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Abstract: In the present paper, the nuclear structure properties of 8°Co were investigated by using the Hartree-
Fock method with Skyrme forces, such as the binding energy per particle, the root-mean-square (rms) nuclear
charge, proton, neutron radii and charge, proton, neutron density distributions as a function of radius via
HAFOMN code. The bulk and surface contributions to neutron skin thickness were analyzed by results obtained
from proton and neutron density distributions. The calculated results were compared with the experimental
results in the literature. Additionally, proton, neutron, deuteron, triton, he-3 and alpha separation energies of
8Co were determined by Talys code. Because, these separation energies can be used for nuclear reaction, r-
process and skin behavior of nuclei.
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%0Co’m Niikleer Yap1 Ozelliklerinin Fenemojiksel Yaklasimlarla
Incelenmesi

Ozet: Bu calismada, %°Co’m niikleer yap1 6zellikleri olan pargacik basina baglanma enerjileri, kare ortalama
karekok (rms) yiik, proton ve nétron yarigaplari, proton, ndtron ve yitkk yogunluk dagilimlari yarigapin bir
fonksiyonu olarak HAFOMN kodu vasitasiyla, Skyrme kuvvetli Hartree-Fock methodu kullanilarak
arastirllmistir. Notron yiizey kalinligina hacim ve yiizey katkilari, proton ve nétron yogunluk dagilimlarindan
elde edilen sonuglardan analiz edilmistir. Hesaplanan sonuglar literatiirdeki deneysel sonuglar ile
karsilastirilmgtir. {laveten, %°Co’1n proton, nétron, doteron, triton, he-3 ve alfa ayirma enerjileri Talys kodu ile
belirlenmistir. Ciinkii, bu ayirma enerjileri ¢ekirdeklerin ytlizey davranislari, r-process ve niikleer reaksiyonlarda
kullanilabilir.

Anahtar Kelimeler: Niikleer yap1, Skyrme kuvveti, Notron yiizey kalinligi, Ayirma enerjisi.

1. INTRODUCTION

The structure of the nucleus constitutes one of the
fundamental aims of research in nuclear physics
since the atomic nucleus is the building block of
matter in the universe [1]. There are several
phenomenological approaches for describing the
ground-state properties of nuclei such as Hartree-
Fock, which is one of the most important
approaches used in nuclear structure calculations.
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The Hartree-Fock approach has been put forward
to adjust many body problems as it figures out the
many-electron problem via the one-electron
problem with an effective potential between all the
electrons [2]. The Hartree-Fock with Skyrme
interaction approach, which is an effective density-
dependent nucleon-nucleon force, enables the
appropriate microscopic description of nuclear
structure properties of nuclei such as binding
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energy of nucleus, the root mean square (rms)
charge, proton and neutron radii, and density
distribution of nucleus. In order to calculate these

SLy7 and T3 in the literature [3-7]. These force
parameters have certain input parameters based on
the Skyrme formalization and the values of force

nuclear properties, there are various force
parameters, S3, SKM, SKM*, SLy4, SLy5, SLy6,

parameters are widely given in Table 1 [3-5].

Table 1. Numerical values of Skyrme force parameters.

Parameters Skyrme Forces
S3 SKM SKM* SLy4 SLy5 SLy6 SLy7 T3
to (MeVfm?)  -1128.75 -2645.00 -2645.00  -2488.91  -2483.45 -2479.5 -2482.41  -1791.80
t; (MeVfmd) 395.00 385.00 410.00 486.82 484.23 462.18 457.97 298.50
t, (MeVfm®) -95.00 -120.00 -135.00 -546.39 -556.69 -448.61 -419.85 -99.50
t; (MeVfm?) 14000 15595 15595 13777 13757 13673 13677 12794
t, (MeVFmd) 120 130 130 123 125 122 126 126
Xo 0.450 0.09 0.090 0.834 0.834 0.825 0.846 0.138
X1 0.000 0.000 0.000 -0.344 -0.317 -0.465 -0.511 -1.000
Xy 0.00 0.00 0.00 -1.00 -1.00 -1.00 -1.00 1.00
X3 1.000 0.000 0.000 1.354 1.263 1.355 1.391 0.075
a 1 1/6 1/6 1/6 1/6 1/6 1/6 1/3

