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The production process of cobalt-60 was simulated by a particle accelerator in the energy
range of 5 to 100 MeV, particle beam current of 1 mA, and irradiation time of 1 hour to per-
form yield, activity of reaction, and integral yield for charged particle-induced reactions.
Based on nuclear reaction processes, the obtained results in the production process of co-
balt-60 were also discussed in detail to determine appropriate target material, optimum en-

ergy ranges, and suitable reactions.
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INTRODUCTION

The significance of the nuclear data for
radionuclide production in nuclear medicine, industry,
astrophysics, and cosmochemistry is considerably ex-
tensive [1-8]. Therefore, nuclear reaction and nuclear
structure data are fairly important to obtain
radionuclide production of top level quality. This is
because the relevant production of the radionuclides is
vigorously dependent on a proper knowledge of the
cross-section data used to minimize the impurity level
and maximize the yield of the required product [9].
The radionuclides emitting ionizing radiation are
widely used for diagnosis with single photon emission
computed tomography (SPECT), positron emission
tomography (PET) [6, 9-12] and in therapy for inten-
sity modulated radiation therapy (IMRT) device [13].
It is also used as gamma radiation source in different
facilities such as sterilization of medical devices and
radiation therapy [14]. Convenient radionuclides to
identify the radionuclides which are used in more than
200 facilities, also play an important role in
radiochemistry [15]. An example of nuclear data via
the radiochemical techniques in the definition of
yields and activation cross-sections is given for
radionuclide cobalt-60 that is commercially used in
the developed MRI-guided radiation therapy
(MRI-GRT) to deliver IMRT [16]. Additionally, in
medicine, the high dose rate (HDR) cobalt-60
brachytherapy is beneficial for the treatment of
gynecological cancers, i. e., cervical cancer [17]. The
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calculated and measured data for the radionuclide co-
balt-60, especially in the production of medical
radionuclides via particle accelerator [2, 7, 18] such as
diagnostic and radiation therapy, are of notable opera-
tive importance [19].

Besides the medical applications of radionuclide
cobalt-60, its availability plays a significant role in ra-
dioisotope power systems (RPS) [20-22] as a potential
beta source (S, =0318MeV)[23, 24], occasionally
called nuclear battery, for spacecraft. Therefore, the
production of radioisotope cobalt-60 is important. It is
produced using particle accelerator in charged in-
duced reactions (p, d, t, 3He, a) on 3"*%Fe, 3°Co, and
60.61.62Njj target materials.

In the present work, the production of cobalt-60
radionuclide was considered for thirteen reactions, in-
cluding the cross-section, yield of product, activity,
and integral yield of cobalt-60. This is because the
most appropriate and inexpensive reactions for the
production of cobalt-60 can be determined via activity,
yield of product, integral yield, which obtain suitable
incident energies of reaction and cross-section data of
cobalt-60. In addition to suitable reactions, the present
work focused on the fact that the calculated results
proffered the best appropriate target materials for the
production of cobalt-60.

CALCULATION AND SIMULATION

To investigate the production of cobalt-60 in
charged particle-induced reactions, TALYS 1.8 [25]
was used for the calculations of the cross-sections of
nuclear reactions. Moreover, the simulation yield of
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product and activity of reaction processes on >’-%Fe,
9Co, and %-¢1-2Nj target materials were carried out by
particle accelerator with particle beam current of 1 mA,
particle incident energy up to 100 MeV, and irradiation
time of 1 h. Under these simulation circumstances, all
the reaction processes were imitated by TALY'S code.

In addition to the appropriate reaction for the pro-
duction of cobalt-60, the suitable incident energy of
these reactions was determined by integral yield using
the calculated cross-section data and the mass stopping
power obtained by X-PMSP program [7, 26]. Thanks to
the suitable energy range of reactions, the cost effec-
tiveness for production of cobalt-60 has decreased to
minimal with suggested reactions. The investigated re-
actions with charged particles leading to the formation
of cobalt-60 are analyzed below. However, due to defi-
ciencies in the experimental data, those analyses lead
off the experimenters in providing data.

Material and methodology

In order to produce cobalt-60, the simulations of
yield of the product and activity of cobalt-60 for all the
reaction processes and irradiation on 3”-**Fe, 3°Co, and
60.61.62Nj target materials were carried out under cer-
tain conditions. The radionuclide purity of 7 %Fe,
39Co, and °*-61-92Nj target materials are 99 %, and they
have uniform thickness density in all the reaction pro-
cesses. However, the effective thickness values of the
target materials were shifted from 0.112 cm (*°Co) to
1.312 cm (®?Ni), and the details are presented in tab. 1.
All the reaction processes required a particle beam
current of 1 mA, charged particle energy region from
5 MeV to 100 MeV, target area of 1 cm?, and irradia-
tion time of 1 h. In addition, there was no activity loss
during the reaction processes, and the maximum pro-
duced heat caused by irradiation in the target is 95 kW.
After irradiation, the cooling time of 37*%Fe, %°Co, and
60.61.62Nj target materials is 24 h. We simulated activity

and yield of product for the production of cobalt-60
material via nuclear reaction processes in the above
conditions.

