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Abstract

The elastic and inelastic differential cross-sections of *2S on 28Si at incident energies of 77, 90, 97.09,
120, and 135 MeV were analyzed. The first 2* excitation state in both nuclei as well as the [2*, 2*] mutual
excitation were studied. The calculations were performed using double folding model. Three different potentials
are used: the phenomenological Woods—Saxon double-folding cluster, in addition to the density-independent
M3Y potential, which is considered for comparison. The imaginary potential part for the three potentials used was
taken in the Woods-Saxon form. The influence of the inelastic channel on the elastic channel was investigated
using the coupled channel method. Reasonable agreement for the considered experimental data for elastic and
inelastic scattering was attained using the three generated potentials. The results of the cluster models show better
agreement with the data than the other theoretical models. The total reaction and inelastic cross sections for low-
lying excited states were extracted. The fitted deformation parameters for the transition potentials are also
provided.

Keywords: Optical potential model; folding cluster model; M3Y-Reid interaction; Elastic and Inelastic
scattering; coupled channels

1. INTRODUCTION

Heavy ion (HI) scattering at incident energies above the Coulomb barrier is considered a particularly
important interaction for the determination of the ion-ion potential [1]. Therefore, the recent progress in
experimental heavy ion physics has induced various theoretical investigations in this field [2-8]. In the case of
325, few high-resolution HI scattering measurements are available [9] as accurate measurements assimilate an
interesting means of studying nuclear deformations when the shape of one of the colliding nuclei is well known.

In the past few decades, the double folding model has been successfully used to describe the elastic and
inelastic scattering of two heavy ions [4]. The basic inputs in the folding calculation are the nuclear densities of
the colliding nuclei and effective NN interaction. The simple density-independent M3Y interaction [10] has been
widely used in various folding calculations of the HI potentials. It has been used with some success in folding
model calculations of HI scattering [1], where the data are sensitive only to the potential at the surface in the
vicinity of the strong absorption radius.

On the other hand, the a-cluster model successfully analyzed the elastic and inelastic scattering of various
a-clustering nuclei [3,13-23]. The folding approach has been employed in the framework of the a-cluster model
to extract a semi-microscopic description of the cluster potential with an a-o effective interaction [16]. In this
context, the authors in [20, 21, 24, 25] and Karakoc and co-workers [17] have generated a-particle single folding
cluster (SFC) and double folding cluster (DFC) optical potentials based upon an appropriate a-o effective
interaction. They [17] assumed that the projectile and target nuclei consist of an integral multiple of o particles.
However, in some of the studied reactions, it is essential to introduce a reducing description of the HI elastic
scattering data. Yang and Li renormalization coefficients (~0.7-0.9) to obtain a successful [26] angular
distribution calculations of 0 + 180 elastic scattering at incident energies that ranged from 75.0 to 350.0 MeV
by using the a-folding potential.

EL-Azab Farid [27] also used the a- cluster structure for comparison with the M3Y potentials in the
analysis of the 32S+ 2*Mg reaction in the energy range of 65— 110 MeV. He noticed that the predictions of the
derived DFC potential were in better agreement with the data at backward angles (better than in the rainbow
angles) for the two highest energies than those of the M3Y DF potential. The same data for 32S+ Mg were
measured and analyzed using the M3Y potentials by Pacheco et al. [28]. They obtained similar results using
microscopic and semi-phenomenological potentials at the two lowest incident energies.
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Various elastic and inelastic scattering experiments of HI for %S projectiles were accomplished at
different incident energies near the Coulomb barrier [2, 9, 11, 12]. The main conclusion of these studies is that an
accurate description of the experimental data claims the coupling with low-lying excited states.

In 1985, BAEZA et al. [29] studied the effect of different reaction mechanisms on the %2S+28S;i interaction
by measuring the elastic and inelastic cross sections at three sets of energies at 77.0, 90.0 and 97.09 MeV. They
performed only a phenomenological analysis by fitting the elastic and first 2* states in each nucleus. They used
two energy- independent optical potentials (T and A) for analysis. The study revealed that more realistic form
factors computed from a microscopic model or a more realistic nuclear model are required to resolve the conflict
between phenomenological calculations at low angles and the steepness of the slope at large angles for mutual
excitation.

