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Abstract. In this study, Skyrme and Gogny forces have been used to describe interactions for Hartree-Fock
(HF) and Hartree-Fock-Bogoliubov (HFB) calculations, considering all nucleons to evaluate nucleon densities.
The nucleon densities of the 141Pr were calculated by using the Skyrme-HF (SHF) method with Woods-Saxon
Potential (SHF-WS) and with Harmonic Oscillator Potential (SHF-HO), HFB method with Skyrme (HFB-S)
and with Gogny (HFB-G) interactions. In these calculations, the effects of the three-body force have been
accounted for in both Skyrme and Gogny forces through a density-dependent term necessary to describe var-
ious properties of nuclei and nuclear matter. The root-mean-square (rms) radii of proton, neutron, and charge
densities of the nucleus were calculated using the density-dependent Skyrme-type effective nucleon-nucleon
(NN) interaction in the HF approach. The Folding potential, developed to describe nucleon-nucleus (n-Pr)
elastic scattering data, was obtained by single folding potential to calculate reaction cross-section calculations
for 141Pr target. The calculated cross-sections, obtained using density data from four different models, were
compared with each other and with experimental data from the literature for analysis and interpretation of the
results.

1 Introduction

The ground state properties of nuclei, especially nu-
cleon densities, are generally calculated using Skyrme and
Gogny forces. The nucleon densities of 141Pr have been
calculated by using;

• Hartree-Fock-Skyrme (based on the Woods-Saxon Po-
tential) (SHF-WS)

• Hartree-Fock-Skyrme (based on the Harmonic Oscilla-
tor Potential) (SHF-HO)

• Hartree-Fock-Bogolyubov-Skyrme (HFB-S)

• Hartree-Fock-Bogolyubov-Gogny (HFB-G)

methods. The obtained nucleon densities for the 141Pr have
been compared with each other and then used to calculate
the interaction potential of elastic scattering of neutrons
from 141Pr. These obtained potentials are compared with
theoretical potentials which are available in the literature
and then used in the TALYS nuclear reaction code to get
differential cross sections of 141Pr(n,el) reaction. The ob-
tained cross section is also compared with both theoretical
calculations and experimental values.

1.1 Hartree-Fock Approximation

The Hartree-Fock (HF) is a useful approximation used in
calculating the ground state properties of spherical nuclei
∗e-mail: ferhanakdeniz@gmail.com

[1–3]. HF calculation codes developed using this and de-
rived approaches have been in use for several years. In
the HF approach, equations are solved using one iteration.
In these approaches, harmonic oscillator or Wood-Saxon
wave functions are recommended for the wave function
considered for iteration [4].

The nucleon, whether proton or neutron, density ρ is
generated based on these wave functions. Then, iterations
are made between the intensity and U(ρ) energy potential
for ψ wave function.

The Skyrme force is the most effective of the forces
used for the calculations used in the HF approximation
[5, 6]. In this way, very important nuclear quantities
such as nuclear radius, density distributions and surface
thickness can be calculated. Some calculation codes have
been developed by applying the HF approximation to
the specified Skyrme force by fitting through the least
squares method. These computational codes have also
been adapted to include studies of ground state correla-
tions and nuclear excitation.

1.2 Skyrme Forces

Skyrme forces are considered the best phenomenological
force used to calculate some properties of the nucleus, es-
pecially its ground states. The Skyrme interaction used in
the calculation of nuclear properties is defined in its sim-
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plest form as follows:

~Vskyrme =
∑
i< j

~V(i, j) +
∑

i< j<k

~V(i, j, k). (1)

While, the first term defines interaction of two-bodies, the
second term defines that of three-bodies.

1.3 Skyrme-HFB

Many properties of nuclei can be explained using a model
of independent particles moving at an average potential
[7]. Using the Skyrme-HF model [8], a single particle po-
tential (which depends on the distribution of nucleons in
the nucleus) can be obtained from the two-body interac-
tion for individual particles. This calculation is done us-
ing the variation principle with Slater determinants as trial
wave functions (e.g. harmonic oscillator or Woods-Saxon
wave functions).

The most general wave functions in Skyrme-HFB the-
ory consist of independently moving quasiparticles and are
determined using the variational principle [9, 10]. These
wave functions are obtained by taking into account as
many correlations as possible in the static approximation
of a single particle.

1.4 Gogny Forces

Another self-compatible field method is the Gogny model
using Gogny interaction [11]. Gogny force is the interac-
tion of two non-divergent particles and its parameters are
arranged according to experimental data. The Gogny force
is widely used in determining the properties of nuclear
structure requiring mean field calculations. The parame-
ters of the force are determined according to experimental
data of infinite nuclei and mean field calculations in accor-
dance with the properties of infinite nuclear matter.

The effect of the three-body force is taken into account
in the calculations, where both Skyrme and Gogny forces
are used. This is achieved through a density-dependent
term that is necessary to describe various properties of the
nucleus and nuclear matter [12, 13].

