy gives a successful characteristic for asymmetric systems. 

To understand the reaction, direct and exchange potentials are created based on the transformation of the 

isovector from a microscopic point of view. D.T. Khoa, G.R. Satchler scientists introduced density-

dependent parameters into the NN interaction [3-5].  

The purpose of introducing density-dependent parameters was to clarify the saturation property of 

nuclear matter. The new potential of B3Y-Fetal was obtained by applying a lowest-order constrained 

variational (LOCV)  to the elements of the nuclear matrix of two bodies [6]. Based on these studies, Ochala 
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[7, 8] first used the B3Y-Fetal potential obtained in the LOCV approach. The novelty of this article is that we 

introduce density-dependent parameters for B3Y-Fetal potency. 

The DFM can study the real potential depending on the mass and energy of the nucleus. The Woods-

Saxon potential form correctly describes the diffuse surface of the nucleus from the point of view of the 

nucleon density distribution. Accounting for effective NN forces and correlations is a way of constructing 

potentials in a microscopic approach. The article uses for the first time the potential of B3Y-Fetal for the 
6
Li+

12
C nuclear system. And for the 

16
О+

12
С  system, the analysis is carried out for the first time at energies 

Elab=28 MeV and 30 MeV. Based on the B3Y-Fetal interaction, the analysis of symmetric systems 
12

С+
12

С,
 

16
О+

16
О at energies Elab =145 - 450 MeV was carried out [8, 9]. For an asymmetric 

16
О+

12
С system in the 

low-energy range Elab=20 - 140 MeV, the analysis was carried out on the basis of a folding model [10, 11].  

 
2. NN - interaction potentials 

 

Effective NN interaction takes into account even and odd components of the central forces. The real 

potential is the sum of direct and exchange potentials [12]. 

 

�⃗� = 𝑉𝐷 + 𝑉𝐸𝑋                                                                                                                                         (1) 

 

The direct potential is completely elastic and is written as follows [13, 14]: 

 

𝑉𝐷(�⃗� ) = ∫∫  𝜌(1)(𝑟1)𝑉𝐷(𝑠) 𝜌(2)(𝑟2)𝑑𝑟1𝑑𝑟2
                                                                                           

(2) 

 

where, 𝑉𝐷(𝑠) - is the direct component of the effective NN interaction,  𝜌(1), 𝜌(2) - densities of colliding 

nuclei, 𝑠 = 𝑟2 − 𝑟1 + 𝑅. 

When calculating the exchange potential, absorption processes are taken into account [15, 16]:  

 

𝑉𝐸𝑋(�⃗� ) = ∫∫  𝜌(1)(𝑟1, 𝑟1
′ + 𝑠)𝜐𝐸𝑋(𝑠) 𝜌(2)(𝑟2, 𝑟2

′ − 𝑠) 𝑒𝑥𝑝[ 𝑖�⃗� (𝑅)𝑠/𝜂])𝑑𝑟1𝑑𝑟2                                 (3) 

 

where 𝜐ЕХ(𝑠) - is the exchange component of the effective NN - interaction, 𝜌(𝑖)(𝑟, 𝑟′) - is the density matrix 

of colliding nuclei. 

Direct and exchange components of the M3Y-Reid potential based on the elements of the G-matrix 

[17]:  

𝜐𝐷(𝑠) = 7999,0 ⋅
𝑒−4𝑠

4𝑠
− 2134,25 ⋅

𝑒−2,5𝑠

2,5𝑠
    

                                                                                       

     

(4) 

𝜐𝐸𝑋(𝑠) = 4631,4 ⋅
𝑒−4𝑠

4𝑠
− 1787,1 ⋅

𝑒−2,5𝑠

2,5𝑠
− 7,8474 ⋅

𝑒−0,7072𝑠

0,7072𝑠
                                                                 (5) 

 

Components of the direct and exchange potential of М3Y-Paris, [3, 4]:  

 

𝜐𝐷(𝑠) = 11061,6 ⋅
𝑒−4𝑠

4𝑠
− 2537,5 ⋅

𝑒−2,5𝑠

2,5𝑠
                                                                                                (6) 

𝜐𝐸𝑋(𝑠) = −1524,0 ⋅
𝑒−4𝑠

4𝑠
− 518,8 ⋅

𝑒−2,5𝑠

2,5𝑠
− 7,8474 ⋅

𝑒−0,7072𝑠

0,7072𝑠
                                                                (7) 

 

Components of the direct and exchange potential of B3Y-Fetal [6, 8]:  

 

𝜐𝐷(𝑠) = 10472,13 ⋅
𝑒−4𝑆

4𝑠
− 2203,11 ⋅

𝑒−2,5𝑆

2,5𝑠
                       

                                                                    

 

(8) 

𝜐ЕХ(𝑠) = 499,63 ⋅
𝑒−4𝑆

4𝑠
− 1347,77 ⋅

𝑒−2,5𝑆

2,5𝑠
− 7,8474 ⋅

𝑒−0,7072𝑆

0,7072𝑠
                                                              (9) 

 

3. Introduction of density-dependent parameters 

The equation of state of the optical potential is constructed depending on the density and energy [18]. 