Bilwes and his collaborators [30] analyzed the elastic scattering data of 2S on sd-nuclei (%2Si,*S, 34S,
40Ca) over a large incident energy range. They attempted to overcome the phenomenological parameterization
ambiguities in previous studies [9, 31]. They obtained a reasonable fit with the data by introducing a parity-
dependent real part of the potential in their analysis to treat oscillations at backward angles. The calculated real
and imaginary volume integrals of the studied S+ 28Si system did not indicate the dispersion relation.

The experimental data for the elastic and inelastic scattering of 32S+ 28Si were only partially studied in
[9]. The precise experimental data of mutual excitation of the two deformed s-d (32S-?8Si) nuclei have been
measured at the first 2* excitations in both nuclei at 90.0 and 97.09 MeV [31] . The same data for the elastic,
inelastic quadrupole (2*), octupole (3°) and mutual (2*,2*) excitation cross sections have been measured at 77.0,
90.0 and 97.09 MeV over a wide angular range [9]. Single and mutual excitation analyses are only performed
phenomenologically using the coupled channel (CC) method. The form factors for single and mutual excitations
were generated by deforming the real, imaginary, and Coulomb parts of the potential. They showed a remarkable
sensitivity to the sign of the deformation and the nuclear component was sufficient to provide almost the total
nuclear shape for mutual excitation. They also suggested that using microscopic form factors may improve the
agreement of the theoretical calculations with the experimental data; however, the additional coupling to the
mutual excitation worsens the fit and displaces the position of the minima of the 2* level curves.

From the previous studies, few theoretical analyses have been presented in the literature regarding the
3254283 scattering [9,31-33]. Conventional OM analysis fails to reproduce all or some of the experimental data
[9,32]. In addition, there have been no detailed microscopic studies using folding models that attempt to explain
angular distributions. The analysis of the elastic and inelastic scattering of 32S on the sd-nuclei near the Coulomb
barrier requires further theoretical efforts. Moreover, the influence of one excitation of the colliding nuclei or
mutual excitation on the elastic channel and oscillations at backward angles also require further investigation.

Therefore, the main objective of the present work is to reanalyze elastic and inelastic 32S+28Sj
scattering at an energy range of 77-135 MeV using the double folding cluster (DFC) potential. The results are
shown in comparison with the double folding M3Y-Reid NN interaction potential and phenomenological Woods-
Saxon (WS) potential. Inelastic scattering, the first 2* excitation of both %2S and 28Si nuclei, and their mutual
[2+,2*] excitation were studied using CC calculations at 77.0, 90.0 and 97.09 MeV incident energies.

This work is organized as follows: A brief description of the derived formalisms and the procedures are
given in Sec. Il and I1l, respectively. Section 1V is devoted to the results and discussion. Finally, conclusions are
reported in Sec. V.

2. THEORITICAL FORMALISM

1.2 Elastic scattering

In the present work, we analyzed the elastic scattering of 32S+28Si at various energies of 77.0, 90.0, 97.09, 120
and 135 MeV. Calculations were performed based on the optical model potential (OP) using double folding M3Y
(DFM) and double folding cluster (DFC) potentials. The total nuclear potential can be represented by the real part
v (r) and imaginary potential part w (r) as follows:

U(r) = V(r) + iW(r) (1)

Heavy ions scattering is characterized by strong absorption, which makes the data sensitive only to the

surface part of the nucleus- nucleus potential then eq.(1) can be written as follows [34]:

V() = Ve + V() + w(r) )
Where, the Coulomb potential V(R) is taken as a uniformly charged sphere of radius R = 1.2 (A$/3 + All,/3).
Ar and Ap are the masses of target and projectile, respectively.
In this study, the optical potential was calculated in three forms. In the first form, the phenomenological WS is
used to calculate the nuclear potential:

V() =V, fv(r)(r) — iW,fy (r) ©)
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r- rx(A /3+A /a3 )

f,(r) =[1+exp( YLx=v,w 4)

The parameters, V,(W,), Ry(Rw) and av(aw) are the depth, radius and diffuseness of the real (imaginary)
potential, respectively.

