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Abstract: The aim of the present study is to provide a better understanding of the effect and applicability of nuclear
potentials on scattering reactions. For this, we investigate the quasielastic scattering data of the ' Li + 2®Si reaction
at 319 MeV within the framework of the optical model. In order to obtain the real part of the optical potential, we
use ten different potentials, which consist of Proximity 1977 (Prox 77), Proximity 1988 (Prox 88), Broglia and Winther
1991 (BW 91), Aage Winther (AW 95), Christensen and Winther 1976 (CW 76), Bass 1973 (Bass 73), Bass 1977 (Bass
77), Bass 1980 (Bass 80), Siwek-Wilczynska—Wilczynski (SWW), and Denisov potential (DP). The imaginary part is
assumed as Woods—Saxon type in all the calculations. The theoretical results are compared with each other as well as
the experimental data. It is found that the results depend on the shapes of the nuclear potentials used in the analysis.
The most consistent results with the experimental data are obtained for Prox 77 potential. Finally, the cross-sections

(o) and x? /N values are given for all the nuclear potential calculations.
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1. Introduction

The nuclear potential that describes the interaction of two nuclei is very necessary in providing accurate and
meaningful explanations of nuclear reactions. Thus, more reliable information about the structure of a nucleus
can be obtained by using suitable potential parameters. These potentials sometimes depend on the potential
depths, sometimes their energies, or sometimes the nucleon number or charge of target nuclei. Although the
Coulomb potential due to the charges of the nuclei is well described, the nuclear potential could not be exactly
described. In this context, although different nuclear potentials can be obtained from the literature, this subject
is still a problem of interest in the field of nuclear physics. For this reason, the introduction of alternative
potentials will be very important in explaining different nuclear interactions such as elastic scattering, inelastic
scattering, and coupled channels.

Halo nuclei are a hot topic in the field of nuclear physics because of their properties such as root mean
square (rms) values, different density distributions, and low binding energies. In this sense, ! Li, which is well
known as a neutron halo nucleus, has a large number of both experimental and theoretical studies. One of the
most interesting experimental topics is the ' Li 4 28 Si reaction. In order to explain this reaction, a considerable
number of studies have been carried out using different approaches and models so far. Lewitowicz et al. [1]

measured the quasielastic scattering data of 1! Li on the 22 Si target at 319 MeV. They performed the theoretical
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analysis by using both phenomenological potential and double folding potential. Al-Khalili [2] examined the
projectile breakup channel effect on ' Li + 28Si elastic scattering at 29 MeV /nucleon by using the four-body
Glauber scattering model. Cooper and Mackintosh [3] achieved agreement results with the data by applying
two-step phenomenology. Fayans et al. [4] carried out coupled-channels calculations in the double folding
approach for the quasielastic scattering data of the ' Li + 28Si reaction. Carstoiu and Lassaut [5] performed
an optical model analysis of ®Li and ! Li scattered from 2C and 28Si target nuclei. While a good fit with the
experimental data was acquired for ' Li + 12 C reaction, a similar result could not be obtained for the "' Li +
28Gi reaction. Rashdan [6] investigated the elastic scattering of 1 Li by 2C and 28Si within the framework of
the relativistic mean field theory. Pacheco and Mau [7] analyzed the quasielastic scattering of the ' Li + 28Si
system and found unsatisfactory results with the experimental data. Un et al. [8] studied the quasielastic
scattering of the ' Li + 28Si reaction at 29 MeV /nucleon within the framework of the coupled-channels model
and acquired good agreement with the data. Canbula et al. [9] examined by using the coupled-channels method
the quasielastic scattering data of ' Li by the 2®Si target nucleus at 319 MeV. The experimental data are still
not very well understood although the theoretical results describing the data have been improved with these

studies.
In the present work, we aim to examine the role of nuclear potential in explaining the experimental data

of the " Li + 28Si reaction under the optical model. In order to obtain the real part of the optical potential,
we use ten different nuclear potentials, which include Proximity 1977 (Prox 77) [10], Proximity 1988 (Prox 88)
[10], Broglia and Winther 1991 (BW 91) [11], Aage Winther (AW 95) [12], Christensen and Winther 1976 (CW
76) [13], Bass 1973 (Bass 73) [14,15], Bass 1977 (Bass 77) [16], Bass 1980 (Bass 80) [11], Siwek-Wilczynska—
Wilezynski (SWW) [17,18], and Denisov potential (DP) [19,20]. We assume Woods—Saxon (WS) potential for
the imaginary part in all the theoretical calculations. Then we compare the theoretical results with both each
other and the literature as well as the experimental data. Finally, we give the cross-sections (o) and 2 /N
values of all the nuclear potential calculations investigated in this study.

