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a b s t r a c t

Nuclear fusion may be among the strongest sustainable ways to replace fossil fuels because it does not
contribute to acid rain or global warming. In this context, activated cobalt materials in corrosion products
for fusion energy are significant in determination of dose levels during maintenance after a coolant leak
in a nuclear fusion reactor. Therefore, cross-section studies on cobalt material are very important for
fusion reactor design. In this article, the excitation functions of some nuclear reaction channels induced
by proton particles on 59Co structural material were predicted using different models. The nuclear level
densities were calculated using different choices of available level density models in ALICE/ASH code.
Finally, the newly calculated cross sections for the investigated nuclear reactions are compared with the
experimental values and TENDL data based on TALYS nuclear code.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nuclear fusion energy as the world's primary energy source may
be among the strongest sustainable ways to replace fossil fuels.
Nuclear fusion is able to supply considerable amounts of energy
over millions of years. Therefore, it is potentially a very attractive
source of energy [1]. Clearly, the high temperature and intensive
radiation in a nuclear fusion reactor can cause damage to the
structural materials. Therefore, the design and structural material
selection of fusion reactors are very important. In this framework,
the cross sections of nuclear reactions induced by nucleons are
required for the design calculations in fusion reactors and other
related investigations. Because of their high strength and hardness
properties, cobalt-based alloys have been used as structural ma-
terials in nuclear reactors [2e4]. In fact, activated cobalt materials
in corrosion products are significant in determination of dose levels
during maintenance after a coolant leak at a nuclear fusion reactor.
Cobalt materials for water cooling devices are the principal parts of
activated corrosion products [3]. On the other hand, cross-section
data are needed for many applications, such as fusion, fission,
accelerator-driven applications, dosimetry, and nuclear medical
applications [5]. Particularly, the reaction processes occurring in
nuclear fusion reactors should bewell known. In this context, many
models have been developed for better understanding of these

processes. Various nuclear models have been used to investigate
the different reaction mechanisms associated with reactor design
and material selection. These models also provide several advan-
tages in terms of cost and time [6e9]. Because the initial testing
phase of the International Fusion Material Irradiation Facility may
use Hþ or Hþ

2 , the nuclear reactions induced by protons need to be
considered. Therefore, the International Fusion Material Irradiation
Facility needs high accuracy evaluated proton data for prediction of
potential radiation hazards from beam transport elements and
accelerating cavities [10,11]. An accurate model description of each
nuclear reaction channel is important for understanding the for-
mation and decay of compound nuclei. It is known that the com-
pound process for a nuclear reaction defines the low-energy
portion of the function [12,13]. On the other hand, with increasing
incident energy, the precompound process becomes more impor-
tant [14e16].

Nuclear excitation functions of the 59Co(p,n)59Ni,
59Co(p,n3p)56Mn, 59Co(p,2np)57Co, 59Co(p,3n)57Ni, 59Co(p,3np)56Co,
59Co(p,4n)56Ni, and 59Co(p,4np)55Co reactions in this article
were calculated using the code ALICE/ASH [12]. In addition, a
complete analysis of cross sections calculated from different level
density models such as the Fermi Gas model (FGM) with an
energy-dependent level density parameter [17], the FGM with an
energy-independent level density parameter, the superfluid nu-
clear model (SFM) [18], and the KatariaeRamamurthy FGM
(KRM) [19] were presented. Furthermore, the new excitation
functions of nuclear reactions induced by proton particles onE-mail address: mustafayigit@aksaray.edu.tr.

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

https://doi.org/10.1016/j.net.2018.01.008
1738-5733/© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Nuclear Engineering and Technology 50 (2018) 411e415

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mustafayigit@aksaray.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2018.01.008&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2018.01.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2018.01.008
https://doi.org/10.1016/j.net.2018.01.008


59Co structural material were estimated with different input
parameters and were also compared with the measured cross-
section data reported in the literature [20] and in the TENDL
database [21].