At low-energies scattering, optical model potential suffers from discrete and continuous ambiguities, whose
uncertainties vary for various target nuclei and for different incident energies owing to the precision of the data
analyzed. Therefore, to avoid phenomenology in the description of these data, numerous attempts have been made
to replace the phenomenological real potential of the WS type by a semi microscopic potential based on a suitable
effective nucleon-nucleon interaction.

The second form of the real nuclear potential is calculated using the double folding potential [1] as the following:
Vor(R) = Ng [f p1(r)p; (1) v pn(s)drydr,, s =R—1; + 1, ®)

Ng, is the real normalization factor, p,(r;) and p,(r,) are the density of projectile and target respectively while
vnn (8) is the nucleon- nucleon interaction potential.

In the present work, we used 3Fp density form [35] for both projectile and target nucleus that is given by:
p(r) = po(1+w()? )(1+exp ()" Fm? (6)
With the matter density parameters, z and S are given in table (1). The parameters are taken from [36].

The NN interaction is taken as M3Y effective interaction [1] as follows:

exp (45) exp(2 55)

Vpn (8) = 7999 222 — 2134 22222 4 1 (E)S MeV (7
Where, 6(r) term accounts for knock exchange and Joo (E) is a linearly energy-dependent strength in the form:
Joo(E) ~ =276 [1 — O-OOSE/AP] MeV Fm? 8)

The imaginary part of the calculated nuclear potentials is taken as Wood Saxon form as given in eq. (3). The OPM
in the semi-microscopic case is considered to be more acceptable physically than phenomenological one since it
contains the basic physical ingredients the nuclear density folded with a realistic nuclear interaction in the correct
way [37]. The third form of the real nuclear potential based upon the a-cluster structure, %S as (8a) and 2%Si as
(7a) constructed. is calculated as [3]:

VoreR) = (NR) [ [ pey (r1)pe, (r2)Vaa(s)dry dr,. )
Where, v, = —122.6226 exp(—225?)
In this case, both colliding nuclei are considered as a -clusters therefore a-a effective interaction folded with o -
clusters distribution densities, p (1) for projectile. where, pc, and p¢, (r;) are the cluster densities of the %25 and
28S;j respectively and given by [34, 38, 39]:

pe(t) = pé (1 +v¢ (&) )[1 + exp (= Z)] T e (10)

The parameters w¢, Z¢ and then B¢ of the %2S and 2Si a-cluster densities are taken as in ref. [38] and given in
Table (1). by postulating a form of potential and adjusting its parameters to optimize the fit to the experimental
data by minimizing the chi-square x2.

1$nN 0tn(8)—0exp(0;)

N Zi: [ AJEXp(gl) ] (11)
Where, o, (6;) and o4, (6;) are the theoretical and experimental differential cross sections, respectively at an
angle 0, N is the number of angles at which measurements are done and Ao, (8;) is the error associated with
0-exp (ei)-

Table 1. The 3pF matter (cluster) densities parameters and rms for the 2S, 28Si and °O:

Nucleus 131640) z(z%) [fm] B (a®) [fm] rms [fm]
225 20.213(0.234) 3.441(3.137) 0.624(0.274) 3.24(2.87)
2g; -0.149(0.230) 3.239(3.055) 0.574(0.259) 3.13(2.77)

2.2 Inelastic scattering

The phenomenological WS and the two OPs based upon DFC and M3Y are used to perform the calculations of
the inelastic S + 28Si scattering cross sections at three energy values 77.0, 90.0 and 97.09 MeV, for the low-lying
2" state ( E,, = 1.78 MeV) of the target %Si nucleus, 2* state ( E,,. = 2.23 MeV) of the projectile %S nucleus
and the mutual excitation for the colliding nuclei 32S 7 ,3(2%) and ?8Siy.75(2*) by using CC approach.

