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ABSTRACT

Radiation Shielding Parameters of Dy®* Doped Calcium
Aluminum Barium Sodium Borate Glass System Used for

Radiation Protection in Hospitals

Aysenur KUTUK

Department of Biomedical Engineering
Master of Science Thesis

Supervisor: Assoc. Prof. Osman GUNAY

Due to its harmful effects on human health, ionizing radiation and the investigation
of the radiation protection capability of radiation-affected materials have become
important for contemporary research. The damage caused to tissues by ionizing
radiation varies, depending on the amount of radiation exposure and the
radiosensitivity of the target. Radiation safety procedures (a.k.a. ALARA) include
reducing the exposure time, increasing the distance between the radiation source
and the target, and using radiation shielding materials. Lead and concrete, two
extensively employed radiation shielding materials, have considerable
disadvantages, including both being opaque, lead being toxic, and concrete
breaking and losing its moisture. Glass, on the other hand, stands out as an
alternative to lead and concrete with its transparency, high homogeneity, wide
thickness range and relatively simple production. Glass modifiers can be added to
the system to increase the absorption capacity of the glass and at the same time
reduce the melting point and viscosity of the system without changing its chemical

properties.

This thesis assesses the shielding properties of the 23Ca0 — 10Al,0; —
(50 — x)B,0; — 6Ba0 — 10Na,0 — xDy,05 (x=0.1, 0.3, 0.5, and 1.0% mol)

XV



glass system doped with the rare earth element Dysprosium(lll) ion (Dy**) at
various concentrations against ionizing radiation. To evaluate the system, linear
attenuation coefficient (LAC), mass attenuation coefficient (MAC), half-value layer
(HVL), tenth-value layer (TVL), mean free path (mfp), atomic cross section (ACS),
electronic cross section (ECS), effective atomic number (Z.f), effective electron
densities (N.sf), effective conductivity (Csr, equivalent atomic number (Z.,),
exposure build-up factor (EBF), and energy absorption build-up factor (EABF)
radiation protection parameters are reviewed. All four glass samples were made
using the standard melt-quenching technique. The glass samples were tested as a
shielding material against ionizing radiation using Phy-X/PSD software. The
findings in this study demonstrate that Dy** doped Calcium Aluminum Barium
Sodium Borate glass system can be employed efficiently as a radiation shielding
material since it has been proven to be a suitable, effective and good alternative.

Keywords: Calcium aluminum barium sodium borate glass system, Dy3* ions,

photon, radiation protection, ALARA, radiation shielding parameters, Phy-X/PSD.

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF SCIENCE AND ENGINEERING
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OZET

Hastanelerde Radyasyon Korumasi i¢in Kullamlan Dy3®*
Katkih Kalsiyum Aliiminyum Baryum Sodyum Borat

Cam Sisteminin Radyasyon Zirhlama Parametreleri

Aysenur KUTUK

Biyomedikal Miihendisligi Anabilim Dali
Yiiksek Lisans Tezi

Danisman: Dog. Dr. Osman GUNAY

Insan saghg fiizerindeki zararli etkileri nedeniyle, iyonize radyasyon ve
radyasyondan etkilenen malzemelerin radyasyondan korunma kabiliyetinin
arastirilmasi, cagdas arastirmalar icin 6nemli konular haline gelmistir. lyonlastiric
radyasyonun dokulara verdigi hasar radyasyona maruz kalma miktar1 ve hedefin
radyosensitivitesine bagli olarak degisir. Radyasyon giivenligi prosediirleri (ayni
zamanda ALARA olarak da bilinir) arasinda maruz kalma siiresinin azaltilmasi,
radyasyon kaynagi ile hedef arasindaki mesafenin artirilmast ve radyasyon
koruyucu malzemelerin kullanilmasi1 yer alir. Yaygin olarak kullanilan radyasyon
koruyucu malzemelerden kursun ve betonun faydalarinin yaninda opak olmalari,
bu malzemelerden kursunun zehirli olmas1 ve betonun ¢atlayip nem kaybetmesi
gibi 6nemli dezavantajlar1 vardir. Cam ise seffafligi, yiiksek homojenligi, genis
kalinlik aralig1 ve nispeten basit liretimi ile kursun ve betona alternatif olarak 6ne
cikmaktadir. Camimn emme kapasitesini artirmak ve ayni zamanda kimyasal
ozelliklerini degistirmeden sistemin erime noktasini ve viskozitesini azaltmak i¢in

sisteme cam modifiye ediciler eklenebilmektedir.