The next section provides information on the method and nuclear potentials used in our work. Section 3

shows the results and discussion. Finally, Section 4 is assigned to the conclusion.

2. Theoretical formalism

2.1. Optical model

The optical model is one of the simplest and the most successful models in calculating the elastic scattering
cross-sections of nuclear reactions. The potential defined by means of the optical model is assumed as the
optical potential. The optical potential consists of the real potential and the imaginary potential. While the
real part is responsible for elastic scattering, the imaginary part shows absorption. The optical potential is also
nonlocal, energy-dependent, and complex. To obtain the real part of the optical potential in our study, ten
different potentials have been evaluated. Each of these potentials has been described in the following section.

The imaginary part has been taken as the WS potential, which is given by

Wo
Wir)= , 1
) 1 + exp(r=Lu) M

w
(27

where Wy, R, , and a, are depth, radius, and diffuseness parameters of the imaginary part, respectively.
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Thus, the total interaction potential between projectile and target nuclei can be written as
Viotal(1) = Vo(r) + VN (), (2)
where Vi is Coulomb potential and Vi is nuclear potential. Vi (r) potential is shown by [21]

1 ZPZT€2

Ve(r) = ireq 7 r > Re, (3)
1 ZPZT62 ’I"2

= _ —— <R 4

dreg 2Rce < R%, L ( )

where R, is the Coulomb radius, taken as 1.25(14}3/3 +A1T/3) fm in the calculations. The code FRESCO has

been applied in the optical model calculations [22].

2.2. Nuclear potentials

In the present work, in order to see the effects of different nuclear potentials in defining the quasielastic scattering
data of the Li + 28Si reaction, we evaluate ten different nuclear potentials: Proximity 1977 (Prox 77),
Proximity 1988 (Prox 88), Broglia and Winther 1991 (BW 91), Aage Winther (AW 95), Christensen and
Winther 1976 (CW 76), Bass 1973 (Bass 73), Bass 1977 (Bass 77), Bass 1980 (Bass 80), Siwek-Wilczynska—
Wilczynski (SWW), and Denisov potential (DP). Information about the potentials is given in the following

subsections.

2.2.1. Proximity 1977 (Prox 77) potential

According to Prox 77 potential, Viy (r) potential [10] is

— -C-C
VETor T (1) = 4mybR® (4 -— 2) MeV, (5)
where
N ee b\
R=—"2_ Ci=Ri|1—(— 6
Cr+Cy (R) + (©6)
R;, the effective radius, is
Ry = 1.284% —0.76 + 084, % fm (i =1,2). (7)
v, the surface energy coefficient, is,
N—2Z\?
= 1— ks , 8
Y= [ <N+Z> (8)

where N and Z are the total numbers of neutrons and protons, respectively. Also, the value of ~ is 0.9517
MeV/fm? and k; is 1.7826. The universal function (®(¢)) can be written as follows.

3(0) = { —1(¢—254)" —0.0852(C — 2.54)%, for ¢ <1.2511

—3.43T exp (fﬁ) , for ¢>1.2511 9)
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2.2.2. Proximity 1988 (Prox 88) potential

Moéller and Nix [23] advanced the mass formula with new values of vy and ks given in Eq. (8). These values

are 1.2496 MeV /fm? for vy and 2.3 for k, [11], which display a stronger attraction. The other parameters of

Prox 88 potential are the same as Prox 77 potential.

2.2.3. Broglia and Winther 1991 (BW 91) potential

In this approach, the real part of the optical potential is assumed as [19]

\%
|7/ CALERY ¢H [ —— V) ) /8
N ( ) [1+6Xp(%)]
where
Ri Ry

Vo = 16m———— =0.63

0 "Rir R a JIm,
and

Ro=Ry+ Ry+029, R;=123341"°—09847"3 rm  (i=1,2).

The surface energy constant v is

_ - Np —Zp Nr —Zp
Y Yo s AP AT .

v and ks are taken as 0.95 MeV/fm? and 1.8, respectively.

2.2.4. Aage Winther (AW 95) potential

The fourth kind of potential employed for the real part is the same as BW 91 potential except for [19]

1
= —1/3 | ,-1/3 fm,
117 (14053 (A4, 4 4,7°))
and
Ro=Ri+ Ry, Ri=1243-009 (i=1,2).