𝜐𝐷(𝐸𝑋)(Е, 𝜌, 𝑠) = 𝑔(𝐸)𝑓(𝜌)𝜐𝐷(𝐸𝑋)
′ (𝑠)                                                                                                   (10) 
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where, 𝑔(𝐸) - energy-dependent type of potential, 𝑓(𝜌) - two forms of density-dependent factor [2]:  

 

1)  𝑓(𝜌) = 𝐶(1 + 𝛼𝑒−𝛽𝜌),    the density-dependent M3Y (DDM3Y) – type 

2)  𝑓(𝜌) = 𝐶(1 − 𝛼𝜌𝛽),    the 𝛽-parameter dependent M3Y (ВDM3Y) - type                                    (11) 

 

Energy dependence [18, 2]:   

 

𝑔(𝐸) = (1 − 0.003 ⋅ 𝐸/𝐴)                                                                                                                    (12) 

 

Density dependence function when introducing the γ – parameter [2]:    

 

𝑓(𝜌) = 𝐶(1 + 𝛼 𝑒𝑥𝑝( − 𝛽𝜌) − 𝛾𝜌)                                                                                                      (13) 

 

The harmonic oscillator (HO) model [19] was used to distribute the matter density of nuclei 
6
Li,

 16
О and 

12
C:   

𝜌(𝑟) = 𝜌0(1 + 𝛼(𝑟/𝑎)2) 𝑒𝑥𝑝( − (𝑟/𝑎)2)                                                                                            (14) 

4. Analysis of the 6Li+12С nuclear system  

Experimental data for the 
6
Li+

12
С   system were analyzed in the framework of OM, DFM at energies 

Elab=12.3 MeV [20] and, Elab=20 MeV [21]. Microfolding potentials were created in the С
++ 

program. The 

density-dependent parameters included in the folding potentials are shown in the following table 1. 
 

Table 1. Density-dependent parameters included in the γ-parameter dependent M3Y (CDM3Y2) and CDB3Y2 

potential types created in the Yukawa 3 term (M3Y). K - incompressibility value [4, 9]  

 

Density-dependent types C a β (fm
3
) 𝛾 (fm

3
) К (MeV) 

CDM3Y2, CDВ3Y2 0.3346 3.0357 3.0685 1.0 204 

 

As a real part of the optical potential, CDM3Y2, СDM3Y2, СDB3Y2 - folding potentials are used. The 

optical potential of the nuclear-nuclear interaction is written as follows: 

 

𝑈(𝑟) = 𝑁𝑟𝑉𝐹(𝑟) − 𝑖𝑊0𝑓(𝑟, 𝑟𝑊, 𝑎𝑊) + 𝑉𝐶(𝑟)                                                                                       (15) 

 

where, Nr - renormalized factor, VF - folding potential, 𝑊0 - imaginary potential, 𝑎𝑊 - diffusion, rw - radius, 

and 𝑉𝐶(𝑟) - Coulomb potential.  

The values of the σR - section of each analysis are presented in the table 2. 

The phenomenological and semi-microscopic cross sections constructed on the basis of the 

parameters found in the energies Elab=12.3 and Elab=20 MeV are shown in the following figures 1-2. 

 
Table 2. 

6
Li+

12
C - nuclear system, рarameters detected as a result of the analysis of OM and DFM at energies of 

Elab =12.3 MeV and Elab =20 MeV. Coulomb radius fixed: RC=1.3fm.  

