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Analysis of Elastic Scattering 3:S +23Si at Energies from 77.0 to 135.0 MeV
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Abstract: The angular distributions of 32S elastic scattering on?®Si has been analyzed at the
energies 77.0, 90.0, 97.09, 120.0 and 135.0MeV in the framework of double folding (DF) model.
Two semi-microscopic potentials were generated to analyze the elastic scattering: the real cluster
potential model for both nuclei is 8a for the *2S nucleus and *Si as 7a is constructed, the real of
the density independent zero-range M3Y-Raid potential. These two semi-microscopic potentials
were compared to those of Woods-Saxon. The imaginary potential part of the three potentials is
considered in Woods-Saxon form. Successfully reproduction of the angular distribution cross
sections using the three generated potentials is obtained except for the energy 97.09 MeV at
backward angles. This disagreement is due to the transfer processes of the a-alpha particle which
causes the oscillation curve. The nuclear matter and cluster densities are taken in three Fermi
parameters. The energy dependence of the volume integrals and total reaction cross section were

also investigated.

Keywords: Optical potential model; folding cluster model; M3Y-Reid interaction; Elastic and

Inelastic scattering; Coupled channels.

1. Introduction

The elastic study of peripheral heavy ion (HI) collisions plays a significant role in the
overall understanding of heavy ion reactions. One of the goals of studying HI reactions is to
determine the form of the most suitable effective nucleon- nucleon potential to explain

experimental elastic scattering cross-section data [1]. For many years, using the empirical
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parameterization of nuclear potential has been very common in HI studies, but it is desirable to
relate the nucleus-nucleus (NN) interactions to the nucleon-nucleon (NN) nuclear potential [2], and
many types of potentials have been used to describe the interaction between nuclei. The Optical
potential model has been one of them which considered as an effective potential described the
reaction between nuclei simply and more accuracy.

The concept of optical model was introduced by Ostrofsky.et al.[3]. In a study of alpha decay
from radioactive nuclei, low-energy nuclear compound nuclear reactions were described. This
model has been successfully employed to compute the potential between interacting nuclei and
describes the most important physical quantities that characterize the properties of nuclear reactions,
namely the differential cross-section, polarization, and total nuclear reaction cross-section [4]. The
optical potential model mechanism is expressed in reducing the many-body scattering problem
consisting of the projectile and composite target to a simpler two-body system and deliberates with
the interaction between two beams of the nucleus. Therefore, this model is considered to be the
most successful model for understanding nucleus- nucleus interactions through the analysis of
elastic and inelastic heavy ion (HI)scattering, and it is an adequate method for the formulation of
coupled channels that accompany heavy ion reactions [5].The transparent relationship between the
optical potential of the HI and NN interaction has been obtained using the Double Folding (DF)
optical potential model, which builds on a realistic effective NN interaction folded with the nuclear
matter distributions of the projectile and target nuclei [4]. The folding potentials make it possible
to eliminate ambiguities, which appear with the phenomenological potential.

Many attempts in this direction have been made, and recently, the double-folding (DF) model
has been extensively used by many groups to describe HI scattering, as it provides a simple
possibility of numerical handling in two-nucleus scattering calculations [5]. On the other hand, the
double folding cluster (DFC) model has been proven to be quite successful in the analyses of the
elastic scattering of various a-clustering nuclei such as '2C, 10, ?°Ne, **Mg, 8Si, 32S and so on [6—
13] based on an a-a interaction folded with the a-particle distributions in the colliding nuclei. This
is one of our footings. A recent review of this subject can be found in [1] and references therein.
Satchler and Love [5] presented the first successful intensive study to analyze light and heavy
composite ion-scattering data using DF optical potentials. In 1987 B.BILWES et al. [14] studied
the normalization effect on the differential cross-section behavior using two different potentials
M3Y and DDD for the reaction 32S+%?S at 77.0, 90.0, 97.09, 120.0, and 160 MeV, and showed that

both interactions need to be renormalized by an energy-dependent coefficient to obtain satisfactory
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data. In 2002, El-Azab Farid et al. [8] highlighted the importance of the renormalization parameter
to obtain a good agreement behavior, so they tasted two potential double folding cluster (DFC )
and M3Y for 32S+2*Mg elastic scattering reactions at five sites of energies (65, 75, 86, 95, and 110.0
MeV). They observed the reverse relation between the renormalization factor and incident energy.
The renormalization coefficient is important for obtaining successful data reproduction. El-Azab
Farid et al. [6] analyzed the elastic scattering of some heavy ions to construct DFC potentials based
on an effective a —n interaction considering the a-cluster density of the projectile nucleus.

