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Abstract 

The theoretical analyses of the elastic scattering of deuteron from 6Li, and 9Be were performed in the optical model (OM) 

framework. The double-folding model with a density-dependent M3Y-type effective interaction was used to derive both the 

real and the imaginary components of the optical potential. The derived nuclear optical potentials were subsequently employed 

in the OM formalism to analyse the angular distribution data of deuteron scattering from 6Li, and 9Be at different incident 

energies. The calculated differential cross-sections were compared with experimental data across multiple incident energies. 

The results demonstrate that the derived potentials accurately reproduce experimental observables, confirming the reliability of 

the double-folding model and the OM for modelling light-ion scattering. These findings also underscore the applicability of the 

M3Y-type interaction in describing short-range nuclear interactions in light nuclei. 
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1. Introduction 

The intricate many-body nature of nucleus-nucleus inter-

actions remains a topic that is not yet fully understood. Con-

tinuous improvements are being made to theoretical models 

and techniques to tackle this complex problem [1]. A key 

approach to advancing the understanding of the complex 

many-body problem of the nucleus-nucleus interaction in-

volves a detailed analysis of experimental results within the-

oretical frameworks. Specifically, analysing heavy-ion data 

through models like the optical model, coupled channels, and 

coupled reaction channels yields valuable insights into the 

general features of nucleus-nucleus interactions, including 

their energy dependence and links to nuclear structure [2]. 

Heavy-Ion (HI) scattering is marked by strong absorption, 

which occurs when part of the incoming wave is diverted from 

the elastic scattering path into other, non-elastic channels [3, 

4]. As a result, the optical potential used to describe HI in-

teractions always includes an imaginary component. The real 

component accounts for elastic scattering, while the imagi-

nary part represents absorption and the loss of flux from the 

elastic channel [2, 5]. Because of this strong absorption, only 

peripheral collision paths are useful in probing the real part of 

the nucleus-nucleus interaction, particularly near the nuclear 

surface [4]. The radius where this surface interaction becomes 

significant is identified as the strong absorption radius. 

Therefore, it has become particularly important to develop 

theoretical tools to investigate the nuclear structures and nu-

clear reactions of HI scattering. In recent times, the 

mass-dependent interactions dubbed the M3Y-type interac-
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tions, derived using the lowest order constrained variational 

approach, were constructed [6-9]. The interactions were de-

rived using nuclei of mass number     , 24, 40, and 90 [8]. 

Although the strengths of the interactions showed mass de-

pendence, it was recommended that they could be used in the 

study of nuclear structure and reactions for all nuclei. 

The primary objective of this study is to derive optical po-

tential parameters for the elastic scattering of deuteron from 

   
  and    

  nuclear system. The double folding model 

(DFM) was applied, employing the density-dependent version 

of the M3Y-type interaction to derive the strengths of the 

optical potential. The analyses of the differential 

cross-sections were done using a phenomenological optical 

model (OM) approach. 

2. Materials and Methods 

To construct the nuclear optical potential, the dou-

ble-folding model was used. The double-folding model con-

volves the effective NN interaction with the nuclear density 

distributions of the projectile and target [4]: 

  ( )  ∬  (  )  (  )   (   )               (1) 

here    and    are the density distributions of the projectile 

and target nuclei, and           and the term     is the 

effective M3Y-type density-dependent interaction [2, 10, 11]. 

The nuclear densities are modelled using the two-parameter 

Fermi (2pF) distribution [12, 13]: 

 ( )    *     (
   

 
)+
  

            (2) 

here,   ,  , and   are the central density, the half-density 

radius, and the diffuseness parameter, respectively. The 2pF 

function was parametrised in the manner prescribed by [14], 

for both the incident and the target nuclei. The double folding 

model calculations were done using the folding model code of 

the Nuclear Reaction Video (NRV) [15]. 

The double-folded potential naturally represents the real 

part of the optical potential. To account for the imaginary 

part—which captures absorption into non-elastic channels—a 

similar folding approach was applied but with a different 

renormalization factor to obtain the nuclear optical potential 

in the form [11]: 

 ( )  (      )  ( )       ( )           (3) 

where   ( ) are the real and imaginary renormalization fac-

tors for the folded potential and      ( )  is the Coulomb 

potential. These renormalization constants are adjusted to 

achieve optimal agreement with experimental data. 