Bu tezde, ¢esitli konsantrasyonlarda nadir toprak elementi Disprosiyum (III) iyonu

(Dy**)  katkil  23Ca0 — 10Al,05 — (50 — x)B,0; — 6Ba0 — 10Na,0 —
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xDy,05 (x=0.1, 0.3, 0.5, and 1.0% mol) cam sisteminin iyonlastirici radyasyona
kars1 zirhlama 6zellikleri incelenmektedir. Sistemi degerlendirmek igin dogrusal
zayiflama katsayis1 (LAC), kiitle zayiflama katsayis1t (MAC), yar1 deger katmani
(HVL), onda bir deger katmani (TV'L), ortalama serbest yol mfp, atomik tesir kesiti
(ACS), elektronik tesir kesiti (ECS), etkin atom numarast (Z,f), etkin elektron
yogunlugu (Nsf), etkin iletkenlik (C,rr), esdeger atom numarasi (Z,4), maruz
kalma birikim faktorii (EBF) ve enerji sogurma birikim faktorii (EABF)
radyasyondan korunma parametreleri incelenmistir. DOrt cam numunenin tamami
standart eriyik sondiirme teknigi kullanilarak iiretilmistir. Cam numunelerin
iyonlagtrict radyasyona karst zirhlama kabiliyetleri Phy-X/PSD yazilimi
araciligiyla test edilmistir. Bu ¢alismadaki bulgular ile Dy®" katkili Kalsiyum
Aliminyum Baryum Sodyum Borat cam sistemi uygun, etkili ve iyi bir alternatif
oldugu kanitlandigi i¢in radyasyon koruyucu malzeme olarak verimli bir sekilde

kullanilabilecegini gostermektedir.

Anahtar Kelimeler: Kalsiyum aliiminyum baryum sodyum borat cam sistemi,
Dy%" iyonlari, foton, radyasyondan korunma, ALARA, radyasyon zirhlama
parametreleri, Phy-X/PSD.

YILDIZ TEKNIK UNIiVERSITESI
FEN BIiLIMLERI ENSTITUSU
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1

INTRODUCTION

Since the discovery of the atom and nucleus model, the orientation towards studies
in nuclear physics, which is one of the sub-units of physics, has increased, and the
concepts of electron, neutron and proton have emerged. The discovery of alpha (o)
and beta (B) particles by Ernest Rutherford following his studies on the nuclear
model, Wilhelm C. Roentgen's finding of X-rays and Paul U. Villard's finding of
gamma (y) rays completed the discovery process, and the concept of radiation took
its place in our lives. With the radioisotope studies of Becquerel and Curie, the
concept of radioactivity, meaning that elements in an unstable state emit radiation
rays around them in order to become stable, was found, and radiation sources were
divided into two as natural and artificial. After Maxwell expressed the rays as
electromagnetic waves, the electromagnetic spectrum was defined according to the
wavelengths and frequencies of the rays with the discoveries made in this field and
the classification of radiation was completed. There are two types of radiation:
ionizing and non-ionizing. X and gamma rays are included in the ionized radiation
type. The wavelength of X and gamma rays is electron-sized, which means that
their wavelengths are even smaller than the size of atoms. As the wavelength
decreases, the energy of the radiation beam increases, and in high energy regions,
the photon can remove a part of the electron or nucleus from the orbit of the
substance with which it interacts. This type of radiation is called ionizing radiation.
Photons generally interact with matter in three different ways: photoelectric
interaction, Compton interaction and pair formation. These types of interactions
occur at low, medium and high energy levels depending on the energy of the
incident photon. It is possible for ionizing radiation to change its structure when it
interacts with matter and to have the ability to penetrate or to propagate in media
such as gas, liquid and air. Therefore, ionizing radiation may have direct or indirect
harmful effects on human health, the environment, and future generations. There
are radiation protection principles (verification, optimization, and limitation) that
are accepted and applied by the whole world in order to protect from these harmful

effects or to minimize the damage. In addition, according to the ALARA (As Low



As Reasonably Achievable) principles published by ICRP for radiation workers and
patient safety, there are three basic principles that should be considered to minimize
the radiation dose exposure: minimizing the exposure time, increasing the distance
between the radiation source and the target, and using radiation protective materials.
Measures for time and distance restrictions are limited, but there is a wide range of
measures that have been taken and can be taken for radiation protective materials.
Shielding can be done with many materials such as protective goggles, gloves,
walls, storage containers, and the materials that can be used in the production of
these materials are also very diverse. The design and evaluation of the shielding
material is carried out by studying the parameters based on the interaction of the
photon with matter formulated by Beer-Lambert. Commonly used shielding
materials are lead and concrete. These two materials, both of which have high
density, have a high ability to attenuate incoming photon beams and greatly reduce
their intensity. However, despite the advantage of being very high-quality shielding
materials, they have significant disadvantages such as the toxicity of lead and its
bulkiness due to its weight; the fact that the water in concrete evaporates and loses
its moisture as the radiation exposure increases, thus losing its strength; and the
opacity of both lead and concrete. For this reason, it has recently become necessary
to search for alternatives that contain low lead and concrete ratios or that do not
contain either of them at all or consist of other materials. Glass materials are a good
alternative to lead and concrete due to their transparency, high homogeneity, large
thickness cross-sections and simple production. At the same time, by including
heavy metal components in the production stages of glass materials, their density
can be changed, and their radiation attenuation capacity can be improved. This also
allows the melting point and viscosity of the system to be reduced without any
change in the chemical properties of the glass. In this sense, studies are being carried
out on many different glass systems such as silica, bismuth, alumina silicate,
barium, borate, phosphate, lithium, tellurite and germanate containing glasses with
low or no lead and concrete content. The use of heavy metal oxide containing
glasses as radiation shielding materials is becoming more and more widespread due
to their stable chemical structure, corrosion resistance, mechanical properties, and

outstanding optical properties.



