
Abstract

Elastic scattering of the light unstable exotic nuclei on stable

target nuclei provides unique information’s about the interaction

potential between the colliding nuclei and the distributions of

nuclear matter density. The nucleus-nucleus potential is an

important quantity not only for describing elastic scattering

cross sections but also as an ingredient in describing all the

phenomena that occur when two nuclei colliding together [1].

The study of a nucleus-nucleus optical potential is one of the

main subjects of nuclear physics. particularly, the

understanding of the complex optical potential for composite

projectiles from a microscopic perspective is extremely

necessary, not just to grasp the related reaction dynamics

involved, but to develop a practical tool that predicts the optical

potential of colliding systems that sometimes do not have

elastic scattering measurements, such as in the case of the

neutron-rich or proton-rich β-unstable nuclei [2]. Analyses of

experimental data on total reaction cross-sections have shown

that weakly-bound neutron-rich light nuclei, have larger radii

and deviate considerably from the 𝑅~ 𝐴 Τ1 3 rule. It has been

realized that such a new phenomenon is due to the weak

binding energy of the last few neutrons which form the so-

called neutron halo or thick neutron skin. This recent

phenomenon (halo) and unusual exotic nuclei structure have

become one of the most significant subjects of modern nuclear

physics. Our present study aims to analyze the elastic

scattering of halo nucleus 6He from 12C nucleus at different

energies ranging from 5.9 to 493.8 MeV phenomenologically

with the optical model (OM) and semi-microscopically using

double folding optical potential (DF) of various interaction

models such as: CDM3Y6 Paris, DDM3Y1 Reid, BDM3Y1

(Reid and Paris) and comparing between them. The key

difference between these interaction models is the parameters

values of density-dependent function 𝐹 𝜌 used in calculating

it. We also extracted the renormalization factor 𝑁𝑟 of the folding

potentials generated using different interaction models at

different concerned energies.
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The angular distributions for 6He+12C elastic scattering in

energy range 5.9-493.8 MeV are reanalyzed using both

phenomenological and semi-microscopic potentials: optical

model (OM) potential and double folding (DF) potential of

CDM3Y6 Paris, DDM3Y1 Reid, BDM3Y1 (Reid and Paris)

interaction models. Firstly, The analyses employed real and

imaginary volume central potentials together with a Coulomb

potential. The used potential has the following form:

𝑈 𝑟 = 𝑉𝐶 𝑟 + 𝑉𝑁 𝑟 = 𝑉𝐶 𝑟 −
𝑉𝑜

1+𝑒𝑥𝑝
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𝑎𝑣
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where 𝑉𝐶 𝑟 is the Coulomb potential due to a uniform sphere

with charge equal to that of the target nucleus and radius 𝑅𝑖 =

𝑟𝑖 𝐴𝑡
1/3

.

Secondly, the available 6He+12C elastic scattering angular

distributions are reanalyzed in the framework of double folding

optical model (DFOM). the real part of the interaction potential

was derived on the basis of DF using code fresco [8]. The

potential is calculated from the formula:

𝑣𝐷𝐹 𝑟 = 𝜌𝑝 𝑟𝑝 𝜌𝑡 𝑟𝑡 𝑣𝑁𝑁 𝑟𝑝𝑡 𝑑
3𝑟𝑝 𝑑

3𝑟𝑡 , 𝑟𝑝𝑡 = 𝒓 + 𝒓𝒕 − 𝒓𝒑

where 𝑣𝑁𝑁 is the effective nucleon- nucleon interaction 

potential which was taken to be of the CDM3Y6  and 
BDM3Y1form based on the M3Y-Paris potential: 

𝑣𝐷 𝑠 = 11061.625
exp(−4𝑠)

4𝑠
− 2537.5

exp −2.5𝑠

2.5𝑠
,

𝑣𝐸𝑋 𝑠 = −1524.25
exp −4𝑠

4𝑠
− 518.75

exp −2.5𝑠

2.5𝑠
−

7.8474
exp −0.7072𝑠

0.7072 𝑠
,

Theoretical Calculations

and also was taken to be of the DDM3Y1 and BDM3Y1

form based on the M3Y- Reid potential:

𝑣𝐷 𝑠 = 7999.0
exp(−4𝑠)

4𝑠
− 2134.25

exp −2.5𝑠

2.5𝑠
,

𝑣𝐸𝑋 𝑠 = −4631.38
exp −4𝑠

4𝑠
− 1787.13

exp −2.5𝑠

2.5𝑠
−

7.8474
exp −0.7072𝑠

0.7072 𝑠
,

The M3Y-Paris and M3Y- Reid interactions are scaled by

an explicit density-dependent function F(ρ):

𝑣𝐷(𝐸𝑋) 𝑠, 𝜌 = 𝐹 𝜌 𝑣𝐷(𝐸𝑋) 𝑠

where (𝑣𝐷, 𝑣𝐸𝑋) are represents the direct and exchange

terms of the M3Y-Paris, 𝜌 is the density distribution of

nuclear matter (NM). Density-dependent function 𝐹 𝜌 ,

was considered to have an exponential dependence, and

the parameters of this function, were adjusted to

reproduce the NM saturation properties in the

calculations of Hartree–Fock. The density-dependent

function can be written as:

𝐹 𝜌 = 𝐶 1 + 𝛼 exp −𝛽𝜌 − 𝛾𝜌𝑛 ,

The parameters 𝐶, 𝛼 , 𝛽, 𝛾 of these interaction models

are tabulated in table 1 taken from [7].
Table I – Parameters of density-dependence function 𝐹 𝜌

The density distribution of 6He nucleus is calculated

using four Gaussian terms from the following expression

𝜌6𝐻𝑒 𝑟 = σ𝐾=1
4 𝐶𝐾. exp(−( Τ𝑟 𝑎𝑘)

2), 
This formula gives a root mean square (rms)

radius 𝑟2
1

2= 𝟐. 𝟒𝟖𝑓𝑚 .
Table :Parameters of 6He density in Eq. (11) taken from Ref. [18]

The density distribution of 12C is expressed in the

two-parameter Fermi function form as:

𝜌 𝑟 =
𝜌𝑜

1+exp(
𝑟 − 𝑐

𝑍
)

,

With (𝜌𝑜 = 0.207 𝑓𝑚−3 ,c=2.1545fm and z=0.425 fm) ;

these parameters were adjusted in order to have a root

mean square (rms) radius 𝑟2
1

2= 2.298 𝑓𝑚. Finally, the

generated folding potentials were fed into the computer

code FRESCO [8] to calculate elastic scattering

differential cross sections. The selection of optimal

potential parameters was carried out based on

minimizing the deviation between the theoretical

calculations and the experimental angular distributions

data using chi-square 𝜒2, criteria, which defined by

𝜒2 =
1

𝑁


𝑖=1

𝑁
𝜎𝑡ℎ 𝜃𝑖 − 𝜎𝑒𝑥𝑝 𝜃𝑖

∆𝜎𝑒𝑥𝑝 𝜃𝑖

2

,

Where N is the number of differential cross section data

points and 𝜎𝑡ℎ 𝜃𝑖 is the calculated cross section at

angles 𝜃𝑖 . 𝜎𝑒𝑥𝑝 𝜃𝑖 and ∆𝜎𝑒𝑥𝑝 𝜃𝑖 are the

corresponding experimental cross section and its relative

uncertainty, respectively. The 𝜒2 values were obtained

considering uniform 10% errors for all the analyzed data.

The volume integrals are currently used as a sensitive

measure of the potential strength. In the present work,

we apply this quantity to the real and imaginary parts of

optical potential and expressed as 𝐽𝑉and 𝐽𝑊 respectively:

𝐽𝑉 𝐸 =
4𝜋

𝐴𝑃𝐴𝑇
0
∞
𝑉 𝑟 𝑟2 𝑑𝑟, 𝐽𝑊 𝐸 =

4𝜋

𝐴𝑃𝐴𝑇
0
∞
𝑊 𝑟 𝑟2 𝑑𝑟

Where 𝐴𝑃 and 𝐴𝑇 are mass numbers of the projectile

and target, respectively.