To extend the microscopic understanding of previous studies in explaining the scattering of sd-
shell nuclei, the elastic *2S+2%Si scattering was investigated in the present work. The DFC models
and DFM with the M3Y-Reid NN interactions in addition to WS potentials were used to analyze
this reaction over the energy range of 77-135 MeV. In addition, a bright view of the total reaction
cross-section was presented for the considered reaction. This work is organized as follows: A brief
description of the derived formalisms and the procedures are given in Sections 2 and 3, respectively.

Section 4 is devoted to the results and discussion. Finally, conclusions are presented in Sec. V.

2. Theoretical formalism:
The total nuclear potential that is used to analyze the considered reactions can be written as;
UR) = Ve(R) + Ww(R) (1)

where, V. (R) is the Coloumb potential which taken as a uniform charged sphere of radius R¢ =

1.2 (A}F/ 3+ All,/ 3)), Arand Ap are the masses of target and projectile, respectively.

In the present work, the nuclear potential calculations of the’?S+2%Si elastic scattering were
obtained using the optical potential model (OPM) in three forms:
The first form of the potential is taken in the complex WS shape as:

VN(R) = = Vo[ 1+ exp (917! +iWo[1 +exp (D] ()

The parameters, V(W ), Ry (Ryw) and ay (ay ) are the depth, radius, and diffuseness of
the real (imaginary) potential, respectively. The obtained potential denoted as WS.
The second form of the real part of the OP calculated using the DF model [15] is:
Vpr(R) = (NR) [ J pp(ry)pr(rz)van(s)dry drs. 3)
where,Np, is the real normalization factor. pp(r;),pr(r,) are nuclear matter distribution for
the projectile and target respectively while vy (s) is the nucleon- nucleon interaction potential.

The nuclear matter densities assumed to have the same distribution as the charge densities, because
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the existence evidence that this hold for s-d nuclei[16]. In the present work, we have used three

Fermi parameters form (3pF):
p(r) = po(1+wW()? (L +exp ()" fin? 4)
The density parameters w, z and P are given in Table (1), which are taken from [17].The

effective NN interaction vy (s) is taken as the density independent M3Y as:

exp (45) exp(Z 55)

Vg (s) = 7999 SRES _ 9134 SKR259) 4y (E)S MeV (5)

Where, 6 term accounts for knock exchange and ]00 (E) is a linearly energy- dependent strength in
the form:
~ 0.005E
Joo(E) ~ =276 1 - /AP]MeV Fm-3 (6)

The third form for the OP real part is constructed based on the o-cluster structure, *2S as (8a) and

28Gi as (7a). Consequently, the resulting cluster potential will take the form[6]:
Vore(R) = (NR) [ J pep(r1)pep(r2)Vaq (s)dry dr,. (7)
where, vy, = —122.6226 exp(—22s?). Pcp and pcp are the cluster densities for the

projectile and target respectively. Both densities are taken as 3-fermi parameters:

pc(r) = p§ (1 +v¢ () ) |1+ exp (= Z)] T g (8)

The parameters y¢, Z¢ and then aCof the *2S and **Si a-cluster densities are taken as in ref. [18] and

given in Table (1).

Usually, analysis of the HI scattering data using the optical model (OM) is performed using the
folded potential as the real part of the optical potential, while the imaginary potential is fitted in a
phenomenological form. The imaginary part for the last two potentials is taken as WS form that is
represented in Eq. (2).

The volume integral per interacting nucleon pair J is defined as:

Ji = 55 Urs(ROR?AR ©)

The real and the imaginary parts of U(R) is used independently

where Ug ;(R) represent the real and imaginary OP parts to obtain the real Jz and the imaginary

J; volume integrals , respectively.
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3. Procedures:

The elastic scattering for the reactions of 2S+28Si at five sets of energies (77.0, 90.0, 97.09,
120.0, and 135.0 MeV) has been analyzed with three versions of potentials; two semi-microscopic
potentials, M3Y and DFC, and the third is phenomenological one (WS). The calculations were
performed using the following procedure:

1. The complex phenomenological potential (WS) was calculated using Egs. (2) and the two
Semi-microscopic potentials (M3Y and DFC) using Eq. (3) and (7) for the elastic 32S+28Si
scattering. These potentials were computed with the help of DFPOT code[19]

2. The elastic scattering differential cross-sections of the considered experimental data were
obtained using HERMIZ [20]and FRESCO [21] program codes using the automatic search
option. The quality of agreement with the data can be arbitrated by y?2scale. The calculations

were performed for the considered data with experimental errors of 10% as an average value.