2. Materials and methods

It should be stated that different nuclear reaction channels occur
with different probabilities. Physically, the reaction probability is
expressed in terms of a quantity called nuclear cross section. The
shapes of nuclear cross sections can be predicted using reaction
models in nuclear codes. Consequently, these models are needed to
obtain educated guesses of the excitation functions. Nuclear reac-
tion codes for the decay of compound nucleus are a useful way to
predict and interpret yields for different reactions. These codes,
combining compound and precompound decay channels, are very
successful for cross-section calculations at a wide range of incident
energies. In addition, one of the important inputs to the reaction
cross-section calculations is the nuclear level density. Until this
time, studies on nuclear reactions indicate that the nuclear level
density models are necessary to explain the excitation function of
reactions. The level density is the number of nuclear excited levels
around the excitation energy. The nuclear excited levels at low
excitation energies are discrete; however, theyappear to represent a
continuum with increasing excitation energy. Consequently, a
model for calculating the nuclear level densities is needed in the
continuumenergy regime. In the same context, at both lowandhigh
excitation energy regions, a correct and reliable description of the
excited levels of a nucleus has been used to test the success of the
nuclear reaction model including cross-section calculations [22].

Level densities for equilibrium states can be calculated using
different approaches in the ALICE/ASH code. The most widely used
level density expression in nuclear codes is the FGM of Bethe. The
inadequacy of this model for nuclei close to shell closures is known
[19]. The KRM has brought out the significant contribution of the
surface-to-volume ratio of a nucleus to its nuclear level density
parameter, deduced from the measured values. This model is
expressed in terms of a Fourier expansion of the single particle level
density of nucleons in the nucleus. The single particle level density
as the macroscopic part of the nuclear level density parameter is
related to the average density of the single particle states at the
Fermi energy. The nuclear level density parameter in this model
was written as follows:

a ¼ aA
�
1� bA�1

3

�
(1)

The parameter “a” is dependent on the well parameters and also
can be parameterized by the nucleus separation energies, as
follows:

a ¼ aAþ A
2
3

�
b0 þ

b1
Sn

þ b2
Sp

�
(2)

The terms a, b0, b1, and b2 are the fitting parameters. The terms
Sp and Sn are the proton and neutron separation energies,
respectively [19].

The nuclear level densities in the FGMwith energy-independent
level density parameters are calculated as follows:

rðUÞfðU � dÞ�5

=

4e
�
2

ffiffiffiffiffiffiffiffiffiffiffiffi
aðU�dÞ

p �
(3)

The nuclear level density parameter “a” is equal to A=y. Here,
“y” and “A” are a constant and the mass number of the nucleus,
respectively. “d” and “U” represent pairing correction and excitation
energy, respectively [12].

The nuclear level densities in the FGM with the energy-depen-
dent level density parameter proposed by Ignatyuk et al. [17] are
calculated as follows:

rðUÞfa�1

=

4ðU � dÞ�5

=

4e
�
2

ffiffiffiffiffiffiffiffiffiffiffiffi
aðU�dÞ

p �
(4)

The nuclear level density parameter aðUÞ, generally referred to
as the Ignatyuk formula, is written as follows [17]:

aðUÞ ¼ ~a
	
1þ f ðUÞdW

U



(5)

where the quantity “dW” denotes the shell correction. The function
“f ðUÞ” is equal to 1� eð�gUÞ. The quantity “~a” is the asymptotic
value of the nuclear level density parameter and is equal to
Aðaþ bAÞ.

where the coefficients g ¼ 0.054 MeV�1; b ¼ �6:3*10�5;
a ¼ 0:154.

The pairing correction is equal to d ¼ 0 for oddeodd nuclei and
12=A

1 =

2 for nuclei with odd A; d ¼ 24=A
1 =

2 for eveneeven nuclei
[12,17].

The nuclear level densities according to the SFM are calculated
as follows [18]:

rðUÞ ¼ rqpðU0ÞKvibðU0ÞKrotðU0Þ (6)

where rqpðU0Þ represents the density of quasi particle nuclear
excitation. Here, KrotðU 0 Þ and KvibðU0Þ are rotational and vibrational
enhancement factors at effective energy of U0 excitation, respec-
tively [18]. Level density parameters in the SFM are written as
follows:

aðUÞ ¼
�
~að1þ dW4ðU0 � EcondÞ=ðU0 � EcondÞ; U0 >Ucr
aðUcrÞ; U0 � Ucr

(7)

The critical energy of the phase transition, Ucr ¼
0:472aðUcrÞD2

0 � nD0; the effective energy, U
0 ¼ U � nD0; the

condensation energy, Econd ¼ 0:152aðUcrÞD2
0 � nD0. The correlation

function “D0” is equal to 12A�1=2 [12,18].