This thesis work involves the doping of Calcium Aluminum Barium Sodium Borate
(23Ca0 — 104l,0; — (50 — x)B,03 — 6Ba0 — 10Na,0 — xDy,03) glass
system with different concentrations of Dy3* rare earth element ions and the
investigation of the system's ability to absorb photon energies and its transition
properties, followed by the evaluation of its radiation shielding capabilities and its
use as an alternative to lead-free glass systems. As an alternative to lead-free glass
systems, Calcium Aluminum Barium Sodium Borate glass system draws attention
as a glass system that is more chemically resistant with the calcium element in its
content, more transparent with barium oxide, more strength and has high thermal

stability thanks to aluminum, and soluble in rare earth element ions with borate.



2

OVERVIEW

2.1 History of Radiation

Radiation is a form of energy that can be spread from atoms in various ways and
sent over a certain distance. This energy travels through space and can penetrate
assorted materials. It can be found in many forms, including all electromagnetic
waves which are radio waves, microwaves, infrared rays, visible light, ultraviolet
light, X-rays, and gamma rays and also atom and subatomic particles which are

alpha, beta, and neutron[1].

The discovery of X-rays by German physicist Wilhelm Roentgen in 1895 marked
the beginning of knowledge regarding the existence of radiation. During his
experiment on cathode-ray tubes, he saw sparkles around the plaque that close to
the tube. After several following experiments, Rontgen observed green
fluorescence light induced by activated tubes and the ray emitted from the tube
easily able to pass through solid materials while but not for bone or metal. He named
this ray as the “X” ray which he could not fully define[2]. Figure 1 shows his first

experiment, the film of his wife’s hand.

Figure 2.1 X-ray graph of Anna Bertha Ludwig’s (Roentgen’s wife) hand[3]
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Radioactivity is the process of the spontaneous disintegration of atoms in which
unstable atomic nuclei emit particles and energy in the form of electromagnetic
radiation. The fission of the atomic nuclei causes radioactivity and the substance
that emits radiation is called radioactive material[4]. Radioactivity and radioactive
material experiments first began in 1896 with Henri Becquerel. He showed that
uranium crystals spontaneously emit some rays by exposing potassium uranyl
sulfate to sunlight. Madame Curie was the founder of the word radioactivity. After
Becquerel, in 1898, Madame Curie and Pierre Curie discovered radioactive
elements such as radium and polonium in their experiments with radioactive
uranium ore. With these discoveries, radiation sources were divided into two types:
natural and artificial. Natural radiation types are also divided into two groups. The
first is cosmic radiation emitted from the sun, atmosphere and space; the other is
the radiation emitted by unstable radioisotopes formed in the soil as a result of
interactions over time to stabilize. Radiation emitted by destabilizing stable
elements and isotopes by giving energy from outside in order to be used in the fields
of medicine, security, nuclear power plants and communication is a source of

artificial radiation[5].

The first studies on different types of radiation began with Herschel's discovery of
infrared rays. Immediately after Ritter's discovery of ultraviolet rays, in 1867 James
Clerk Maxwell defined rays as electromagnetic waves and suggested that there
should be rays with longer wavelengths. Maxwell's propose was proven by Hertz's
production of radio waves. Although X-rays were discovered much earlier, it was
not until 1912 that it was discovered that X-rays were a form of light with short
wavelengths. In 1914, gamma rays, which have even shorter wavelengths than X-
rays, were included in this classification and the electromagnetic spectrum (Figure
2.2) was completed[6]. Meanwhile, Ernest Rutherford discovered that the rays
emitted from radioactive elements are different from electromagnetic radiation he
made the characterization of the radioactive particles as alpha, beta and gamma

particles based on their ability to penetrate matter[7].
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Figure 2.2 Electromagnetic spectrum[8]

Radiation is a powerful tool for both the diagnosis and treatment of a wide range of
medical conditions, from cancer to cardiovascular diseases. It is used in radiology
field to produce images of the body with X-ray devices, computed tomography
(CT), fluoroscopy and scopy devices. Also, it is used in the field of nuclear
medicine to destroy cancer cells with artificial radioactive substances and to give
targeted radiation treatments to tumors with gamma cameras, positron emission
tomography (PET) and single photon emission computed tomography (SPECT)

devices[9].

