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ABSTRACT

Nuclear reaction cross sections have a key role in nuclear radioisotope production research.
It is also an important part of applied fields such as energy production and experimental
nuclear studies. It has been the subject of theoretical studies such as elucidating the nuclear
structure and preparing and testing nuclear reaction models. It has become a very useful
tool, especially for determining nuclear optical model parameters. In this study differential
cross sections were calculated for elastic and inelastic scattering of 14-15 MeV energy
range deuterons from *N, 60 and ?’Al. Calculation were carried out with TALYS 1.96/2.0
nuclear reaction code. Calculations include determining the deuteron optical model that
match the experimental data. The values calculated with theoretical models were compared
with experimental data obtained from the literature. While such studies are important for
testing nuclear reaction models, they are also important for encouraging the preparation of
nuclear reaction codes.
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1. Introduction

Phenomenological nuclear optical model (NOM)
contributes greatly to the understanding of nuclear structure
through the valuable data it provides. NOM, in which the
interaction of the incoming particle and the target nucleus is
represented by a complex potential, also provides useful data to
other nuclear models such as total reaction cross section,
transmission coefficient, potential scattering radius etc. In the
model, the total potential is defined through parameters and
potential depths. In order to increase the precision of the
calculation results in the optical model, it is very important to
choose the correct model parameters and potential depths. The
number, diversity and currentness of experimental data on
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elastic and inelastic scattering reactions increase the success of
the nuclear optical model. The number of experimental studies
on nuclear scattering reactions included deuteron is relatively
low compared to the experimental studies on the scattering
reactions of neutron and proton-inducted reactions. This
situation causes theoretical deuteron optical model studies to
remain relatively limited.

Comparing nuclear models is a useful process to test the
success of the models. In this way, the incident energy values
and the target nucleus mass ranges where the models are
successful (or not) can be determined (Biyikuslu, 2017).
Nuclear reaction codes have become the most important tools
of theoretical calculations. Comparison studies of reaction
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models also contribute to the development of nuclear reaction
codes and increasing the variety of models they contain.

In this study, differential cross sections of elastic and
inelastic scattering reactions involving deuteron projectile
particles were obtained for N, O and ?’Al target nuclei.
Calculations were carried out for five different deuteron optical
potentials. Obtained results were compared with experimental
data. The common use and general expression of the nuclear
optical model are given in the next section. References are
given to access detailed explanations of the nuclear optical
models mentioned in the article.

2. Theoretical Model

Phenomenological nuclear optical model potential, which
includes the terms volume, surface and spin-orbit, is expressed
as follows:

Uppe () = +0. () =V, (r) + Vsgy (r) — iWsgw () —
iWy fw(r) — dsol - $Vsohy, (r) + idgsol - SWsohyy e, (r) (1)

where, 9. () is the Coulomb term,
V(r), Vs(r), W (1), Wy (1), Vso (), Wso (1) are energy-
dependent well depths, dg, = (i/m,c)? is the spin-orbit
constant.

The real and imaginary volume terms f, and f,,, defined by
Woods-Saxon shape as,

fi

1
T 1+exp[(r-Ry)/a;]

i=V,W )

where R; and a; are the radii and the diffusivities,
respectively.

Local and global parameter sets have been presented by
various researchers for the deuteron optical model. The main
ones are the studies of Watanabe’s (Watanabe, 1958),
Daehnicket et al. (Daehnick et al., 1980), Bojowald et al.
(Bojowald et al., 1988), Han et al. (Han et al., 2006) and Haixia
et al. (An & Cai, 2006). Global deuteron potential of Daehnick
et al. covers the target mass range of 27 < A <238 and an energy
range from 11.8 to 90 MeV. J. Bojowald et al. global potential
covers the target mass range of 12 < A < 208 and the energy
range from 52 to 85 MeV. Han et al. obtain deuteron global
phenomenological optical model potential parameters for
nuclides in the mass range 12 < A <209 with incident energies
from threshold up to 200 MeV. Haixia and Chonghai present
set of global deuteron optical potential parameters, which it
covers target nuclei ranging from 2C to 28U in the energy
region below 183 MeV.

In the study, calculations were carried out using the TALYS
(Koning et al., 2007) nuclear reaction code. TALYS is a nuclear
reaction code that is widely used and gives very successful
results for the reactions of light projectile particles (proton,
neutron, deuteron, triton, alpha and *He) and target nuclei larger

than 12. There are five deuteron optical model potential
(dOMP) options in TALY'S 1.96/2.0 for the deuteron elastic and
inelastic differential cross section calculations. The dOMPs
selected in the study are the potentials included as options in
the TALYS code. dOMPs, their refs. and Talys input parameter
keywords were listed in Table 1. Detailed information about the
mentioned deuteron optical potentials is available in the
references.

Table 1. dOMPs, references and TALYS input parameter
keywords of the models in the study.

