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Abstract

We examine the effect of temperature on the elastic
scattering angular distributions of °B + 12°Sn reaction.
For this, we use two-parameter fermi density
distribution for both 1°B and 2°Sn nuclei as a function
of temperature (T =0, 1, 2, 3, 4, 5, 6, 7 MeV). We
obtain the real potentials by using these density
distributions within the double folding model based on
the optical model. The imaginary part of the optical
potential is considered as Woods-Saxon potential. We
calculate the elastic scattering angular distributions for
all the investigated cases. To see differences between
the theoretical results, we compare our results with the
experimental data. Then, we discuss the relationship
between different root mean square (rms) radii of the
nuclei. Finally, we give volume integrals and cross
sections according to various temperature values.

Keywords: Density distribution, nuclear potential,
optical model

Introduction

As the temperature of a nucleus increases, its density
distribution changes. This result has been shown
within Hartree-Fock calculations (Brack and Quentin
(1974); Mosel et al., (1974); Quentin and Flocard
(1978); La Rana et al., (1984)). This change in density
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distribution causes a change in the potential that is used
to describe an interacting system. Therefore, it is easier
to explain the interacting system if nuclear potential is
properly identified.

The optical model that consists of real and imaginary
potentials is one of an effective models in identifying
nuclear potential of interacting two nuclei. For the
calculations of real and imaginary potentials, a
microscopical or phenomenological analysis can be
preferred (Aygun (2015); Aygun (2018)). In this
respect, the double folding model based on the optical
model is a microscopical approach that depends on
density distributions of the interacting nuclei. The
double folding potential is obtained at zero
temperature in general. However, it is assumed that the
density of a heated nucleus changes. Thus, the
temperature dependence of the optical potential may
be due to the temperature dependence of density
distributions (Guo-Qiang and Gong-Ou (1990)). The
temperature dependence of interaction potential was
examined previously (Bandyopadhyay et al., (1992)).
It was noticed that the fusion barrier decreases as the
temperature increases. As a result of this, the nuclear
potential that defines a system can need some
corrections (Osman and Abdel-Aziz (1990)). The
inclusion of this effect can also allow for the variations
that may occur due to the temperature dependence of
any system. An important application of such a search
is to see the influence of the temperature on the elastic
scattering.

Recently, Gasques et al. (2018) have measured the
elastic, inelastic and 1n transfer cross sections of 1°B +
1205 reaction at incident energy of E = 37.5 MeV.
They have performed an analysis of the theoretical
treatment with the experimental data. In this respect,
they have applied one-step distorted-wave Born
approximation (DWBA) and coupled reaction
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channels (CRC) calculations via the double folding
Sao Paulo potential. As a result of the elastic scattering
cross section of this study (Gasques et al., (2018)), the
idea of using a different approach for the computation
of the nuclear potential is appear. Thus, we propose to
examine the temperature dependent effect of density
distribution in calculating the real part of the optical
potential.

In the present work, we investigate the temperature
dependence of the optical potential. In order to do this
search, we perform temperature dependent
calculations of the elastic scattering angular
distributions of B + !2Sn reaction by using a
temperature dependent density distribution like two-
parameter Fermi type (2pF) for both °B and '°Sn
nuclei. For this, first of all, we apply T = 0 case of the

U (r) :VCoqumb (r) + VNucIear (r)

V(r) + 1W(r)
2
Real Part I maginary Part

Vcoulomb (1) potential is shown by (Satchler (1983))
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where R¢ is the Coulomb radius, and Zp (Z1) denotes
the charge of projectile (target) nucleus, respectively.
The nuclear potential can be obtained by using the
optical model which is one of the most important
models used extensively to describe the scattering
cross sections of both light-ion and heavy-ion
reactions. The double folding model, evaluated in our

Vpr(r) = fdrl f drypp(r)pr(r2) vy (112),

where pp(r1) and pr(r2) denote the densities of
projectile and target nuclei, respectively. In general,
the double folding calculations are applied at zero
temperature. However, we examine both temperature

2pF density distribution. Then, we obtain the density
distributions of °B and *%Sn nuclei at temperatures T
=1,2,3,4,5,6,7MeV. Then, we calculate the elastic
scattering cross sections by means of double folding
model based on the optical model and compare our
results with the experimental data.

In section 11, we define the theoretical approach and
calculations  for temperature dependent and
temperature independent density distributions. In
section 111, we give the results and discussions. Finally,
we provide the conclusions in section V.

