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A microscopic approach was used to analyse the investigation of 

the elastic scattering of protons on 
4,6,8

He
 
at energies up to 200 MeV/N. The 

microscopic single folding (SF) and São-Paulo (SP) potentials were used to 

generate the real part of the optical model potential, and the Woods-Saxon 

form was used to phenomenologically compute the imaginary part. Three 

distinct nuclear densities (GG, GO, and G2S) of 
4,6,8

He
 
 and Gaussian form 

effective NN interactions were used to determine the SF potential. A 

renormalization factor 𝑁𝑅 of the folded real potential as well as the 

imaginary and spin-orbit potentials were among the free parameters used in 

the investigation, which was carried out using the FRESCO code. In 

addition, the overall reaction cross-sections 𝜎𝑅 in the three densities (GG, 

GO, and G2S) and the related real and imaginary volume integrals of 

interacting nucleon pairs were examined. The differential and reaction 

cross-section values that were obtained were in fair accord with the 

experimental data. 
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The elastic scattering of protons from light nuclei may be studied using 

phenomenological and microscopic optical models at a variety of incidental energies [1-

4]. Despite the fact that the phenomenological OP provides a simple analytic formulation 

(by utilizing the Woods-Saxon form), explicitly parameterized by the depth, radius, and 

diffuseness, it suffers one of the well-known flaws involving two sorts of "parameter 

ambiguities" discrete and continuous. The nucleus-nucleus interaction potential is 

calculated using a variety of techniques, including the folding model. Over the past 

several decades, simulations based on the folding model have been utilized to examine 

scattering mechanisms for numerous interacting systems utilizing microscopic and semi-

microscopic methods.  

The most effective use of a radioactive nuclear beam was the discovery of the 

unusual structure of nuclei close to drip lines. Weak binding energies that result in 

abnormally unusual characteristics describe these halo nuclei. A specific slope of the 

density distribution greater than the typical spatial extent distinguishes the halo nucleus. 

The enhanced interaction cross-section, comparable to those of its neighboring stable 

isotopes, serves as evidence. It is described as a core plus one or two neutrons. Also, the 

average nucleon separation energy in stable nuclei is about 6-8 MeV, while the separation 

energy of the halo neutron is very low, in some cases less than 1 MeV, see Table 1. 

Typical examples of halo neutron isotopes are helium (
6,8

He), lithium (
11

Li), beryllium 

(
14

Be), and others, in which several neutrons are positioned in the far-extended nuclear 

periphery, to study the structure of exotic nuclei and analyze their elastic scattering on 

protons or nuclear targets at different energies. There are many experiments on the 

scattering of helium isotopes on protons at incident energies Elab less than 100 MeV/N, 

namely for 
6
He at energy 25.2[5-8], 38.3 [9],41.6 [10-12] and 71 MeV/N [13, 14] for 

8
He 

at energy 15.7 [15], 25.2 [8], 32 [13, 14], 66 [10, 11] and 73 MeV/N [16].  

Table 1: The half-life time and the separation energies of the halo nucleon(s)  for some nuclei. 

Candidates Valence 

nucleons 

Separation 

energy 

MeV[17] 

Half-life T1/2 ms[17] 
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6
He 2n 0.972 806.7 

8
He 4n 3.10 119.0 

 

 

At energies up to 200 MeV/N, Maridi [18] computed the proton elastic scattering 

of various light-stable and halo nuclei, such as 
4,6,8

He, using optical potentials and some 

fitting parameters from the microscopic OP. Additionally, Korsheninnikov et al. [13, 14] 

have examined the proton elastic scattering of 
4,6,8

He and 
7,9,11

Li at energies between 60 

and 75 MeV/nucleon. Given that 
6,8

He and 
6
Li have radii of matter greater than that of the 

particle, it is discovered that the elastic scattering of these particles at low energies is 

comparable to and essentially different from that of 
4
He. The scattering is further 

dependent on the matter radius of these nuclei. Additionally, Lukyanov et al.[19] 

compute the optical potentials and cross-sections of p+
6
He elastic scattering at three 

distinct energies: E = 25.2, 41.6, and 71 MeV/N. Using simply the free parameters (𝑁𝑅 

and NI), which renormalize the depths of the real and imaginary sections of the OP, the 

OP's may be microscopically estimated inside the real part (VF) and calculated within the 

HEA imaginary component (WH). As a result, it is not essential to include many fitting 

parameters, and their method may be used with systems whose energies are less than 100 

MeV/N.           