The comparisons between the experimental angular

distribution data for 12C(6He,6He) 12C elastic scattering

at energies (5.9 MeV [11], 9.9 MeV[12], 18 MeV [13], 30

MeV [14], 229.8 MeV [5], 249.6MeV[8] and 493.8 MeV

[15]) and the theoretical predictions within the framework

of phenomenological OM-WS and (DFM) of different

interaction potential models such as: DDM3Y1 Reid,

CDM3Y6 Paris, BDM3Y1 Reid, and BDM3Y1 Paris are

shown in Fig.2.Both phenomenological (OM) and semi-

microscopic (DFM) calculations were performed using

computational code SFRESCO [20].The OM analysis of

the experimental data was performed by using Woods-

Saxon (WS) forms for both real and imaginary parts of the

potential where the radii r_v=1.276 fm and r_w=1.846 fm

were fixed taken from [22], and only the four remaining
parameters (Vo, Wv, av, aw) were varied.

Results and Discussion

In (DFM) calculations, the optimal potential parameters for the

imaginary part extracted from the OM were kept fixed. In other

words, the fitting process was performed using only one free

parameter Nr “renormalization factor for the real part”. The

radius parameter for the Coulomb potential (r_C) was fixed at

1.276 fm. The optimal six optical potential parameters and the

values of volume integrals for the real part (JV) and imaginary

part (JW) of the of the optical potential as well as the values of

reaction cross sections σR that are calculated from both OM

and DFM (of different interaction Models) are listed in Table 3.

Also, in table 3 we can see the best fit renormalization factor

(Nr) for 12C(6He,6He) 12C elastic scattering system which

ranges between 0.556 and 0.9018. A general look of Fig.2.

show that at all studied energies, our OM-WS and DFM of

different interaction models potentials reasonably reproduced

the elastic angular distributions in the whole angular range,

except in the forward small angles between (〖1.12〗^°- 〖4.12〗^°
)at E= 493.8 MeV. Furthermore, all the normalized folding

potential of different interaction models predicted correctly the

magnitude of the cross section as well as the places of minima

and maxima at energies E = 18, 30, 229.8 and 249.6 MeV and

successfully described the refractive behavior (i.e. the

experimental elastic differential cross sections divided by

Rutherford cross sections dσ⁄〖dσ〗_R increases with

increasing scattering angle) , which observed at E=229.8 MeV.

Fig. 2. Show the comparisons between the experimental data (solid circles) for 6He +12C elastic scattering at
energies (5.9, 9.9, 18, 30, 229.8, 249.6 and 493.8 MeV) and the theoretical calculations(colored dotted lines)
within the framework of OM and DFM of different interaction models.

We reanalyzed the experimental angular distributions for 6He+12C nuclear

system at energies 5.9, 9.9, 18, 30, 229.8, 249.6 and 493.8 MeV using the

(OM) potential in which the real and imaginary parts have a Woods-Saxon

shape and also using the (DFM) potential of different interaction models

CDM3Y6 Paris , DDM3Y1 Reid, , BDM3Y1 (Paris and Reid). However,

Among these interaction models, the Potential generated by BDM3Y1 Reid

interaction model is shallower in comparison with the rest, which reflects

the necessity to use higher renormalization factor, on the other hand, the

potential created by CDM3Y6 Paris model of interaction is the deepest one

which reflects the necessity to use lower renormalization factor except that

the first two low energies at (5.9 and 9.9) MeV , where the DDM3Y1 Reid

was the deepest one. We noticed that, the calculated imaginary potential

volume integrals of 6He+12C elastic scattering, increases with increasing

energy of 6He. The total reaction cross section 𝜎𝑅 behaves two different

behaviors over the studied energy range, where it increases with increasing

energy up to 30 MeV 6He projectile and starts to decrease from E=30 MeV

to the last high energy 493.8 MeV. We concluded that, all the extracted

normalized folding potential of different interaction models predicted

correctly the magnitude of the cross section as well as the places of minima

and maxima at energies E = 18, 30, 229.8 and 249.6 MeV and successfully

described the refractive behavior, which observed at E=229.8 MeV. Good

agreement between the experimental data and the theoretical calculations

in the whole angular range at all energies, except in the forward small

angles between 1.12° − 4.12° at E= 493.8 MeV.

Summary
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