Firstly, the deformed potential (DP) is obtained by the derivative of the WS potential for the multi-polarity A . In
this case, the DP whose shape is independent of A is given by [40].
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UYS(R) = — 2= dU(R)/dR, (12)
The generated real nuclear transition potential DFC (M3Y) can be calculated in terms of the transition density
for the target or projectile or both of them with the effective interaction as follows:

UST = Ng Jf pE°® (ry) p2°® (1) Vo(aay (8)drrydr, (13)

Where 10(2) represents the ground 0% (2%) state and p2°@(ry) p2°@(r,) refers to po(ry) pi (1),
pEr(ry) pP(ry)and pfr(rry) pi (r,) for the single 2* excitation of target, projectile and mutual excitation
respectively. The p,%-) (r) is the transition density that derived according to,

do:
pg) (r) = 5;"@) pl/dr' (14)
m(c)

since, p;(r) is the ground state density distribution of the projectile 32S nucleus or the target %Si nucleus. &,
represents the matter (cluster) deformation length which provides a measure of the nuclear transition rate. It is
given by

87" = .R (15)
Where, B, is the deformation parameter and R is the radius of the deformed nucleus (R = 1.2 AV fm). The

deformation parameter relates to the measured S(EA) transition rate by g; = % [B(EA; I > I")b%e?/e?] .

Coulomb deformations of nuclei were introduced in terms of reduced transition probabilities. B(E2; 0" — 2%) =
0.02914 e?b? for %2S and B(E2; 0" — 2*) = 0.03281 e2b? for 28Si are obtained from Ref. [41] and were used to
describe Coulomb deformations of both projectile and target. According to Ref. [1] , the equal deformation
hypothesis for matter distribution and potential is, in fact, correct if the projectile is a point-like particle and the
potential is obtained by folding the density with a zero range interaction. The correct deformation length (8§5°" )
is adopted for the deformed potential as in Refs. [18, 42] to take into account the relative differences in the density
and potential radii, as follows:
855 = 8, R/ (16)

pot
R0t is the radius of the considered potentials. For M3Y (DFC), R,,,; = 4.03 fm (4.026 fm). In our calculations,
we assume that the imaginary deformation length is equal to the matter deformation. Therefore, the corrected
deformation lengths for 32S are 1.1 fm and 1.35 fm for %Si. For the imaginary transition potential, the derivative
of the imaginary central potential is obtained from,

WYS(R) = — % 8y dW (R)/dR, (17)

Where, §¥refers to the imaginary deformation length defined as: 8% = B Ry, , and BY is the imaginary
deformation parameter.

The generated three real optical potentials at the energy 97.09 MeV are shown in Fig. 1. The potentials have the
same strength and slope at the surface, i.e., at the small overlap or low-density region. The slightly difference
between the obtained semi-microscopic potentials DFC and M3Y is shown at short inter-nuclear distance, which
corresponds to the higher overlap density of the colliding nuclei. In contrast, the real WS potential is of shallow
depth. The general trend of the real volume part depth shows clear energy dependence as it increases with
increasing energy as demonstrated in Table 2. Also, a random behavior for the weak depth of the volume
imaginary part is noticed.
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Fig. 1. The generated three real potentials for 3?S + 28Si elastic scattering, DFC (blue double dot) in comparison
to M3Y (red dashed) and WS (black dash dot).
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Table 2. The best fit parameters of the OPs, WS, M3Y and DFC that obtained for the elastic S + 28Sj

scattering.
E . \Y, TR ag —Jr W rl al i OR 2
(Mey)  Foential - Ne ey Gm)  (fm) (f'\rf]ea\)’ MeV)  (fm)  (fm) (f'\rff%’ mb) X
WS 173 1384 0495 5286 2352 1604 0108 1089 4174 0.69
770  M3Y 10 4194 282 1585 0131 1261 4052 0.71
DFC 10 4272 265 163 0108 1238 4398 0.71
WS 362 13 0425 9439 2265 10 1488 4026 8130 4.78
9.0  M3Y 0.7 3261 2266 159 025 1223 8798 6.2
DFC  1.04 4442 242 16 0267 1228 86L1 547
WS 4115 1255 0497 9478 295 093 1322 4022 8481 10.0
97.09  M3Y 073 3048 3875 143 0435 130 8733 130
DFC 08 330.8 440 1321 0587 1194 8391 112
WS 76.64 106 066 1119 2023 159 0415 9269 1392 24
1200 M3Y 08 3332 42 138 0446 1270 1185 3.1
DFC 09 3772 5153 1327 0532 1404 1197 26
WS 17688 1076 0684 2724 528 139 0606 3832 1542 0.33
1350  M3Y 0778 3235 896 133 0573 2464 1486 0.451
DFC  0.878 3630 1063 128 0665 2639 1522 0.332