 The SF model is considered by utilizing parameterized nucleon-nucleon 

interaction folded with the target density. Also, it can be calculated by folding a nucleon-

target optical potential folded with the projectile density[16]. Phenomenological analysis 

of the nucleon-nucleus interaction through the optical model is also considered to be an 

important intermediate step toward a full microscopic understanding of this interaction. 

The analysis of the experimental data is performed in the nucleon-nucleus interaction by 

obtaining the real part of the folding procedure V(r) and using Woods-Saxon (WS) or 

derivative Woods-Saxon forms for the imaginary parts of the potential[20, 21] , as well as 

spin-orbit potential which is introduced due to the 0.5 spin of protons. 
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The potential of São Paulo (SP) is a heavy-ion nuclear interaction theoretical 

model. It successfully describes the elastic, inelastic scattering, transfer, and fusion 

processes for heavy-ion reactions[22]. The proton-nucleus interaction is used as a well-

known tool for probing the ground state density of the interacting nucleus since the 

interaction potential can be related to this density [23]. 

The present work focused on: firstly, reanalyzing elastic scattering data for 

p+
4,6,8

He nuclear system at energies up to 200 MeV/nucleon using a microscopic method 

within the framework of single folding (SF) and São-Paulo (SP) potential. Secondly, it 

investigates the energy dependence of the reaction cross-sections and the volume 

integrals of the considered reactions. The real part of the optical potential OP is 

calculated microscopically using a realistic, effective nucleon-nucleon (NN) interaction 

folded with the nuclear matter density distribution of the target. The imaginary potential 

is taken in Woods-Saxon form to generate the required optical potential for analyzing the 

experimental data at incident energies listed in Table 2. The differential cross-section is 

reasonably well reproduced at forward angles. Our calculations have been obtained by 

taking different matter density distributions for 
4,6,8

He as inputs in both potentials. They 

have the forms that are labeled as Gaussian-Gaussian (GG) 𝜌𝐺𝐺, Gaussian-Oscillator 

(GO) 𝜌𝐺𝑂, and Gaussian-2s (G2S) 𝜌𝐺2s [16]. To give the best fit to the experimental 

data, a renormalization of the folding potential is required to attenuate the uncertainties in 

the parameters. NR is a normalization factor for the real potential. The outcomes are 

compared with each other as well as the experimental data. The manuscript is organized 

as follows: in the next section the theoretical formalism is presented, while the Results 

and discussion are shown in sect. 3, and conclusions are summarized in sect. 4. 

 

 

Table 2: dσ/d𝛺 data of helium isotopes on proton elastic scattering. 

Data Nuclear 

reaction 

energy (MeV/N) [Ref.] 

dσ/d𝛀 p+
4
He 12.04, 17.45 [24], 31.0 [25], 40 [26], 52.3, 

64.9 [27], 71.9 [28], 85 [29], and 156 [30] 
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6
He+p 25.1 [31-33], 38.3 [9],40.9 [11],41.6 [10, 

12], and 71[13, 14, 34, 35] 

 
8
He+p 15.7[36], 26.1 [37], 32 [38], 66[39], and 

72 [16, 40] 

 

 

 

2.THEORETICAL FORMALISM 

2.1 Density distribution  

 The proton and neutron density distributions in the target nuclei are the most 

crucial inputs needed to calculate the nucleon-nucleus optical potential. The neutron-rich 

nucleus is treated by writing the neutron density distribution as [41, 42]:  

                                  (1) 