Upon taking the cross-section calculations of
nuclear reaction into account, two-component exciton
model of pre-equilibrium reaction (PEQ) mechanism
was used. For this model, the best input parameters
were used in the Fermi-gas model with constant tem-
perature, known as CTM, for level density [25]. This
mode can be defined by the following equation

doPE P

O j :GCF Z .

dEy Pe=rs
P
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Py=Py

'P(pnshnypvyhv) (1)

where Ey, 7, 0%, P, and W, are emission energy for a
particle &, the mean lifetime of the exciton state, the
compound formation cross-section, the pre-equilib-
rium population, and emission rate, respectively.
While p and % represent particle (p = p, + p,) and hole
(h = hy+ hy) numbers, 7 and v are proton and neutron
particles.

Regarding simulations of the activity and yield
of product of nuclear reaction processes for particle
accelerator, in addition to cross-section calculations,
the statement for the activity of the produced isotope k
can be written in terms of the nuclide inventory N, (?)
as a function of the irradiation time

A;(t)=A;N, (1) (2

where A is the decay rate of (1= In2/(T;"?), and Ni(f)
is given by
N;(1)=Nr(0)R;_,;t 3)

Thus, the activity is represented as the following
A ()= N (OR it “4)

where Rr_,; is given by

Table 1. Obtained data of the nuclear reaction processes for the production of cobalt-60

. Maximum Energy value at Maximum . Maximum

Target Reaction Target thickness cross-section maximum activity Suitable energy integral yield

[em] [mb]* croEi/-Izeit;ﬁlon [MBq (m Ah)—l] range [MeV] [GBq (1 Ah)—l]
Fe-57 (o, p) 0.126 142.25 16 3.12 - -
Fe-58 (t n) 0.639 65.44 5 7.33 - -
Fe-58 (He, p) 0.160 9.19 10 0.415 - -
Fe-58 (o, d) 0.129 256.09 28 14.75 - -
Co-59 (d, p) 0.760 128.34 7 27.68 - -
Co-59 (t, d) 0.557 290.83 14 110.94 - -
Co-59 (a, *He) 0.112 59.93 44 7.99 - -
Ni-60 (¢, *He) 0.550 163.52 42 309.69 20—60 20.58
Ni-61 (d, *He) 0.762 69.07 51 240.79 25570 16.05
Ni-61 t, ) 0.559 448.10 46 867.65 35570 56.94
Ni-62 (v, *He) 1.312 44.45 45 348.47 3080 24.17
Ni-62 d,a) 0.775 92.28 70 391.99 4085 26.03

"1 mb=10"" m?
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where lyecam, Viar, and o i’” represent beam current, ac-
tive target volume, and residual production cross-sec-
tion of £, respectively. z, and g. represent the charge
projectile charge number and the electron charge.

Based on the cross-section calculation of reac-
tions, yield calculations for the charged particle-in-
duced reactions in the production of radionuclides be-
tween E, and E, energy range are calculated by the
activation equation given below [9]

E,
:NLH](I_e,M)J-d o(E)dE
7 dE/d(px)

A (6)

where Ny, M, I, and H are the Avogadro number, mass
number of the target element, projectile current, and
isotopic abundance of target nuclei, respectively,
dE/d(px) is the mass stopping power (MeVem?g ™)
named as Sp(E), A —the decay constant of the product, #
— the time of irradiation, and o(E) — the cross-section
value at energy E.

To determine the mass stopping powers for pro-
ton, deuteron, triton, helium-3, and alpha-charged par-
ticles on target materials, we utilized X-PMSP pro-
gram using the following method [7, 26].

2
(dEj —03071 %2 =
pdx Ap

2
.13.8373+1n{1ﬂ Zj—ﬁz—ln(l)—i (7

where particle velocity 8 equals to $/c. A, Z and [ are
mass number, proton number, and the mean ionization
potential of target, and & represents density effect cor-
rections. Formulation of the mass stopping power is
strongly dependent on parameters /, X, and &, and their
values are given in detail in a previous study [7].