2.2 Types of Radiation

Radiation is the emission of energy through matter as electromagnetic waves or
particles. Electromagnetic radiation includes all waves in the electromagnetic
spectrum: radio waves, microwaves, infrared rays, visible light, ultraviolet light, X-
rays and gamma rays. Particle-type radiation includes all subatomic particles: alpha

(o) particles, beta (B) particles and neutrons (Figure 2.3).
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Figure 2.3 Types of radiation[10]

When a photon interacts with matter, it can extract electrons from the orbit or
nucleons from the nucleus of the atom it interacts with. This feature of radiation
called ionization is related to the frequency and therefore the energy of the incident
photon (Figure 2.4). As the frequency of the photon increases, its energy also
increases. The interaction and bond breaking force of the photon with matter
increases with increasing energy. In the electromagnetic spectrum, the energy
regions with ionizing power include the X-ray and gamma-ray regions. The
remaining radiation types are not capable of ionizing because they do not have
sufficient energy. At the same time, the fact that the wavelengths in the X-ray and
gamma-ray regions are very short (about the size of an electron[5]) increases the

ionizing ability of these regions.
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lonizing radiation is also divided into charged and uncharged radiation. Charged
radiation types are alpha and beta radiations, which are charged particles, while
uncharged radiation types are X-rays, gamma rays and neutrons. Alpha and beta
radiations can change the structure of the atom it interacts with. Uncharged ionizing
radiation is divided into uncharged electromagnetic radiation (X-rays and gamma
rays) and uncharged particle radiation (neutron) depending on the type of
radiation[12].

2.2.1 Alpha Decay

The alpha particle is structurally equivalent to a helium nucleus, i.e. it consists of
two protons and two neutrons, stripped of their electrons. It is denoted by the Greek
letter a. It is very stable with its high proton/neutron ratio. Alpha decay occurs when
the number of protons in the nucleus exceeds the number of neutrons.
Radionuclides with energies ranging from 4 MeV-10MeV emit an alpha particle
and product nuclides are formed[13]. Due to the loss of two protons and two
neutrons from the parent nucleus, the atomic number of the product nucleus

decreases by 2 and the mass number decreases by 4. Equation 2.1[14] gives the
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general equation for a nucleus undergoing alpha decay. According to the Geigere-
Nuttall law, the range of motion and energy of the alpha particle are related to each
other. Radionuclides emitting low-energy alpha particles have long half-lives,

whereas high-energy ones have short half-lives.

41X > 473 + da (2.1)
Here,
X, main (parent) core
A, mass number (number of protons + number of neutrons)
Z, atomic number (number of protons)
Y, product (daughter) core
He, the emitted alpha particles

Alpha particles have a positive electric charge due to its two protons. This causes a
Coulomb interaction with the atomic electrons of the substance through which it
passes and thus ionization occurs. Since the mass of the alpha particle is much larger
than the electron, the atomic electrons are rapidly ejected by collision. Alpha
particles, which lose their kinetic energy rapidly in this way, have very short
effective distances. For the same reason, it is the easiest type of radiation to stop,
even with a piece of paper of suitable thickness[5][15]. Figure 2.5 shows the

illustration of the alpha decay.

Figure 2.5 Alpha decay[16]
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2.2.2 Beta Decay

Beta decay is the release of negatively charged electrons or positively charged
electrons (positrons) from atomic nuclei with a high number of protons. During the
decay, protons in the nucleus turn into neutrons or neutrons into protons. Therefore,
while the mass number of the nucleus remains constant, the atomic number
changes. It has 3 types: B~ (negatron) emission, B* (positron) emission and electron
capture. Unlike alpha particles, they emit in a wide spectrum. Depending on the
radionuclide emitting beta, the maximum energy (Emax) they can have varied, but
in general they emit between 0 and Emax[17]. Since beta particles are lighter than
alpha particles, they are less ionizing. For this reason, their travelling distances are
longer than alpha particles. According to their energy levels, they can move
centimeters in the air, while they can only move a few millimeters in the material.
Therefore, while they cannot be stopped by a piece of paper like alpha particles,
they can be stopped by aluminum and plastic plates[5][18]. Beta particles are used
in the field of medical imaging with positron emission tomography (PET) to
visualize cancerous cells by injecting a B* (positron) emitting substance into the

patient before the imaging procedure.

[~ emission is the release of a negatively charged electron from the nucleus. The
neutron in the nucleus is converted into a proton and the neutron/proton ratio in the
nucleus decreases. The general expression of B~ emission is given in Equation
2.2[14].

