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Abstract: The main purpose of this study is the
investigation of a cross section of proton induced
nuclear reactions. The excitation functions of the
reactions: **Fe(p,2n)*Co °*Fe(p,2n)*’Co, "Cd(p,2n)"°In,
“2Cd(p,2n)“11n, 125Te(p,2n)12“I, 126Te(p,2n)125l, 582n(p,2n)67Ga
were investigated. These reactions were studied as the
resulting radioisotopes are used in medical applications.
Theoretical excitation functions have been calculated
with TALYS 1.6 nuclear reaction simulation code. The
calculated excitation functions are compared with the
experimental data.

Keywords: Excitation functions; proton induced; TALYS
1.6 nuclear reaction simulation code.

PACS: 13.85.Lg, 92.20.Td, 52.59.—f

1 Introduction

In nuclear medicine radionuclides are used for a variety
of useful applications, such as diagnosis, therapy,
prevention of many serious ailments and research
to evaluate metabolic, physiologic and pathologic
conditions of the human body. The successful production
and usage of these radionuclides extends to oncology,
cardiology and even psychiatry by imaging procedures
where information about the function of every major
organ/ tissue of the human body can be generated. A
large number of radionuclides used in nuclear medicine
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are produced in cyclotrons, accelerators or in nuclear
reactors, and production is an important and constantly
evolving issue. In addition to this different radionuclides
play significant roles in technological applications of
importance to our daily life as well for scientific research
[1,2]. Production cross sections for charged particles
especially nuclear reactions on metals which are induced
by protons are important in medical radioisotopes
production [3,4]. To optimize the production routes, the
charged particle induced cross-sections are desired. For
the optimization of the radioisotope produced, a full
knowledge of the excitation function is necessary, which
helps to maximize the yield of the desired product and
to minimize the radioactive impurities [5]. At present the
Positron Emission Tomography (PET) imaging technique
is widely used for planning, early diagnosis of cancer
and evaluation of the treatment response in patients with
cancer, this imaging technique is used to studies diseases
of heart, brain, thyroid etc. [6]. For a variety of the
radioisotopes used in the PET technique, the excitation
functions of proton induced by nuclear reactions were
calculated using a Monte Carlo nuclear reaction simulation
code TALYS 1.6 [7]. The obtained results were compared
with the experimental data existing in the EXFOR [8].

2 Software and methods

Nuclear medicine uses a trace amount of radioactive
substances called radiotracers that are typically injected
into the bloodstream, inhaled or swallowed to provide
diagnostic information that gives accurate and immediate
diagnosis regarding the functioning of a specific organ in
the human body or to treat a disease. It is used to form
images of the bones, thyroid, liver, heart, and many other
organs and also helps in treating diseased organs and
certain types of cancer tumours.

Calculations based on nuclear reaction models
play an important role in the development of reaction
cross sections [6]. In this work the excitation Function
calculations were carried out with nuclear reaction

@ Open Access. © 2018 Susan Shukur Noori, iskender Akkurt, Nurdan Karpuz Demir, published by De Gruyter. This work is
licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.



DE GRUYTER

Excitation functions of proton induced reactions of some radioisotopes used in medicine =—— 811

Table 1: Decay data of the product radioisotopes [1,10,11] and the calculated E-threshold energy and Q-value.

Reaction product Half life Mode of decay (%) E, (keV) I, (%) E-threshold MeV) Q-value (MeV)
»Co 17.6 h B*(77) 477.2 20.2 15.7087 -15.4308
EC(23) 931.1 75.0
1408.5 16.9
7Co 271.8d EC(100) 122.06 85.6 11.8660 -11.6632
136.5 10.68
0|p 69.1m EC (100) 657.76 98.0 11.7417 -11.636
Mn 2.83d EC(100) 171.28 90.0 11.1379 -11.0386
245.39 94.0
124] 4.18 d B*(22) 602.7 60.5 10.5957 -10.5109
EC(78) 1691.0 10.4
125) 60.1d EC (100) 35.5 6.7 10.1625 -10.0818
5’Ga 3.26d EC(100) 93.31 39.2 12.1593 -11.9816
300.2 16.8

simulation code TALYS1.6. TALYS is a Monte Carlo
code. TALYS was initially develpoed in 1998, when it
was decided to implement the combined knowledge of
nuclear reactions into one single software package which
integrates the pre-equilibrium, direct, optical model,
statistical and fission nuclear reaction models and for
all the open reaction channels it gives prediction in one
calculation scheme.

The TALYS code is a nuclear reaction computer
program which simulates basically all types of nuclear
reactions, it runs on Linux operation system and is
written in the FORTRAN programming language. One of
the possible outcomes of using a Monte Carlo method for
nuclear data evaluation is that a series of correlations
can be extracted from the previous results. The objective
and vision of its construction was to provide a complete
and accurate simulation of nuclear reactions that involve
neutrons, photons, protons, deuterons, tritons, 3He,
and alpha particles in the 1 keV-200 MeV energy range,
with some exceptions. The code’s data was based on the
reference input parameter library through an optimal
combination of reliable nuclear models, resilience and
ease of use [7,9].