3. Procedure

The elastic scattering for the reactions of 32S+28Sj at five sets of energies (77.0, 90.0, 97.09, 120.0 and
135.0 MeV) has been analyzed with three nuclear potential forms; two semi-microscopic potentials (DFC and
M3Y) and the third is the phenomenological WS. The calculations are performed using the following procedures:

1. The complex phenomenological potential (WS) used Eq. (3) and the two semi-microscopic potentials
(M3Y and DFC) with (Eq. (5) and (9)) for the elastic 32S+?8Si scattering

2. The program codes HERMIZ [43] and FRESCO [44] program are executed using the automatic search option
to calculate the elastic scattering differential cross sections of the considered experimental data. The quality of
agreement with data can be arbitrated by y?2scale. The calculations are achieved for the considered data with the
experimental errors of 10% as an average value.

3. The search was carried out on six parameters of WS (three parameters for real volume part and three of
imaginary one) while, the search in the two mentioned semi-microscopic potentials cases (DFC and M3Y) was
attained by four parameters of: (Normalization coefficient and the three parameters of the WS volume imaginary
part) in the elastic scattering case.

4. The calculations of the inelastic %2S+2Si scattering fit are obtained through the automatic search option in
FRESCO code [44] in the framework of the CC mechanism at low-lying excited states for projectile and target. It
can be categorized as follows:

A) Channel 1: elastic channel: 32Sys + 28Sigs

B) Channel 2: single-excitation channel of 32S; 25 + 2Sigs

C) Channel 3: single-excitation channel of 3?Sys + 28Si; 7

D) Channel 4: mutual-excitation channel of 32S, 23 +%8Si; 7g

Then, the types of calculations are categorized as,

a) Single-channel calculation that includes only the elastic channel A)

b) CC calculation with single excitation with Channel A) + B)

¢) CC calculation with single excitation with Channel A) + C)

d) CC calculation with single excitations with Channel A) + B) + C)

e) CC calculation with single and mutual excitations with Channel A) + B) + C) + D)

In the inelastic case, we used the same WS parameters and searched for the deformation and normalization
parameters.

4. Results and discussion

In the present work, the differential cross section of 32S + 2Si elastic and inelastic scattering in energies
around the Coulomb barrier at five sets of data, E;,;,=77.0, 90, 97.09, 120, and 135.0 MeV are analyzed. The
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elastic and inelastic cross sections are calculated by using three considered WS, DFC and M3Y potentials. The
obtained best fit parameters of the elastic scattering part are listed in Table 2 and Table 3 for the inelastic
parameters.

Table 3: The 32S+28Sj inelastic scattering normalization factor and deformation parameters that fitted for the
M3Y and DFC potentials.

E

Potential N Si S
(MeV) k| B2 (S | B2 (S)

M3Y 1.0 -0.33 -0.20
77.0

DFC 1.0 -0.36 -0.23

M3Y 1.0 0.3 0.289
90.0

DFC 1.04 0.37 -0.315

M3Y 0.96 0.4 0.2415
97.09

DFC 1.0 0.37 0.289

The 32S + 28Sj elastic scattering:

The results of the calculated cross section are displayed in Fig. 2. The angular differential cross sections for the
elastic scattering data sets 77.0, 90.0, 97.09, 120.0, and 135.0 MeV under study, are reproduced by using WS
potential as shown in Fig. 2. It is obvious that the present calculated angular distribution exhibits a good agreement
with the experimental data. At the first three energies 77.0, 90.0, 97.09 MeV, our calculations reveal better
agreement than those presented in Ref. [10, 22]. This successful fitting with data is apparent for all the extracted
new parameters in comparison with the previous phenomenological analysis given in Refs [10, 22]. For the
microscopic analysis as shown in Fig. 3, successful results were reproduced for all the studied energies using the
two semi-microscopic DFC and M3Y potentials. Both potentials produce almost identical predictions and
comparable values for the parameters using a reduction factor of the generated potentials. 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 the transfer processes of a-alpha particle [32]. Cluster and nucleon exchange effects
have indeed been observed to be dominate at large angle elastic scattering in a number of nuclear systems [45].