X =AY+ B+ v (2.2)

Here, X is the beta radiating nucleus. Y is the daughter nucleus and there is no
change in the mass number (A) of Y, since the decrease of the negative charge in
the nucleus occurs by neutron-proton conversion. Z is the atomic number, an
increase in the number of protons makes Y a different nucleus. B~ stands for the
electron released from the nucleus, the beta particle and v is antineutrino. Due to
the mass of the released electron and the high energy emission of the negatively
charged electron, there is a slight decrease in the mass of the nucleus. The energy
obtained due to this change in the radioactive nuclide is the maximum energy that
the beta particle can have (Emax) and they are emitted in a wide energy spectrum
from 0 to Emax[15][17][18]. Figure 2.6 shows the illustration of the - decay[16].
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Figure 2.6 - decay[16]

B emission is the release of a positively charged electron from the nucleus. These
nuclei are unstable due to their high number of protons. The proton cannot provide
the necessary mass for both the neutron and the electron to be emitted. Therefore,
in B* emission, a complete change in the nucleus occurs when the proton and
neutron in the nucleus rearrange their bonding to obtain a neutron and release a
positively charged electron. The neutron/proton ratio in the nucleus increases. The

general expression for B* emission is given in Equation 2.3[14][15].

AX -, AV + Br+ v (2.3)

Here X is the beta radiating nucleus. Y is the daughter nucleus and there is no
change in the mass number (A) of Y, since the decrease of the positive charge in
the nucleus occurs by neutron-proton conversion. Z is the atomic number, a
decrease in the number of protons makes Y a different nucleus. B* stands for the
electron emitted from the nucleus, the beta particle and v is antineutrino. For B*
emission to occur, the radioactive nucleus X must be two electron masses heavier
than the daughter nucleus Y. In other words, decay can only take place when the
energy required to produce two electron masses is above 1.02 MeV. The beta
particle is emitted in a broad energy spectrum from 0 to Emax[18][19]. Figure 2.7

shows the illustration of the f* decay.
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Figure 2.7 B* decay[16]

2.2.3 Electron Capture

Electron capture is the capture of electrons from the orbital shells of nuclei with
excess protons to reduce the number of protons. In fact, there is no beta particle
emission, but since it is an electron process and the proton/neutron ratio changes
without changing the mass number, it is included among the beta emission types.
Capture occurs when the energy required for B* emission is not available. Nuclei
with insufficient mass can approach the unstable nucleus by the wave motion of the
orbital electrons and capture electrons from the shell[16][18]. The general

expression for the electron capture process is given in Equation 2.4[18].

X +e - , Y+ v+ Ky (2.4)

Here, X is the parent nucleus and Y is the daughter nucleus. e is the electron
captured from the orbit and the captured electron causes the number of protons in
the nucleus to decrease. As a result of the transformation, the mass number (A) does
not change, the number of protons (Z) decreases by 1 and the number of neutrons
increases by 1. v is the neutrino and K is the total energy released. The K-shell
electrons, the shell closest to the nucleus, contain 90 per cent of the electron capture
electrons, while only 1 per cent are M-shell electrons. During electron capture, the
vacancy of the captured electron is immediately filled with electrons from the outer
shells, resulting in the production of X-rays characteristic of the daughter
radionuclide. The produced X-rays and their associated Auger electrons are the only

way in  which electron capture transformations produce energy
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emission[15][17]19]. Figure 2.8 shows the illustration of the electron capture

process.

Figure 2.8 Electron capture[16]

2.2.4 Gamma Decay

Unstable atomic nuclei that undergo radionuclide decay sometimes do not fully
release their energy and their protons and neutrons remain excited. In this case, the
protons and neutrons in the nucleus reorganize themselves and emit high-energy
electromagnetic waves to their surroundings and descend to lower energy states.
These electromagnetic waves are called gamma rays. The nuclide in the unstable
state is called a nuclear isomer and the transition from a high-energy state to a low-
energy state is called an isomeric transition. Gamma rays are emitted at different
energies since the energy transition states for neutrons and protons in the excited
nucleus are discrete. The difference between the energy states of the nuclear
isomers gives the gamma-ray energy. The general expression of the gamma ray is

given in Equation 2.5[18].

AX* > 4X +y (2.5)
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Here, X* is the excited nucleus, X is the stable nucleus and v is the emitted gamma
ray. Since the isomeric transition is the release of excess energy from the nucleus,
the number of protons and neutrons in the stable nucleus and therefore the atomic
number of the nucleus do not change. In other words, the product nucleus is
characteristic of the parent nucleus, the atom remains the same atom. Gamma
emission can only occur after alpha and beta decays have taken place. They have
an ionizing effect like alpha and beta particles, but they have a low penetrating
ability, whereas they have a high penetrating ability. Since it can pass through living
tissue, it is used in medical imaging. Its travelling distance is very long, it spreads
along a straight line in space. It can be blocked by high density materials such as
lead, steel and concrete sheets[5][17][19]. Figure 2.9 shows the illustration of the

gamma decay.

gamma emission (Y)

excited (unstable) nucleus

Figure 2.9 Gamma decay[16]

2.3 Radiation-Matter Interactions

Radiation is used in many fields such as medicine, industry, agriculture, and animal
husbandry. In order to use radiation, it must first be detected. Detection of radiation
is possible by interacting with matter. All types of radiation can interact with the
atoms of the substance through which it passes. The result of the interaction with
the detector is converted into an electrical signal and recorded. Radiation-matter
interaction mechanisms vary depending on the type of particle, the energy it has,
the number of protons and the density of the substance it interacts with. The distance
travelled by charged and uncharged particles in matter, the path they follow, and
their interaction mechanisms are different. Radiation-matter interaction

mechanisms are evaluated under three different headings:
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¢ Interaction of charged particles with matter
e Photon matter interactions