RESULTS AND DISCUSSION

Calculation of cross-sections

The cross-section for the production of co-
balt-60 for 12 nuclear reactions with charged parti-
cle-induced reactions on *78Fe, °Co, and ¢0-¢1-02Nj
target materials are calculated in £, < 100 MeV
range and are depicted in fig. 1. The maximum points
of calculated cross-section of all reactions are lower
than 50 MeV, and the results show that a particle accel-
erator with £ = 50 MeV can be taken into account to
produce cobalt-60.

To analyze and understand additives of nuclear
reaction process, the production of cobalt-60 requires
reliable cross-section calculations. The prediction and
analysis of nuclear reactions can be ensured through

T .
1 ¥ %Go(d, p) Ditroi et al,, (2010)

= PN “"Fe («, p) Levkovski (1991)
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Figure 1. Calculated cross-section for the formation of
®Co in the charged particle induced reactions on
different targets

trustworthy computer codes. For this aim, the calcula-
tions and simulations of nuclear reaction processes
were presented using TALYS code and the calculated
results were compared with the experimental data ob-
tained from EXFOR [27]. Because, this code is one of
the most important code in literature, it brings about
formation of TENDL [28], which is nuclear data li-
brary providing the results of TALY'S code, to be com-
pared to the experimental measurements and other the-
oretical results. For example, Detroi et al., [29]
investigated deuteron-induced reaction on cobalt tar-
get and noted that the results of the TALYS/TENDL
generally offer the best results among the available
theoretical codes [29]. Regarding the production of
Co-60, there are weak experimental cross-section data
to compare the theoretical results. However, the calcu-
lated cross-sections for >’Fe(at, p) and *°Co(d, p) reac-
tions were compared with the measurements by
Levkoski [30] and Detroi et al. [29], respectively. The
data reported by Detroi ef al. are higher than those of
the theoretical results, however the maximum value of
cross-section curve for both experimental data and
theoretical result gave ~6 MeV incident particle en-
ergy. The reported cross-section by Levkoski for
STFe(at, p) islower beyond 12 MeV than the calculated
results, and the energy value that corresponds to the
maximum cross-section value is between 15 MeV and
18 MeV incident alpha energies. The cause of low
cross-section curve could be because each sample in
Levkoski's experiments was in the form of an oxide
and was coated with an aluminum foil. Furthermore,
regarding the difference between theoretical results
and experimental data, especially, at the maximum of
the cross-section values or the yields, experimentally
obtained data can be different from theoretical results
because of experiment radiation damage effects, not
homogenous incident particle beam, unsanitary mea-
surements, etc. [9].

As can be observed, the highest cross-section
curve to produce radioisotope cobalt-60 in alpha, triton,
3He-induced reactions on >738Fe target is *Fe(a., d) at
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29 MeV. Its value is about 250 mb, the **Fe(*He, p) re-
action is close to zero, and the cross-section curve of the
other reactions for 3’Fe and >®Fe targets are 145 mb and
60 mb in 18 MeV and 6 MeV, respectively. It is worth
mentioning that there are (d, p), (t, d) and (a, *He) reac-
tions on >°Co target. The highest value (290 mb) is for
(t, d) reaction at 14 MeV incident energy. *'Ni(t, o) has
the highest cross-section value (about 450 mb) in the in-
cident energy of 45 MeV. Figure 1 shows that the
cross-section curves of ¥Co(t, d) and >®Fe(a, d) reac-
tions cut off each other in certain energy ranges, which
are 9-22 MeV and 22-33 MeV, respectively. In the case
of %Ni(t, *He), the cross-section curve of reaction is
fairly wide and not sharp. It is clear that optimal produc-
tion of reactions is related not only to cross-section but
also to activity and yield. Thus, the calculations of the
reactions' cross-section to be produced by the suitable
reaction of the radioisotope cobalt-60 are not sufficient
alone. Hence, in addition to reactions cross-section, the
activity (fig. 2) and yield of product (fig. 3) processes
should also be investigated for all the charged parti-
cle-induced reactions.
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Figure 2. Simulated activity of “’Co as a function of
irradiation time
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Figure 3. Simulated yields of “’Co as a function of
irradiation time

Simulation of activities and yields of product

For an accurate determination of the production of
the radioisotope cobalt-60, the simulated results for the
yield of product and activities of the charge particle-in-
duced reactions via a particle accelerator for the depend-
ence of the irradiation time are shown in figs. 2 and 3. In
figs. 2 and 3, the cross-section curve of the °'Ni(t, ov) re-
action is in agreement with the activity and yield of co-
balt-60 curve because its values correspond to the high-
est yield and activity. However, for some reactions, this
situation is not applicable for *Co(t, d) (110.9
MBq(mAh) ! and *¥Fe(a, d) (14.8 MBq(mAh)'. While
8Fe(a., d) reaction in cross-section calculation is higher
than lots of reactions in term of the results of yield and ac-
tivity, it has considerably low curve and another interest-
ing point. The charge particle induced reactions for pro-
duction of cobalt-60 on Ni target have the highest activity
and yield of product compared to other reactions.