The theory of excitation functions for production of
medical radioisotopes are obtained with proton induced
reactions (p,2n) for some radioisotopes used in medicine
that are important for the development of improved
nuclear reaction theory and for many medical applications
were calculated by use TALYS 1.6 code. The calculation
for nuclear reactions, are usually employed in cases
where there is a shortage of experimental data or there
are other controversies. Moreover, it ensures the internal
consistency of the data, and also allows us to predict and
extrapolate the experimental data [3].

Ethical approval: The conducted research is not
related to either human or animals use.

3 Result and Discussions

Excitation functions via proton induced reactions
are important for many medical applications and for
development of improved nuclear reaction theory. In
the present work, the calculated excitation functions
for production of medical radioisotopes with proton
induced nuclear reactions **Fe(p,2n)*Co, **Fe(p,2n)*’Co,
“lCd(p,Zn)”OIn, mCd(p,Zn)“lIn, 125Te(p,2n)12‘*1,
126Te(p,2n)'1, %Zn(p,2n)¥Ga are carried out using Monte
Carlo simulation code TALYS 1.6. The calculated results
are shown in Figures 1-7 together with the experimental
data existing in the EXFOR library. Additionally, the half-
life, and decay data of produced radioisotopes in this
study are shown in Table 1, as well as the calculated the
threshold energy (E-threshold) and the Q-value of the
reactions calculated by the TALYS code.

3.1 Cobalt Radioisotopes Production

%Co and *’Co are two important radioisotopes of cobalt.
The first one is used in Positron Emission Tomography
(PET) to detect of cancer and other diseases such as
cardiac and cerebral disease. In the late 1990s the most
important application of *Co was developed, in the field
of imaging neuronal damage from a stroke or traumatic
injury. “Co is applied in various studies as a radioactive
tracer. ’Co with Vitamin B 12 (albumin) labeled is
used in diagnostic kits to study anemia, *’Co is a useful
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Mossbauer radioisotope, its use as a calibration standard
for gamma-spectrometers and single photon emission
tomography (SPECT) are its most general use. It is also
used in medicine to help detect cancerous tumors and as
a component in medical equipment studying the chemical
properties of various materials or testing the response
of Gamma cameras [12-15]. By using TALYS 1.6 code, the
excitation function of proton-induced were calculated for
the reactions *Fe(p,2n)*Co, *®Fe(p,2n)’Co and compared
with the available experimental data in EXFOR library as
shown in Figures 1 and 2 at proton energies up to 50 MeV.
As noted the best energy range for production is from 18 to
35 MeV and from 14 to 28 MeV for produced radioisotopes
%Co and *’Co respectively.

3.2 Indium Radioisotopes Production

Tnand MIn are indium’s radioisotopes used in specialized
diagnostic applications, e.g. brain studies, infection and
colon transit studies. They are used as a radioactive tracer
in nuclear medicine in a chelate form, as a cerebrospinal
fluid tracer. It also used as a white blood cell labeling
agent (also called indium-111 white blood cell scan) and
as an antibody label. Indium-111 oxine is also useful for
labelling blood cell components. Other applications
like labelling of platelets for thrombus detection and
labelled leukocytes for localization of the inflammation,
also leukocyte kinetics. Used with Ga-67 for soft tissue
infection detection and osteomyelitis detection, white
blood cell imaging (also called indium-111 white blood cell
scan), cellular dosimetry, myocardial scans, treatment of
leukemia, imaging tumors [20-24]. Excitation functions
of the proton-induced at energies up to 50 MeV activities
on "Cd and ™Cd via the two reactions "Cd(p,2n)"°In,
2Cd(p,2n)"'In were calculated by TALYS 1.6 code to
obtained radioisotopes °In and ™MIn respectively, the
comparison of experimental and calculated results of
reactions ™Cd(p,2n)"°In, "2Cd(p,2n)"In are represented
in Figures 3 and 4. The best production range for each of
1Tn and "MInis 12-30 MeV.

3.3 lodine Radioisotopes Production

4] is the only long-life positron emitter isotope of iodine,
which can be used both for diagnosis and therapy and
remains the most frequently used radionuclides for thyroid
imaging. I used in PET applications and it is attracting
increasing interest for long-term clinical studies. With
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Figure 1: Excitation function of the *Fe(p, 2n)**Co nuclear reaction.
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Figure 2: Excitation function of the *®Fe(p, 2n)*’Co nuclear reaction.
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Figure 3: Excitation function of the **Cd(p, 2n)*°In nuclear reaction.
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Figure 4: Excitation function of the 2Cd(p, 2n)™In nuclear reaction.

availability high quality of PET technology there is role in
thyroid cancer imaging, as well as promising applications
in neurology and oncology. Because of I long half -life
(4.18 d), stability, and radiation emissions, this permitted
to use in several applications in oncological and non-
oncological fields.