The major goal of this paper is to investigate
nuclear structure calculations of ®°Co with different
Skyrme force parameters. Since ®°Co is effectively
used in radiotherapy as a gamma source in nuclear
medicine [8-11], it has a potential in radioisotope
power systems (RPS) [12-14] as a beta energy
source (Bmax =0.318 MeV) [15,16] with suitable
shielding [16]. However, in the literature, there is a
lack of studies on the theoretical and experimental
nuclear structure properties of °°Co. We, therefore,
used the Hartree-Fock method with Skyrme S3,
SKM, SKM*, SLy4, SLy5, SLy6, SLy7 and T3
forces via HAFOMN code [17] to widely provide
nuclear data of ®°Co. For this purpose, the binding
energy per particle, the rms charge, proton, neutron
radii, the charge, proton and neutron density
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distributions, the neutron skin thickness and the
separation energies of ®°Co have been calculated
for each Skyrme force.

2. THEORY

To determine the nuclear structure properties of
%Co, we have utilized HAFOMN code using
harmonic oscillator wave function for different
Skyrme forces: S3, SKM, SKM*, SLy4, SLy5,
SLy6, SLy7 and T3. These phenomenological
Skyrme forces mainly make up two-body and
three-body term dependent on momentum and
density, respectively. However, for the three-body,
Skyrme force is hypothesized to be a zero range:
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Based on the parameters, the two-body and three-body terms as a single form are given by [18-21]
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The values of force parameters in Egs. (1), (2) and

(3) areclearly givenin Table 1. P, k, p,oand &(r)
represent the space exchange operator, relative
momentum, density, vector of Pauli spin matrices,

and delta function, respectively.

In order to calculate the nuclear structure properties

of ®°Co, the density formulas are given by
#2p, (F)d37]"?
= (Tq2>1/2 = [_f PqE )3—> ] “)
qu(T‘)d r
where, g represents proton, neutron or charge. p, is
density, but the neutron or proton densities are
different from the charge density due to nucleons
having an intrinsic electromagnetic structure.

i) For the proton and neutron densities:

NOEDRIAGING! (5)
Beq
ii) For the charge density:
1
p0®) = 57 [ K2jolhr) Fun (0 ©)

where, @(7) is the wave function, w represents
occupation probability, F., (k) is the charge form
factor, and jrepresents the spherical Bessel
function [22-24]. The neutron skin thickness (NST)
having another nuclear structure property via the
bulk and surface contributions can be calculated by
the following equation [25]:

Aty = A+ A i

()

The bulk contribution to NST can be written as

3 n? (a2 a?
s o 2(2-2)
n (p

(8)
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The surface contribution of NST:

©)

where, a and C parameters are the half-density
radius and the surface diffuseness. We have
determined C,, Cp, a, and a, parameters from
proton and neutron distributions given in Figure 1
for each force parameter.

Furthermore, for the neutron (S,), proton (S,),
deuteron (S,), triton (S;), he-3 (Sy.—3) and alpha
(Sg), the separation energies of nuclei are also quite
important in halo and skin behaviors of nuclei, and
in r-process [6, 26-28]. Therefore, we calculated
separation energies of °°Co by Talys code [29].

3. RESULTS AND DISCUSSION

The calculated binding energies per particle,
neutron skin thickness, the rms charge, proton and
neutron density radii for S3, SKM, SKM*, SLy4,
SLy5, SLy6, SLy7 and T3 force parameters are
presented in Table 2 and the calculated binding
energies are compared with the experimental value.
However, for the experimental radii in literature,
there is a lack of nuclear structure properties of
%0Co nucleus used in RPS technology as an energy
source and in cancer therapy as radiation source.
The calculated results of binding energies per
particle of ®°Co are in the energy range of 8.5570 -
8.8054 MeV. The findings for the SLy6 parameter
are consistent with the experimental result. SKM
and SLy7 parameters are close to experimental
results [30] relative to other parameters. If the
charge density radii are taken into account, S3 force
parameter has the highest charge, proton, neutron
density radii, however, it is the contrary for the
SKM parameter. Besides, in the S3 parameter, the
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neutron skin thickness is less compared to that of
the other parameters. The surface and bulk
contributions to NST analyzed for all force
parameters are given in Table 2. Itis clear that NST
values generally lie between 0.32 fm and 0.39 fm,

Table 2. Calculated some nuclear properties of ©Co.

except for S3 and SLy4. It is known that the surface
contributions to NST for all force parameters are
bigger than the bulk contributions.