On the other hand, the appropriate target mate-
rial for production of radioisotope cobalt-60 is
60.61.62Nj, which are stable isotopes of Ni. Therefore,
those isotopes as target can be reliably recommended
for the production of cobalt-60, and *°Ni(z, *He),
6INi(t, o), °'Ni(d, *He), Ni(p, *He), and **Ni(d, o)
can be proposed as suitable reactions.

Calculation of integral yield

The integral yield of radioisotope cobalt-60 in tri-
ton, proton, and deuteron-induced reactions on Ni target
in the energy range from 5 MeV to 100 MeV is calculated
from the cross-section and the mass stopping power ob-
tained in figs. 1 and 4. The suitable energy range of the
reactions to produce cobalt-60 can be explained by cal-
culated integral yield presented in fig. 5, where optimum
energy for °'Ni(t, o) reaction is within the range from 35
MeV to 70 MeV, and over optimum energy amounts to
~41.6 GBq(uAh)!. The optimum energies of ®'Ni(d,
3He) and *Ni(t, *He) reactions are within the ranges of
25 MeV to 70 MeV and 20 MeV to 60 MeV, where the
production of cobalt-60 is more than 90 %. It has been
noted that the integral yield values for the optimum en-
ergy range of these reactions are ~10.5 GBq(uAh)~' and
~13.7 GBq(nAh)™!. The cobalt-60 produced by **Ni(p,
3He) and ®’Ni(d, o) reactions has high energy range, and
thus, the suitable energy of ®*Ni(p, *He) and **Ni(d, o)
reactions appear to be more than 100 MeV due to in-
creasing yield value. However, the integral yield val-
ues of °'Ni(d, *He) and ®Ni(t, *He) amount to ~16
GBq(pAh) ! and ~20.5 GBq(uAh)™! at 100 MeV.

CONCLUSIONS

The present work has clearly researched the op-
timum energy range and the suitable reactions to pro-
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Figure 5. Calculated integral yield of *’Co as a function of
energy
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Figure 4. The mass stopping power of proton, deuteron,
triton, He-3 and alpha charged particles for Ni target via
X-PMSP program

duce cobalt-60 via particle accelerator for use in can-
cer therapy as gamma source. Cobalt-60 is also used in
RTG of spacecrafts, satellite, and space-probe as beta
source for solar-system explorations such as Mars sci-
ence laboratory (MSL)/Curiosity, Europa (Moon of
Jupiter) mission, asteroid, and comet missions.

The cost and the thermal power of the used en-
ergy source, however, are important factors to con-
sider when recommending a suitable energy source. In
this work, the calculation and simulation results for
cross-section, integral yield, activity and yield of
product show that the most suitable target material for
production of cobalt-60 is Ni. Thus, °'Ni(d, 3He),
92Ni(p, *He), and °>Ni(d, o) reactions are the most suit-
able reactions and the appropriate energy of these re-
actions for formation of cobalt-60 is within the
ranges of 25 MeV to 70 MeV, 30 MeV to 80 MeV, and
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40 MeV to 85 MeV, respectively. The radioisotopes
produced via the triton-induced reactions such as
INi(t, o) and ®Ni(t, *He) are quite expensive. The
calculated data are, generally, of considerable impor-
tance in the production of radionuclides via particle
accelerator for space, energy, and the medical re-
searches. Those data lead the way to the experimenters
in interdisciplinary science and technology.
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O3an APTYH

NCIINTUBAILE IMMPOU3BOIILE KOBAJITA-60 AKIHHETEPATOPOM YECTHUIIA

Y oBOM pajly cuMyJIHpaH je mpoliec Ipou3Bomke KodanTa-60 akienepaTopoM YeCTHUIa y OICery
enepruja of1 5 1o 100 MeV, nipu jaunHu cTpyje cHoma yectuna off | mA u BpeMeHy 03paunBamba Off jeJHOT
caTa, Kako OF ce IpopavyHao MPUHOC O PeaKIdji, aKTHBHOCT peaKIdje M MHTETPATHU IPUHOC 33 PeaKkiuje
UHAYKOBAaHE HACJIEKTPUCAHUM UeCTHIaMa. Y CKIafy ca MpolecuMa HyKJIeapHHUX peakliyja, pe3yiaTaTu
noOujeHn y mpoliecy Mpou3Boke KobanTa-60 feTabHO Cy pa3MOTPEHU fia O ce Ofipero oAroBapajyhu
MaTepujal 3a METY, ONITIMAJIHU OTICEeT eHepruja u ofroBapajyhe peaxunuje.
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