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ABSTRACT
Ph.D. Thesis

THEORETICAL INVESTIGATION OF THE CROSS-SECTIONS FOR
SOME RADIOISOTOPES USED IN MEDICINE

SUSAN SHUKUR NOORI NOORI

Suleyman Demirel University
Graduate School of Natural and Applied Sciences
Department of Physics

Supervisor: Prof. Dr. Iskender AKKURT

I1. Supervisor: Asst. Prof. Dr. Nurdan KARPUZ DEMIR

Advances in medical knowledge and better understanding of disease processes are
driving the search for early diagnosis and screening methods, and for new therapy
options. Diagnostic and therapeutic applications wusing radioisotopes and
radiopharmaceuticals continue to be the key elements in this context. Different
radioactive isotopes play significant roles in technological applications of importance
to our daily life as well for scientific research. Thus demand for such nuclear based
services is expected to be expanded.

Production of the radioisotopes used in medical diagnosis and treatment are based on
nuclear reactions. The data of the cross section is important to understand nuclear
reaction models and to improve radioisotopes and neutron usage well that generated
by this reaction. Energy dependence of nuclear reactions is not known. Therefore,
the cross sections need to be examined for multi number of energies.

In this study, the investigation of neutrons, photons, protons, deuterons, *He and
alpha particles induced to production cross sections of some medical radioisotopes
by using Monte Carlo nuclear reaction simulation program TALY'S version 1.6 code
has been done.

In addition, double differential cross sections and energy dependent differential cross
sections of neutron, proton, and alpha particles occured consequently in the
bombardment of “®Fe, *°Cr and °F nuclei with deuteron, proton and neutrons
respectively, were also investigated in this study. Optimum energy ranges for
radioisotopes production efficiency and average cross sections in these energies have
been determined. The obtained results have been discussed and compared with the
experimental data taken from the Experimental Nuclear Reaction Data Library.

Keywords: Cross-section, radioisotopes used in medicine, TALYS 1.6.

2019, 112 pages



OZET
DoktoraTezi

TIPTA KULLANILAN BAZI RADYOIZOTOPLAR ICIN TESIR
KESITLERININ TEORIK iINCELENMESI

SUSAN SHUKUR NOORI NOORI

Siileyman Demirel Universitesi
Fen Bilimleri Enstitsi
Fizik Anabilim Dah

Damisman: Prof. Dr. iskender AKKURT

II. Damisman: Dr. Ogr. Uyesi. Nurdan KARPUZ DEMIR

Tibbi bilgilerdeki ilerlemeler ve hastalik siireclerinin daha iyi anlasilmasi, erken tani
ve tarama yoOntemleri arayisini ve yeni tedavi seceneklerini tesvik etmektedir.
Radyoizotoplar ve radyofarmasdtiklerin kullanildigi diagnostik ve terapdtik
uygulamalar bu baglamda kilit elementler olmaya devam etmektedir. Farkli
radyoaktif izotoplar, bilimsel arastirmalarda oldugu gibi, giinliik hayatimiza da 6nem
veren teknolojik uygulamalarda 6nemli roller oynamaktadir. Bu tiir niikleer bazli
hizmetlere olan talebin artmasi bekleniyor.

Tibbi tan1 ve tedavide kullanilan radyoizotoplarin iiretimi niikleer reaksiyonlara
dayanmaktadir. Tesir kesitin verileri niikleer reaksiyon modellerini anlamak ve bu
reaksiyon tarafindan lretilen radyoizotoplarin ve nétron kullaniminin iyilestirilmesi
icin Onemlidir. Niikleer reaksiyonlarin enerji bagimliligt detayli olarak
bilinmemektedir. Bu nedenle, ¢ok sayida enerjinin kesitleri incelenmelidir.

Bu c¢alismada, baz1 medikal radyoizotoplarin {iretim tesir kesitler ndtron, foton,
proton, doteron, *He ve alfa reaksiyonlari, Monte Carlo niikleer reaksiyon
simiilasyon programi1 TALY'S siiriim 1.6 kodu kullanilarak arastirilmistir.

Bu ilave olarak, sirasiyla notron, proton ve alfa parcaciklarinin ¢ift diferansiyel
kesitleri ve enerjiye bagh tesir kesitleri, sirastyla *°Fe, °Cr ve °F cekirdeklerinin
doteron, proton ve nétronlarla bombardimaninda incelenmistir. Bu enerjilerdeki
radyoizotoplarin iretim verimliligi ve ortalama kesitleri i¢in optimum enerji
araliklar1 belirlenmistir. Elde edilen sonuglar tartisilmis ve Deneysel Niikleer
Reaksiyon Veri Kiitiiphanesi'nden alinan deneysel veriler ile karsilagtiriimistir.

Anahtar Kelimeler: Tesir kesiti, tipta kullanilan radyoizotoplar, TALYS 1.6.

2019, 112 sayfa
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1. INTRODUCTION

Nuclear physics as a subject of distinct from atomic physics since 1896, the year that
Henri Becquerel observed that photographic plates were being fogged by an
unknown radiation emitted from uranium ores. He had accidentally discovered
radioactivity: the fact that some nuclei are unstable and spontaneously decay. In the
following years, the phenomenon was extensively investigated, notably by the
husband and wife team of Pierre and Marie Curie and by Ernest Rutherford and his
collaborators. It was established that there were three distinct types of radiation
involved: these were named (by Rutherford) a-, B- and y -rays. We know now that a
-rays are bound states of two protons and two neutrons , B -rays are electrons and y-
rays are photons, the quanta of electromagnetic radiation, but the historical names are

still commonly used.

Nowadays nuclear medicine has become widely used in medical diagnostics of some
diseases and the treatment of others, such as medical imaging Positron Emission
Tomography (PET), tumors, nuclear imaging of primary bone tumors, cancers, etc.
The most important problem is to obtain clean and safe energy. And the nuclear
reaction data are mainly needed in the radioisotope production procedure. In general,
the significance of nuclear reaction cross section data in radionuclide production
programmes is well established. However, the radioactive tracers that emit gamma
radiation can offer a large amount of information about the anatomy and the well

functioning of different organs in the human body.

Calculations based on nuclear reaction models play an important role in the
development of reaction cross sections. The concept of cross section is based upon a
consideration of the physical situation encountered in determining reaction
probability in the laboratory. In nuclear reaction an incident collimated beam of
particles impinges upon target nuclei in a suitable specimen of material and interacts
with these through the processes of scattering, absorption and/or reaction, thereby
becoming attenuated may be in intensity or energy, or both by an amount which can
be determined by measurements of the emergent beam. Production of medical
isotope is an important and constantly evolving issue. Cyclotrons and reactors are

used for radionuclide production purposes (Qaim, 2004). The cross—section data for
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nuclear reactor production are generally well-known and can be satisfactorily

reproduced by nuclear model calculations.

Theoretical and experimental studies play an important role in the development of
the nuclear physics. The data obtained from the experimental results are important to
understand the basic of nuclear physics. However, if the experimental data are
unobtainable or are not possible to be produced because of the experimental
difficulties, the theoretical calculations are needed to obtain double differential cross
sections of the differential cross sections, stimulation response of the cross-sections.
Besides the recent experimental studies, the theoretical studies contributes to rapid
progress in science. The compatible results of calculated theoretical studies with
experimental studies provide significant progress of the studies. On the basis of
theoretical studies, the nuclear reactions cross sections for many energy values
should be examined. Monte Carlo techniques and another programs based on these

techniques are used in the investigation of the cross sections.

Monte Carlo is a numerical method for simulating the behavior of various physical
and mathematical systems. It provides a solution of a problem that model objects
interacting with other objects or with their environment based on simple
relationships (Bielajew, 2001). It was developed in 1940 by Stanislaw Ulam while
working on nuclear weapons projects at the Los Alamos National Laboratory.
“Monte Carlo” named for a dedicated to the gambling in Monte Carlo township. The
origin of the name Monte Carlo comes from its gambling aspect. Every Monte Carlo
simulation is based on randomly happening events so that the outcome is not always

absolute. The general idea of Monte Carlo analysis is simulation.

The idea is to build a model which, in all means, is able to represent the real system
of interest. Deterministic methods, the most common of which is the discrete
ordinates method, solve the transport equation for the average particle behavior. By
contrast, Monte Carlo does not solve an explicit equation, but rather obtains answers
by simulating individual particles and recording some aspects (tallies) of their
average behavior. The average behavior of particles in the physical system is then
inferred (using the central limit theorem) from the average behavior of the simulated

particles. Monte Carlo techniques has also applications in nuclear and particle
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physics, medical physics, detector designs, designing and resolving costly
experiments. Monte Carlo techniques have great significance in determining the
probability of reaction at certain energies. TALYS is a Monte Carlo code and a
computer code system programming with Fortran language working in Linux
operating system and developed for the prediction and analysis of nuclear reactions
for target nuclides of mass 12 and heavier.

In this work, the total cross section, differential cross sections and double differential
cross sections were calculated to obtain some medical radioisotopes used in
diagnosis and treatment of different diseases by using TALYS 1.6 program where
the total cross section were calculated to produce Fluorine-18, lodine-124, Bromine-
75,76, Technetium-94,99, the differential cross sections to produce Cobalt-57,
Manganese-50 radioisotopes induced by different charged particles at different
energies has been calculated. Also the double differential cross sections to produce
Carbon-11, Nitrogen-13 and Copper-64 radioisotopes at different energies and
different angles were calculated. The proton emission spectrum, neutron emission

spectrum and alpha emission spectrum were investigated too.

1.1. Nuclear Reactions

The study of nuclear reactions is important for a number of reasons. Progress in the
understanding of nuclear reactions has occurred at a faster pace and generally, a
higher level of sophistication has been achieve compared to similar studies of
chemical reactions. A large fraction of our knowledge on the properties of nuclei is
derived from nuclear reactions. When an incoming particle is scattered of a target
nucleus, the outcome depends on a combination of three factors: the reaction
mechanism, interaction between the projectile and the target, and the internal
structure of the nuclei involved. Different probes complete each other in what we can
learn from an investigation. Furthermore, it is often possible to select the bombarding
energy and the reaction in such a way that we can focus on particular aspects of the
problem (Wong, 1998).

Nuclear reactions and nuclear scattering were used to measure the properties of

nuclei. Reactions that exchange energy or nucleons can be used to measure the
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energies of binding and excitation, quantum numbers of energy levels, and transition
rates between levels. A particle accelerator, which produces a beam of high-velocity
charged particles (electrons, protons, alphas, or “heavy ions”), creates these reactions
when they strike a target nucleus. Nuclear reactions can also be produced in nature
by high-velocity particles from cosmic rays, for instance in the upper atmosphere or
in space. Beams of neutrons can be obtained from nuclear reactors or as secondary
products when a charged-particle beam knocks out weakly bound neutrons from a
target nucleus. Beams of photons, mesons, muons, and neutrinos can also produce

nuclear reactions.

In order for a nuclear reaction to occur, the nucleons in the incident particle, or
projectile, must interact with the nucleons in the target. Thus, the energy must be
high enough to overcome the natural electromagnetic repulsion between the protons.
This energy “barrier” is called the Coulomb barrier. If the energy is below the
barrier, the nuclei will bounce of each other. Early, experiments by Rutherford used
low-energy alpha particles from naturally radioactive material to bounce of target
atoms and measure the size of the target nuclei (Serber, 1992). When a collision
occurs between the incident particle and a target nucleus, either the beam particle
scatters elastically leaving the target nucleus in its ground state or the target nucleus
is internally excited and subsequently decays by emitting radiation or nucleons. A
nuclear reaction can be described by identifying the incident particle, target nucleus,
and reaction products.

1.2. Photonuclear Physics

The objective of photonuclear experiments is to determine the gross features of the
photon absorption cross section, such as its magnitude and energy, and then to
explore the detailed shape of the cross section with better energy resolution or by
examining the spectra of outgoing nucleons (Hayward, 1970). The photonuclear
definition as relating to or caused by the incidence of radiant energy (as gamma
rays) on atomic nuclei. A photonuclear interaction begins with the absorption of a
photon by a nucleus, leaving the nucleus in an excited state. The excited nucleus

behaves like any compound nucleus with an excitation energy. The nucleus then



undergoes multiple de-excitation processes emitting secondary particles and possibly
undergoing fission (Brown et al., 2010).

The first photonuclear reaction studies were carried out by Chadwick and
Goldhaber's (Chadwick et al., 1935) and experiments with photo-dissociation of
deuteron by using y-rays emitted from the thorium source (Akkurt, 1998).

Since the electromagnetic properties of photonuclear reactions are well known, it is
advantageous compared to other reactions that basis of nuclear studies. The
interaction of photons with nuclei is energy dependent because of the changing
wavelength of the photons, and the photon energy range below 1 GeV may be
conveniently divided into three regions, on the basis of the physical process believed
to dominate in a region. Figurel.1l shows the total photoabsorption crosssection per

nucleon for various nuclei.
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Figure 1.1. Total photon absorption cross section per nucleon (Ahrens, 1985;Akkurt,
1998)

There are three main mechanisms for photon absorption by a nucleus: the giant
dipole resonance (relevant for photon energies in the range 10-40 MeV) , quasi-
deuteron absorption (relevant for energies < 140 MeV ) and the (Nucleon Resonance
Region >140 MeV).