2 Nucleon Densities

The nucleon densities, which depend on the wave function
of the state and the occupation probability w of that state,
are given by:

ρq

(
−→
R
)

=
∑
β∈q

wβΨ
†

β(
−→r )Ψβ(−→r ), (2)

where q indicates neutron or proton density and β denotes
the state. Ψβ represents the single particle wave function
of the β state in the SHF method, while it represents the
quasi-particle wave function of the quasi-particle β state
in the HFB-S method. Using Eq. (2), the rms radii of
nucleon densities can be evaluated by;

rq =
〈
r2

q

〉1/2
=


∫

r2ρq(r)dr∫
ρq(r)dr

1/2

. (3)

The nucleon densities by the HFB-S and HFB-G meth-
ods are evaluated directly using the TALYS nuclear reac-
tion code and one can find details in [14].

3 Single Folding potential

Elastic scattering data can be analyzed using the HF code,
in which the calculated values replace the phenomeno-
logical potential. Double Folding potential is used in the
nucleus-nucleus interaction[15, 16] .

V f (R) = N
∫ ∫

ρ1(r1)ρ2(r2)VNN(s)dr1dr2, (4)

where ρ1 and ρ2 are the nucleon densities of interacting nu-
clei, R is the distance between the centers of mass of these
nuclei, and N is the normalization factor. The relative vec-
tor (~s = ~R +~r1 +~r2) indicates the distance between the in-
teracting nucleon pair. VNN(s) gives the effective nucleon-
nucleon (NN) interaction. During nucleon-nucleus scatter-
ing, the displacement of two interacting nucleons is called
"knock-on exchange" [17, 18]. This event is included in
the Double Folding integral as follows

V
′

NN = VNN + J00(E)δ(s) (5)

The VNN(s) component used in our calculations has the
following form

VNN(s) =

[
7999

e−4s

4s
− 2134

e−2.5s

2.5s

]
MeV, (6)

while J00 = −146 MeV.fm3

The nucleon-nucleus reaction is called the standard
Single-fold optical model and Single Folding potential
[15, 19], and is expressed as given below

VS F(R) =

∫
ρ(r)VNN

(
|~R − ~r|

)
d~r. (7)

Here,

VNN

(
|~R − ~r|

)
=

∫
drρ(r)V(s). (8)

The V interaction potential depends on the density because
the folding integral is taken depending on the density of
both interacting nuclei and nucleon. The nucleon-nucleus
interacting potential includes effects that depend only on
the density of a single nucleus. When the phenomenolog-
ical potential mentioned in the Single Folding integral is
included, the density effects of the other particle are ne-
glected, while the VNN(s) potential is not directly related
to the density of the nucleus[20].

4 Results

Three codes, namely HF code [21] , HAFOMN code [22]
and TALYS nuclear reaction code [14] were used to calcu-
late nucleon densities of 141Pr. Calculated values are given
in Figure 1. All methods give similar results and one can
see that SHW-WS results slightly differ from other meth-
ods.
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(a) (b)

Figure 1. The nucleon densities of 141Pr.

(a) (b)

(c) (d)

Figure 2. The 141Pr(n,el) reaction cross section at a) 1.2 MeV b) 1.7 MeV c) 1.9 MeV and d) 14 MeV .

The nucleon densities were used in Single Folding po-
tential calculations to obtain the nuclear interaction poten-
tial for the 141Pr (n,el) reaction. The calculated potentials
are given in Table 1 with comparison to theoretical values
which are available in the literature. Only, values for 14
MeV neutron energy values are given in Table 1.

The obtained potential values were used in the TALYS
nuclear reaction code to evaluate 141Pr(n,el) differential

cross sections at 1.2, 1.7, 1.9 and 14 MeV. The cross sec-
tion values are compared in Figure 2 graphically.

5 Conclusion

The results obtained in this study can be listed as follows:

1. Similar results are obtained if nucleon densities are
calculated in four different models.

3
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Table 1. Nuclear interaction potential values for 141Pr(n,el)
reaction at 14 MeV.

Theoretical Potential Potential This work
(MeV) (MeV) This work

[23] -44.964 -47.8521 SHW-WS
141Pr (n,el) [24] -46.577 -43.9269 SHF-HO
@ 14 MeV [25] -46.301 -43.9754 HFB-S

[26] -47.905 -44.7173 HFB-G

2. For elastic scattering reactions created with neu-
trons, interaction potentials can be calculated by us-
ing nucleon densities in the Single Folding method.
Instead of the Double Folding method, which is gen-
erally used for nucleus-nucleus interactions, the Sin-
gle Folding method used for nucleon-nucleus inter-
actions gives results that are very compatible with
other theoretical values found in the literature.

3. It is seen that compatible results are obtained in
the interaction potentials calculated for the projec-
tile energies for which experimental data are avail-
able.

4. By using this method, it has been seen that interac-
tion potentials for all nuclei can be obtained depend-
ing on the projectile energy, and in future studies,
new interaction potential equations will be obtained
thanks to the fitting process that depends on both the
energy as well as on Z and N.
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