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Abstract

In the present work, the elastic scattering of the 8B+27Al reaction at two different energies have been examined
using the microscopic double folding potential approximation within the framework of the optical model. The
real part of the optical model has been obtained by using Fermi, Gaussian and Variational Monte Carlo (VMC)
density distributions in the microscopic double folding model and the imaginary part has been taken as Woods-
Saxon volume type. The results of our microscopic analysis are quite compatible with the experimental cross-
section data. The reaction cross sections, the volume integrals of used potentials and their 42/N errors have also
been computed. This study is important in showing the effect of microscopically derived potentials in
explaining the 8B+27Al experimental data published recently.
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Cift Katlama Modeli ile Elastik Sacilma: 8B+2’Al
Oz

Bu calismada, 8B+?’Al reaksiyonunun iki farkli enerjide elastik sacilmasi, optik model cercevesinde
mikroskobik double folding potansiyeli yaklasimi kullanilarak incelenmistir. Optik modelin reel kismi
mikroskobik double folding modelde Fermi, Gaussian ve Variational Monte Carlo (VMC) yogunluk dagilimlar
kullanilarak elde edilmis ve imajiner kisim Woods-Saxon hacim tipi olarak alinmistir. Mikroskobik
analizimizin sonuglari, deneysel tesir kesit verileri ile olduk¢a uyumludur. Reaksiyon tesir kesitleri, kullanilan
potansiyellerin hacim integralleri ve bunlarin ¥2/N hatalar1 da hesaplanmistir. Bu ¢alisma, son zamanlarda
yaymlanan ®B+?’Al deneysel verilerini agiklamada mikroskobik olarak tiiretilmis potansiyellerin etkisini
gostermesi agisindan dnemlidir..

Anahtar Kelimeler: Double folding, proton halo ¢ekirdek, elastik sagilma

1. Introduction common proton halo is the B nuclei which
has low break up threshold. The B nuclei
has a weakly bound proton with a proton
separation energy Sp =0.137 MeV and its
half-life is t1,=770 ms. Nuclear reactions and
densities involving short-lived 8B nuclei have
been extensively investigated by both nuclear
astrophysicists, experimental and theoretical
nuclear physicist (Aguilera et al.,, 2011;
Aguilera, Martinez-Quiroz, Belyaeva,
Kolata, & Leyte-Gonzalez, 2008; Aguilera et
al., 2009; Aguilera, Martinez-Quiroz,

The radioactive ion beam (RIB) facilities
have opened a way for significant
improvements in the field of nuclear physics,
especially those related to the halo nuclei.
Structurally halo has tightly bound core with
weakly bounded valence nucleons. The half-
lives of these extraordinary nuclei are usually
very short. Halo nuclei are evaluated in two
groups; these are neutron and proton halos.
These nuclei are evaluated according to their
state in the stability valley. The most
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Rosales, et al., 2008; Barioni et al., 2011;
Camacho, Aguilera, Gomes, & Lubian, 2011;
Camacho, Aguilera, Lubian, & Gomes, 2013;
Carlson et al., 2015; Chandel, Dhiman, &
Shyam, 2003; Horii, Takashina, Furumoto,
Sakuragi, & Toki, 2010; Lubian et al., 2009;
Lubian & Nunes, 2007; Mackintosh & Pang,
2013; Mitchell et al., 2010; Morcelle et al.,
2017; Moro, Crespo, Nunes, & Thompson,
2002; Varga, Suzuki, & Tanihata, 1995;
Yang et al., 2013). In the theoretical analysis
microscopic and phenomenological potential
approximations have been used in explaining
the measured experimental data. The
theoretical models attempt to clarify the
elastic and inelastic scattering data as well as
other observables such as fusion, S-factor
and total reaction cross-section data. In order
to clarify the measured experimental cross-
section data, these models range from optical
model to coupled-channels using continuum
discretized coupled channels (CDCC)
formalism with phenomenological as well as
microscopic potentials polarization potential.

Recently, Morcelle (Morcelle et al., 2017) et
al. have measured new experiment for the
8B+27Al elastic scattering. The experiment
is conducted in the Radioactive lon Beams in
Brasil facility (RIBRAS) in Sao Paulo, and in
the TwinSol facility at the University of
Notre Dame, USA above the Coulomb
barrier at energies of Ep=15.3 and 21.7
MeV. The angular distributions were
measured in the angular range of 15-80
degrees. They have investigated the
experimental data theoretically by using two
different types of optical potentials.