The giant dipole resonance can be viewed as an electromagnetic wave (photon)
inducing an electric dipole-like vibrational resonance of the nucleus as a whole,
which results in a collective excitation of the nucleus (Brown et al., 2010). The giant
dipole resonance occurs with highest probability when the wavelength of the photon
iIs comparable to the size of the nucleus. This typically occurs for photon energies in
the range of 10 to 40 MeV and has a resonance width of a few MeV. Photonucleon
emission is well described by a collective excitation of the nucleus to 1-particle, 1-
hole states and subsequent nucleon emission by an evaporation process, Since the
momentum transfer from the photon to the target nucleus is relatively small in this

photon energy range, the photoexcitation is an electric dipole (E1) character.

Photons are mostly absorbed through the quasi-deuteron absorption process. Here the
incident photon interacts with the dipole moment of a correlated neutron-proton pair
inside the target nucleus, where a large part of the total absorption cross section is
due to the (y, np) reaction. The photon may interact with a single nucleon or with a
virtual meson exchanged between nucleons (correlated pair) and the relative
importance of these two mechanismsis still not well understood. Single nucleon
processes could give some information on high momentum components of the
nucleon in the nucleus and the absorption on pairs may give information on meson

exchange currents.

The region where the photon energy range is greater than 140 MeV is called the
nucleon resonance region (Akkurt, 1998). Photonuclear reactions have been used in
basic and applied sciences in nuclear and radiation physics related fields (Akkoyun et
al., 2015)

1.3. Interaction of Photon With Matter

Nuclear radiation normally consists of energetic particles or photons. The interaction
of radiation with matter is useful in applications of nuclear physics: detectors,
material modification, analysis, radiation therapy. The interaction can damage the
materials, especially living tissues and therefore is considered as dangerous. The
effects of interaction depend greatly on the intensity, energy and type of the radiation

as well as on the nature of absorbing material.
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Although a large number of possible interaction mechanisms are known for photon
in matter, only three major types play an important role in radiation measurements:
photoelectric absorption, Compton scattering, and pair production. All these
processes lead to the partial or complete transfer of the gamma-ray photon energy to
electron energy. In the photoelectric (photon-electron) interaction, a photon transfers
all its energy to an electron located in one of the atomic shells. The electron is
ejected from the atom by this energy and begins to pass through the surrounding
matter. The electron rapidly loses its energy and moves only a relatively short

distance from its original location.

Photoelectric interactions usually occur with electrons that are firmly bound to the
atom, that is, those with a relatively high binding energy. Photoelectric interactions
are most probable when the electron binding energy is only slightly less than the
energy of the photon. If the binding energy is more than the energy of the photon, a
photoelectric interaction cannot occur. This interaction is possible only when the
photon has sufficient energy to overcome the binding energy and remove the electron

from the atom.

Following a photoelectric interaction, an ionized absorber atom is created with a
vacancy in one of its bound shells. This vacancy is will be quickly filled by an
electron from a shell with a lower binding energy (other shells) or through capture of
a free electron from the material. The rearrangement of electrons from other shells
creates another vacancy, which, in turn, is filled by an electron from an even lower
binding energy shell. Therefore a cascade of more characteristic x-rays can be also
generated. The probability of characteristic x-ray emission decreases as the atomic
number of the absorber decreases. Sometimes , the emission of an Auger electron

occurs.

The photoelectric is very phenomenon. No scattering radiation because all the
photon energy is absorbed by the atom of the material. Since all of the photon energy
is absorbed, none of them can go on, so that a regular white shadow appears under
the part of the material that is exposed to photoelectric absorption in the x-ray film.
Photoelectric absorption is the reason of the appearnce of bones white in an x-ray
film (Ulu, 2008).



As for Compton effect, it is characterized by that, only part of its total amount of
energy is transferred from the entering photon to an electron. The freed electron
which is called Compton electron (recoil electron), reaches a certain velocity that is
dependent on the energy transferred to the electron. The rest of the energy continues
as a photon of lower energy in another direction and is therefore called a scattered
photon. Because of the lower energy the scattered photon has a longer wavelength

than the original.

The Compton process occurs only then when the photon energy passes the limiting
value of the photoelectric process. Since the impulse and the energy are divided
among the Compton electron and the scattered photon, the law of preservation of
impulse is complied with, and the process occurs with the electrons from the outer
shells as well. For this reason, the atomic number (Z) of the material is less
influential. The freed Compton electrons can, depending on the energy content,
ionize other atoms along their routes. The scattered photon continues its way and
continues to enter into Compton processes up until the energy is reduced to such an
extent that a photoelectric process takes place. Only then the photon has disappeared.
Thus, the gamma ray photon scattere because it cannot transfer the entire energy to
electron. The scattered gamma ray photon will have less energy and longer
wavelength than the incoming. The energy difference between incoming and

scattered gamma ray photons is transferred to the electron as kinetic energy.

In general, pair production is a phenomenon of nature where energy is direct
converted to matter. The phenomenon of pair production can be viewed two different
ways. One way is as a particle and antiparticle and the other is as a particle and a
hole. The first way can be represented by formation of electron and positron, from a
packet of electromagnetic energy (high energy photon — gamma ray) traveling
through matter. It is one of the possible ways in which gamma rays interact with

matter. At high energies this interaction dominates.

In order for electron-positron pair production to occur, the electromagnetic energy of
the photon must be above a threshold energy, which is equivalent to the rest mass of
two electrons. The threshold energy (the total rest mass of produced particles) for

electron-positron pair production is equal to 1.02 MeV (2 x 0.511 MeV) because the
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rest mass of a single electron is equivalent to 0.511 MeV of energy. If the original
photon’s energy is greater than 1.02 MeV, any energy above 1.02 MeV is according
to the conservation law split between the kinetic energy of motion of the two

particles.

The presence of an electric field of a heavy atom such as lead or uranium is essential
in order to satisfy conservation of momentum and energy. In order to satisfy both
conservation of momentum and energy, the atomic nucleus must receive some
momentum. Therefore a photon pair production in free space cannot occur.
Moreover, the positron is the anti-particle of the electron, so when a positron comes
to rest, it interacts with another electron, resulting in the annihilation of the both
particles and the complete conversion of their rest mass back to pure energy
(according to the E=mc? Einstein formula) in the form of two oppositely directed
0.511 MeV gamma rays (photons). The pair production phenomenon is therefore

connected with creation and destruction of matter in one reaction.

They result in sudden and abrupt changes in the gamma-ray photon history, in that
the photon either disappears entirely or is scattered through a significant angle. This
behavior is in marked contrast to the charged particles, which slow down gradually
through continuous, simultaneous interactions with many absorber atoms.
(Knoll,2000). The relative importance of o, T , and K is shown graphically in
Figure 1.2, Photoelectric collisions are important only for small hv and large Z and
are responsible for the practical saying "lead is opaque to photons below ~ 0.3
MeV". Pair production is of major importance only for large hv and large Z.

Compton collisions predominate in the entire domain of intermediate hv, for all Z.
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Figure 1.2. Relative importance of the three major types of photon interaction. The
lines show the values of Z and photon energy hv for which the two
neighboring effects are just equal (Evans, 1955)

Interaction of nuclear radiation with matter includes: charged particles, photons and
neutrons. In the case of uncharged radiations (Photons or neutrons) there is first
transfer of all part of the energy to charged particles before there is any measurable
effect on the absorbing medium (Lilley, 2001). When a beam of gamma ray photon
is incident on any material it removed individually in a single event. The event may
be an actual absorption process in which case photon disappears or the photon may
be scattered out of the beam. When a gamma rays passes through matter, probability
for absorption is proportional to thickness of the layer, the density of the material,
and absorption, cross section of the material. The total absorption shows an
exponential decrease of intensity with distance from the decrease of intensity with

distance from the incident surface.

I(x) =Ije™™ (1.2)

Where, x is the distance from the incident surface, u= noc is the absorption
coefficient, measured in cm | n is the number of atoms per cm? of the material

(atomic density), 6 is the absorption cross section in cm?.
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1.4. Cross Section

The concept of cross section is the crucial key that opens the communication
between the real world of experiment and the abstract, idealized world of theoretical
models. In a high- energy physics experiment, we specify interactions of elementary
particles quantitatively in terms of cross sections. The cross section is the probability

that an interaction will occur between a projectile particle and a target particle.

We can measure the probability that two particles will interact in experiments. In the
famous experiment in which Rutherford studied the scattering of alpha particles off a
foil target, the cross section gives the probability that the alpha particle is deflected
from its path straight through the target. The cross section for large-angle scattering
is the fraction of alpha particles that bounce back from the target, divided by the
density of nuclei in the target and the target thickness. In a reaction symbolized as
A(a,b) B, N number of nuclei, A the flow of particles on the target nucleus per unit
time, l. the bombardment particles are sent out, the resulting reaction occurs the
number of particles in unit time will be proportional to Ry, la and N. then this ratio
defined as nuclear reaction cross section and written as proportional:

Rp
IaNA

o= (1.2)

Where Ry the number of resulting particles, la the number of particles in a unit time,
and Na represents the number of target nuclei per unit area. The product of the
number of particles in the unit volume n and sigma is also called the macroscopic

effect section denoted by >
Y. =no (1.3)
If we are only interested in absorption in this case we can use the absorption

coefficient term (p) instead of )|
1L = no (1.4)
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Figure 1.3. (a) Incident particle beam with intensity of l. on thin plate (b)
Appearance in front of thin plate

We can picture the cross section as the effective area that a target presents to the
projected particle. If an interaction is highly probable, it's as if the target particle is
large compared to the whole target area, while if the interaction is very rare, it's as if
the target is small. The cross section for an interaction to occur does not necessarily
depend on the geometric area of a particle. It's possible for two particles to have the
same geometric area (sometimes known as geometric cross section) and yet have
very different interaction cross section or probability for interacting with a projectile
particle. When an accelerated charged particle interacts with a target nucleus a
nuclear reaction takes place, ultimately leading to a stable or radioactive product
nucleus. A nuclear reaction is characterized by a cross-section, describing the
probability that a particle, with a beam intensity of 1 particle per 1 cm?, incident on 1
target nucleus will lead to a specific physical process, where the incident particle,
target nucleus, reaction channel and the final nucleus are exactly specified (IAEA,
2001). Cross section is one of the most important physical quantity describing
nuclear reactions. It can be experimentally measured or calculated using different

mechanism (models) of nuclear reactions.

1.4.1. Differential cross section

When a cross section is specified as a function of some final-state variable, such as

particle angle or energy, it is called a differential cross section. A differential cross
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section calculation is made, when information about the angular distributions of the
products of the nuclear reactions is needed.

When incoming particles interact with the target nuclei, there is always only one kind
nuclear reaction has occured. If more than one type of reaction occurs, the cross
section for each species will usually be different. These special cross sections are
called partial cross sections and the total cross section is equal to the sum of them.
After the nuclear reaction or scattering occurs, the outgoing particles often exhibit
anisotropic distribution and at the same time have different energies at different
angles. It is important to know the number of particles in the dQ solid angle at the
moment by making 0 angle at the incoming direction. The calculated cross section in
this case is angle-dependent and it is another cross-section, and the unit is defined as
the cross-sectional area per solid angle, this show by (0, ®):

do
Q

o(6, ) =7 (1.5)
Thus, the total cross-section will be

d
or = [, 75dQ (1.6)

The value of dQ solid angle is given by

_ area _ d_A __ (rd®)(rsinbd¢d) .
dQ = Gommeey — 2 - @ —sin 06d6do (1.7)
Total solid angle is
Q=[da=["["sin6dedd = 4m (1.8)
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Figure 1.4. The reaction geometry showing the beam emitted in the dQ solid angle
(Krane, 2006)

While the solid angle is the fraction

9 _ANg (1.9)

o, the total cross section can be found by incorporating the two equations (1.6),
(1.7)

op = [<2d0 = [<Zsin0ded¢ (1.10)

If the differential cross section is independent of ®, the cross section (after

integration over @) will be

or = 2m [ <2 sin6do (1.11)
Here do / dQ = o (0) is the differential-cross-section.

Differential cross section measurement is useful in finding the energy dependent
partial cross section. However, it is also useful to find the directional dependence of

the cross section on the nature of the nuclear reaction. By accepting a nuclear force
type, it is possible to express the angular distribution of different nuclear reactions.
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Conformity between theory and experiment will give the degree of the accuracy of
the accepted model of nuclear model is proven.

1.4.2. Double differential cross section

In many nuclear physics applications, for X(a,b)Y reaction we are concerned not
only with the possibility of particle b being spread at a certain angle, but also with
the possibility that certain nuclei Y will emit certain energy in versus the specific
energy of the nucleus. The detector located in Figure 1.4 counts all the particles in
the dQ solid angle around Q(0, ¢).

The influence cross-section measurements associated with the solid angle in the
concept of differential cross section leave the results of the double differential cross
section (DDX) with the addition of the energy analysis as well as the counting rate
per unit solid angle and unit energy interval and the normalization of the initial flow.
Therefore, we must change the definition of the cross section to give the probability
of observing the particle b at dQ solid angle and dEb energy range. This gives us the
quantity d 2 / dEp dQ called the double differential cross section. In the literature,
this additional energy dependence is not usually expressed explicitly; generally the
cross sections are plotted as do / dQ according to 6 which leads to the specific final
energy state. In this case, although it does not look like this, d %6 / dE, dQ. For
intermittent conditions, there can be only one level in the dEy energy range, and the

difference becomes insignificant.