Where the distributions of the core and valence nucleons are denoted by  and , 

respectively.  Also,  Nco is the number of nucleons in the core and Nva is the number of 

neutrons in the halo part. In general, the study assumes that the core part in the target 

matter density has the Gaussian form  

                                         (2) 

Where is the diffuseness parameter of the core, where,  is the root 

main square (rms) radius of the core part. For the tail part (valence), the matter density 

has two different forms. The first   describes the Gaussian distribution [43-45] 

,                                      (3) 

Where is the diffuseness parameter of the halo partition while  is the 

rms radius of the halo part. The radii  and  relate to the matter radius of the 

neutron halo nucleus   by the relation 

                                                 (4) 
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A 1p-shell harmonic oscillator density is used for the second one. This density manifests 

as [43, 44]: 

                                     (5) 

Where  is the diffuseness parameter of the halo partition. 

The last form is supposed that the valence neutrons are in 2s-state [13, 46] and it takes the 

form: 

                  (6) 

Where  

The examined nuclei's density parameters, together with the relevant references and their 

configurations, are mentioned in Table 3. 

 

Table 3:Root-mean-square radii of core and valence nucleons that used for the densities of the 

considered exotic nuclei. 

Nucleus configuration Rc (fm) Rv (fm) Rm(fm) Ref. 

4
He 

4
He 1.49 —  1.49 [47] 

6
He 

4
He+2n 1.72 3.23 2.33 [48] 

8
He 

4
He+4n 1.75 3.05 2.49 [48] 

 

 

The 
4,6,8

He densities are shown in Fig.1A, and B (GG, GO, and G2S) density 

distributions of 
6
He (as the core of the 

6
He nucleus) have long tails that clearly show their 

halo structure with large radii greater than the 
4
He density. The density is demonstrated to 

be essentially produced from the core at r < 6 fm. However, the halo contribution 

predominates at r > 7 fm. Compared to the density distribution of the 
4
He nucleus, the 

density distribution of the 
6
He nucleus has an odd long tail[42]. The G2S density clearly 

shows a change in slope in the density distribution herewith describing the halo nature of 

the nucleus. This change is less manifest in Gaussian formalism (GO). Fig.1B represents 
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the nuclear density of the 
8
He isotope, which also has extended tails compared with the 

4
He density, which is treated as a core of 

8
He nucleus but with less radius than 

6
He. 
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Fig 1. The halo neutron density distribution with Gaussian  (red line), harmonic 

oscillator   (blue line), (dark cyan)  densities and (black line) for the core nucleus. 

Figs1A, and B represent the nuclear densities of helium isotopes. 

 

 

2.2  Nucleon-Nucleon Interaction 

2.2.1   Single folding optical potential (SFOP) model  

Greenlees et al. [49] acquire the folding model in a variational calculation to 

represent nucleon-nucleus elastic scattering data[50]. The phenomenological approach is 

usually very simple and successful in replicating the experimental angular distribution 

data. One of the well-known flaws of the optical model (OM) is ―parameter ambiguities‖ 

such as discrete and continuous ambiguities. The SF potential is applied in the nucleon-

nucleus scattering, which folds the density distributions of the projectile and target nuclei 
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with nucleon-nucleon interaction potential ( ). The proton is considered a projectile, as 

well the single folding potential is produced using Fortran and DOLFIN code [51, 52]. 

The SF potential is given by: 

                                           (7) 

Where refers to the projectile-target relative position vector, is the density 

distribution for the target,  and (r12) is the effective nucleon-nucleon interaction.  

In the case of the single folding vnn (r12) it is taken as a Gaussian form: 

(k = 0.46 fm-2, = 22.332 MeV)    (8) 

With the use of automated searching FRESCO, optical model analysis of elastic 

scattering are carried out. The whole potential appears as 

                                                   (9) 

The folding potential generated by Eq. (7) is used to represent the volume part of the 

real optical potential. The phenomenological Woods-Saxon (WS) shape is used to 

represent the imaginary portion of the optical potential and has the following form: 

                                               (10) 

Where , , , and  are the depth, radius, and diffuseness parameters, 

respectively. 