 

ELab, 

Mev 
Potential 

V0, 

MeV 

rr, 

fm 

ar, 

fm 
W0, 

MeV 

rw, 

fm 

aw, 

fm 

σR, 

mb 

 
2

/N Nr 

 

12.3 

OM 

CDM3Y2-Reid 

CDM3Y2-Paris 

CDB3Y2- Fetal 

 

140.7  1.0  0.58 14.4  

12.0  

12.0 

12.0 

1.15 

1.12 

1.12 

1.12 

0.12 

0.2 

0.2 

0.2 

1005 1.1 

- 

- 

- 

- 

0.84 

0.84 

0.84 

 

20  

OM 

CDM3Y2-Reid 

CDM3Y2-Paris 

CDB3Y2- Fetal 

160.8  0.92  0.59 

 

5.9  

5.4 

5.9 

5.4 

1.24  

1.24 

1.24 

1.24 

0.85 

0.85 

0.8 

0.8 

1261 

1357 

1369 

1.8 

- 

- 

- 

- 

0.85 

0.80 

0.82 
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Fig. 1.  

6
Li+

12
С - nuclear system, сross sections in 

energies Elab=12.3 MeV 

Fig. 2. 
6
Li+

12
С - nuclear system, сross sections in 

energies Elab=20 MeV 

 

5. Analysis of the 16О+12С nuclear system  

Experimental data for the 
16

О+
12

С system were analyzed in the framework of OM, DFM at energies 

Elab=28 MeV [22] and, Elab=30 MeV [23]. The density-dependent parameters included in the folding 

potentials are shown in the following table 3-4. 
 

Table 3. Density-dependent parameters included in the CDM3Y1,  ВDМ3Y1 and DDB3Y1 potential types 

created in the Yukawa 3 term (M3Y). K - incompressibility value [4, 9]  

 

Density dependent version С 𝛼 𝛽 𝛾 К (MeV) 

CDM3Y1-Paris  

 

BDM3Y1-Reid 

DDB3Y1-Fetal 

0.3429 

1.2521 

0.2986 

3.0232 

0.0 3.1757 

3.5512 

1.7452 

2.9605 

0.5 

0.0 

0.0 

188 

270 

176  

 

Table 4. 
16

O+
12

C - nuclear system, Parameters detected as a result of the analysis of OM and DFM at energies of 

Elab =28 MeV and Elab =30 MeV. Coulomb radius fixed: RC=1.3fm.   

 

ELab 

MeV 

Potential  V0 

MeV 

rV 

(fm) 

aV 

fm 

W0 

MeV 

rW 
(fm) 

aW 

fm 

𝜒2/𝑁 Nr 

 

28 

OM 

BDM3Y1-Reid 

CDM3Y1-Paris  

DDB3Y1-Fetal 

96.0 1.18 0.507 6.05 

6.05 

6.05 

6.05 

1.15 

1.15 

1.15 

1.15 

0.854 

0.854 

0.854 

0.854 

3.0 

- 

- 

- 

- 

1.0 

0.8 

0.9 

 

30 

OM 

BDM3Y1-Reid 

CDM3Y1-Paris  

DDB3Y1-Fetal 

95 

 

0.948 

 

0.640  

 

6.8 

6.8 

6.8 

6.8 

0.951 

0.951 

0.951 

0.951 

0.2 

0.2 

0.2 

0.2 

2.39 

- 

- 

- 

- 

1.0 

0.8 

0.9 
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The phenomenological and semi-microscopic cross sections constructed on the basis of the parameters 

found in the energies Elab=28 and Elab=30 MeV are shown in the following figures 3-4. 

 

  
Fig. 3. 

16
О+

12
С - nuclear system, сross sections in 

energies Elab=28 MeV 

Fig. 4. 
16

О+
12

С - nuclear system, сross sections in 

energies Elab=30 MeV 

 

6. Conclusion 

A phenomenological and semi-microscopic analysis of weakly coupled nuclear systems 
6
Li+

12
С,

 

16
О+

12
С was carried out. Microfolding potentials - BDM3Y1-Reid, CDM3Y1-Paris, DDB3Y1-Fetal, 

СDM3Y2-Reid, CDM3Y2-Paris, СDB3Y2-Fetal have been created in the DFM. 

As a result of the phenomenological analysis, the relative errors of experimental and theoretical cross 

sections in the range 
2
/N=1.1 - 3.0 were revealed. As a result of semimicroscopic analysis, the coefficients 

of Nr - renormalization of microfolding potentials in the range Nr=0.8 - 1.0 were determined.  

The efficacy of B3Y-Fetal potentials has been studied in comparison with M3Y - Reid, M3Y - Paris 

potentials. The values of the σR - cross-section of each analysis were determined. 

The introduction of the density dependence in NN interactions in the study of collisions of heavy ions 

with light nuclei makes it possible to clarify the saturation property of nuclear matter, that is, to fully take 

into account nuclear nuclei. 
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