On the other hand, if we do not consider the direction of the particle b (by enclosing
the cross-sectional area of the target with the 4n solid angle of the detectors or
without observing b at all), then we measure the other do / dE differential cross
section, where E can represent an excited energy of Y. Another cross section that we
can consider is the total cross section of ot. Here, for a particular incoming particle,
we sum up the reaction cross sections ¢ of the directions and the energies for all
possible different outgoing particles. Such a calculation may indicate probability that
the incoming particle will enter any reaction with the target and thus be removed
from the incoming beam of particles. It can be obtained directly by measuring the

loss in the intensity of the beam passing through the target at a particular thickness.
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1.5. Radioisotopes Used in Nuclear Medicine

Nuclear medicine uses radiation to provide information about the functioning of a
person's specific organs, or to treat disease. There is widespread awareness of the use
of radiation and radioisotopes, particularly for diagnosis (identification) and therapy
(treatment) of various medical conditions. And in most cases, the information is used
by physicians to make a quick diagnosis of the patient's illness. The thyroid, bones,
heart, liver, and many other organs can be easily imaged, and disorders in their
function revealed. In some cases radiation can be used to treat diseased organs, or
tumors. Nuclear reactors, cyclotrons and accelerators are used for the production of

radionuclides for both diagnostic and therapeutic purposes in nuclear medicine

e Nuclear medicine uses radiation to provide diagnostic information about the
functioning of a person's specific organs, or to treat them. Diagnostic
procedures using radioisotopes are now routine.

e Radiotherapy can be used to treat some medical conditions, especially cancer,
using radiation to weaken or destroy particular targeted cells.

o Sterilization of medical equipment is also an important use of radioisotopes.

e Over 40 million nuclear medicine procedures are performed each year, and

demand for radioisotopes is increasing at up to 5% annually (Int. Ref. 1).

Many of the chemical elements have a number of isotopes. The isotopes of an
element have the same number of protons in their atoms (atomic number) but
different masses due to different numbers of neutrons. In an atom in the neutral state,
the number of external electrons also equals the atomic number. These electrons
determine the chemistry of the atom. The atomic mass is the sum of the protons and
neutrons. There are 82 stable elements and about 275 stable isotopes of these
elements. When a combination of neutrons and protons, which does not already exist
in nature, is produced artificially, the atom will be unstable and is called a
radioactive isotope or radioisotope. There are also a number of unstable natural
isotopes arising from the decay of primordial Uranium and Thorium. Overall there
are 3800 radioisotopes. At present there are up to 200 radioisotopes used on a regular

basis, and must be produced artificially (Int. Ref. 2).
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The use of radioisotopes in biological sciences began by Von G. Hevesy in 1923
(Hevesy, 1923). Hevesy has shown that the amount of radiation required for such
studies is very small. At this time, the radioisotopes needed for such studies were not
available yet. This problem was solved by Curie and Joliot in 1934 who discovered
that radioisotopes could be produced artificially. Many scientists have devoted
themselves to the work of new radionuclide production and in a short time have
prepared a large number of radionuclides for use by biological scientists (Curie, et al.
1934). Herz and his friends showed that the thyroid gland was holding the 3|
radioisotope in the rabbit in 1938. In 1939, Hamilton and Soley measured the
involvement of 31 in thyroid with a simple Geiger-Miiller counter. These studies,
gathered under the name of nuclear medical science, have found numerous methods

to be applied in diagnosis and treatment.

Radioisotopes are mostly produced in cyclotrons and reactors. The energy of the
incoming particles and the target nucleus, determines the method by which
radioisotopes are produced. The production of radioisotopes are carried out in three
different ways: nuclear reactors, cyclotrons and radioisotope generators. The most
important criterion in production of radioisotopes is time. Short half-life isotopes
may not be deliver to the places in time, therefore, radioisotope generators are used
to meet the demands of facilities that are remote from the production site,
particularly those requiring short half-life radioisotopes.

Radionuclides used in nuclear medicine production can be classified as follows:

a) Nuclear reactor products: *3Xe, **Mo, **!|
b) Cyclotron products:
i. Positron emitting isotopes: 1'C, N, 0, 18F
ii. Gamma emitting isotopes: °’Co, ®’Ga, tIn, 123], 201T]

¢) Generator products: %8Ga, 8'™Kr, 82Ru, *°*™Tc and *3"In.
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1.5.1. Reactor radioisotopes (half-life indicated)

Molybdenum-99 (66 h): Used as the 'parent’ in a generator to produce technetium-
99m.

Phosphorus-32 (14 d): Used in the treatment of polycythemia Vera (excess red
blood cells). Beta emitter.

lodine-125 (60 d): Used in cancer brachytherapy (prostate and brain), also
diagnostically to evaluate the filtration rate of kidneys and to diagnose deep vein
thrombosis in the leg. It is also widely used in radioimmune-assays to show the
presence of hormones in tiny quantities.

lodine-131 (8 d): Widely used in treating thyroid cancer and in imaging the thyroid,;
also in diagnosis of abnormal liver function, renal (kidney) blood flow and urinary
tract obstruction. A strong gamma emitter, but used for beta therapy.

Bismuth-213 (46 min): Used for targeted alpha therapy (TAT), especially cancers,
as it has a high energy (8.4 MeV).

Cobalt-60 (5.27 year): Formerly used for external beam radiotherapy, now almost
universally used for sterilizing. High-specific-activity (HSA) Co-60 is used for brain
cancer treatment.

Chromium-51 (28 d): Used to label red blood cells and quantify gastro-intestinal
protein loss or bleeding.

Dysprosium-165 (2 h): Used as an aggregated hydroxide for synovectomy treatment
of arthritis.

Erbium-169 (9.4 d): Use for relieving arthritis pain in synovial joints.
Palladium-103 (17 d): Used to make brachytherapy permanent implant seeds for
early stage prostate cancer. Emits soft x-rays.

Holmium-166 (26 h): Being developed for diagnosis and treatment of liver tumors.
Iridium-192 (74 d): Supplied in wire form for use as an internal radiotherapy source
for cancer treatment (used then removed), e.g. for prostate cancer. Strong beta
emitter for high dose-rate brachytherapy.

Palladium-103 (17 d): Used to make brachytherapy permanent implant seeds for
early stage prostate cancer. Emits soft x-rays.

Potassium-42 (12 h): Used for the determination of exchangeable potassium in
coronary blood flow.

Iron-59 (46 d): Used in studies of iron metabolism in the spleen.
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Rhenium-186 (3.8 d): Used for pain relief in bone cancer. Beta emitter with weak
gamma for imaging.

Rhenium-188 (17 h): Used to beta irradiate coronary arteries from an angioplasty
balloon.

Caesium-137 (30 year): Used for low-intensity sterilization of blood.

Yttrium-90 (64 h): Used for cancer brachytherapy and as silicate colloid for the
relieving the pain of arthritis in larger synovial joints. Pure beta emitter and of
growing significance in therapy, especially liver cancer.

Samarium-153 (47 h): Sm-153 is very effective in relieving the pain of secondary
cancers lodged in the bone, sold as quadramet. Also very effective for prostate and
breast cancer. Beta emitter.

Technetium-99m (6 h): Used in to image the skeleton and heart muscle in
particular, but also for brain, thyroid, lungs (perfusion and ventilation), liver, spleen,
kidney (structure and filtration rate), gall bladder, bone marrow, salivary and
lacrimal glands, heart blood pool, infection and numerous specialized medical
studies. Produced from Mo-99 in a generator.

Strontium-89 (50 d): Very effective in reducing the pain of prostate and bone
cancer. Beta emitter.

Ytterbium-169 (32 d): Used for cerebrospinal fluid studies in the brain.

Xenon-133 (5 d): Used for pulmonary (lung) ventilation studies.

1.5.2. Cyclotron radioisotopes (half-life indicated)

Carbon-11, Nitrogen-13, Oxygen-15, Fluorine-18: These are positron emitters
used in PET for studying brain physiology and pathology, in particular for localising
epileptic focus, and in dementia, psychiatry and neuropharmacology studies. They
also have a significant role in cardiology. 8F in FDG (fluorodeoxyglucose) has
become very important in detection of cancers and the monitoring of progress in

their treatment, using PET.

Copper-64 (13 h): Used to study genetic diseases affecting copper metabolism, such
as Wilson's and Menke's diseases, and for PET imaging of tumors, and therapy.
Copper-67 (2.6 d): Beta emitter, used in therapy.

Bromine-75 (96.7 min): Positron emitter used in PET for fast metabolic processes.
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Cobalt-57 (272 d): Used as a marker to estimate organ size and for in-vitro
diagnostic kits.

Gallium-67 (78 h): Used for tumour imaging and localisation of inflammatory
lesions (infections).

Gallium-68 (68 min): Positron emitter used in PET and PET-CT units. Derived
from germanium-68 in a generator.

lodine-123 (13 h): Increasingly used for diagnosis of thyroid function, it is a gamma
emitter without the beta radiation of 1-131.

lodine-124 (4.2 d): Used in a variety of PET applications, such as protein and
antibody iodinations, as well as in the design and synthesis of new PET tracers.
Indium-111 (2.8 d): Used for specialist diagnostic studies, eg brain studies, infection
and colon transit studies.

Rubidium-82 (1.26 min): Convenient PET agent in myocardial perfusion imaging.
Thallium-201 (73 h): Used for diagnosis of coronary artery disease other heart
conditions such as heart muscle death and for location of low-grade lymphomas. It is
the most commonly used substitute for technetium-99 in cardiac-stress tests.
Strontium-82 (25 d): Used as the 'parent' in a generator to produce Rb-82
Krypton-81m(13sec) from rubidium-81 (4.6h): Kr-81m gas can yield functional
images of pulmonary ventilation, e.g. in asthmatic patients, and for the early

diagnosis of lung diseases and function (Int. Ref. 1).

1.6. Positron Emission Tomography (PET)

Positron emission tomography (PET), shown in Figure 1.6, is a nuclear medicine
imaging technology that provides moderate-resolution, sensitive images of the
biodistribution of a radiotracer in vivo (Jacobson, et al., 2015). Radioisotopes are an
essential part of medical diagnostic procedures. In combination with imaging devices
which register the gamma rays emitted from within, they can study the dynamic

processes taking place in various parts of the body.

PET is based on the detection of very small (picomolar) quantities of biological
substances which are labelled with a positron emitter (Ziegler, 2005). The use of
positron emitting radioisotopes such as 'C, N, %0, and *8F together with PET

offers a highly selective and quantitative means for investigating regional tissue
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biochemistry, physiology and pharmacology the *C, N, 10 and 8F, with relatively
short half-life of 20.334, 9.967, 2.037 and 110 min, respectively. Note that among of
the nuclides mentioned above, ®F has the most ideal half-life for labeling of
radiopharmaceuticals and has a unique and diverse chemistry for introduction into

various molecules.

The positron emitting nuclei which are neutron deficient isotopes are important for
PET studies. Positrons annihilate with electrons emitting two photons (Ey = 511
keV) in opposite direction. Most of the positron emitters are still being studied in
terms of their applicability for diagnostic purposes. PET has been developing with
the increasing number of clinical facilities raising interest in the use of PET in
routine practice (Tel, et al. 2011). A PET scanner measures important body
functions, such as blood flow, oxygen use, and sugar (glucose) metabolism, to help
doctors evaluate how well organs and tissues are functioning. The scanner works by
detecting radioactive emissions from the radiotracer and producing pictures that

provide molecular information.

Neutrino
@)

511keV Gamma Ray

Nucleus (eg '8F)

Positron (+1)

. Electron (-1)

Annihilation 'Positron + Electron’

511keV

Gamma Ray

Figure 1.5. A schematic diagram showing positron emission during the decay
process of a radionuclide (Kitson, et al. 2009)

For example, (Figure 1.5) the radioactive ®F, produced from the cyclotron, is a

positron emitter. The positron from the unstable *8F nucleus collides with an electron
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and both are annihilated. This results in two gamma rays of equal energy but going in

opposite directions.

The gamma rays leave the patient’s body and interact with the scintillation crystals
and the photomultiplier tubes in the detectors. These crystals act like transducers by
converting the gamma rays into ‘light’ photons. The photons are then converted into
electrical signals that are registered by the tomography electronics. The information
is then processed by a computer to form a complex 3- D real time image of a

particular part of the body such as the brain or a whole body scan.

Figure 1.6. Positron emission tomography (PET)

PET/CT this advanced nuclear imaging technique combines positron emission
tomography (PET) and computed tomography (CT) into one machine. A PET/CT
scan reveals information about both the structure and function of cells and tissues in

the body during a single imaging session.

During a PET/CT scan, the patient is first injected with a glucose (sugar) solution
that contains a very small amount of radioactive material. The substance is absorbed
by the particular organs or tissues being examined. The patient rests on a table and

slides into a large tunnel-shaped scanner. The PET/CT scanner is then able to "see™
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damaged or cancerous cells where the glucose is being taken up (cancer cells often
use more glucose than normal cells) and the rate at which the tumor is using
the glucose (which may help determine the tumor grade). The procedure is painless

and varies in length, depending on the part of the body that is being evaluated

By combining information about the body's anatomy and metabolic function, a
PET/CT scan provides a more detailed picture of cancerous tissues than either test
does alone. The images are captured in a single scan, which provides a high level of

accuracy as in Figure 1.7.

Sagital (side) view

Transaxial (neck) section

Figure 1.7. PET procedures allow for the early discovery of cancers and are useful in
following the evolution of any specific cancerous growth. These three
images of the same patient taken with a CT (Computed Tomography)
scanner and a PET camera show the advantages of these nuclear imaging
techniques

1.7. Single Photon Emission Computed Tomography (SPECT)

A Single Photon Emission Computed Tomography (SPECT), shown in Figure 1.8, is
a similar tomographic technique. However, the substances used in SPECT are
radioactive labeled with isotopes having longer decay times than those used in PET.