¢ Neutron matter interactions[20]

2.3.1 Interaction of Charged Particles with Matter

As charged particles (i.e. a particles,  particles, protons, heavy nuclei) pass through
matter, they lose energy by interacting with the absorbing atoms. This interaction
occurs with the shell electrons of atoms or rarely with the nucleus. As a result of
the interaction, the charged particle with excitation transfers all or some of its
kinetic energy to the shell electrons and causes these electrons to rise to higher
energy shells. The interactions of charged particles with matter are categorized into
two different categories: heavily charged particles with heavier mass, such as a-
particles and heavy nuclei, and lightly charged particles such as electrons. Because
the charges of the particles and the distance they travel in matter due to their charges

and their scattering patterns are related[15].

2.3.1.1 Interaction of heavy charged particles with matter

Due to their mass, heavily charged particles lose a small amount of their kinetic
energy when they interact with matter. The interaction is caused by the Coulomb
force between the negative charges of the electrons in the medium and their positive
charges. If the energy of the incoming substance is greater than the energy of the
absorbing atom, it ionizes the electrons of the absorbing atom and transfers the
excess energy. Energy loss occurs rapidly. Most of this energy loss occurs close to
the stopping moment and more ionization occurs at the stopping moment due to
their low energy. Since the energy loss in a single interaction is low, they produce
many ion pairs until they lose all their energy. The path they take is short and in the
form of a linear line travelling from the starting point. The shortness of this distance
they take until they stop, which is called range, causes the formation of a large
number of ion pairs due to the collisions occurring in a small area. The range
quantity is also used for the characterization of charged particles. Charged particles
also interact with matter by electron excitation and elastic scattering from the
nucleus. Electron excitation is the phenomenon in which the incoming atom, when
it does not have enough energy for ionization, is excited by the absorption of a part
of its energy by the absorbing material and goes to a higher energy level, where it
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emits a photon and returns to the lower level. In the mechanism of elastic scattering
from the nucleus, due to the effect of the Coulomb forces, the massive nucleus
causes the heavily charged particles to change direction without causing any change
in the atom[14][21].

2.3.1.2 Interaction of Light Charged Particles with Matter

Due to their weight, light charged particles are faster than heavily charged particles
of the same weight and follow a highly dispersed path as they pass through matter.
High-speed particles lose energy due to the Coulomb force when they approach the
nucleus when interacting with matter. This energy appears as a continuous X-ray
spectrum called bremsstrahlung radiation, which means braking in German. This
radiation, which is produced by the acceleration of the electron, causes the particles
to deviate from their path due to the coulomb force in the nucleus (Figure 2.10).
The total distance travelled by the particle until it loses all its energy is longer than
the actual range. This is called range dispersion. In the meantime, the particles
follow a zigzag path, colliding with the orbital electrons in the neighborhood and
thus losing their energy. Figure 2.11 shows the illustration of the path of light and
heavy charged particles in matter. Bremsstrahlung radiation production increases
as the energy of the particle and the atomic number of the absorbing atom increase.
Therefore, bremsstrahlung production must be considered for heavy metals such as
lead. For example, in the field of radiation protection, plastic containers should be

preferred over lead as protective material for storage containers[14][21][22].

Bremsstrahlung
xX-ray

Nucleus

Figure 2.10 Bremsstrahlung radiation[11]
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Figure 2.11 A. Light charged particles path in matter. B. Heavy charged particles
path in matter[11]

2.3.2 Photon-Matter Interactions

Photons have no mass and electrical charge. Since they are uncharged, they are not
subject to Coulomb force. In their interaction with matter, they can consume their
energy by transferring it to the electrons in the matter and can be completely
absorbed or they can store energy in the medium. They can also penetrate directly
into the cross-section of matter. They do not have a specific range like charged
particles. They can scatter over very long distances, deviate greatly from the initial
direction or disappear completely. Types of photon-matter interactions are:

e Photoelectric phenomena

e Compton scattering

e Pair formation

e Rayleigh scattering

e Photodisintegration[14][15][22]

2.3.2.1 Photoelectric Phenomena

In the photoelectric phenomena, the photon transfers all its kinetic energy to one of
the orbital electrons of the absorbing atom during its interaction with the matter and
is lost. The energized electron (photoelectron) jumps out of its orbit and interacts
with the surrounding atoms. The photoelectron rapidly loses its energy by
ionization and moves to a distance not far from its initial position (Figure 2.12).
The photoelectric effect, which occurs at low energies (<0.5 MeV), is inversely
proportional to the energy of the incident photon and directly proportional to the
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atomic number of the absorbing atom. Since the photoelectric effect occurs with
electrons tightly bound to the orbit, it occurs mostly with K-shell electrons. The
vacancy of the electron leaving the K-shell is filled by the electron from the L-shell,
and the vacancy of the electron leaving the L-shell is filled by the electron from the
M-shell.  These transitions often lead to characteristic  X-ray
emission[15][19][20][23][24].