32S+28Si elastic scattering
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Fig. 2 The experimental elastic angular distribution for 32S+28Si scattering at the energies 77.0, 90.0, 97.09, 120
and 135 MeV in comparison to the theoretical predictions of the optical WS (solid line), M3Y (dash line), and
DFC (dash double dot line). The experimental data are taken from refs [9, 32].
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Fig. 3. The experimental angular distributions for the low-lying 2+ state of 32S projectile and 2* state of 28Si target
and the mutual excitation of both projectile and target (2*: 2*) populated in the 32S+28Si inelastic scattering at 77
MeV in comparison to the predictions of WS potential. The effect of CC calculations on the elastic channels is
shown in the top panel. Experimental data are taken from [9].

The 32S + 28Sj inelastic scattering:

Inelastic scattering process is one of the most processes that take place when two heavy ions collide, and gained
via the excitation of low-lying collective modes at energies close to coulomb barrier and powerful interactions,
the importance of this process expressed in the combination of inelastic excitation with a transfer process in
addition to the ability of gaining information over the nuclear surface interactions and deformations. For these
reasons we have analyzed the high- resolution measurements of both inelastic scattering of 32S on 2%Si at 77.0,
90.0 and 97.09 MeV.

As a starting point, we used the same optical potentials WS, M3Y and DFC parameters that are fitted to the elastic
cross section and searched for the deformation parameters. Figs. 3 to 11 show the coupled channel calculations of
the cross sections for the elastic, 2* excitation, in addition to the mutual excitation. The calculations were done
for four channels with the transition potentials of M3Y and DFC as well as the deformed WS potential cross
sections at the three energies 77.0, 90.0 and 97.09 MeV.

In order to improve the agreement with data, we adjusted the optical parameters by fitting elastic and 2* inelastic
curves in two channel calculations for each nucleus separately to notice the difference in coupling strengths, which
show a good agreement with experimental data for the mentioned potentials except for the back word angles of
97.09 which show unsatisfactory agreement at the back angles, as a result of the transfer process of a- alpha
particle. The additional coupling to the mutual excitation worsens the fit and displaced the position of the minima
of the 2* level curves for 90.0 and 97.09 MeV expected for 77.0 MeV which has an upgrade fitting. Very
satisfactory reproductions of the inelastic and the corresponding elastic data are obtained from all considered
potentials. Including the CC effect improved the normalization factor in case of DFC potential model compared
to M3Y potential while the effect of the CC to the fitting of elastic data is found to be tiny.

5. Conclusion

The differential cross sections of elastic and inelastic scattering for the 32S + 2Sj system at the energies 77.0, 90.0,
97.09, 120.0, and 135.0 MeV have been performed in the framework of nuclear optical model. A successful
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description of the considered experimental data for elastic and inelastic scattering has been presented using the
traditional WS phenomenological potential in addition to DFC and M3Y semi-microscopic OPs. The imaginary
part of the two derived potentials is used as a phenomenological WS form. The theoretical angular distribution
calculations give better agreement with experimental data in four channels, 0%, ; 285i(2%), ,325(2%) and (2%,2%)
than the previous phenomenological analysis in Ref. [9]. Moreover, both M3Y and DFC potentials model
improved the value of N, to be close one (N, = 1.0 + 0.1 ). DFC results show better agreement with data in
comparison to the WS and M3Y potentials. Indeed, the effect of the coupling of the form factors for the mutual
excitation and the single inelastic excitation on the elastic channel is found to be tiny.
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Fig. 4. The same as Fig. 3 but for M3Y potential.
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Fig. 6. The experimental angular distributions for the low-lying 2+ state of 32S projectile and 2* state of 28Si target
and the mutual excitation of both projectile and target (2* 2*) populated in the 32S+28Si inelastic scattering at 90.0
MeV in comparison to the predictions of WS potential. The effect of CC calculations on the elastic channels is
shown in the top panel. Experimental data are taken from [9].
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Fig. 9. The experimental angular distributions for the low-lying 2+ state of 32S projectile and 2* state of 28Si target
and the mutual excitation of both projectile and target (2*2*) populated in the 32S+28Sj inelastic scattering at 97.09
MeV in comparison to the predictions of WS potential. The effect of CC calculations on the elastic channels is
shown in the top panel. Experimental data are taken from [9].
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