This makes SPECT centers more common and SPECT scan much cheaper.
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However, the radio labeled substances used in SPECT emit single instead of double

gamma rays.

SPECT scan is a type of nuclear imaging test that shows how blood flows to tissues
and organs. A SPECT scan integrates two technologies to view the body: computed
tomography (CT) and a radioactive material (tracer). The tracer is what allows

doctors to see how blood flows to tissues and organs.

Before the SPECT scan, the patient is injected with a chemical that is radiolabled,
meaning it emits gamma rays that can be detected by the scanner. In this technique,
the camera rotates around the patient and takes images from many angles of gamma
rays. The computer uses this information to develop a much more detailed and
precise image. The computer collects the information emitted by the gamma rays and
translates them into two-dimensional cross-sections. These cross-sections can be
added back together to form a 3D image of brain. The radioisotopes typically used in
SPECT to label tracers are 1231, %™Te, 133Xe, 201Th, and ‘8F. These radioactive forms

of natural elements will pass safely through the body and be detected by the scanner.

The type of tracer used depends on what the doctor wants to measure. For example,
if the doctor is looking at a tumor, he might use radiolabled glucose (FDG) and
watch how it is metabolized by the tumor. The test differs from a PET scan in that
the tracer stays in blood stream rather than being absorbed by surrounding tissues,
thereby limiting the images to areas where blood flows. SPECT scans are cheaper
and more readily available than higher resolution PET scans. Since low-energy
radioisotopes are used in SPECT, radiation protection is easier and the process
possibilities are higher in images. SPECT has become an increasingly common
imaging technique as it provides these and similar advantages (Holly et al., 2010).
Furthermore, combining SPECT with CT in a SPECT/CT system can assist in
defining the anatomic context of biochemical processes and improve the quantitative
accuracy of the SPECT data.
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Figure 1.8. Single Photon Emission Computed Tomography (SPECT)
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2. LITERATURE BACKGROUND

The importance of studying nuclear reactions and reaction cross sections comes from
the fact that many information are obtained such as nuclear size, charge distribution,

nuclear forces etc.

Sarpiin, et al. (2018) focused on the effects of the deformation parameter on the cross
sections. By determined the deformation parameters of target nucleus °Pd using
interacting boson model (IBM). Then the parameters was used in the TALYS-1.8
code to calculate the cross sections of the *1°Pd (d,n)!tAg and °Pd(d, 2n)!'MAg

reactions.

Sahan, et al. (2018) calculated the double-differential neutron emission cross sections
for n+209Bi reactions at an incident energy of 14.2 MeV at angles from 15 to 150
degrees using the HMS-ALICE-2011, TALYS 1.6 simulation model codes based on
the unified Hauser-Feshbach and exciton model.

Artun and Aytekin (2017) studied the production of medical radioisotopes %4™ 949, 96m.
94, 96, 99MT ¢ \which some of which are used in SPECT and PET and investigated the
excitation functions of proton-induced reactions on even-even %Mo isotopes via
proton-induced reactions. To obtain the excitation functions they carried out cross-
section calculations in the frameworks of the generalized superfluid model,
microscopic level density model, and three options of the preequilibrium process in
the TALYS 1.6 code.

Guertin et al. (2017) presented experimental nuclear data collected in the framework
of the production radionuclides for therapy and diagnosis applications in
collaboration with the GIP ARRONAX, which possesses a multi-particle high-
energy cyclotron. In order to assess the cross section of a given production route,
experiments have been carried out for a set of radionuclides of medical interest:
photon (Tc-99m) and positon (Sc-44q) emitters for diagnosis, electron (Re-186g, Th-
155, Sn-117m) and alpha particle (Th-226, Ra-233, Bi-213) emitters for therapeutic

applications.
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A systematic comparison has been performed between the results from the
TALYS1.6 code at energy range up to 70MeV. A good agreement with experimental
data has been obtained and the TALY'S code.

Yalim et al., (2017), by using TALYS 1.6 nuclear reaction code with incident
particle energy up to 50 MeV for copper radioisotopes 8061:626467Cy that are used for
various biomedical applications in diagnostic or therapeutic nuclear medicine, the
excitation functions of copper radioisotopes have been investigated through the

theoretical calculation of cross sections.

Kiling et al. (2016), studied the cross section calculation of the (p, 2n) reaction,
which is necessary for production of the nuclei of 'Co, *In, **™Tc using TALYS
1.6 nuclear reaction code. This radioisotope are widely used in nuclear medicine and

are successfully implemented in renal imaging.

Karpuz and Mavi (2016), this study was performed using Monte Carlo nuclear
reaction simulation code TALYS 1.6 to obtain radiopharmaceuticals TI-201 and Tc-
99m which are used in myocardial perfusion scintigraphy imaging technique, which
are used for diagnostics of coronary artery disease in people by evaluating the

amount of blood reaching the heart muscle.

Kiling et al (2016), calculated the theoretical cross section of some radioisotopes
used in medicine. The calculation was done using Monte Carlo code of TALYS 1.6
in the energy range between 0.5 and 100 MeV for 3N ®F radioisotopes, via the
12C(d,n)N, °Ne(d,o))*8F and °0(3He,p)*®F reactions.

Kiling (2016), using TALYS 1.6 nuclear simulation code, (p,n) reaction cross
sections of some radionuclides used in the PET imaging %Cu, ®6Ga, °Br, were
calculated for reactions in the energy range between 1 and 100 MeV. By ®Ni (p,n)
®1Cu, Zn (p,n) ®Ga and "®Se (p,n) "°Br reactions.

Nasrabadi et al. (2015), studied simulation of excitation functions and nuclear
reaction mechanisms in the TALYS, EMPIRE & LISE++ reaction codes, for

production of most widely used %Cu and ’Ga radioisotopes that have been used as a
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very interesting and powerful tracer for imaging by positron emitting tomography
(PET) at last years.

Duchemin et al. (2015), have measured reaction cross section using a thorium target
irradiated by light charged particles (protons and deuterons) leads to the production
of several isotopes ?®Ac, 22’Th, #%a, **Mo, 1°9Cd, 131 of medical interest. The
experimental cross section data compared with the calculated data were carried out
by TALYS 1.6 code.

Salman et al. (2015), by using TALYS 1.6 and in energy range of 5-40 MeV, the
reaction cross-sections of charged particle-induced reactions that leading to "Br
radioisotope were calculated. ™Br is a positron emitter and is useful in positron

emission tomography (PET) for fast metabolic processes.

Kara et al. (2015), they calculated production cross sections Indium-111 that is one
of the most useful radioisotopes used in nuclear medicine via *Cd(p,n), **2Cd(p,2n),
13Cd(p,3n), *Cd(p,4n) nuclear reactions up to 60 MeV energy. By using
ALICE/ASH, TALYS 1.6 and EMPIRE 3.2 nuclear reaction code.

Azzam et al. (2014), obtained Lead radioisotope 2°°Pb used in medicine
experimentally by using medium size cyclotrons and theoretically by used the
models TALYS 1.4, and EMPIRE 3.1 to construct the excitation functions for

protons, deuterons, helium-3 and helium-4 induced reactions on Tl and Hg targets.

Eslami and Kakavand (2014), studied the direct production of ®®*"Tc radioisotope by
charged particle irradiation using Monte Carlo method. After scouting of the
reactions that produce %M™Tc, excitation functions of these reactions were predicted
by optical model components in the TALYS-1.6 code. This study demonstrated that
Monte Carlo provides a method for the design and optimization of targets for the

radionuclide production purposes.

Braghirolli et al. (2014), reviewed and summarized the recent advances in %4
radionuclide production and medical use in PET technology application. Its

applications range from simple imaging of the thyroid and parathyroid to functional
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studies of neurotransmitter receptors, through monoclonal antibodies for the study of
cancer. 24l has furthermore been used to label molecules such as fatty acids, and
fibrinogen, allowing the study of diseases of different organs such as brain and heart.
Moreover, the labeling chemistry for 241 is well established, and wide varieties of

compounds have been labeled for molecular imaging purposes with PET.

Webster et al. (2014), theoretical cross-sections were generated using TALYS to
produced three medically important radionuclides &Zr, 84Cu, and ®Pd with activity
yields suitable for medical diagnostics and therapy via the 8°Y(p,n), %Ni(p,n) and
193Rh(p,n) reactions, respectively at a proton energy of 10 MeV.

Sadeghi et al. (2012), presented a experimental method for the production of lodine-
124 using a cyclotron. In an amounts of 1241 with high chemical and radionuclides
purity for both diagnostic and therapeutic applications. and they calculated excitation
functions via %Te(p,n)'?1, 25Te(p,2n)*?*1, 1%Te(p,3n)'%1, 24Te(d,2n)*?,
1215h(a,n)*?* and "Te(p,xn)'?*l reactions by ALICE/ASH and TALYS codes and
compared it to existing data. Theoretical calculation of production yield and
calculation of target thickness requirement were obtained by TALYS and SRIM

codes for each reaction.

Tel et al. (2011), studied the newly calculations of proton induced production cross
sections in some PET, SPECT and others used in medical applications for some
radioisotopes used in medical applications like 8F, 5’Co, **Mn, %’Ga, %Ga, **Mo,
Un, 125Xe, 128Ba and 2°'Pb were investigated in a range of 5-100 MeV incident
proton energy range. In addition, Excitation functions for pre-equilibrium
calculations were newly calculated by using hybrid model, geometry dependent
hybrid (GDH) model.

Al-Abyad (2011), He studied excitation function related to the production for some
medical radioisotopes such as 12124], 5788Ga and In and calculated for statistical
and preequilibrium models. Excitation functions of these routes were calculated by
using EMPIRE-03 and TALYS codes. The reactions were investigated in the energy
range from threshold up to 30 MeV.
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3. MATERIALS AND METHOD

In nuclear physics and medical science, the cross sections formed by neutrons,
photons, protons, deuterons, 3He and alpha particles are particularly important.
Changes may occur during the formation of such reactions which may affect the
structure of the materials. In order to understand the importance of these problems
and to solve the problems, it is necessary to measure the cross sections
experimentally but theoretical calculations should be done in advance. For example,
the importance of the theoretical calculations is to see which energy range of sending
particle can be the maximum cross-section, or in which range the particle must be
sent. In particular, data are needed to optimize a production process, i.e. to maximize

the yield of the desired product and to minimize the level of radionuclides impurities.

Among Monte Carlo computer nuclear model codes applications (TALYS, ALICE,
GNASH, EMPIRE etc.) solving complex problems, simulating experimental designs
and are useful in predicting experimental results before the experiment carried out. In
this work nuclear simulation code program TALYS 1.6 are used for calculations of

total cross section, differential cross section and double differential cross section.

3.1. TALYS Code

In this thesis, the cross sections calculations were done using nuclear reaction
simulation code program. For this purpose, TALYS 1.6 Monte Carlo simulation code

program is used.

TALYS is a computer code system programming with Fortran language working in
Linux operating system and developed for the prediction and analysis of nuclear
reactions. The basic objective behind its construction is the simulation of nuclear
reactions that involve neutrons, photons, protons, deuterons, tritons, helium-3 and
alpha-particles, in the 1 keV - 200 MeV energy range and for target nuclides of mass
12 and heavier. To achieve this, we have implemented a suite of nuclear reaction
models into a single code system. This enables us to evaluate nuclear reactions from

the unresolved resonance range up to intermediate energies.
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In TALYS output files, elastic and inelastic and total cross section, elastic scattering
angular distributions, angular distributions at cut-off levels, Isomeric and ground
state effect cross section, double differential cross sections, single or multiple
emission cross sections, results of formation cross section can be obtained for
product nucleus. Important applications that rely directly or indirectly on data
generated by nuclear reaction simulation codes like TALYS are: conventional and
innovative nuclear power reactors (GEN-1V), transmutation of radioactive waste,
fusion reactors, accelerator applications, homeland security, medical isotope
production, radiotherapy, single-event upsets in microprocessors, oil-well logging,
geophysics and astrophysics.There are twomain purposes of TALYS, which are
strongly connected. First, it is a nuclear physics tool that can be used for the analysis
of nuclear reaction experiments. The second namely as a nuclear data tool (Koning et
al, 2013).

3.1.1. Optical model

During the last forty years the nuclear optical model has been extensively applied to
analyse the elastic scattering of pions, nucleons and heavier particles by nuclei over a
wide range of energies. It has been extended to include inelastic scattering by the
coupled-channels formalism and consideration of dispersion effects enables both
bound and scattering states to be described by the same mean field (Hodgson, 1963)
(Boffi and Passatore, 1976).

The central assumption underlying the optical model is that the complicated
interaction between an incident particle and a nucleus can be represented by a
complex mean-field potential, which divides the reaction flux into a part covering
shape elastic scattering and a part describing all competing non-elastic channels.
Solving the Schrédinger equation numerically with this complex potential yields a
wealth of valuable information. First, it returns a prediction for the basic observables,
namely the elastic angular distribution and polarization, the reaction and total cross
section and for low energies, the s, p-wave strength functions and the potential
scattering radius R'. The essential value of a good optical model is that it can reliably
predict these quantities for energies and nuclides for which no measurements exist.