 

2.2.2  The São-Paulo potential (SP) 

For numerous heavy ion systems across a very broad energy range, the So Paulo (SP) 

potential is successful in modeling the elastic scattering and peripheral reaction channels. 

The folding potential and nuclear interaction are linked by 

                                                                (11) 

Where c is the speed of light, R is the separation distance between the centers of target 

and projectile nuclei,  is the local relative velocity between the two nuclei: 
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                          (12) 

The target nucleus's charge distribution yielded the Coulomb potential, or  . It has a 

radius of RC. The Pauli non-locality's effects lead to the potential's velocity 

dependency[53, 54]. By iteratively resolving Eqs. (11 and 12), the SP potential is derived 

numerically. The folding potential depends on the matter densities of the nuclei involved 

in the collision is given by: 

                            (13) 

With  = −456 MeV fm
3. The two distinct potentials of the OP as in Eqs. (7) and (11) 

are shown in Fig. 2, which shows the real potentials of the proton elastic scattering with 

helium nuclei in the energy range of 20 to 200 MeV/N. However, in 
6
He at all densities, 

the two forms of the real OP are close together in the surface region. The depths of the 

optical potentials with various densities or interactions are varied at short distances, but 

they are fairly near to one another at the surface (at r > 5 fm). For 
6
He at SF, the 

renormalized real potentials at small distances are shallower than those at SP, whereas 

8
He has a deeper potential than 

6
He and 

4
He. 

The search for the normalization factors ( ) begins with a selection of = 

0.5-1.2, =0.5-0.8 and =0.5-0.8. The fitting process takes place to get a minimum  . 

Where the   is given by[55]: 

                                                            (14) 

Where the cross-sections at the angle are determined theoretically and experimentally 

by  and  , respectively. N is the number of data points, and   is 

the experimental error. 
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 Fig 2: Real optical potentials for helium isotopes elastic scattering of proton. 
 

 

 

RESULTS  

 

         Calculations for the proton elastic scattering of some helium nuclei, especially 

4,6,8
He at energies up to 200 MeV/N, were done using the optical model potentials [Eq. 

(9)]. 

     The SF potential was derived using [Eq. (7)] using three different nuclear densities of 

4,6,8
He and Gaussian form effective NN interactions. The calculated potential, 

supplemented by phenomenological imaginary defined by [Eq. (10)], was used to 
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calculate the angular distributions of the P+
4,6,8

He elastic scattering cross-section. The 

search is performed using FRESCO code on some free parameters; some of them are the 

imaginary and spin–orbit potentials, as well as a normalization factor 𝑁𝑅 of the real 

folded potential. 

The theoretical results were compared with the available experimental data within 

the framework of the SF model for P+
4,6,8

He were calculated at energies that set before 

using microscopic SF and SP potentials where imaginary parts of the potential 

represented as wood-Saxon were shown in Fig 3, Fig 4 and Fig 5 respectively. It was 

noted from Fig 3 that the resulting angular distributions of the elastic scattering 

differential cross section produce for 
4
He at G density are very good fit at energies 27.88, 

31, 55, 71, 156, and 200 MeV with the experimental data; except for at energy 85 MeV 

there was a small diffraction  70
o
 angle, however, the results show that the two kinds of 

potentials precisely replicate the results of the experiment. The differential cross sections 

of 
6,8

He proton elastic scattering at various energies (in MeV/nucleon) at GG, GO, and 

G2S densities are shown in Figs. 4 and 5. These cross-sections showed a satisfactory 

match throughout the whole observed angular range for low energies and intermediate 

energies in the two halo nuclei 
6,8

He.  

The real JR and the imaginary volume integrals JI  deduced for 
4,6,8

He off proton 

elastic scattering system using the SF and SP potentials. The behavior of the energy 

dependence of JR, JI and σR was shown from  Fig.6 to Fig. 8. It is obvious that the 

resulting JI values revealed clear energy dependence where JI increased with increasing 

energy. Where JR decreases with increasing energy but it was constantly in some Figs. 

According to Eqs  the volume integrals of the real and imaginary potentials are 

particularly dependent on their normalization factors (NR).  