2. Theoretical Process

The interaction potential that is evaluated in the
theoretical calculations can be written as

M)

()
(3)

(4)

calculations, is one of the most useful microscopical
models applied to determine the real potential. The
double folding potential that uses the density
distributions of projectile and target nuclei together
with an effective nucleon-nucleon interaction
potential (vnn) is parameterized as

®)

dependent and temperature independent changes of the
double folding potential with this study. For this
purpose, we consider 2pF density distribution for
different temperatures shown by (Gupta et al., (2007))
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poi(T)
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where the central density, poi, is written as
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poi(T) = [1+

the half-density radius, Roi(T = 0), is given by

(6)

(7

Roi(T = 0) = 0.90106 + 0.109574; — 0.0013A4% + 7.71458 x 10743 — 1.62164 x 10784%, (8)

and the surface thickness parameter, ai(T = 0), is parameterized as

a;(T = 0) = 0.34175 + 0.012344; — 2.1864 x 10™*A? + 1.46388 x 107643 — 3.24263 x 10~°A4%. 9)

In order to calculate the real part of the nuclear potential at different temperatures, we apply temperature dependent
forms of Roi(T) and a;(T) parameters shown by (Shlomo and Natowitz (1991))

Ro;(T) = Ry;(T = 0)[1 + 0.0005T2], (10)
a;(T) = a;(T = 0)[1 + 0.01T2]. (11)
The type of van is assumed in the following form

vy (r) = 7999 22 _ 2134 % + Joo (E)S (1) (MeV), (12)
where Joo(E), the exchange term, is

Joo(E) =276 [1 - ‘”’“j’%] MeV fm? (13)

The imaginary part of the optical potential is taken as the Woods-Saxon potential within the phenomenological

approach.

Wo

1+exp (%)

W) =-—

where Ry = ry (ApY® +ArY3), Wy is the imaginary depth,
ry is the radius parameter and Ap(Ar) is the mass
number of projectile(target) nucleus, respectively. The
theoretical results are acquired by using the code
FRESCO (Thompson (1988)). However, the double
folding calculations are performed by the help of code
DFPOT (Cook (1982)).

3. Results and Discussion
We have determined the optical potential parameters

to calculate the elastic scattering cross sections of 1°B
+ 1209 reaction as a function of temperature. With

(14)

this aim, we have first fixed to unity the
renormalization factor (NRr) of the real potential based
on the double folding model calculations. Then, we
have examined the parameters (Wo, rw, aw) of the
imaginary potential in order to achieve good
agreement results with the experimental data. We have
searched ry and ay parameters in steps of 0.1 and 0.01
fm and have fixed at 1.17 fm and 0.55 fm values,
respectively. Finally, we have defined the W, values
that are listed in Table I.
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Table I: The optical potential parameters, real and imaginary volume integrals (in MeV.fm?) and cross sections (mb)
determined in the analysis of the elastic scattering angular distributions for 2pF densities of 1°B and *2°Sn nuclei at
various temperatures (T =0, 1, 2, 3, 4, 5, 6, 7 MeV). In all the calculations, ry = 1.31 fm and a, = 0.558 fm.

Nucleus T Wo Jv Jw o
(MeV) (MeV) (MeV.fm?3) (MeV.fm?3) (mb)
0 30.4 414.7 87.9 458.1
1 30.4 414.8 87.9 459.2
2 24.0 414.8 69.4 424.3
%8 3 17.7 415.0 51.2 387.3
4 12.7 415.2 36.7 359.8
5 8.00 415.6 23.1 340.1
6 6.00 416.2 17.3 360.8
7 5.00 417.1 14.4 409.8
0 30.4 414.7 87.9 458.1
1 26.0 414.7 75.2 433.8
1209 2 22.0 414.7 63.6 413.5
3 16.0 414.8 46.2 381.1
4 11.0 414.8 31.8 361.5
5 10.0 414.8 28.9 391.9
6 6.00 414.8 17.3 419.9
7 6.00 414.9 17.3 506.3
0 304 414.7 87.9 458.1
1 27.0 414.8 78.1 441.2
Both 2 18.0 414.8 52.0 390.5
3 11.0 415.0 31.8 356.4
4 9.00 415.2 26.0 386.5
5 7.80 415.6 22.5 453.9
6 6.80 416.3 19.6 558.3
7 5.80 417.2 16.7 700.6

Figure 1 shows the variations with the distance of
temperature independent and temperature dependent
2pF densities of 1°B projectile and *2°Sn target nucleus.
In this context, Fig. 1 (a) displays temperature
independent 2pF densities of 1°B and 2°Sn nuclei at T
= 0 MeV, Fig. 1 (b) and (c) present temperature
dependent 2pF densities of °B and *°Snat T =1, 2, 3,
4,5, 6, 7 MeV, respectively. It is seen from Fig. 1 (b)
and (c) that the central density of °B and *2°Sn nuclei

decreases with increasing the temperature. The amount
of this decrease becomes the more distinct as the
temperature increases. On the other hand, it is observed
that the tail parts of the density distributions extend
with the increase in temperature. That is, the surface
regions of the densities are broadened. This case causes
both the increase of root mean square (rms) and the
change of nuclear potential.
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Figure 1. Density distributions as a function of r (fm) of (a) the °B and *?°Sn nuclei at T= 0 MeV, (b) the *°B nucleus
atT=1,23,4,5,6,7MeV,and (c) the *Sn nucleusat T=1, 2, 3, 4, 5, 6, 7 MeV.