3. Results

In this work, the nuclear cross-section data of the 59Co(p,n)59Ni,
59Co(p,n3p)56Mn, 59Co(p,2np)57Co, 59Co(p,3n)57Ni, 59Co(p,3np)56Co,
59Co(p,4n)56Ni, and 59Co(p,4np)55Co reactions were calculated in
the ALICE/ASH code using the KRM, FGM, and SFM level
densities.

3.1. 59Co(p,n)59Ni nuclear reaction

Fig. 1 shows the excitation curves for the 59Co(p,n)59Ni reaction
up to 30MeV. The excitation functions for this nuclear reaction give
maximum values in the energy range of 7e17 MeV. At low incident
energies, the KRM and FGM [with a(U)] calculations have different
cross-section data than those of the other excitation functions. The
experimental data of Kailas et al. [23] and Johnson et al. [24] for the
investigated reaction are quite a bit lower than the cross section
calculations with SFM and FGM (with expression a ¼ A/K) level
densities. Moreover, the excitation function reported by Albert [25]
at incident proton energies of 3.6e8.1 MeV yield an acceptable
harmony with the SFM and FGM (with expression a ¼ A/K) calcu-
lations and TENDL-2015 data. Besides this, the measured excitation
function of Hansen and Albert [26] tends to be a bit lower than the
cross-section calculation results with KRM level density using the
ALICE/ASH code. The model-based calculations predicted using the
KRM level density agree satisfactorily well with the experimental
data reported by Chodil et al. [27] in the energy range of 7e15MeV.
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3.2. 59Co(p,n3p)56Mn nuclear reaction

Comparison of the model-based excitation curves with the
experimental data of Sharp et al. [28] for 59Co(p,n3p)56Mn nuclear
reaction is presented in Fig. 2 as a function of proton energies up to
100 MeV. The nuclear cross sections from model calculations
appear to give maximum values at bombarding proton energy of
about 60 MeV. As can be seen in Fig. 2, the FGM calculation results
with level density parameter of a¼ A/18 for the considered reaction
have good agreement with the four experimental data points re-
ported by Sharp et al. [28] in the energy range of 83.6e99.1 MeV.
The cross sections predicted from the different level density pa-
rameters (with expression a ¼ A/K) in the ALICE/ASH computer
code give different results, in general.

3.3. 59Co(p,2np)57Co nuclear reaction

The nuclear cross sections for the 59Co(p,2np)57Co nuclear re-
action in the present article are shown in Fig. 3 for incident proton
energies up to 100MeV. The excitation functions have a broad peak
with a maximum value of about 728 mb at proton energy of
36 MeV. As can be seen in Fig. 3, the experimental data obtained by
Sharp et al. [28] have lower cross-section values than the ALICE/
ASH code calculations and TENDL-2015 database data, particularly

at incident energies above 30 MeV. However, the cross-section
values measured by Sharp et al. [28] at the incident energies of
26.5 MeV, 28 MeV, and 29.5 MeV are in very good agreement with
the cross-section results predicted using the KRM level density for
this reaction.

3.4. 59Co(p,3n)57Ni nuclear reaction

The cross sections of the 59Co(p,3n)57Ni nuclear reaction are
shown in Fig. 4 for the incident proton energies up to 100 MeV. It
may be pointed out that the excitation functions calculated from
different level density models in the ALICE/ASH code give different
results. The excitation function predicted using the KRM level
density in the ALICE/ASH code is found to have good agreement
with the cross-section data measured by Sharp et al. [28] in the
proton energy range of 27.5e50.4 MeV. It is said that the excitation
functions predicted by SFM and FGM level densities are at higher
energies than those of the KRM prediction and the data of Sharp
et al. [28]. Particularly, the TENDL-2014 excitation function for this
reaction has low cross-section values above the incident energy of
� 40 MeV. Moreover, the KRM predictions by the ALICE/ASH code
show excellent harmony with the experimental data of Ditroi et al.
[29] in the energy range of 59.7e69.8 MeV. Besides this, the

Fig. 1. The theoretically calculated and experimentally measured excitation curves for
59Co(p,n)59Ni reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

Fig. 2. The theoretically calculated and experimentally measured excitation curves for
59Co(p,n3p)56Mn reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

Fig. 3. The theoretically calculated and experimentally measured excitation curves for
59Co(p,2np)57Co reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

Fig. 4. The theoretically calculated and experimentally measured excitation curves for
59Co(p,3n)57Ni reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.
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cross-section predictions calculated by the KRM level density show
good agreement with the data reported by Johnson et al. [30] and
Michel et al. [31] at the incident energies above �30 MeV.