Figure 2.12 Photoelectric phenomena[16]
2.3.2.2 Compton Scattering

Compton scattering is a collision in which during the interaction of a photon with
matter only a fraction of its energy is transferred to an electron with much lower
energy and a new photon is produced with the reduced energy. As a result of the
collision, the electron is ejected from the orbit and the scattered photon travels in a
different direction from the original photon (Figure 2.13). For medium energy
photons (0.5-1.0 MeV) both energy and momentum are conserved because of the
Compton interaction, which is important. The higher the energy of the incident
photon, the greater the scattering angle. For photons above a certain energy level,
Compton scattering can turn into a secondary radiation source. This causes
unwanted distortions in the image and excessive radiation exposure. Therefore,
attention should be paid to Compton calculations in radiation
applications[15][18][23][25].
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Figure 2.13 Compton scattering[16]

2.3.2.3 Pair Formation

When a photon of high energy (>1.022 MeV) enters the electromagnetic field
around an absorbing atomic nucleus, it converts its energy into two particles, one
positively charged (positron) and one negatively charged (electron). These two
oppositely charged particles are called positron-electron pairs. Since the masses of
the positron and electron are equal, they share the kinetic energy of the photon
equally (0.511 MeV). The positrons in the medium then dissipate their Kinetic
energy by ionization. Nearly losing all of their energy, they interact with the
surrounding free electron and disappear by producing two annihilation photons of
0.511 MeV each in opposite directions called the annihilation event (Figure
2.14)[15][16][18][23].
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Figure 2.14 Annihilation event[16]
2.3.2.4 Rayleigh Scattering

Gamma rays do not interact with the orbital electrons of the atom through which
they pass, but directly with the atom itself, and an energy is emitted in the same
phase, but in a different direction (Figure 2.15). There is no energy transfer because
of the interaction, only the direction of the atom has changed. In addition, since the

probability of occurrence is low, it can be ignored in radiation procedures[11][15].
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Figure 2.15 Rayleigh scattering[11]
2.3.2.5 Photodisintegration

Photodisintegration is a photon-matter interaction in which a photon with an energy
greater than 10 MeV interacts with the nucleus of the absorbing atom, transferring

enough energy to the nucleus to emit nucleons. It rarely occurs. For photon energies
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higher than 20 MeV the results are significant and important to consider in the
design of radiation shielding materials[15][18].

2.3.3 Neutron-Matter Interactions

Since neutrons are uncharged particles, they are not subject to the Coulomb force
as in photon interactions. They interact with nuclear reactions when the absorber is
very close to the nucleus of the atom. They are very unlikely to interact with orbital
electrons. Therefore, when neutron-matter interactions are evaluated, their
interactions with the nucleus of the absorbing atom are considered. These
interactions can take three different forms. These are elastic scattering, inelastic
scattering and neutron capture. Elastic scattering is a collision in which the neutron
hits the atomic nucleus and deviates in a different direction from its starting point
after releasing some of its energy. As a result, the total kinetic energy of the
colliding particles is conserved. Inelastic scattering is a type of collision in which a
high-energy neutron leaves the atomic nucleus excited. The atom is then stabilized
by decay. In neutron capture, the nucleus of the absorbing atom captures the neutron
at a certain distance and an excited nuclide is formed. Depending on the magnitude
of the energy, the excited nuclide radiates and radioactive nuclide is
formed[16][21][22][25].

2.4 Medical Imaging Devices Using Radiation

2.4.1 Computerized Tomography

In the mechanism of the computerized tomography (CT) device, the X-ray tube and
the detector located opposite to it are connected to the gantry, which rotates 360°
around the patient continuously at a certain speed. The X-rays absorbed from the
patient are detected and converted into a computerized image. Image acquisition
with CT scanning takes place in 3 basic stages. In the first stage, X-rays generated
by the X-ray tube are sent to the patient. X-rays, which are absorbed at different
rates from different tissues, are detected by the detectors opposite to them and data
are collected as electrical signals. In the second stage, these electrical signals are
amplified in the computer system and the image is reconstructed. In the third and
final stage, the image of the patient is generated by image processing (Figure 2.16).

With the 360° rotation of the gantry, the image of the tissue is obtained from every
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angle. The resulting image is in slices. 2 and 3 dimensional images can be obtained
with CT scanning[26][27].

! —

Figure 2.16 The three basic stages in the production of a CT image[26]

Until the CT device used today, the design and mechanism of CT devices have been
continuously improved until the deficiencies of the previous one are eliminated. CT
devices, which have undergone a series of developments such as improving image
quality, reducing acquisition times and minimizing artefacts, have been grouped

under 7 different generations until today[28].