2
2 _1ynN 0tn(01)—0exp(8;)
X _N2i=1[ AGep (@) ] (10)

where, o, (0;)and O¢xp, (0;) are the theoretical and experimental differential cross sections,
respectively at an angle 0;, N is the number of angles at which measurements are made and
A0exp (0;) 1s the error associated with 0eyp (05).

3. The search was carried out on six parameters of WS (three parameters for the real volume
part and three for the imaginary part), while the search in the two aforementioned semi-
microscopic potentials was attained by four parameters of, DFC and M3Y, (normalization
coefficient and the three parameters of the imaginary part of the WS volume).

4. The results of total reaction cross section (o) and the behavior of the volume integrals (real

Jr and imaginary/,) are illustrated.

4. Results and Discussion:

The main purpose of the present work expressed in analyzing the differential cross section
of 22S + 283 elastic scattering at energies around the Coulomb barrier at five sets of data, E;4,=77.0,
90, 97.09, 120, and 135.0 MeV. The elastic cross section is calculated by using the three considered
WS, DFC and M3Y potentials for the real part of the optical potential form.

The densities and potentials that used for the analyses are displayed in fig.1, panel (a) shows

the behavior of the density distributions of the projectile *2S; for both semi microscopic potentials
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(M3Y and DFC) respectively. We used the same nuclear matter density, 3-femi parameter form,
which employed to derive M3Y potential to calculate DFC potential. The difference between
densities observed at the small inters nuclear distance and they show an identical behavior at the
he.

Panel (b): illustrated the real potential part behavior of the three Ops used in calculations for
328+28S elastic scattering, WS (Solid curve), M3Y (dash curve) and DFC (dash double dot curve)
at the incident energies. We observe from this figure that although the main difference between the
potentials is showing up at small inter-nuclear distance which corresponds to the high overlap
density of the two colliding nuclei, but all real potentials have the same strength and slope at the
surface.

The angular distributions of the five mentioned sets of energies as comparison with the
calculated theoretical results are shown in Fig. 2. It is obvious that for the first three energies, our
calculations reveal better agreement as comparison with those presented in Ref. [22,23]. The WS
potential analysis for the two energies 77.0 and 90 MeV is generated in the present work. The
obtained successful fitting with data is apparent for all the extracted new parameters in comparison
with the previous phenomenological analysis that given in Ref. [22,23]. In other side, also,
successful results are reproduced with the semi-microscopic potentials as shown in Fig. 2. Both
potentials produce almost identical predictions and comparable values for the parameter moreover,
the derived DFC potential predicted the data better than phenomenological analysis in Ref. [22]
and more pronounced in comparable with folding analysis in Ref.[23]. As noticed in Fig. 2, despite
this successfully reproduced the data, unreasonable agreement is found for 97.09 MeV at the
backward angles. The most probably cause of this disagreement is due to the transfer processes of
a-alpha particle [23]. Cluster and nucleon exchange effects have indeed been observed to be
dominate at large angle elastic scattering in a number of nuclear systems [24,25].

The obtained parameters, the real and imaginary volume integrals per interacting nucleon
pair Jg, J; as well as both of reaction cross sections and reduction coefficient are listed in Table 2
and demonstrated in Fig. 3. The dispersion relation [1] have been applied to the values of the real
and imaginary volume integrals in order to check the consistency between the real and imaginary
parts and reproduce the observed energy dependence for them. It is noticed from Fig. 3 panel (a)
that the real volume integrals of DFC potential have clear energy dependence in compared with
M3Y potential, where Jr decreases as energy increases obeying the dispersion relation line. While

the imaginary volume integral strength J; of both potentials increases rapidly to follow the trend of
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the dispersion relation curve as shown in panel (b). The extremely small values of the imaginary
volume integral as comparison with real part due to the surface scattering which character this type
of heavy ions reaction at this range of energy. Moreover, the energy dependence of the total reaction
cross section or that calculated from the present analysis compared with the previous results of
Ref. [26] are shown in the panel (c). As noticed from this panel, (c), the linear fit with equation
og = 2.092 + 0.01E},,, of the calculated results is reflects the energy dependence of the total
reaction cross sectionog. Also, the consistency of the obtained calculations with previously results

reflects the success of the present generated potentials.