2.2.5. Christensen and Winther 1976 (CW 76) potential

Another form of the real potential analyzed with this work is written as [24]

R Ry

VCW 76 = —50
N () 7}{1 TR,

(15(7’— R1 — Rg) MEV,
where
Ry =1.233A% — 09784, fm (i =1,2).

%

The universal function ¢ (s =r — Ry — Ry) is

¢(s) = exp (—T_RI_R2>

0.63

(14)

(15)

(16)

(17)

(18)
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2.2.6. Bass 1973 (Bass 73) potential

The sixth potential for the real part is parameterized as [24]

d A1/3A1/3 _ R
V() = R o () ey, (19)
Rio d
where
Ryp = 1.07 (A}/?’ n A§/3) . d=135fm, a,=17MeV. (20)

2.2.7. Bass 1977 (Bass 77) potential

Another real potential is in the following form [19]:

VBassTT(gy = 7%¢ (s=r— Ry — Ry) MeV, (21)

where
Ry = 116477 — 139473 fm (i =1,2). (22)

The universal function ¢ (s = r — Ry — Rz)is assumed as

o(s) = [A exp (dsl) + Bexp (;2)] - , (23)

A =0.030 MeV ' fm, B=0.0061 MeV~'fm, di(dz)=3.30(0.65) fm. (24)

where

2.2.8. Bass 1980 (Bass 80) potential

This potential is the same as Bass 77 potential. Only the function ¢ (s = r — R; — Rs) is different and is given
by [19]

s s -1
o(s) = [0.033 exp (ﬁ) +0.007 exp <%)} , (25)
and
Ro=R (1-28) R 19843 076+ 0847/ =12 2%
i = Iig - Rig s i — L. i —0.7640.84, fm (Z =1, ) ( )

2.2.9. Siwek-Wilczynska—Wilczynski (SWW) potential
SWW potential, which is based on the liquid drop model and with the WS potential, is given as [17,18]

Vi
VESWW () — 0 MeV, 27
N [+ exp(Z=Ri=Fz)] € (27)

where

Vo = baurs [A§/3 + AP (A + A2)2/3] , beury ~ 17 MeV, (28)
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and
R; = 1.1284}° (1 - 0.786A;2/3> (i=1,2), (29)
with
Vo(R1 + R2) Np+ Np —Zp—Zr 2
OV TR) o 0.9517 |1 — 1.7826 MeV fm™2. 30
16mRi Ry = | Ap + Ap eV fm (30)

2.2.10. Denisov potential (DP)

DP is last potential type used in the analysis of nuclear interactions. It is given by [19,20]

VPP(r) = —1.989843 241 ¢(r — Ry — Ry — 2.65)
A a\3/2 (31)
x |14 0.003525139 (A—; + A—’;‘) —0.4113263 (I; + I2) | MeV,
where
Ni — Zz
I, = , 32
i (32)
and
3.413817 0.44;
Ri=Rip|1l— —— 1.284589 ( [; — ——— |, 33
p( R}, >+ ( Ai+200> (33)
1.646 A, —2Z; )
R, = 1.244)° (1 + ~0.191 ()) fm  (i=1,2). (34)
A; A;
The universal function ¢ (s = r — Ry — Re — 2.65)is assumed as
1 — esorees + 1.229218s% — 0.2234277s — 0.1038769s* —
Al (0184493557 + 0.075701015%+
(s) = (I + I2) (0.04470645s% + 0.0334687s%) (—5.65 <s<0), (35)
R R s
) 0.05410106 Rll"rR22 exp (—m) — N
1—s . exp (—grsstees) (52 0)-

3. Results and discussion

The elastic scattering angular distributions of the ' Li 4 28Si system at 319 MeV have been obtained by using
ten different nuclear potentials within the framework of the optical model. The distance-dependent variations
of the potentials used in acquiring the real part of the optical potential are shown in Figure 1. The Wy, 7y,
and a,, parameters of the imaginary part assumed as the WS potential have been investigated to obtain results
consistent with the experimental data. In this context, the r,, value has been examined in the range of 0.9-1.4
fm. The a, value has been evaluated from 0.3 to 1.0 fm. The analysis has been completed by investigating

the Wy value. All the potential parameters are listed in the Table. The o values are given for all the potential

307



AYGUN/Turk J Phys

calculations in the Table. We have observed that the o values are between 1376 mb and 1966 mb except for DP
(626 mb). We think that the reason for the small cross-section of the DP potential cannot explain the forward

angles of the experimental data.
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Figure 1. Distance-dependent changes of Prox 77, Prox 88, BW 91, AW 95, CW 76, Bass 73, Bass 77, Bass 80, SWW,
and DP potentials.