3.5. 59Co(p,3np)56Co nuclear reaction

The model-based calculation data for the 59Co(p,3np)56Co re-
action are presented in Fig. 5 together with the experimental re-
sults of Sharp et al. [28]. The nuclear excitation functions calculated
by ALICE/ASH code appear to give maximum values at the incident
proton energy of 40e50 MeV. In general, the TENDL-2015 data
based on TALYS code and the cross-section predictions with the
KRM level density in the ALICE/ASH computer code for
59Co(p,3np)56Co nuclear reaction seem to be in good agreement
with the measured data of Sharp et al. [28], except for a few cross-
section data points. It is observed that the effect of the variation of
nuclear level densities on the calculated cross sections is quite
dominant in the maximum region of the excitation function.

3.6. 59Co(p,4n)56Ni nuclear reaction

The calculated and measured cross-section data of the
59Co(p,4n)56Ni nuclear reaction are presented in Fig. 6. It has also
been pointed out that the FGM predictions [with a(U)] using the

ALICE/ASH code are in good agreement with the cross-section
values reported by Haasbroek et al. [32] in the proton energy range
of 49.4e84.4 MeV for the 59Co(p,4n)56Ni reaction. Generally, the
KRM and FGM predictions [with a(U)] show good harmony with
the cross sections measured by Ditroi et al. [29] and Michel et al.
[31]. It can be seen in Fig. 6 that the TENDL-2009 excitation function
based on the TALYS code shows good harmony with the experi-
mental data of Sharp et al. [28]. As can be seen from Fig. 6, the
excitation functions calculated with different level density pa-
rameters in the FGM have different cross-section results.

3.7. 59Co(p,4np)55Co nuclear reaction

Fig. 7 shows the theoretical and experimental calculations of the
59Co(p,4np)55Co nuclear reaction for incident proton energies up to
100 MeV. The calculated nuclear excitation curves for the consid-
ered nuclear reaction are almost constant above 60 MeV. It can be
seen in Fig. 7 that the KRM estimations in the ALICE/ASH code for
the 59Co(p,4np)55Co reaction yield an acceptable harmony with the
measurements of Sharp et al. [28] above the proton energies of
65 MeV. The calculated nuclear excitation curves are almost con-
stant above 60 MeV. It may be pointed out that the variation of
nuclear level densities in the ALICE/ASH code has considerable in-
fluence on the predicted cross sections.

4. Discussion

The excitation curves of nuclear reactions induced by protons on
the 59Co nucleus have been calculated using the ALICE/ASH code.
The impacts on the calculated excitation functions of different
nuclear level densities were analyzed for the investigated reactions.
KRM takes into account the shell effects in the level densities. The
model-based calculations with the KRM level density agree satis-
factorily well with the measured data for the 59Co(p,n)59Ni,
59Co(p,3n)57Ni, 59Co(p,3np)56Co, 59Co(p,4n)56Ni, and 59Co(p,4np)55Co
nuclear reactions at the high-energy tail portion of the excita-
tion function. Cobalt-59 is also very close to the shell closures.
The results indicate that the shell effects are very important to
explain the excitation functions of proton-induced nuclear
reactions. The TENDL database as a nuclear data library provides
the output of the TALYS nuclear reaction code in the evaluated
nuclear data file (ENDF) format. Generally, TENDL data for the
59Co(p,n)59Ni, 59Co(p,n3p)56Mn, 59Co(p,3np)56Co, and
59Co(p,4n)56Ni reactions show good harmony with the

Fig. 5. The theoretically calculated and experimentally measured excitation curves for
59Co(p,3np)56Co reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

Fig. 6. The theoretically calculated and experimentally measured excitation curves for
59Co(p,4n)56Ni reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

Fig. 7. The theoretically calculated and experimentally measured excitation curves for
59Co(p,4np)55Co reaction.
FGM, Fermi Gas model; KRM, KatariaeRamamurthy Fermi Gas model; SFM, superfluid
nuclear model.

M. Yi�git / Nuclear Engineering and Technology 50 (2018) 411e415414



experimental data. The nuclear level density model is a good
parameter for characterizing the emission process of a nuclear
reaction. It is observed that the accurate choice of level density
model and level density parameter leads to better estimation of
the excitation functions of nuclear reactions.
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