The optical potential formulation of Equation (3) was 

modified to include potential geometrical parameters. These 

geometrical parameters were assumed to have the 

Woods-Saxon form factor. The nuclear part of the OP of 

Equation (3) was modified to include the geometrical param-

eters in the form; 

    [   (       )      (       )]       (4) 

where    and    are the strengths of the real and imaginary 

folded potentials, respectively, and  (       ) is the intro-

duced Woods-Saxon form factor with      . The geomet-

rical form factor introduced in Equation (4) is defined by [16]; 

 (        )  (     *
    

  
+)
  

           (5) 

where    and    are the half-value radius and the diffuseness 

parameters, which describe the decreasing rate of the optical 

potential. The radius parameters were defined by [14]; 

   *  (  

 

    

 

  )+                (6) 

while the diffuseness parameter was defined by: 

         
   

  
     

                 (7) 

where   ( ) are the mass numbers of the projectile and target 

nuclei, and    is the atomic number of the target. 

The introduced geometrical parameters were deduced by 

fitting the elastic scattering data using the double folding 

potential by minimising the    value in the OM code. The 

best value of    was defined by [17, 18]: 

   
 

 
∑ [

    (  )     (  )

     (  )
]
 

 
               (8) 

where     (  ) and     (  ) are, respectively, the calculated 

and experimental values of the elastic scattering differential 

cross-section at    and      (  ) is the corresponding ex-

perimental error. At the same time,   is the number of data 

points. 

3. Results 

The analyses of elastic scattering of      
  and      

  

were performed using the parameterised M3Y-type interac-

tion in the double-folding model framework. The strengths of 

the folded potentials were evaluated. The calculated reaction 

cross-sections were consistent with experimentally measured 

ones and those obtained using other theoretical methods 

[19-22]. The deduced best-fit parameters of the dou-

ble-folding calculations are presented in Table 1. 
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Table 1. Best-fit parameters deduced from the double folding cal-

culations of elastic scattering of deuteron from    
  and    

 . 

Target      (MeV)            (mb)      (mb) 

   
   25 1.50 0.72 825.97 1480.33 

 171 1.80 0.90 437.63 850.07 

   
   15.8 1.20 0.50 960.99 1692.04 

 27.7 1.25 0.55 848.97 1564.81 

The sensitivity of the strengths of the folded potential was 

carried out by varying    and    around best-fit values to 

the experimental data. The results showed that the differential 

cross-sections were more sensitive to    than the   . partic-

ularly, the variation of    values only impacted the magni-

tude of the absorption potential. The real renormalisation 

factors in Table 1 show that the strengths of real potentials 

were underestimated, hence the tuning of the renormalization 

factors to values greater than unity. On the other hand, the 

imaginary potentials had factors less than unity, suggesting 

their strengths were overestimated and thus required reduction. 

In conclusion, the derived folded potentials were found ap-

propriate for the studies of nuclear reactions, as physical 

observables of the reactions were well reproduced. 

 
Figure 1. Radial shape of the real and imaginary components of the 

double-folded optical potential of      
  elastic scattering at 

           . 

 
Figure 2. Radial shape of the real and imaginary components of the 

double-folded optical potential of      
  elastic scattering at 

            . 

 
Figure 3. Radial shape of the real and imaginary components of the 

double-folded optical potential of      
  elastic scattering at 

             . 
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Figure 4. Radial shape of the real and imaginary components of the 

double-folded optical potential of      
  elastic scattering at 

             . 

The depths of the folded potentials were obtained, and the 

plots of the depths of the folded potentials to the radial dis-

tance ( ) are given in Figures 1-4. The depths of the folded 

potentials assumed the Woods-Saxon form and were found to 

be attractive and short-ranged within short internuclear dis-

tances of            at all energies. The blue curves of 

Figures 1-4 represent the results of the real part of the folded 

potential, while the red curves denote the imaginary parts of 

the folded potentials. The real parts of the folded optical po-

tentials were found to be deeper than the imaginary part at all 

incident energies. This observation is a manifestation of the 

larger    values that were needed to optimise the fit of the 

scattering data. 

It was observed that the    value obtained for the 27.7 

MeV scattering data of the deuteron on    
  was exception-

ally large, implying a poor fit quality. This large value of    

could likely be attributed to limitations in the OM at this 

energy or unaccounted contributions from other reaction 

mechanisms. The geometrical parameters of these interactions 

were derived, and the results are presented in Table 2. The 

extracted radii   ( ) indicates that the nuclear surface ex-

tends slightly beyond the nominal strong absorption radius. 

This indicates that the elastic scattering of deuteron from    
 , 

and    
  predominantly probes the surface region of    

 , and 

   
 . On the other hand, the larger values of    implies a 

stronger surface absorption effect, which is consistent with 

significant coupling to non-elastic channels in these reactions. 