(15) 

 

Fig. 6 had the normal behavior of JR and JI for 
4
He in the two potentials. Also, Figs.7 and 

8 represented the JR and JI for 
6
He and 

8
He respectively. JR decreased while JI increased 

or steadied sometimes up to the same reasons reminded before. The dependency of the 

reaction cross-section on the energy for proton elastic scattering of 
4
He was presented in 
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Fig.9. It was noted that the value of the reaction cross section σR sharply increased with 

increasing energy and then decreased at relatively higher energies. The same case at Figs. 

10 and 11 where the reaction cross section σR for P+ 
6
He and P+ 

8
He respectively. They 

increased with increasing energy at low energies (~ 20 MeV/nucleon) reached almost a 

saturation value at relative intermediate energies then decreased. This is related to the 

scattered nuclei's rms radius. 
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Fig 3:  Differential cross sections of proton elastic scattering of 
4
He at some energies (in 

MeV/N). The solid and dashed lines with SF and SP potentials represent the results of  their 

calculations. 
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Fig 4: Differential cross sections of proton elastic scattering of 
6
He at some energies (in 

MeV/N). The solid and dashed lines with SF and SP potentials represent the results of  their 

calculations. 
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Fig 5: Differential cross sections of proton elastic scattering of 
8
He at some energies (in 

MeV/N). The solid and dashed lines with SF and SP potentials represent the results of  their 

calculations. 
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Fig 8: The volume integrals of  
8
He+P at GG, GO and G2S  density distributions 
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Fig 9: The reaction cross section σR of P+ 
4
He. 
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Fig 10: The reaction cross section σR of 
6
He+ P. 
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          Fig 11: The reaction cross section σR of  
8
He+ P. 
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CONCLUSION 

 

The proton elastic scattering of some halo nuclei, such as 
4,6,8

He at energies up to 

200 MeV/nucleon using the optical model potentials is studied. The real part is 

constructed only from the single folding (SF) and São-Paulo (SP) potentials, the 

phenomenological imaginary part with Woods-Saxon form is used. The SF potential is 

derived considering three different nuclear densities of 
4,6,8

He (GG, GO and G2S) and 

Gaussian form effective NN interactions. The 
6,8

He densities are considered to be 

superimposed of two parts, a density for a core plus a density of two neutron halos. 

Where, the different distributions, in GG, GO and G2S density distributions of 
6
He have 

extensive tails apparent in their halo structure with large radii which are larger than the 

4
He density (which is a core of 

6
He nucleus). The density of 

8
He has also extended tails 

compared with the 
4
He density, thus considered as a core of 

8
He nucleus but with less 

radius than 
6
He. 

The real optical potentials of the proton elastic scattering with helium nuclei in a 

variety of energy ranges with the two different types of OP are provided, and it is 

determined that the potential of 
8
He is deeper than that of 

6
He and 

4
He. On a few free 

parameters, including the imaginary and spin-orbit potentials as well as a normalisation 

factor NR of the real folded potential, the search is carried out using the FRESCO code. 

 The overall reaction cross sections 𝜎𝑅 in the three densities (GG, GO, and G2S) and the 

associated real and imaginary volume integrals per interacting nucleon pair (JR and JI) in 

MeV fm
3
 are shown. With the exception of the energy 85 MeV, where there is a little 

amount of diffraction at a 70
o
 angle, the resultant angular distributions of the elastic 

scattering differential cross section yield for 
4
He at G density, extremely excellent fits to 

the experimental data for energies of 27,88, 31, 55, 71, 156, and 200 MeV. The findings 

showed that both potential types accurately reflect the experimental data; however, for 

most energies, SP offers a somewhat better match than SF. The differential cross sections 

of 
6,8

He proton elastic scattering at various energies (in MeV/N) at the GG, GO, and G2S 

densities showed a satisfactory fitting throughout the whole observed angular range for 
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low and intermediate energy in the two halo nuclei. Therefore, the choice of density has 

some influence on how the differential cross-sections behave. 
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