Also, the quality of the not directly observable quantities that are provided by the
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optical model has an equally important impact on the evaluation of the various
reaction channels. Well-known examples are transmission coefficients, for
compound nucleus and multi-step compound decay, and the distorted wave functions
that are used for direct inelastic reactions and for transitions to the continuum that
describe statistical multi-step direct reactions. Also, the cross sections that are
calculated with the optical model are crucial for the semi-classical pre-equilibrium
models (Koning et al, 2013).

3.1.2. Pre-equilibrium model

The pre-equilibrium mechanism depends on the mass of the target nuclei and on the
excitation energy of the compound system. The pre-equilibrium process occurs after
the first phase of reactions. This pre-equilibrium state continues until the statistical
equilibrium of the compound nuclei. In pre-equilibrium processes a part of the
reaction flux is emitted in the pre-equilibrium stage, i.e. it takes place after the first
stage of the reaction but long before statistical equilibrium of the compound nucleus
Is attained. It is imagined that the incident particle step-by-step creates more complex
states in the compound system and gradually loses its memory of the initial energy
and direction (Koning, and Rochman, 2012). Pre-equilibrium processes cover a
sizable part of the cross section for incident energies between 10 and (at least) 200
MeV. Pre-equilibrium reactions have been modeled both classically and quantum-

mechanically and both are included in TALYS.

Pre-equilibrium plays an important role in nuclear reactions induced by light
projectiles with incident energies above 8-10 MeV. Starting with the introduction of
pre-equilibrium reactions, a series of semiclassical models of varying complexities
have been developed for calculating and evaluating particle emissions in the
continuum (Aydin et al, 2010). Several models have been proposed to explain the
emission of energetic light particles by the equilibration process (pre-equilibrium

emission) from the nuclear system excited at medium energies (Ismail, 1989).

The default pre-equilibrium model of TALYS is the two-component exciton model,
which has been tested against basically all available experimental nucleon spectra for
A > 24 (Koning and Duijvestijn, 2004).
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3.2. Radioisotope Production and Applications

There are many uses of radiation or radioactive material in medicine. These are for
treatment of disease or cancer and are commonly called therapy. A subspecialty in
nuclear medicine is nuclear medicine therapy. In areas cardiology, neurology, and

oncology.

In the last decade, a big success has been provided on production and usage of the
radioisotopes. Medical and industrial radioisotopes are produced using nuclear
reactors and cyclotrons. Commercially, cyclotrons are widely used as accelerators for
production radioisotopes that uses in Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET). Both PET and
SPECT radioisotopes are obtained as a result of bombardment of targets in solid,
liquid or gaseous form with accelerated charged particles or ions (proton, deuteron,
alpha 3H, ®He, etc.) from the cyclotron. which play an important role in medical

applications.

A medical radioisotope can be classified as a diagnostic or a therapeutic
radionuclide, depending on its decay properties. Radioisotope are used in diagnostic
studies via emission tomography, i.e. Positron Emission Tomography (PET), Single
Photon Emission Computed Tomography (SPECT), and Endoradiotheraphy (internal

therapy with radio nuclides).

3.2.1. Radioisotopes used in (PET) and (SPECT)

Radiohalogens play a very important role in radiopharmaceuticals used for medical
imaging (now referred to as molecular imaging) and therapy applications. The
positron-emitting radiohalogens *8F, 1241, "Br and "®Br are reviewed regarding their
relevance for positron emission tomography (PET) and in Single Photon Emission

Computed Tomography (SPECT) in oncology (Glaser et al., 2003).

Fluorine-18 with (110 min) half life produced in cyclotron is a positron emitters
used in PET. It used in the care of patients with soft tissue sarcomas to predict

malignant potential of tumors, F-18 in FDG (fluorodeoxyglucose) has become very
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important in detection of cancers and the monitoring of progress in their treatment,
using (PET). Once injected into the body, it will go to places where glucose is used
for energy. For instance, the brain uses glucose as its primary source of energy, and
so FDG will go to the brain, and in particular, to those parts of the brain that are
actively burning glucose for energy which is preferentially taken up by brain and
cancer cells making an ideal tool for detecting tumors and also to map brain function
and the diagnosis of conditions such as Alzheimer’s discase (Cole et al. 2014; Pahk
et al. 2015).

Radionuclides of lodine are widely used in nuclear medicine to label monoclonal
antibodies, and measurement of biologic processes at the molecular and cellular
levels in human beings and other living systems. In patients with advanced
differentiated thyroid carcinoma (DTC), this includes imaging iodine transport, and
because success or failure of therapy depends on the degree of iodine uptake by the

tumor cells which is active in about 80% of well-differentiated thyroid malignancies.

In diagnostic and therapeutic applications, gquantitative imaging over a period of
several days is necessary. 2%l is the only long-life positron emitter isotope of iodine,
which can be used both for diagnosis and a therapy, remain the most frequently used
radionuclides for thyroid imaging. *2*I used in (PET) applications and it attracting
increasing interest for long-term clinical studies. With availability high quality of
(PET) technology, warrant an actual role in thyroid cancer imaging, as well as
promising applications in neurology and oncology. Because of 1?1 long half life (4.2
d), could permit quantitative imaging over several days using PET. Which makes 24|
is ideal for this purpose because (PET) provides tomographic images with spatial and
contrast resolution. in addition stability, and radiation emissions, this permitted to
use in several applications in oncological and non oncological fields.

The positron-emitting radiohalogens Bromine-75 (T2 = 96.7 min) and "®Br (T12 =
16.2 h) are reviewed regarding their relevance for positron emission tomography
(PET) and (SPECT). in oncology. these cyclotron-generated isotopes °Br was used
in studies of monoclonal antibody kinetics, which requires a radionuclide with a

longer half-life than the standard PET nuclides, and in brain tumors. the cyclotron
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production of ™Br requiring a relatively high beam energy which is available only in
a few centres (Ribeiro et al., 1999; Glaser et al., 2003).

Technetium-94m (T12= 4.88 h) is used in (PET) to study brain tumors, cerebral
perfusion, detect blood brain barrier defect, as well as imaging, bone, pulmonary,
myocardial and also hepatobiliary and renal function. Technetium-99m (T12= 6 h) is
a widely used radioisotope in nuclear medicine. That is used in tens of millions of
medical diagnostic procedures annually, making it the most commonly used medical
radioisotope. its half-life make it an ideal isotope for single photon emission
computed tomography (SPECT) It can be used for imaging a variety of ailments such
as impeded blood flow to the heart, the spread of cancer to bones, liver disease
(gastroenterology), lungs, kidney imaging and early diagnosis of Alzheimer's

disease.

As for the Cobalt-57 (T2 = 272 d) is applied in various studies as a radioactive
tracer. °’Co with Vitamin B 12 (albumin) labeled is used in diagnostic Kits to study
anemia. In addition, °’Co is a useful Mossbauer radioisotope, its use as a calibration
standard for gamma-spectrometers and single photon emission tomography (SPECT)
is the most general use. Moreover, is used too in medicine to help detect cancerous
tumors. It is also used as a component in the medical equipment’s studying the
chemical properties of various materials or testing the response of gamma cameras
(Spellerberg et al., 1998; Mastren et al., 2015)

Manganese-50 (T2 = 283.29 ms) human body use manganese it aids in the
formation of connective tissue, bones, blood-clotting factors, and sex hormones and
plays a role in fat and carbohydrate metabolism, calcium absorption, and blood sugar

regulation. Manganese is also necessary for normal brain and nerve function.

Carbon-11 radioisotope (T2 = 20.34 min) it’s primarily use is for the early
diagnosis of cancer, monitoring therapeutic response to cancer treatment, and
pharmacokinetic investigations of anticancer drugs. (PET) imaging permits
monitoring of metabolic processes and molecular targets, Identifies possible risk of

prostate cancer, help locate tumors, a tracer used in the study of myocardial
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metabolism, used to study metabolism, also used to scan: brain, head, neck, lung,
breast cancer, and lymphomas (Grassi et al., 2012).

Nitrogen-13 (T2 =10 min) labelled amines are of interest for improving positron
emission tomography (PET). These are positron emitters used in PET for studying
brain physiology and pathology, in particular for localising epileptic focus, and in
dementia, psychiatry and neuropharmacology studies. Also used for assessing
myocardial blood perfusion in the evaluation of coronary artery diseasecardial

perfusion imaging and representing metabolism (Phillips, 1994).

Copper-64 radioisotope (T2 = 12.7 h) is an important positron-emitting
radionuclide for (PET) and used in nuclear medicine for diagnosing tumors. It has
several advantages, including the fact that it can be readily produced with an in-
hospital small cyclotron and can be used not only for imaging but also has a large
applications in internal radiation therapy. ®*Cu is important in the treatment planning,
diagnosis, and evaluation of the treatment response in patients with cancer. And also
diagnosis of human copper-associated diseases such as atherosclerosis, Alzheimer’s.
It is also used in diagnose the blood supply to the kidney, in studies radiation doses
measuring in diagnostic imaging, and in colorectal cancer treatment. As this isotope
IS a positron emission radioisotope, it is known as a particularly effective
radioisotope in (PET) imaging study (Obata et al., 2003; Noori et al., 2017).

The use of positron emission tomography (PET) for radionuclide imaging provides
better sensitivity, better spatial and temporal resolution and better quantification
accuracy in comparison with single photon emission computed tomography
(SPECT). One limitation of (PET) is the predominant use of short-lived (with half-
life up to 2 h) radionuclides. Extension of (PET) utility might be achieved by the use

of more long-lived, "non-conventional™ positron emitters.
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4. RESULTS AND DISCUSSION

In order to investigate the possibility of producing radioisotopes used in diagnosis
and treatment, total cross sections, differential cross sections and double differential
cross sections were calculated by using TALYS 1.6 program and compared with
experimental data taken from the Experimental Nuclear Reaction Data EXFOR

library. EXFOR libraries are a very powerful database.

4.1. Total Cross Sections

4.1.1. Fluorine-18 production reactions

In this study of the nuclear reactions °O(®He,p)'®F, 2O(p,n)BF, °F(g,n)kF,
¥F(n,2n)'8F, 2°Ne(®He,x)*®F, 2Ne(p,a)'®F, 2°Ne(d,x)'®F, °F(p,n+p)'®F, the cross
sections were calculated using TALYS 1.6, and the results were compared with the

experimental data available in EXFOR library and displayed in Figures 4.1-4.8.

500
16,3 18 — TALYS 1.6
O('He, p), F
® s OCHe. ), *  Tatischeffetal., 2003
400 4 v Titschenetal., 1977
@ Gassetal., 1976
® Hahnetal, 1966

)
£ 300-
o]
e
d
5]
A 200
(72}
wn
o
S
Q

100

v
Vv Vyvy v
0 -
T T T T T T
0 10 20 30 40 50
E"Hc (MCV)

Figure 4.1. Total cross section for ®O(He, p)'®F reaction and comparsion with
experimental data
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Figure 4.4. Total cross section for ¥F(n, 2n)!8F reaction and comparison with the
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Figure 4.5. Total cross section for 2°Ne(®*He, x)*®F reaction and comparsion with the
experimental data
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Figure 4.6. Total cross section for 2!Ne(p, a)'®F reaction and comparison with the
experimental data
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Figure 4.7. Total cross section for 2°Ne(d, x)'®F reaction and comparison with the
experimental data
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Figure 4.8. Total cross section for °F(p, n+p)®F reaction and comparison with the
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In this study, the use of cyclotron-mediated medical radioisotopes known as PET
radioisotope was investigated. The theoretical calculated total cross sections of 8F
radioisotope used in the nuclear medicine of *O(®He,p)8F, 80(p,n)8F, 1°F(g,n)®F,
¥F(n,2n)*8F, 2Ne(®He,x)*8F, 2Ne(p,a)*®F, ®Ne(d,x)*®F and *F(p, n+p)*®F reactions
were displayed and compared with available experimental data in EXFOR library in
Figures 4.1-4.8.

In Figure 4.1 theoretical cross section compared with experimental data available in
literature performed by Hahn et al. (1966), Filschen et al. (1977), Gass et al. (1976)
and Tatischeff et al. (2003). From the comparison, it is noted the experimental value
performed by Hahn et al. (1966) is in a good agreement with present calculated
results from 3 MeV to 9.5 MeV. Regarding Filschen et al. (1977) data available in
this study between 14 MeV to 40 MeV, it is consistent with current results. Gass et
al. (1976) they presented in their studies experimental data between 1-5 MeV and
they are exactly identical to calculated results. As for Tatischeff et al. (2003) the data
show a similar pattern, and the size of the cross section is approximately 50%

different.
41



For 0O(p, n)!8F reaction as shown in Figure 4.2 a good agreement is observed
between present calculations cross sections results and experimental data made by
Hess et al. (2001), Kitwanga et al (1990), Bair (1973), Blair et al. (1960), Blaser et
al. (1951), Takas et al (2003) and Ruth et al (1979).

As for nuclear reactions °F(g,n)!®F in Figure 4.3, ?Ne(p,a)*®F in Figure 4.6 and
¥F(p, n+p)*®F in Figure 4.8 when comparing the calculated cross section and
experimental data to obtaine 8F, there are only one previous experimental study per
reaction which made by Bianco et al. (1962), Lee et al. (2005) and Yule et al. (1960)
respectively. Therefore, the theoretical calculations of *8F production in this study

helps to do other experiments for these reaction.

As can be seen in Figure 4.4, for °F(n, 2n)'®F reaction it can be said that the cross
section results calculated with the TALYS 1.6 code shows a similar pattern with
experimental data from literatures. In addition to that the literatures data are in
complete agreement with the cross sections that they have achieved in their
experimental work and it is lower than current calculation about 30%. Except Brill et
al. (1961) their data are consistent with the current calculations.