5. Conclusion

Differential cross sections of elastic scattering for the 32S + 28Si system at incident energies
around the Coulomb barrier of 77, 90, 97.03, 120, and 135 MeV in the framework of the optical
model are analyzed. A successful description of the considered experimental data for elastic
scattering was presented using WS as a traditional phenomenological potential, in addition to DFC
and M3Y semi-microscopic optical potentials. The DFC potential, which was constructed based on
the cluster structure of two colliding nuclei (**S ,28Si) as (8, 7a) , was considered to generate the
real potential. The M3Y potential was compared with the DFC potential. The imaginary part of the
two derived potentials was used as the phenomenological WS form. The conclusion from this
analysis is that, the optical potentials used in this study are in good agreement with the experimental
elastic scattering angular distribution. Successful reproduction of both semi-microscopic potentials
for the elastic scattering differential cross-sections is obtained using a normalized real part of their
optical potential form.

The present results for the elastic cross section are better than those of the previous WS
analysis [22], while they are more pronounced than those of previous CE [26] and M3Y [26]
potentials. Moreover, both potentials DFC and M3Y show compatible behavior.
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Table 1. The 3pF matter (cluster) densities parameters and rms for the *2S, ?®Si and '°0:

Nucleus o) z(z9)[fm] B (at) [fm] |rms [fm]
328 -0.213(0.234) | 3.441(3.137) | 0.624(0.274) | 3.24(2.87)
288i -0.149(0.230) | 3.239(3.055) | 0.574(0.259) | 3.13(2.77)

Table 2 Optical model parameters obtained from the analysis of the 32S + 28Si elastic scattering.

E POt NR V T‘R aR _]R W TI aI _]I O—R Xz
(MeV (MeV) | (fm) | (fm) | (MeV | (MeV | (fm) | (fm) | (MeV | (mb)
) fm™) ) fm™)
WS 17.3 1.384 | 0.495 | 52.86 | 2.352 | 1.604 | 0.11 10.89 | 417.4 | 0.69
77.0 | M3Y | 1.0 419.4 2.82 | 1.585 | 0.13 12.61 | 405.2 | 0.712
DFC | 1.0 4272 | 2.65 1.63 0.11 12.38 | 439.8 | 0.712
WS 36.2 1.3 | 0.425 | 94.39 | 2.265 1.0 1.488 | 4.026 | 813.0 | 4.784
90.0 | M3Y | 0.77 326.1 | 2.266 | 1.59 0.25 | 12.23 | 879.8 6.2
DFC | 1.04 4442 | 242 1.6 0.267 | 12.28 | 861.1 | 547
WS 41.15 | 1.255 | 0.497 | 94.78 2.95 0.93 | 1.322 | 4.022 | 848.1 10.0
97.09 | M3Y | 0.73 304.8 | 3.875 1.43 | 0.435 13.0 | 8733 | 13.0
DFC | 0.8 330.8 4.40 | 1.321 | 0.587 | 11.94 | 839.1 11.2
WS 76.64 1.06 | 0.66 111.9 | 2.023 | 1.59 | 0.415 | 9.269 | 1392 2.4
120.0 | M3y | 0.8 3332 4.2 1.38 | 0.446 | 12.70 | 1185 3.1
CDF | 09 3772 | 5.153 | 1.327 | 0.532 | 14.04 | 1197 2.6
WS 176.88 | 1.076 | 0.684 | 272.4 5.28 1.39 | 0.606 | 38.32 | 1542 0.33
135.0 | M3Y | 0.78 3235 8.96 1.33 | 0.573 | 24.64 | 1486 | 0.451
CDF | 0.88 363.0 10.63 | 1.28 | 0.665 | 26.39 | 1522 | 0.332
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FIG.1 panel (a): nuclear density distributions of the *?S projectile; the dash line for 3pF matter
density and the dash double dot refer the 8a cluster density distribution. Panel (b): the real part of
the three Ops for 32S+28Si elastic scattering, WS (Solid curve), M3Y (dash curve) and DFC (dash

double dot curve)
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FIG. 2. The experimental elastic angular distribution for *S+°%Si scattering at the energies 77.0,
90.0, 97.09, 120.0 and 135.0 MeV in comparison to the theoretical predictions using the optical
WS (solid line), M3Y (dash line), and DFC (dash double dot line). The experimental data are
taken from ref. [22,23].
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Fig 3. Panel (a) and Panel (b) show the energy dependency of the volume integral of the real J,

and imaginary part J; in comparison to the dispersion relation between real and imaginary

components of the nuclear potentials (sold lines). Panel (c) shows the energy dependence of the

total reaction cross section, gz in comparison to the results of ref. [26]. Panel (d) shows the

energy dependence of the renormalization factor N,.
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