Therefore, in this paper, we have investigated
the same ®B+%'Al elastic scattering angular
distribution by using microscopic double
folding potentials within the framework of
optical model. Our aim is to show the effect
of microscopic potentials in clarifying the
experimental cross-section data of the
8B+2Al system around and above the
Coulomb barrier.

In the next part, we present our theoretical
model and the microscopic potentials
obtained with different nuclear matter density
distributions. In Section 3, we present the
results of optical model calculations
performed by using these two different
potentials. Our conclusion is given in Section
4.

2. Theoretical Analysis

The interaction between two nuclei is
generally defined as a many-body problem,
and many reactions can occur as a result of
this interaction. These are elastic scattering,
inelastic scattering, nucleon transfer reactions
and projectile fragmentations. The shape of
these reactions is determined by the structure
of projectile and the incoming energy, and
the simplest of these reactions is the elastic
scattering. Within mean-field approximation,
the elastic scattering is described by using the
optical model approach with either
phenomenological potentials such as Woods-
Saxon or Woods-Saxon derivatives or
microscopic-double folding (DF) potentials.
In literature, the interaction of the projectile
and target nuclei is defined as optical model.
The identified potential in this model has a
Coulomb, centrifugal and nuclear
interactions parts. In the elastic reaction, the
real and imaginary parts of the nuclear
potential are responsible for scattering and
the lost flux, respectively (Aygun, Kocadag,
& Sahin, 2015; Brandan & Satchler, 1997,
Satchler, 1983). In this study, all of the
computations and comments have been made
according to the Microscopic Model-Double
Folding method (DF). DF model is the most
popular procedure for analyzing
experimental angular distributions of halo
nuclei on stable nuclei. In microscopic
model, while imaginary potential is taken
Woods-Saxon or Woods-Saxon square type
potential, the real potential can be defined
using double folding model.
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In double folding model, the density
distributions of both the projectile and target
nuclei are used. The elastic scattering of ®B
as one-proton halo nucleus on 2’ Al target was
examined using the double folding model
within the framework of the OM at the
incident energies, Er=15.3 MeV and
ELav=21.7 MeV. The total effective potential
is given in Equation 1.

Veotar™) = Veoutomp () + Viuciear (1)
+ VCentrifugal(r) (1)

In this equation the Coulomb potential term
(Satchler, 1983) is owing to the interaction
between the projectile and target in proton
(charge) numbers over a sphere of radius R
(Equation 2).

1 ZpZre?
ey T "

1 ZpZre? 3 r? <R
" 4me, 2Rc Rez) T ¢

VCoulomb(T) = = Rc (2)

Similarly, the radius of Coulomb interaction
is taken as Rc= 1.10(Ar'® + ArY®) fm,
Zpand Z; describe the charges of the
projectile and target nuclei, one by one. The
centrifugal potential is given as Equation 3.

R2l(L+ 1)

2ur? ®)

Vcentrifugal )=

where p is the reduced mass of the
interaction (®B-?’Al) and ¢ is angular
momentum, r is radius and h is Planck
constant, respectively. The final term of the
total potential is the complex nuclear
potential Vyycrear () described as the double
folding potential. This term with Vyy an

effective nucleon-nucleon interaction
potential could be given as shown in
Equation 4.

Vpr(r) = fdﬁ f dry pp(r)pr () Van (r12) (4)

where pp(r;) and pr(r,)are the nuclear
matter densities of projectile and target
nuclei, respectively. We have benefited from

three different matter density distributions for
the 8B halo nucleus in both ground state and
2" ground state (in VMC) to make a
comparison work. The first density is 3-
parameters Fermi distribution and the second
density is Gaussian distribution in our
analysis for the 8B proton halo nucleus
(Equation 5 and 6).