2ONe(®He, x)'®F reaction in Figure 4.5 and 2°Ne(d, x)*F reaction in Figures 4.7 show
a good agreement between the theoretical calculation and experimental data reported
by Bakhausen et al. (1981) and Nozaki et al. (1974) except the experimental data
made by Bakhausen et al. (1981) which are lower than the calculated results. From
the calculation of cross sections of *8F radioisotope production the optimum energy
range, threshold energy (E-threshold) and Q-values of each reaction are shown in
table 4.1.
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Table 4.1. Optimum energy range, the average cross section of these energies, E-
threshold and Q-values for 8F production

Optimum Average E-threshold | Q-values
Reactions energy range Cross section (MeV) (MeV)
(MeV) (mb)

0 (He,p)*BF En=5—10 311 — 350 0.00000 2.03198
BO(p,n)*BF Ep=4— 10 183 — 205 3.64964 | -2.51902
9F(g,n)eF Eg=14 — 17 9—11 11.4131 | -10.4759
BE(n,2n)®F | En=15—22 90 — 120 11.0321 | -10.4759

Ne(*He,x)®F | En=13 — 22 106 — 170 3.21072 | -2.78985
2INe(p,a)'®F Ep=8— 14 150 — 170 1.82436 | -1.74083

2ONe(d,x)*®F Eq=3—9 165 — 190 0.00000 2.70364

BE(p,n+p)F | Ep=20—30 | 110— 130 -10.4759 | 11.0313

4.1.2. lodine-124 production reactions

In this study, the use of cyclotron-mediated medical radioisotope, known as PET
radioisotope was investigated. The total cross section were calculated using nuclear
reaction simulation TALYS 1.6 codes for 1271(g,3n)*?*1, 21Sh(a,n)!?*1, 122Sh(a,3n)?4I,
123Te(d,n) 21, 4Te(p,n)*4l, 12°Te(p,2n)*?41, 12°Te(p,3n)'?*l reactions. The results
were compared with the experimental data available in EXFOR library and displayed
in Figures 4.9-4.15.
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Figure 4.10. Total cross section for *2'Sb(a, n)!?l reaction and comparison with the
experimental data
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Figure 4.13. Total cross section for #*Te(p, n)'?*l reaction and comparsion with the
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Figure 4.15. Total cross section for *2°Te(p, 3n)'#l reaction and comparison with the
experimental data

When the calculated cross-sections to produce '?*l radioisotope are examined, for
127)(g,3n)*?*1 reaction in Figure 4.9 and compared with experimtal data reported by
Bergere et al. (1969) and Varlamov et al. (2006) we noted that there are no practical
data in their studies after 31.2 MeV and the calculated results is in agreement with

availible experimental data before this energy.

The theoretical calculated cross section and experimental data which made by
Tarkanyi et al. (2009), Singh et al. (2006), Ismail (1990), Calboreanu et al. (1982),
Hassan et al. (2006) for *2Sh(a,n)'?*l reaction are displayed in Figure 4.10. By the
comparison we observe that the experimental data and the theoretical cross section
calculations were harmonious. With very well matched at energies between 12-18
and 34-58.4 MeV and with a small shift to the right in the peak region about 2 MeV.

In Figure 4.11 the experimental and theoretical cross section calculations are
compared for 22Sb(a,3n)'?*l reaction. It is seen to be compatible up to 35 MeV
between theoretical calculation and literature’s data made by Uddin et al. (2011),

Singh et al. (1991) and Ismail (1990). After this energy value, they have higher
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experimental data than the calculated results. Also a good match between theoretical
and experimental value reported by Scholten et al. (1997) up to 7.5 MeV for
123Te(d,n)'?*1 reaction shown in Figure 4.12. After this energy, the experimental data

of the cross sections are higher than the calculated results.

In Figure 4.13 the experimental and theoretical cross section calculations are
compared for #Te(p,n)*?l  reaction. As seen calculated cross section and
experiment data reported by Scholten et al. (1995), Takacs et al. (2003) and Aeerbi et
al. (1975) are in a good agreement. While Knodo et al. (1977) data are lower than the
theoretical results. For '®Te(p,2n)*?*l and 2°Te(p,3n)'?*l reactions that shown in

Figure 4.14 and 4.15 respectively.

When the theoretical cross section calculations and experimental that made by Hohn
et al. (2001) are compared in Figure 4.14 we observe a very good agreement between
them. As for 1%Te(p,3n)'?*1 reactions in Figure 4.15 the experimental data reported
by Scholten et al. (2007) and the theoretical cross section calculations were in
agreement in an acceptable manner. From the calculation of cross sections of 24|
radioisotope production the optimum energy range, threshold energy (E-threshold)

and Q-values of each reaction are shown in table 4.2.

Table 4.2. Optimum energy range, the average cross section of these energies, E-
threshold and Q-values for 1241 production

Optimum Average E-threshold | Q-values
Reactions energy range Cross section (MeV) (MeV)
(MeV) (mb)

27(g,3n)**1 | Eg=29 — 38 8—9 25.8321 | -25.8321
1215 (a,n) 124 Ea=16 — 18 325 — 375 8.19744 | -7.87927
123gh(a,3n)*?*l | Ea=31—38 850 — 950 24.4183 | -23.6482
123Te(d,n)!? Ea=7— 12 80 — 90 0.0000 3.25798
124Te(p,n)t24 Ep=9—13 400 — 500 4.02992 | -3.94194
25Te(p,2n) 1 | Ep=15—21 | 800 — 900 10.5957 | -10.5109
126Te(p,3n)%1 | Ep=25—32 700 — 800 19.97816 | -19.6246
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4.1.3. Bromine-75,76 production reactions

The total cross section was obtained in order to produce "Br and "®Br radioisotopes
using TALYS 1.6 via reactions of "“Se(a,x)”°Br, "°As(a,4n)"°Br, "*As(®*He,3n)"Br,
5Se(d,3n)™Br, "®Se(p,2n)"°Br, "’Se(p,3n)°Br, "®Se(p,4n)"°Br, "®Kr(d,n+a)°Br, and
"Se(a,x)’®Br, "°As(a,3n)"®Br, "°As(*He,2n)®Br, °Se(p,n)’*Br, ""Se(p,2n)’®Br,
8Se(p,3n)"®Br and "®Kr(d,a)"®Br respectively. The results were displaye in Figures
4.16-4.23 with the experimental data available in EXFOR library.
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Figure 4.16. Total cross section for “*Se(a,x)"°Br reaction and comparsion with the
experimental data
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Figure 4.19. Total cross section for "8Se(d,3n)"°Br reaction and comparison with the
experimental data

800
76 75 TALYS 1.6
.Se(p,2n)..B
7004 e(p,2n),;Br ® Hassan et al., 2004
E A [evkovski, 1991
600 “ v Kovacsetal., 1985
s . A 2 * Paans et al., 1980
=
& 500
g
= 400
Q
)
95}
»n 300
w
)
—
© 200 4
100 S
0 -
I 4 I ¥ I Y I e I y I
0 20 40 60 80 100

E (MeV)

Figure 4.20. Total cross section for "8Se(p,2n)"Br reaction and comparison with the
experimental data
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Figure 4.21. Total cross section for ’Se(p,3n)"Br reaction and comparison with the
experimental data
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Figure 4.22. Total cross section for "8Se(p,4n)"Br reaction and comparison with the
experimental data
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Figure 4.23. Total cross section for "8Kr(d,n+a)"°Br reaction and comparison with the
experimental data

The incoming energies of the proton, helium-3, deuteron and alpha particles in the
Br produced reactions (a,x), (a,4n), (CHe,n), (d,3n), (p,2n), (p,3n), (p,4n) and
(d,n+a) were determined to be in the range of 100 MeV.

For "*Se(a,x)"Br reaction, shown in Figure 4.16, a good agreement has been formed
between present calculation results and experimental data made by Levkovski
(1991). The calculated cross section for the ">As(a,4n)"Br reaction given in Figure
4.17 is in agreement with the experimental measurements made by Panns et al.
(1980) and Alfassi et al. (1982) up to 50 MeV. However, after this value, a phase

shift observed but it goes in parallel.

The calculated cross section results and experimental data for the As(®*He,3n)"Br,
5Se(d,3n)Br and 8Se(p,4n)"®Br reactions are shown in Figure 4.18, 4.19 and 4.22
respectively. It can be said that the results calculated by the TALYS 1.6 program and
experimental data provided by Paans et al. (1980) for "As(®*He,3n)”°Br and
5Se(d,3n)°Br reactions, Spahn et al. (2009) for "®Se(p,4n)"°Br reaction are in a good

agreement but not in perfect agreement after the peak region. As can be seen in
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Figure 4.20, for "®Se(p,2n)"Br reaction it can be said that the cross section results
calculated with the TALYS 1.6 code are show a similarity with experimental data
from literatures and the size of the cross section is approximately 40% different with
the experimental data reported by Levkovski (1991). On the other hand, they are

consistent with those presented by Kovacs et al. (1985).

For the case of reaction '’Se(p,3n)"°Br shown in Figure 4.2, it is seen that there is a
harmony between the experimental data and the calculated results in this study. In
particular those presented by Levkoski (1991) where they correspond exactly to the
calculated data up to 29 MeV. It is seen that this adaptation become less after 27

MeV for Saphn et al. (2009) but it is in harmony again afterwards.

In Figure 4.23 of "®Kr(d,n+a)"°Br reaction, the calculated cross section for incident
deuteron have been completely identical with the only one experimental work made
by Scholten et al. (2004)

theoretical calculations of ™Br production in this study helps to do other experiments

in the 11-13.2 MeV energy range. Therefore, the

for this reaction. From the calculation of cross sections of "°Br radioisotope
production the optimum energy range, threshold energy (E-threshold) and Q-values

of each reaction are shown in table 4.3.

Table 4.3. Optimum energy range, the average cross section of these energies, E-
threshold and Q-values for "°Br production

Optimum Average E-threshold | Q-values
Reactions energy range | cross section (MeV) (MeV)
(MeV) (mb)

4Se(a,x)"Br Ea=38 — 45| 525 — 600 16.4773 -15.631
®As(a,4n)®Br | Ea=45— 55| 200 — 225 35.5925 -33.7874
®As(®*He,3n)™Br | En=18 —24 | 80 — 100 13.7416 -13.2098
®°Se(d,3n)Br | Eq=22 —32 | 210 — 280 17.6799 -17.2231
°Se(p,2n)™Br | E;=18 — 25| 250 — 300 15.1975 -14.9985
"Se(p,3n)"™Br | Ep=27 — 35| 150 — 200 22.7109 -22.4174
8Se(p,4n)°Br | Ep =40 — 48 55— 65 33.3406 -32.9151
®Kr(d,n+a)"®Br | Eq=18 — 24 25 — 30 2.49584 -2.43297
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From "“Se(a,x)"®Br, "As(a,3n)"®Br, °As(®He,2n)"®Br, "°Se(p,n)"®Br, "'Se(p,2n)"®Br,
8Se(p,3n)"Br, "®Kr(d,a)’®Br reactions where Bromine-76 produced, the results of
the cross section obtained from calculations made with TALYS 1.6 code in the
energy range between 0-200 MeV are compared with experimental data presented in
(EXFOR) library to obtained Bromine-76 radioisotope are shown in Figures 4.24-
4.30.
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Figure 4.24. Total cross section for Se(a, X)"®Br reaction and comparison with the
experimental data
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Figure 4.25. Total cross section for ">As(a, 3n)’Br reaction and comparison with the
experimental data
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Figure 4.26. Total cross section for >As(*He, 2n)’®Br reaction and comparison with
the experimental data

56



TALYS 1.6
® Hassan et al., 2004
A [evkovski, 1991

| °®
800 :é v Kovacs etal., 1985
0 -

T T T v T T
50 100 150 200
E (MeV)

1000 + Se(p, n),.Br

D

o

o
|

Cross Section (mb)
N
8
|

N

o

o
1

O -

Figure 4.27. Total cross section for "Se(p, n)"®Br reaction and comparison with the
experimental data

1000 + A Se(p, 2n) °Br TALYS 1.6
A 34 35
@ Spahn ct al., 2009
A  Hassan et al., 2004
800 R v Levkovski, 1991

o |
£

< 600
.S
=

153 J
5}
wn

» 400 4
wn

2 !
Q

200

0 -

T T T T T T T T T
50 100 150 200
Ep(MeV)
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Figure 4.29. Total cross section for "8Se(p, 3n)"®Br reaction and comparison with the
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In "“Se(a, x)™Br reaction shown in Figure 4.24 the calculations made with the
TALYS 1.6 program code are in a good agreement with available experimental data
Levovski (1991), although they have higher results than experimental data. Figure
4.25 which represents "As(a, 3n)"®Br reaction current calculation results of cross

section shows similarity with experimental data provided by Alfassi et al (1982).

The calculated cross section results and experimental data obtained for the °As(*He,
2n)"®Br reaction are shown in Figure 4.26. By comparison, of present calculated
results with literature data of Alfassi et al. (1982) a general good agreement were
noted, especially for the work made by Misaelides et al. (1987) although the

available practical data are in the range of energy between 7.75 to 11.7 MeV.

The calculated theoretical results by using TALYS 1.6 code in a very good
agreement with the experimental data for "®Se(p, n)’®Br reaction shown in Figure
4.27. At 5 - 40 MeV energy range, Hassan et al. (2004), Levkovski (1991) and
Kovacs et al. (1985) are clearly in agreement with the reaction cross-sections they

have achieved in the experimental work they have conducted.