Table. The imaginary potential parameters (Wy, 7w, aw), the cross-section (o), and x? /N values obtained from the
analysis with Prox 77, Prox 83, AW 95, BW 91, CW 76, Bass 73, Bass 77, Bass 80, SWW, and DP potentials of the

114 + 288j reaction at 319 MeV.

Potential type | Wy (MeV) | 7, (fm) | ay (fm) | o (mb) | x2/N
Prox 77 26.3 0.940 0.70 1376.8 | 14.70
Prox 88 37.0 0.955 0.70 1530.5 | 26.51
AW 95 8.00 1.390 0.70 1966.1 | 23.41
BW 91 5.70 1.395 0.55 1669.1 | 60.37
CW 76 7.60 1.375 0.30 1557.4 | 189.8
Bass 73 15.3 1.230 0.30 1479.6 | 18.14
Bass 77 7.45 1.395 0.30 1628.1 | 33.90
Bass 80 7.70 1.387 0.31 1638.5 | 35.27
SWW 5.00 1.395 0.30 1454.7 | 19.87
DP 3.80 0.950 0.70 626.0 52.88

We compare our results with the experimental data in Figure 2. We have observed that Prox 77, Prox
88, AW 95, Bass 73, Bass 77, and Bass 80 potentials have given good results through the experimental data.
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BW 91 results are missing the middle part of the experimental data. While CW 76, SWW, and DP results are

not in good agreement with the data at forward angles, the results are good backwards angles.
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Figure 2. The elastic scattering aﬁ'@élag)distributions obtained using Prox 77, ProS(‘"éS(S,g]%W 91, AW 95, CW 76, Bass
73, Bass 77, Bass 80, SWW, and DP potentials of the '*Li + 2®Si reaction at 319 MeV. The experimental data are
taken from Ref. [1].

In Figure 3, we compare all the results with each other as well as the experimental data. We have
observed that the results change according to the shape of the potential. In this context, the results of Prox 77
potential are better than the results of the other potentials. This situation has also been seen from the x? /N
results. The results of Bass 73 potential are close to the results of Prox 77 potential in terms of both the x? /N
value and the experimental data. However, there is a difference between the amplitudes.

When examining the results of Prox 88, AW 95, Bass 77, and Bass 80 potentials, it has been seen that
the behaviors of the potential results are similar to each other at backward angles and the phase difference
between them is more distinct. The differences between the amplitudes become clear at forward angles. The
results of Prox 88 potential are more compatible with experimental data than the results of AW 95, Bass 77,
and Bass 80 potentials.

The BW 91, CW 76, SWW, and DP potential results are not in good agreement with the experimental
data. It has been observed that DP potential is far from defining the experimental data at forward angles.
The amplitude of CW 76 potential is also very large compared to the experimental data, especially at forward

angles. The greatest x? /N values are available for the BW 91, CW 76, and DP potentials.

In Figure 4, we compare our best results (Prox 77 and Bass 73) with the literature [9]. We have observed
that the results of Prox 77 potential are better than the results of Ref. [9] and Bass 73 potential. The behaviors
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Figure 3. Comparison with both the experimental data and each other for elastic scattering angular distributions for

Prox 77, Prox 88, BW 91, AW 95, CW 76, Bass 73, Bass 77, Bass 80, SWW, and DP potentials. The experimental data
are taken from Ref. [1].

of Ref. [9] and Bass 73 potential are similar at forward angles. This similarity increases between 12° < © < 18°,

but there is an amplitude difference between them. In addition, the phase difference becomes more distinct at
further angles.
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Figure 4. Comparison of the results of Prox 77, Bass 73, and the literature [9]. The experimental data are taken from
Ref. [1].
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4. Conclusion

In the present study, we have examined the effects of different nuclear potentials on the scattering data of the

HTi 4+ 28Si system at 319 MeV. We have obtained the elastic scattering cross-sections by using ten various

nuclear potentials within the optical model. We have observed that the theoretical results depend on the shape

of the nuclear potential used in the analysis. In this context, the most consistent results with the experimental

data have been obtained with Prox 77 potential, while the worst results have been found for DP potential.

We consider that these potentials would be useful and interesting in applying to scattering data of different

nucleus—nucleus interactions.
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