The Deuteron Optical

Model Potentials Reference -Izztlvsxlor d
(dOMP)

Watanabe folding (Watanabe, deuteronomp 1
approach 1958)

Deuteron potential of (Daehnick et

deuteronomp 2

Daehnick et al. al., 1980)

Deuteron potential of (Daehnick et deuteronomp 3
Bojowald et al. al., 1980)

Deuteron potential of Hanetal.,

Han et al. P (2006) deuteronomp 4
Deuteron potential of (An & Cai, deuteronomp 5
Haixian An et al. 2006)

Experimental elastic and inelastic differential cross section
values for N and 60 target nuclei were taken from the study
of Nguyen (Nguyen, 1966) and for 2’Al target nucleus from the
study of Cowley et al. (Cowley et al., 1966) and the study of
Jolly etal. (Jolly et al., 1963) via EXFOR Experimental Nuclear
Reaction Data (Otuka et al., 2014). In this study, experimental
data in the 14-15 MeV incident energy range was compiled in
order to study within the framework of the compound nucleus
reaction mechanism. Target nuclei in the study consist of light
nuclei such as *N, 160 and #Al.

3. Results and Discussion

Differential cross sections were calculated for elastic and
inelastic scattering of 14-15 MeV energy range deuterons from
14N, 180 and ?'Al targets. The calculations were carried out for
the five different deuteron optical model parameter sets given
as options in the TALY'S nuclear code.

The elastic scattering differential cross-section graphs for
14N, 180 and ?’All target nuclei at 14. 25, 15 and 15.8 MeV
incident energies are given in Figures 1-4.
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Figure 1. Calculated elastic scattering differential cross
sections and experimental values for 2N target nucleus at 14.25
MeV incident deuteron energy.
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Figure 2. Calculated elastic scattering differential cross
sections and experimental values for 0 target nucleus at 14.25
MeV incident deuteron energy.
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Figure 3. Calculated elastic scattering differential cross
sections and experimental values for 2’Al target nucleus at 15.8
MeV incident deuteron energy.
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Figure 4. Calculated elastic scattering differential cross
sections and experimental values for 2’Al target nucleus at 15
MeV incident deuteron energy.

In Figure 1 and Figure 2, although **N and °O have similar
scattering angles, it is seen that there are deviations from the
experimental values at large angles in the calculations
performed for N. It is very likely that this deviation is due to
experimental error. For the target nucleus 0, angular
distribution calculations are close to each other, and it can be
said that the last two models are slightly more compatible with
experimental data. In Figure 3, except for the potentials of
Watanabe and Han et al., results close to each other and close
to experimental values were obtained in the other three models.
Similarly, in Figure 4, all calculations are compatible with the
experimental points, except for Watanabe potentials.

The inelastic scattering differential cross-section graphs for
160 and ?’All target nuclei at 14. 25, 15 and 15.8 MeV incident
energies are given in Figures 5-9.
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Figure 5. Calculated inelastic scattering differential cross
sections and experimental values for 0 target nucleus at 14.25
MeV incident deuteron energy.
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Figure 6. Calculated inelastic scattering differential cross
sections and experimental values for 0 target nucleus at 14.25
MeV incident deuteron energy.
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Figure 7. Calculated inelastic scattering differential cross
sections and experimental values for 2’Al target nucleus at 15
MeV incident deuteron energy.
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Figure 8. Calculated inelastic scattering differential cross
sections and experimental values for 2’Al target nucleus at 15
MeV incident deuteron energy.
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Figure 9. Calculated inelastic scattering differential cross
sections and experimental values for Al target nucleus at 15.8
MeV incident deuteron energy.

The inelastic scattering angular distribution for the second
and third discrete state are shown in Figure 5 and Figure 6 for
the 160 target nucleus. While all of the models are compatible
with the experimental data for the second discrete state angular
distribution calculations, the success of the models is not
sufficient for the third discrete calculations. Inelastic scattering
angular distribution graphs of deuterons with incident energies
of 15 MeV and 15.8 MeV for the Al target nucleus are given
in Figures 7-9. At 15 MeV incident energy, all potentials except
Watanabe 's potential (in Figure 7 and Figure 8) could not agree
with the experimental data at all scattering angles. Watanabe 's
potential can be considered partially successful at the fourth
discrete level calculations. At 15.8 incident energy, unlike
Figure 7 and Figure 8, it was revealed that models other than
Watanabe’s potential were successful. In particular, the
potential parameters prepared by Han et al. are in good
agreement with the experimental values for this nucleus and
incident energy.

In general, although the models achieved acceptable results
in elastic scattering calculations, partially compatible results
were obtained for inelastic scattering. It should also be noted
that the calculations were made with the default settings of the
Talys code. More successful results can be achieved by using
other models and parameters included in the code.

4. Conclusion

In this study, elastic and inelastic differential cross sections
of the scattering reactions of “N, 0 and ?’Al target nuclei and
deuteron projectile particles at various energies were calculated
using different global optical model parameters. The potentials
of Han et al. and Haixian et al. were prepared in accordance
with current experimental data. Therefore, it was expected to
provide better agreement with experimental data. Their global
potential parameters were partially successful in this study.
Although the Watanabe potential is an older study, results were
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as successful as the results of the last two models. It was seen
that the angular distribution calculations of inelastic scattering
are far from the experimental data. This situation can be
resolved by using other parameters included in the code.

Experimental data is an indispensable need to develop the
nuclear optical model and obtain successful theoretical results.
The success of scattering cross-section calculations for
deuteron-inducted reactions is also possible with more
experimental data. There appears to be a need for further
experimental work in these types of reactions. With the increase
in the number of experimental deuteron-introduced reaction
studies, it will be possible to obtain more consistent optical
model parameter sets in the future. It is also possible to study
local optical model parameters for these nuclei in future studies.
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