For the ""Se(p, 2n)"®B reaction, the cross section calculated by TALYS 1.6 code and
experimental data reported by Spahn et al. (2009), Hasan et al. (2004) and Levkovski
(1991) are shown in Figure 4.28, Spahn et al. (2009) reported similar experimental
data which start from 21.3 MeV. Either Hasan et al. (2004) show a similar pattern,
and the size of the cross section is approximately 50% different. It can also be said
that the experimental data reported by Levkovski (1991) are more in agreement with

the calculated results.

The results of calculation of the cross section for ®Se(p, 3n)"®Br reaction, have been
carried out using TALYS 1.6, are plotted in Figure 4.29, with the experimental data
made by Spahn et al. (2009) and Levkovski (1991). Experimental data reported by
Spahn et al. (2009) show a similar pattern, but the size of the cross section is about
10% lower. However, it is noted from the Figure 4.29 that current calculations have
been exactly identical with experimental data provided by Levkovski (1991) in the
24.8-29.5 energy range where there is no experimental data after 29.5 MeV energy

value.
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In Figure 4.30 experimental data and theoretical cross section calculations are
compared for "8Kr(d, a)’®Br reaction. Scholten et al. (2004) reported experimental
data exactly matching with calculated results up to 13.2 MeV, in case before
equilibrium but since there is no experimental data after this energy value. It is not
possible to say anything about post equilibrium. From the calculation of cross
sections of "®Br radioisotope production the optimum energy range, threshold energy

(E-threshold) and Q-values of each reaction are shown in table 4.4.

Table 4.4. Optimum energy range, the average cross section of these energies, E-
threshold and Q-values for "°Br production

Optimum Average E-threshold | Q-values
Reactions energy range | Cross section (MeV) (MeV)
(MeV) (mb)
4Se(a,x)"°Br Ea=25—35 500 — 600 13.3191 -12.6349
>As(a,3n)"°Br Ea=30—40 300 — 360 25.8449 -24.5342
“As(*He,2n)"®Br | En=15 — 20 175 — 200 4.11584 -3.95656
6Se(p,n)®Br | Ep=10— 15| 600 — 700 5.86753 | -5.74523
Se(p,2n)°Br | E,=20 —>25 | 550 — 600 13.3365 | -13.1641
8Se(p,3n)°Br | E,=30—40 | 250 — 300 23.9677 | -23.6618
8Kr(d,a)"®Br Eqs=10— 18 15— 18 0.0000 6.8203

4.1.4. Technetium 94,99 production reactions

The results of calculation cross section for "'Mo(p, x)%Tc, *Mo(p, n)*Tc, **Mo(p,
3n)%Tc, "™Mo(d, x)*Tc, ®Nb(®He, 2n)**Tc, "™'Mo(a, x)*Tc and "Mo(p, x)*°Tc
reactions to produce Technetium radioisotopes were carried out using TALYS 1.6.
The calculated results plotted in Figures 4.31- 4.37 where comparison with the

experimental data from (EXFOR) library.
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Figure 4.31. Total cross section for "Mo(p, x)**Tc reaction and comparison with the
experimental data
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Figure 4.32. Total cross section for **Mo(p, n)*Tc reaction and comparison with the
experimental data
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experimental data
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Figure 4.35. Total cross section for *Nb(*He, 2n)%Tc reaction and comparison with
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Figure 4.36. Total cross section for "Mo(a, x)**Tc reaction and comparison with the
experimental data
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Figure 4.37. Total cross section for ™Mo(p, x)**Tc reaction and comparison with the
experimental data

In Figure 4.31 a good agreement was shown by the comparison between the cross
section calculated with TALYS 1.6 for incident proton and experimental value
reported by Uddin et al. (2004). **Mo(p, n)*Tc reaction which shown in Figure 4.32.
Present calculated cross section for incident proton, have been completely identical
with the experimental works made by Skakum et al. (1987) in the range of energy
from 5.5 to 9 MeV, Flynn et al. (1979) in the range of energy from 5.1 to 6.6 MeV,
and Zhuravlev et al. (1994) in the range of energy from 5.43 to 7.2 MeV.

Unfortunately, there are no empirical data after 9 MeV energy value.

In Figure 4.33, when the experimental data reported by Hogan (1972) and theoretical
cross section calculations are compared, it is observed general good agreement for
%Mo(p, 3n)**Tc reaction. "*Mo(d, x)%*Tc reaction in Figure 4.34 where it was shown
the comparison of calculated cross section with available only one literature data
made by Lebeda et al. (2010) in 8-19.5 MeV energy range, there is no practical data
after 19.5 MeV, so the theoretical calculations of **Tc production in this study helps

to do other experiments for this reactions.
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The calculated cross section results and experimental data obtained for the **Nb(*He,
2n)*Tc reaction are shown in Figure 4.35. By comparison, of present calculation
results with literature data made by Kondaratyev et al. (1996), Auler et al. (1981) and
Bissem et al. (1980). A good agreement was observed between current calculated
results with literature data. As noted, present study is more in line after 27 MeV with
the data reported by Kondaratyev et al. (1996), and from 11 to 42 MeV with data
reported by Bissem et al. (1980).

In Figure 4.36 experimental and theoretical cross section calculations are compared
for "™Mo(a, x)*Tc reaction a good agreement noted between present calculation
results were carried by TALYS 1.6 and experimental data made by Ditroi et al.
(2012) and Tarkanyi et al. (2017). To produce Technetium-99, "Mo(p, x)*Tc
reaction as shown in Figure 4.37 it is seen that there is agreement between the results
obtained in the calculations and the experimental data made by Challan et al. (2007).
From the calculation of cross sections of %Tc radioisotope production the optimum
energy range, threshold energy (E-threshold) and Q-values of each reaction are

shown in table 4.5.

Table 4.5. Optimum energy range, the average cross section of these energies, E-
threshold and Q-values for *+*°Tc production

Optimum Average cross | E-threshold | Q-values
Reactions energy range Section (MeV) (MeV)
(MeV) (mb)
"atMo(p, X)%*Tc | Ep=30 — 50 60 — 70
“Mo(p, n)¥Tc | Ep=8— 13 | 450 — 500 5.1689 -5.0381
%Mo(p, 3n)**Tc | Ep=28 — 35| 425 — 475 21.788 -21.6515
"tMo(d, X)*Tc | Ea=20—50 | 105 — 120
SNb(®He,2n)*Tc | En=17 - 23 | 125 — 150 4.4058 -4.26733
"tMo(a, X)*Tc | Ea=29 — 35 80 — 90
"atMo(p, X)*¥Tc | Ep=14 — 20 60 — 75
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4.2. Differential Cross Sections

4.2.1. Cobalt-57 production

In the present study the differential cross section for Cobalt-57 were calculated for
the *°Fe(d,n)*’Co reaction at incident deuteron energy 2.7 MeV and 3.8 MeV. The
calculation were made with nuclear reaction simulation program TALYS 1.6 code
that based on Monte Carlo. The obtained results are compared with the experimental

data available in EXFOR library separately in Figures 4.38 and 4.39.

The energies of 2.7 MeV and 3.8 MeV were used as the experimental data available
by Zhuravlev et al. (2014). A very good agreement of deuteron induced reactions
with *°F target in *°Fe(d, n)*’Co reaction is observed between the calculated
differential cross sections and expeirnental data reported by Zhuravlev et al. (2014)
and these are shown in Figure 4.38 for 2.7 MeV deuteron incident energy and Figure

4.39 for 3.8 MeV deuteron incident energy.
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Figure 4.38. Calculated differential cross sections of neutron spectrum compared
with experimental data at incident deuteron energy 2.7 MeV for
56Fe(d,n)®'Co reaction
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Figure 4.39. Calculated differential cross sections of neutron spectrum compared
with experimental data at incident deuteron energy 3.8 MeV for
%6F¢(d,n)°’Co reaction

4.2.2. Manganese-50 production

The differential cross section for Manganese-50 for the 5°Cr(p,n)**Mn reaction at
incident proton energy 25 MeV have been obtained. Calculation were made with
nuclear reaction simulation program TALYS 1.6 code and obtained results are

compared with the present experimental data (EXFOR) in Figure 4.40.

The energy of 25 MeV were used as the experimental available data in this energy by
Scobel et al. (1984) and Blann et al. (1985). A good agreement of proton induced
reactions with 5°Cr target nuclei in 5°Cr(p,n)>®*Mn reaction is observed between the
calculated differential cross section and expeirnental data reported by Scobel et al.
(1984) in the energy range between 7 MeV to 15 MeV. While the data provided by
Blann et al. (1985) is lower than present calculated results these are shown in Figure
4.40.
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Figure 4.40. Calculated differential cross section of neutron spectrum compared with
experimental data at incident proton energy 25 MeV for *°Cr(p,n)**Mn
reaction

4.2.3. Proton emission spectrum

The proton emission spectrum is calculated using nuclear reaction simulation
program TALYS 1.6 code for the *°F (n,xp) reaction at 14.1 MeV neutron incident
energy and compared with Terada et al. (2002). The comparision between the

calculated results and experimental data are shown in Figure 4.41.

The 14.1 MeV incident neutron energy was bombared with °F target nuclei the
emission proton spectrum was calculated. As it is noted from the Figure 4.41 that the
calculated results and the experimental data provided by Terada et al. (2002) in good

agreement with each other.
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Figure 4.41. Calculated differential cross sections of proton spectrum compared with
experimental data at incident neutron energy 14.1 MeV for °F (n,xp)
reaction

4.2.4. Neutron emission spectrum

The neutron emission spectrum was calculated using nuclear reaction simulation
program TALYS 1.6 code for the *°F (n,xn) reaction at 14.1 MeV neutron incident
energy and compared with results of Takahashi et al. (1987). The comparison
between the calculated results and experimental data are shown in Figure 4.42. It has
been observed that the theoretical and experimental calculations for the °F (n, xn)
reaction generated by the neutron with 14.1 MeV of incoming energy are quite
compatible with each other.
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Figure 4.42. Calculated differential cross sections of neutron spectrum compared
with experimental data at incident neutron energy 14.1 MeV for °F
(n,xn) reaction

4.2.5. Alpha emission spectrum

The alpha emission spectrum is calculated using nuclear reaction simulation program
TALYS 1.6 code for the *°F (n,xa) reaction at 14.1 MeV neutron incident energy and
the results were compared with experimental data of Terada et al. (2002). The
comparision between the calculated results and experimental data are shown in
Figure 4.43. For 10 MeV energy a minimum spectrum value was obtained in the
present theoretical calculation, but this minimum value is not confirmed by the data
from the experiment. It is observed that the experimental data are lower than the

calculated results in general compatible with each other.
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Figure 4.43. Calculated differential cross sections of alpha spectrum compared with
experimental data at incident neutron energy 14.1 MeV for °F (n,xa)
reaction

4.3. Double Differential Cross Sections

The double differential cross section is important quantity in nuclear reactions as it
can be possible to obtain certain results for certain angle and also for certain energy.
On the other hand to collect enough number of particle is hard and this required
especially long long experimental time. This will cause extra time and extra financial
budget to perform an experiment. Thus the theoretical calculation become important

in this point of view.

4.3.1. Carbon-11 production

4.3.1.1. DDX calculations at Ep= 30, 50 MeV and different angles

The double differential cross section (DDX) were calculated using nuclear reaction

simulation program TALYS 1.6 code, for the neutron emission angles 2° and 20° at

incident proton energies of 30 MeV and 50 MeV respectively, to product 'C
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radioisotope which used in nuclear medicine in PET technique. The results of
calculation of DDX for B(p,n) C reaction were carried out using TALYS 1.6 are
plotted in Figures 4.44 and 4.45 and are compared with the experimental data of
Clough et al. (1970) taken from the EXFOR library.
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Figure 4.44. Calculated double differential cross sections of neutron emission
compared with experimental data for 30 MeV incident proton energy,
angle 2° for 'B(p,n) 1C reaction
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Figure 4.45. Calculated double differential cross sections of neutron emission
compared with experimental data for 50 MeV incident proton energy,
angle 20° for B(p,n)!C reaction
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In Figure 4.44 the proton at 30 MeV bombarded to the target !B core and the
theoretical calculations results are compared with experimental data reported by
Clough et al. (1970). It can be seen from both Figures that at lower energies there is
no available experimental data and thus we did not have any chance for comparison.
In Figure 4.44, for the case of higher energies, the theoretical calculations decreased
sharply while experimental results keep goes to be smooth line as lower energies.

4.3.1.2. DDX calculations at Ep= 186 MeV and different angles

The double differential cross sections (DDX) were calculated using nuclear reaction
simulation program TALYS 1.6 code to produce Carbon-11. For the neutron
emission angles at 6= 0°, 5°, 10°, 15°, 20°, 24.4°, 29.4°, 34.4°, 39.4°, 44 4°, 48.9°and
with incident proton energies equal to 186 MeV. The calculation achieved by using
proton on !B target in the B(p,n)*'C reaction to production Carpon-11 radioisotope

which is used in nuclear medicine in PET technique.