Po
[1+exp(

p(r) = ,_C)]: Fermi distribution for projectile nuclei (5)

where p, = 0.1507 (fm™32), ¢ = 2.000 (fm)

and a = 0.486 (fm);

2
p(r) = Cexp [— G) ] : Gaussian distribution for projectile nuclei ~ (6)

where p, = 0.159177 (fm™3),

a = 2.08207 fm; these coefficients can be
found in normalization condition (Equation
7).

ar [ p(r)r2dr = 8 (4p) N

here A is the mass number for the projectile
nucleus (8B). These density distributions give
a root mean square (rms) radius-experimental
value of 2.380 fm (Tanihata et al., 1985;
Tanihata et al., 1988). For the projectile (8B),
used third density distribution is the VMC
which is taken from the VMC calculations
using the Argonne v18 (AV18) two-nucleon
and Urbana X three-nucleon potentials
(AV18+UX). The proton and neutron rms
values have been obtained with this method
as 2.4482 fm and 2.1389 fm, respectively.
When the density distributions are
normalized, the nucleons number of protons
and neutron is obtained 4.9977 and 2.9981,
respectively (Carlson et al., 2015).

For 2’Al nucleus, the nuclear matter density
has been obtained from RIPL-3 (Capote et
al., 2009). Both the projectile and target
nucleus density distributions have been
displayed in Figure 1 (a), Figure 1 (b) and
Figure 1 (c) in logarithmic form.
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The effective nucleon-nucleon potential term
consists of 3 components. The first part in
Equation 8 is realistic interaction parameters.
We have used the most general one, the M3Y
nucleon-nucleon (Michigan 3 Yukawa)
realistic interaction (Brandan & Satchler,
1997; Khoa, Satchler, & VVon Oertzen, 1995).

_ exp(—4r) exp(—2.5r)
Van (r) = 7999 —— 2134———

+Joo(E)S(r) (MeV) ®)

The second term in the Equation 8 is
Joo(E — linear energy dependence ). This
term represents the nucleon exchange term
(Equation 9).

0.005E,4,

]00(5)2—276[1— R ]Merm3 ©)

The DF potentials are obtained using the
double folding computer code DFPOT
(Cook, 1982). By using this double-folding
approach, we have obtained the real part of
the nuclear potential with these three
different distributions. The shapes of the real
part of the potential are shown in Figure 2.
As it can be seen from Figure 2, the produced
real potential with the Fermi distribution is
deeper than the potential produced by using
both the Gaussian distribution and VMC
density distribution in the double-folding
model at the same energies. In Figure 2, the
calculated folding potentials of 8B+?7Al
cannot be distinguished from each other
especially the far periphery region 5-10 fm,
the most important one when estimating
cross sections. For this reason the graph was
drawn in logarithmic form to see better, and
also the net shapes of the potentials have
been given on the side as (a) and (b)-two
different graphics.

Figure 1. The density distribution of éB (a)-
(b) and ’Al (c) nuclei in logarithmic form.
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While the real part of the optical model is
obtained by using the above-described
double folding model, the imaginary
potential is taken as in the form of Wood-
Saxon shape in Equation 10 as following,
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Figure 2. The shapes of the real potential of where Nr is the normalization factor of the

the nuclear potential of 8B which interacts
with 2’ Altarget nuclei at 15.3 and 21.7 MeV.
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where Ry = ry (A} + AlT/3) and Ap and At

are mass numbers of the projectile-*B and
target nuclei-2’Al, respectively. Consequently
total nuclear potential can be expressed as
shown in Equation 11.

[+ e (22

aw

Vn(r) = NpVpp(r) —i (11)

produced potential. All obtained parameters
have been displayed as in Table 1. The
FRESCO code (Thompson, 1988) has been
handled to investigate the parameters of
optical model via assembling with the
experimental data

Table 1. The OM parameters used in microscopic model analysis of ®B+ Al reaction

Elab Distribution [\ Wo w aw c J Jw
(Mev) Type facor | vevy | (m) | m | mb | Meviime | mevime | PN
Fermi 10 19.7 14 | 067 | 557 418.701 139.146 | 0.034396
153 Gaussian 10 19.7 14 | 067 | 569 418.625 139.146 | 0.034698
With VMC 10 19.7 14 | 067 | 551 394.486 139.146 | 0.033916
Fermi 10 34.7 14 | o067 | 1312 [ 417598 245094 | 0.460984
Gaussian 10 34.7 14 | o067 | 1321 [ 417522 245094 | 0.436861
217