Forces Binding Rms charge  Rms proton Rms Bulk Surface Neutron skin
energies per  density radii  density radii neutron contribution  contribution thickness
particle (fm) (fm) density to NST (fm)  to NST (fm) (NST)
(MeV) radii (fm) (fm)
S3 8.5570 3.845 3.756 3.825 0.0665 0.1081 0.1746
SKM 8.7996 3.788 3.700 3.792 0.0417 0.3193 0.3610
SKM* 8.6283 3.810 3.721 3.812 0.0373 0.3527 0.3900
SLy4 8.6350 3.817 3.728 3.819 0.0659 0.3798 0.4457
SLy5 8.6094 3.801 3.713 3.825 0.0462 0.2975 0.3437
SLy6 8.7464 3.805 3.717 3.807 0.0386 0.2844 0.3230
SLy7 8.8054 3.803 3.714 3.804 0.0308 0.3230 0.3538
T3 8.6528 3.790 3.701 3.797 0.0994 0.2484 0.3478
Exp. 8.7470 -
The proton, neutron and charge density together with S3 parameter at r=0 fm have lower

distributions are calculated by S3, T3, SKM,
SKM*, SLy4, SLy5, SLy6 and SLy7 force
parameters in the Hartree-Fock method (Figure 1).
It is obvious that the neutron density distributions
are generally higher than the charge and proton
density values between r=0 fm and r=3 fm. In
addition, in the region of r=0-3 fm, the density
distributions are in the form of hump. After this
region, the densities decrease up to r=6 fm, and the
proton, neutron and charge densities approach to
zero between r=6.5 fm and r=7 fm. SLy5 and SLy4
parameters for the proton and charge densities at
the center (r=0) have the highest density values of
pp =0.0905 fm= (SLy5), p. =0.0844 fm3(SLy5),
and p, =0.0913 fm* (SLy4), p. =0.0842 fm’
3(SLy4), compared to the other parameters.
However, in neutron density, SLy5 parameter

values (p,, =0.0849 fm3 and p,, =0.0838 fm?).
All the Skyrme force parameters for the densities
of proton, neutron and charge are consistent with
each other beyond r=3.7 fm. On the other hand, S3
parameter has the lowest value for the proton
(pp =0.75 fm?), neutron (p, = 0.84 fm™) and
charge (p, =0.72 fm™) density values.

Moreover, the neutron, proton, deuteron, triton, he-
3 and alpha separation energies of ®°Co are
calculated by the Talys code and are presented in
Figure 2 as bars. It is clearly shown that while the
Sne—3 and S; have the highest separation energies,
i.e., 19.09479 (MeV) and 16.41833 (MeV),
respectively, the minimum separation energies are
determined for S, and S, as 7.16379 MeV and
7.49192 MeV.
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Figure 1. Calculated proton, neutron and charge density distributions for cobalt-60 with Skyrme force parameters.
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Figure 2. Neutron, proton, deuteron, triton, he-3 and

separation energies of cobalt-60.

alpha

4. CONCLUSIONS

The binding energy per particle, the rms proton,
neutron and charge radii, neutron, proton and
charge density distributions, bulk and surface
contributions to NST have been calculated for ©°Co
nucleus, which is important in nuclear medicine as
a gamma source and in RPS as a beta source. The
Hartree-Fock method was used for the calculations
along with an effective Skyrme force with S3,
SKM, SKM*, SLy4, SLy5, SLy6, SLy7 and T3
parameter to extend nuclear data of *°Co.

NST values have been severally determined by the
proton and neutron density distributions for the
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bulk and the surface contributions. The main
contribution to NST comes from the part of surface,
and the average NST value is determined as 0.342
fm. The bulk and surface parts of NST can be used
for better understanding the skin structure of *°Co
nucleus because it is known that deviations of the
NST from the average trend are indications of the
nuclear deformation and there is a lack of sufficient
literature for ®°Co. To overcome these deficiencies,
the best Sy, S,, Sq, St She—3 and S, separation
energy values used in nuclear reactions, skin
behavior of nuclei and r-process in literature have
been analyzed by Talys code.
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