Table 2. Best-fit geometrical parameters of the real and imaginary parts of the optical potential for      
  and      

  elastic scattering at 

different incident energies. χ² values reflect the quality of the fit between theoretical and experimental cross-sections. 

Target      (   )     (   )     (  )     (  )     (   )     (  )     (  )     

   
   25 66.14 0.87 0.76 31.41 0.75 0.81 16.17 

 171 50.49 0.65 0.75 16.63 0.78 1.11 2.97 

   
   15.8 63.30 0.88 0.83 33.07 0.75 0.81 4.59 

 27.7 66.00 0.79 0.89 30.00 1.01 0.43 5756.92 

 

The differential cross-sections of deuteron scattering from 

   
  and    

  were measured using the derived folded poten-

tial in the elastic channel. The plots of differential cross sec-

tions relative to the angles in the centre of mass are shown in 

Figures 5-8. The solid line in these figures represents the 

result of the theoretical calculations, while the solid dots 

correspond to the experimental data. The fits between the 

angular distributions of the theoretical calculations and the 

experimental data were well reproduced at all incident ener-

gies. However, small deviations were observed in the back-

ward angles. The deviation observed between the theoretical 

predictions and experimental data at backward angles can be 

attributed to additional reaction mechanisms like breakup or 

nucleon transfer that were not accounted for by the present 

optical model. The observed minimum in the      
  scat-

tering data at 25 MeV was not peculiar to this work; it was 

also observed when phenomenological potentials were used 

[23]. 
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Figure 5. Angular distributions of      

  elastic scattering at 

           . 

 
Figure 6. Angular distributions of      

  elastic scattering at 

            . 

 
Figure 7. Angular distribution of      

  elastic scattering at 

             . 

 
Figure 8. Angular distribution of      

  elastic scattering at 
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Figure 9. Modulus of the elastic S-matrix as a function of total 

orbital angular momentum of      
  at            . 

 
Figure 10. Modulus of the elastic S-matrix as a function of total 

orbital angular momentum of      
  at             . 

 
Figure 11. Modulus of the elastic S-matrix as a function of total 

orbital angular momentum of      
  at              . 

 
Figure 12. Modulus of the elastic S-matrix as a function of total 

orbital angular momentum of      
  at              . 
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To analyse the absorption effect of the formulated nuclear 

potential, the moduli of the S-matrix were obtained. The plots 

of the moduli of the S-matrix elements to the angular mo-

menta are shown in Figures 9-12. The plots of the moduli of 

   revealed that the nuclear potential made a significant 

contribution to the interactions within small impact parame-

ters between       . Beyond this range, the magnitude 

of    was found to be maximum, i.e., (|  |   ). In the case 

of the         scattering data, the |  | values ranged from 

    |  |    in the angular region of       . From 

the plot of the S-matrix element, it was further seen that ab-

sorption effects were present as seen in the range of values of 

   for which |  |   , however, no region of complete ab-

sorption was observed. 

4. Conclusion 

This study investigated the elastic scattering of deuterons 

from    
 , and    

  using a double-folding optical model 

potential derived from the density-dependent M3Y-type in-

teraction. The derived optical potentials successfully repro-

duced the measured angular distributions and reaction 

cross-sections across a range of incident energies. Renor-

malization factors indicated that the real parts of the potentials 

were generally underestimated, while the imaginary parts 

were overestimated—a trend consistent with theoretical ex-

pectations in light-ion scattering. The folded potentials ex-

hibited Woods-Saxon-like radial behaviour, confirming their 

short-range, attractive nature. Additionally, the S-matrix 

analyses revealed realistic absorption behaviour at small im-

pact parameters, with no dominant region of strong absorption. 

The overall agreement with experimental data validates the 

use of the M3Y-type interaction and supports its further ap-

plication in modelling nuclear reaction studies. While the 

present optical model analysis reproduces the overall angular 

distributions reasonably well, its limitations must be 

acknowledged. The model does not explicitly account for 

coupling reaction mechanisms in other non-elastic channels, 

which likely contributes to the discrepancies at backward 

angles and the high χ² values for certain energy sets. Future 

studies will incorporate coupled-channel calculations to ad-

dress these shortcomings. 

Abbreviations 

DFM Double-Folding Model 

HI Heavy-Ion 

M3Y Michigan Three Yukawa 

NRV Nuclear Reaction Video 

OM Optical Model 
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