The results of calculation for DDX for *B(p,n)!'C reaction were carried out using
TALYS 1.6, are plotted in Figures 4.46-4.56 and compared with the experimental
data reported by Wang et al. (1994) from the EXFOR library. It was observed from
Figures that the experimental data and the theoretical DDX calculations were
harmonious. With well-matched at small angle as in Figures 4.46-4.51 and with
phase difference at low energies with increasing of angles as shown in Figures 4.52-
4.56. The differences between experimental and calculated results at low energy
could be the results of difficulties of neutron measurements at lower neutron

energies.
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Figure 4.46. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 0° for 1*B(p,n)!!C reaction
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Figure 4.47. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 5° for *!B(p,n)**C reaction
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Figure 4.48. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 10° for 'B(p,n)!*C reaction
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Figure 4.49. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 15° for 1'B(p,n)!!C reaction
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Figure 4.50. Calculated double differential cross sections of neutron emission

d’c/dEdQ (mb/Sr.MeV)

compared with experimental data for 186 MeV incident proton
energy, angle 20° for 1*B(p,n)!!C reaction
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Figure 4.51. Calculated double differential cross sections of neutron emission

compared with experimental data for 186 MeV incident proton
energy, angle 24.4° for 1'B(p,n)!*C reaction
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4.52. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 29.4° for 'B(p,n)!*C reaction
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77



10 5

0=39.4°
"B(p,n)'"'C
S E = 186 MeV
[0} E L
=
@
Q
£ 014
G 3
©
L
B
Nb
o 0.015
—— TALYS 1.6
=  Wangctal., 1994
1E-3 — T T

— r—
-20 0 20 40 60 80 100 120 140 160
Neutron Emission Energy (MeV)

Figure 4.54. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 39.4° for 'B(p,n)!*C reaction
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Figure 4.55. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 44.4° for 1'B(p,n)!*C reaction
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Figure 4.56. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 48.9° for 'B(p,n)!*C reaction

4.3.2. Nitrogen-13 production

4.3.2.1. DDX calculations at Ep = 186 and different angles

Double differential cross sections DDX for the (p,n) reaction have been calculated
with proton incident energy 186 MeV for Nitrogen-13 production. Neutron emission
with angles 0°, 5°, 10°, 15°, 20°, 24.4°,29.4°, 34.4°, 39.4°, 44.4°, 48.9°. The results of
calculation of DDX for *3C(p,n)**N reaction were carried out using TALYS 1.6 are
displayed in Figures 4.57-4.67 and compared with the experimental data of Wang et
al. (1994) taken from the EXFOR library. In Figures 4.57- 4.63, it is absorved that
the experimental data reported by Wang et al. 1994 and the theoretical DDX
calculations were in agreement in an acceptable manner at energy above 20 MeV,
While the phase difference is clear at lower energies up to 20 MeV as shown in
Figures 4.64-4.67.
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Figure 4.57. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 0° for **C(p,n)!*N reaction
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Figure 4.58. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 5° for 3C(p,n)N reaction
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Figure 4.59. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 10° for Y*C(p,n)!*N reaction
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Figure 4.60. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 15° for 3C(p,n)!3N reaction
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Figure 4.61. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 20° for Y*C(p,n)!3N reaction
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Figure 4.62. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 24.4° for 3C(p,n)**N reaction
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Figure 4.63. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 29.4° for 13C(p,n)**N reaction
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Figure 4.64. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 34.4° for 13C(p,n)**N reaction
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Figure 4.65. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 39.4° for 2*C(p,n):*N reaction
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Figure 4.66. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 44.4° for 13C(p,n)**N reaction
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Figure 4.67. Calculated double differential cross sections of neutron emission
compared with experimental data for 186 MeV incident proton
energy, angle 48.9° for *C(p,n)*N reaction

4.3.2.2. DDX calculations at Ep = 30 MeV and 0 = 60°

Double differential cross sections DDX for the 3C(p,n)®N reaction have been
calculated with proton incident energy 30 MeV using nuclear reaction simulation
program TALYS 1.6 code to produce Nitrogen-13 at the neutron emission angle of
60°. The results of calculation of DDX for *C(p,n)®*N reaction were carried out
using TALYS 1.6 are plotted in Figure 4.68 and compared with the experimental
data of Clough et al. (1970) taken from the EXFOR library. From Figure 4.68 it can
be said that the calculated results with the TALYS 1.6 code show a similarity with
experimental data of Clough et al. (1970).
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Figure 4.68. Calculated double differential cross sections of neutron emission
compared with experimental data for 30 MeV incident proton energy,
angle 60° for 3C(p,n):*N reaction

4.3.2.3. DDX calculations at Ep = 50 MeV and 0 =20°

The DDX (d?c /dE dQ) of C target nuclei at neutron emission angle 20° for
13C(p,n)*3N reaction has been calculated by nuclear reaction simulation TALYS 1.6
code at 50 MeV incident proton energy. The calculated results of the emitted neutron
particle at given angle have been compared with the available experimental data of
Clough et al. (1970) taken from the EXFOR library shown in Figure 4.69. From the
comparison it is noted that the experimental data performed by Clough et al. (1970)
in a good agreement with present calculated results from 30 MeV to 37 MeV. For
the case of higher energies (above 37 MEV) a similar differences has been observed

with the Figure 4.45.
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Figure 4.69. Calculated double differential cross sections of neutron emission
compared with experimental data for 50 MeV incident proton energy,
angle 20° for 3C(p,n)**N reaction

4.3.2.4. DDX calculations at Ep = 392 MeV and different angles

Double differential cross sections DDX for neutron emission cross sections for 3C
target nuclei at emission angles 12°, 20° and 28° for *3C(p,n)!*N reaction have been
calculated by nuclear reaction simulation TALYS 1.6 code at 392 MeV incident
proton energy. The results of calculation of DDX of the emitted neutron particle at
given angle for *C(p,n)**N reaction were carried out using TALYS 1.6 are plotted in
Figures 4.70-4.72 and comparison with the experimental data of Otsu, (1995) taken
from the EXFOR library. In the comparison it is observed that the experimental data

and the theoretical DDX calculations were in good agreement.
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Figure 4.70. Calculated double differential cross sections of neutron emission
compared with experimental data for 392 MeV incident proton
energy, angle 12° for Y*C(p,n)!*N reaction
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Figure 4.71. Calculated double differential cross sections of neutron emission

compared with experimental data for 392 MeV incident proton
energy, angle 20° for **C(p,n)**N reaction
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Figure 4.72. Calculated double differential cross sections of neutron emission

compared with experimental data for 392 MeV incident proton
energy, angle 28° for 1*C(p,n)!3N reaction

4.3.3. Copper-64 production
4.3.3.1. DDX calculations at En=9 MeV and different angles

The DDX (d?c /dE dQ) for proton emission cross sections for *3Cu target nuclei at
emission angles 30°, 60° and 120 ° have been calculated by nuclear reaction
simulation TALYS 1.6 code at 9 MeV incident neutron energy. The calculation
achieved by sending neutron on ®3Cu target in the ®3Cu(n,p)®*Cu reaction to produce
Copper-64 radioisotope which used in nuclear medicine in PET technique. The
calculated results of the emitted proton particles at given angles have been compared
with the available experimental data of Ahmad et al. (1987) taken from the EXFOR
library are shown in Figures 4.73- 4.75. In the comparison of present calculated
results with experimental data reported by Ahmad et al. (1987) a general good

agreement were obtained for all angles.
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Figure 4.73. Calculated double differential cross sections of proton emission
compared with experimental data for 9 MeV incident neutron energy,
angle 30° for ®3Cu(n,p)®*Cu reaction
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Figure 4.74. Calculated double differential cross sections of proton emission

compared with experimental data for 9 MeV incident neutron energy,
angle 60° for 3Cu(n,p)®*Cu reaction
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Figure 4.75. Calculated double differential cross sections of proton emission
compared with experimental data for 9 MeV incident neutron energy,
angle 120° for ®3Cu(n,p)®*Cu reaction

4.3.3.2. DDX calculation at En = 11 MeV and different angles

Double differential cross sections DDX for proton emission cross sections for ®3Cu
target nuclei at emission angles 30°, 60°, 105° and 130° for 53Cu(n,p)®Cu reaction
have been calculated by nuclear reaction simulation TALYS 1.6 code at 11 MeV
incident neutron energy. The results of the calculations are plotted in Figures 4.76-
4.79 and compared with the experimental data of Ahmad et al. (1987) taken from the
EXFOR library. The results of the comparison shown a good agreement between the
results calculated in present study and the previous data displayed by Ahmad et al.
(1987) for all angles.
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Figure 4.76. Calculated double differential cross sections of proton emission
compared with experimental data for 11 MeV incident neutron
energy, angle 30° for %*Cu(n,p)®*Cu reaction
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Figure 4.77. Calculated double differential cross sections of proton emission
compared with experimental data for 11 MeV incident neutron
energy, angle 60° for ®3Cu(n,p)®*Cu reaction
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Figure 4.78. Calculated double differential cross sections of proton emission
compared with experimental data for 11 MeV incident neutron
energy, angle 105° for ®3Cu(n,p)®*Cu reaction
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Figure 4.79. Calculated double differential cross sections of proton emission
compared with experimental data for 11 MeV incident neutron
energy, angle 130° for *3Cu(n,p)®*Cu reaction
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5. CONCLUSIONS

In nuclear medicine, the radionuclides are used for useful applications, where the
nuclear properties of radioactive substances concerning human health in diagnosis,
therapy, prevention of many serious ailments and research to evaluate metabolic,
physiologic and pathologic conditions of the human body. This provided success in
production and usage of these radionuclides in oncology, cardiology and even
psychiatry by imaging procedures where it gives virtually information about the

function of every major organ/ tissue of the human body.

A large number of radionuclides used in nuclear medicine are produced in
cyclotrons, accelerators or in nuclear reactors, and their production is an important
and constantly evolving issue. The cross section data are generally well-known and
can be satisfactorily reproduced by nuclear model calculations. In particular, if the
experimental measurements are unobtainable or are improbable to be produced
because of the experimental difficulties, then theoretical models of nuclear reactions
are needed to obtain the prediction of the reaction cross-sections. For reactions where
no experimental data are available, the application of nuclear reaction theory seems
to be a feasible method to get more information on the data required. A number of
nuclear model codes were developed first to gain theoretical understanding of the
nuclear reaction processes involved. Later, they have been also used to calculate
excitation functions for charged particle induced reactions of medical interest and
compared their results with experimental ones. Calculations based on nuclear

reaction models play an important role in the development of reaction cross sections.

Nuclear reaction simulation TALYS 1.6 code has been successfully applied to
calculate a cross section of nuclear reactions with neutrons, protons, photons
deuterons, helium-3 and alpha particles both in entrance and exit channel. We have
to point out, however, that the theoretical calculations cannot replace experiments at
all as the model parameters like optical model parameters, level density parameters
and preequilibrium model parameters need adjustment to experimental data to supply
results with sufficient accuracy. To obtain accurate results each calculations of
unknown cross sections should be based on parameters, which simultaneously

reproduce available experimental data in the mass region of interest. The degree of
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the agreement may then give an estimate for the accuracy of the unknown cross

sections.

The resulting radioisotopes in this study *'C, *N, 8F, S°Mn, >’Co, "Br, ®Br, %Tc,
9Tc, %Cu and %1 are important and widely used in diagnostic and therapeutic
applications.

Some of the radionuclides for PET, such as !C and N are isotopes of natural
elements that constitute most biochemical substances and drugs. In such cases, the
radiopharmaceuticals developed are ideal probes for molecular imaging because they
are biochemically indistinguishable from their natural counterparts. However, for
practical application, the half-lives (T12) of these three radionuclides are too short
(*!C: T2 = 20 min; BN: T12 = 10 min), which may limit both the chemical synthesis

processes as well as the length of PET studies.

The calculated results with the TALYS 1.6 code program agree in an acceptable
manner with the experimental data obtained from the International Atomic Energy
Agency EXFOR (Experimental Nuclear Reaction Data Library), with some
exceptions, it was observed some of which are higher or lower than the calculated
results, this could be due to the older experimental technique in the measurement. On
the other hand this work contributes to the development of radioisotope and neutron
production technology, investigation of nuclear structure, the strengthening of the
nuclear database and can be a guide to the work to be done in order to develop

accelerator and reactor technology.

As a results; in the total cross section calculations for the production of radioisotopes
from the reactions used in this study, in the ‘8F radioisotope production it can be said
that for (®*He,p) reaction have maximun cross section with compared other reactions
at energy range 5-10 MeV. For the production of 24l and "Br radionuclides at
energy range between 15-25 MeV in (p,2n) reaction it is considered the best
production way. For "®Br and **Tc¢ production in (p,n) reaction at 10-15 MeV and 8-
13 MeV energy range respectively, the cross section higher than others. In the
production of *’Co radioisotope at incident deuteron energy of 2.7 MeV and 3.8
MeV it the energy value of largest neutron emission spectrum is at 0.5-2.5 MeV. In

Manganese-50 productions for *°Cr(p,n)**Mn reaction at incident proton energy 25
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MeV the largest neutron emission spectrum has been obtained at 0.2-2 MeV. For 'C
radioisotope production (p,n) reaction at 186 MeV proton incident energy and for
different angles highest neutron emission spectrum obtained at 2-5 MeV. As for the
production of N (p,n) reaction at different proton incident energy and different
angles, the energy range between 2-5 MeV approves the largest neutron emission

spectrum.

In produc of 54Cu radioisotope the proton emission double differential cross section
calculations in different neutron incident energies 9 MeV and 11 MeV at different
angles the dependence of energies and angles is apparent. As the excitation energy
increases the maximum value of the neutron-proton (n, p) reaction double differential

cross section decreased.
It can be concluded that in the field of nuclear physics even in high energies,

theoretical work is important in carrying out a guideline for experimental work

which is difficult or impossible.
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