with VMC 10 34.7 14 | 067 | 1307 | 393446 | 245.094s | 0479018

3. Results and Discussion

The 8B+ 2’Al reaction data has been recently
measured (Morcelle et al., 2017) and there
has been no study by using a double-folding
potential with different densities to explain
this experimental data. Therefore, we have
studied the elastic scattering of the B
nucleus from 2’Al target nucleus at above the
Coulomb barrier within the framework of the
above-described double folding model. The
microscopic potential has been generated by
using three different nucleon matter
densities- Fermi, Gaussian and VMC density
distributions for the ®B-the lowest energy
state. The real part of the potential is shown
in Figure-2 for Fermi, Gaussian and VMC
density distributions. The imaginary part of
the optical potential is taken as Wood-Saxon
form and the best fit parameters with double-
folding potential, reaction cross-sections,
volume integrals and ¥2/N values for two
energies are shown in Table-1. The results
are presented in Figure-3 and Figure-4. As it
can be seen from these figures, our
microscopic potentials obtained by using
Fermi, Gaussian and VMC density
distributions provide very well compromise
with the experimental scores and generates
successfully the minimums and maximums
of the elastic scattering at two different
energies. The treatment of the cross-sections
generated by Fermi, Gaussian and VMC
density distributions are very similar at both
forward and backward angles. From Table-1,
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we have observed that both 15.3MeVand
21.7MeV incoming energies the largest
cross-section is 569 mb and 1321 mb,
respectively in Gaussian distribution. On the
other hand; we have observed that for
15.3MeV, with VMC obtained error results
are better than the result of Fermi and
Gaussian distribution, but for 21.7MeV with
Gaussian distribution obtained error results
are better than the results of Fermi and VMC
density distributions. Some times it may be
difficult to evaluate according to the results
of ¥2/N, we may come across with
interpretations of these results in the
literature (Farag, Esmael, & Maridi, 2014).

In the double-folding model, free parameter
is the normalization constant Nr. As shown
in Table-1, we kept this value as constant to
examine the behavior of the imaginary
potential. As the energy of the projectile in
the reaction is increased, it is expected that
the flux from the elastic channel would be
removed to the other channels due to the
occurrence of inelastic. Therefore, as the
energy increases, we expect an increase at
the depth of the imaginary potential. This is
what we have exactly observed in our
potential parameters. As it can be seen from
Table-1, while energy of 8B is 15.3 MeV, the
depth of imaginary potential is 19.7 MeV, as
the energy increases to Ein=21.7, the depth
of imaginary potential increases to 34.7
MeV. Our finding is in very good agreement
with the expectation. With this fixed real and
energy dependent imaginary potentials, we
have also obtained total reaction cross
section and volume integrals of the real and
imaginary parts of the optical potential at two
energies. It should be emphasized that our
results are in agreement with the findings of
Morcelle et al. (Morcelle et al., 2017).
Finally, as shown in Table-1, we have
computed the volume integrals of the
potentials used to describe for the 8B+2'Al

elastic scattering by using following
equations:

Jy = T fV(r E)r2dr (12)

V' ApAr ’

4
]W=APZTfW(r,E)r2dr (13)
where Ap is the mass number of the

projectile, and A4 is the mass number of the
target nucleus.

Figure 3. Angular distributions for the
8B+27Al elastic scattering at Erap=15.3 MeV.
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Figure 4. Angular distributions for the
8B+2Al elastic scattering at Era,=21.7 MeV.
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In this study, a theoretical analysis have been
conducted for the first time by using Fermi,
Gaussian and VMC density distributions for
the elastic scattering of the 8B+2’Al system at
ELab=15.3 and 21.7 MeV. The real part of the
complex optical potential is derived from the
Fermi, Gaussian and VMC density
distributions of the proton halo projectile ®B
and target 2’Al nuclei within double-folding
potential model. The imaginary part of the
potential has been taken as the form of

246



Elastic Scattering with Double Folding Model: 8B+?7Al

Woods-Saxon volume. Both at 15.3MeVand
21.7MeV, it has been noticed that the real
potential of 8B+*’Al (with Gaussian
distribution) goes to zero faster than the other
real potentials. However, we can express that
the real potential of 8B+%’Al (with Fermi
distribution) is deeper than the other real
potentials. We have investigated the effect of
potentials of the elastic and reaction cross-
sections as well as the change on the volume
integrals of the potentials for two energies.
We have shown that microscopic potentials
obtained by using Fermi, Gaussian and VMC
density distributions provide very good
agreement with the experimental data.
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