Figure 2 exhibits the variations with the temperature of
the rms values of 1°B and *°Sn nuclei at T =0, 1, 2, 3,
4,5,6,7 MeV. Itis realized that the rms values of 1°B
and 2°Sn nuclei increase as a function of the
temperature. This situation can be considered as the
outward shift of nucleon density distributions (Guo-
Qiang and Gong-Ou (1990)).

We have also calculated the elastic scattering cross
sections by using both temperature dependent and
temperature independent 2pF densities of B
projectile from T =0 to T = 7 MeV. At this stage the
density distribution of the 120Sn target nucleus is
considered to be independent of temperature. Then, we

compare our results with the experimental data in Fig.
3. Theresultsof T=0 MeV and T =1 MeV are almost
identical to each other, but the differences in the results
are more pronounced at the next temperatures. At T =
3 MeV, the theoretical results are in better agreement
with the data compared to all the other T-values. At
higher temperatures (T > 4 MeV), the results are not
good enough. That is, if the temperature of the density
distribution of °B nucleus is increased, agreement
results with experimental data can not be reproduced
adequately. Therefore, we do not perform the
calculations at much higher temperatures where nuclei
can be unstable for both clustering and fragmentation
cases (Guo-Qiang and Gong-Ou (1990)).
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Figure 2. The rms radii of the 1°B and *2°Sn nuclei as function of temperature.
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Figure 3. The elastic scattering angular distributions of 1°B + 120Sn reaction for 2pF

density of the 1°B nucleus at T =0, 1, 2, 3, 4, 5, 6, 7 MeV. The experimental data is

obtained from Ref. Gasques et al. (2018).

We calculate the elastic scattering cross sections of °B temperature. We present as compared the theoretical
+ 1209n reaction by using 2pF density based on results with the experimental data in Fig. 4. We obtain
different temperatures of *2°Sn target nucleus. For this the best results for T = 3 MeV. We also observe that

case, the density of °B projectile is independent of our results describe very well the experimental data.
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We realize that the results are similar to the results of
previous analysis.
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Figure 4. The same as Fig. 3, but for the 12Sn nucleus.
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In our work, we try to investigate the temperature
related changes of the density distributions of °B and
12080 nuclei simultaneously. For this purpose, we
acquire the elastic scattering angular distributions of
B + 12%gn systemat T =0, 1, 2, 3, 4, 5, 6, 7 MeV.
Then, we compare all the theoretical results with the
experimental data in Fig. 5. We observe that the results
for T = 2 MeV are better than the results of the other
temperatures and are in good agreement with the
experimental data. Additionally, we notice that the
theoretical results are far from the harmony with the
data at high temperatures.

In Fig. 6, we compare with each other the best results
of the three situations. We first notice that the variation

of the density distribution with temperature
significantly influences the theoretical results and
gives better results than temperature independent
results. Secondly, we find that temperature dependent
results of 1°B nucleus at T = 3 MeV and temperature
dependent results of both 1°B and *2°Sn nuclei at T = 2
MeV are very close to each other and are better than
other results. Thus, we can deduce that the variations
with temperature of 2pF density distribution have an
important impact on the elastic scattering cross
sections and increase the agreement between
theoretical results and experimental data at a specific
energy.
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Figure 5. The same as Fig. 3, but for both 1°B and *2°Sn nuclei.
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Figure 6. The comparison with each other of the best results of three situations.

In the present study, we also examine the changes with
the temperature of the real parts of the nuclear
potentials and present as compared the real parts with
the distance for T =0, 1, 2, 3, 4,5, 6, 7 MeV in Fig. 7.
We observe that the real potentials decrease when the

temperature increases. Simultaneously, the tails of real
potentials extend at larger distances with increasing the
temperature. As a result of this, the nuclear potential
becomes more attractive.
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Figure 7. The real potentials as a function of r (fm) at T =0, 1, 2, 3, 4, 5, 6, 7 MeV of (a) the 1°B nucleus, (b) the *°Sn

nucleus, and (c) both B and %Sn nuclei.

4. Conclusions

In this paper, we have addressed, for the first time, the
calculations of temperature dependent and temperature
independent 2pF density distributions of 1°B and '2°Sn
nuclei for the analysis of 1°B + 12°Sn elastic scattering.
We have found a good agreement between the
experimental data and the temperature dependent
results. As a consequence, we can conclude that the
temperature dependence density distributions of 1°B
and *2°Sn nuclei will be useful in explaining the elastic
scattering results.
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