] is a low energy gamma emitter, it can be used for
a variety of applications. »I is a versatile isotope that is
becoming more diffuse in diagnostic and therapeutic
applications. It is also included in in-vitro diagnostic kits
(radioimmunoassay), as a source for bone densitometry
devices and therapeutic seed used in prostate cancer
treatment. It is used in radiation therapy to treat brain
tumors, Lung Cancer, uveal melanomas, Eye Plaques
[10,32:34]. To discuss the theoretical calculated results
of the excitation functions of two iodine radioisotopes
21 and I mentioned above, via »Te(p,2n)?,
126Te(p,2n)™?I reactions, we present Figures 5 and 6 that
show the comparison of the current calculated results
for the excitation functions by using TALYS 1.6 with the
experimental data from EXFOR library. The energy range
of proton was selected between 10 and 90 MeV in Figure
5 for Te(p,2n)*I reaction and between 10 and 100 in
Figure 6 "Te(p,2n)I reaction to make a comparison
with the experimental data reported in the literature. The
most appropriate production range for I and »I using
125Te(p,2n)**1, *Te(p,2n)*I nuclear reaction is 12-30 MeV.

3.4 Gallium Radioisotope Production

“Gais used to find and treat certain diseases or to study the
function of the body’s organs. ““Ga used in the imaging of
lymphoma tumours, useful for detection of inflammatory
disease especially of soft tissue, and sites of inflammation

Figure 5: Excitation function of the *Te(p, 2n)*?*l nuclear reaction.
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Figure 6: Excitation function of the 26Te(p, 2n)?I nuclear reaction.

such as chronic infections and abscess. and also septic
arthritis, and cellulitis, spinal osteomyelitis, ulcerative
colitis, interstitial nephritis, in addition to localization of
source of fever in cases of fever of unknown origin (FUO)
and other diseases.

Localization of inflammatory foci in postoperative
patients considered as one of the most uses of “Ga, also
in patients who present with fever of undetermined origin.
On the other hand, Gallium-67 citrate is used to detect
types of cancer such as Hodgkin’s disease, lymphoma,
bronchial carcinoma and Ilung cancer. Excitation
functions of the proton-induced at energies up to 100
MeV activities on ®¥Zn via reaction ®*Zn(p,2n)¥Ga were
calculated by TALYS 1.6 code to obtained radioisotopes
¥Ga [37-40] The calculated and experimental excitation
function of %Zn(p,2n)¥”Ga reaction have been plotted in
Figure 7. The most appropriate production range for “Ga
using ®*Zn(p,2n)Ga nuclear reaction is 12-28 MeV.
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Table 2: The mean (average) value, variance and standard deviation.

DE GRUYTER

Reactions Minimum Maximum Mean variance Standard deviation
value value value
6Fe(p,2n)*Co 0 82.4297 16.32126 473.5014 20.91653
8Fe(p,2n)*’Co 0 592.945 86.94197 24507.23 156.5478
mCd(p,2n)™In 0 951.152 194.6637 76993.74 277.4775
12Cd(p,2n)"n 0 1019.87 222.8956 100455.7 316.9475
25Te(p,2n)"l 0 1064.95 158.7883 71113.42 266.671
126Te(p,2n) %l 0 1108.63 166.7622 81499.32 285.4809
7n(p,2n)*Ga 0 689.042 106.3798 34017.69 184.4388
1050_. — _L /?]LYSM 112Cd(.p,Zn)mIn, 125Te(p,2n)1.2"1, 126Te(p,.2n)1251, 68Zn(p,Zn)sta
0001 - reactions have been carried out using nuclear reaction
] . Eﬁ model TALYS 1.6. The calculations arein a good agreement
_fg 750-_ i Ea with the experimental results, which were all were taken
jg’ 600 - : Eg from the EXFOR library, except as seen in Figure 7, some
3 1 + 49 of the experimental data is higher in the peaked region
2 450—- . Eﬂ by about 25%, this could be due to the older experimental
S 3004 technique used in this measurement. The resulting
150_‘ radioisotopes **Co, *’Co, "°In, ™MIn, I, I and Ga have
l Y veyy important and wide applications in nuclear medicine,
0 E—— and according to the results were shown in Figures 17 the
o 20 4 & 8 100 small extent of energy so it can be produced by small sized
Proton Energy (MeV) cyclotrons.

Figure 7: Excitation function of the $Zn(p, 2n)¢’Ga nuclear reaction.

4 Standard Deviation

Standard deviationis the measure of spread in the statistics
of a set of data from its mean. For the excitation function
obtained in the current work for the radioisotopes used in
nuclear medicine, *Co, *’Co, °In, "'In, I, '] and *’Ga via
proton induced, the standard deviation were calculated
by using the formula:

@

Where x is one of value of data, ¥ is the average of all
values in data, n is the number of values in the data. The
results of the Standard deviation are listed in Table 2.

5 Conclusion

In this work, the calculated excitation functions
of  “Fe(p,2n)*Co,  °*®Fe(p,2n)Co,  ™Cd(p,2n)"°In,

Conflict of interest: Authors state no conflict of interest.
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