The first generation CT was designed in 1979 by Dr. Godfrey Hounsfield called
EMI, which was designed only for head scanning. It was designed using an X-ray
tube and a single detector positioned opposite each other. The X-ray tube and
detector rotate along a straight line called the pencil beam. The X-ray passes over
the patient and the detector follows on the opposite side. When the scan on the
pencil beam is complete, the X-ray tube and detector are rotated slightly for another
section and the same process is repeated along a 180°arc (Figure 2.17). The

processing time is quite long[27][29].
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Figure 2.17 First generation CT scan design[30]
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The second generation CT design includes an X-ray tube and detector as in the first
generation design. The number of detectors is increased to 30 in the second-
generation CT device and the X-ray tube is in the form of a fan-shaped beam.
Scanning is done by moving the X-ray tube and detectors in a linear line. When the
scanning along the line is completed, the X-ray tube and detectors are rotated by
10° and the same process is repeated along a 180°arc (Figure 2.18). The processing
time is shorter than that of the first-generation device[27][28][29].

Translating x-ray tube
emitting a narrow fan beam

Rotation with small
?ular increments
-~ Translating

“detector array,
fan angle 10°

Figure 2.18 Second generation CT scan design[30]

Unlike the first and second generation, the third generation CT design scans the
patient at a 360° angle. The X-ray tube is arranged in a fan shape and opposite the
tube are many detectors (200 pcs to 900 pcs). The X-ray tube and detectors rotate
together in an arc around the patient (Figure 2.19). The 360° detector array ensures
a constant distance from the patient to the detector, which significantly improves
the image quality compared to the first and second generation. Scan time is reduced
to a maximum of 2 seconds[27][29][30].

Rotating x-ray tube ____
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detector array,
fan angle 45-55°
Figure 2.19 Third generation CT scan design[30]
The fourth-generation CT design differs from the first three in that it incorporates a
fixed detector design. The detector ring consisting of approximately 5000 detectors

23



surrounds the gantry gap where the patient is placed and is in a fixed position. The
X-ray tube rotates through the detector ring at a 360° angle and an image of the
patient is formed (Figure 2.20). Since the distance between the X-ray tube and the
patient is narrower, it contains a higher level of radiation[27][28][30].

Rotating x-ray tube
emitting a fan beam

Stationary
detector array,
covering 360°

Figure 2.20 Fourth generation CT scan design[30]

The fifth generation CT design is a stationary system. In the fifth generation CT
devices developed for cardiac tomography, the X-ray tube is placed as a large ring
surrounding the patient. An electronic gun is used to detect electron beams
travelling along the ring positioned in the gantry (Figure 2.21). The fact that the
detector is also ring-shaped allows multiple simultaneous image sections to be
taken[27][30][31].
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X-ray
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Figure 2.21 Fifth generation CT scan design[30]

The sixth generation CT design, which is still in use today, was developed by
German physicist Dr. Willi Kalender. In addition to other generations, it includes a
sliding patient bed. In this system, also called helical CT, the X-ray tube and
detectors rotate 360° around the patient simultaneously. Together with the rotating
detector ring, the sliding patient bed also moves back and forth (Figure 2.22). With

this CT design, image sections were obtained in continuous time. At the same time,
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since the total rotation takes less than 1 second, artefacts caused by patient mobility

are prevented[26][27][28].

Start of Path of continugusly
spiral scan rotating x-ray tube
and detector

<

Diraction of
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patient transport—

Detectors

Figure 2.22 Sixth generation (also known spiral/helical CT or SSCT) CT design
a. Spiral path of the scan, data is acquired continuously[32] b. Movement of the
patient table, passes through the tube and detectors[27]

Developed in 1998, the seventh generation CT device design incorporates multiple
detector arrays. The thickness of the image slice is determined by multiple detector
arrays, which increases the slice thickness. By utilizing more of the X-rays

produced, the image acquisition speed is increased[26][27][28].
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Figure 2.23 Seventh generation (also known MSCT) CT design[27]
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2.4.2 Positron Emission Tomography

Positron emission tomography (PET) is a scan used in medical imaging for both
diagnosis and treatment of disease, in which metabolic activity in the body is
imaged using radioactive material. A positron-emitting substance (i.e. radioisotope)
Is injected intravenously into the patient. When positively charged positrons emitted
from the patient collide with electrons in the environment, an annihilation occurs.
The two opposite photons (gamma rays) produced as a result of an annihilation are
detected by the detectors, and the image of the patient is taken by processing the
received signals in the computer environment (Figure 2.24)[29].
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Figure 2.24 PET-CT imaging principles shown schematically. a Injection of
labeled radiopharmaceutical into the patient b. Annihilation occurs between the
positron and electron and the pair of annihilation photons measured by the
coincidence detectors c. Data of collected positron annihilation events are stored
in the form of sonograms d. A coronal section of the reconstructed image, it maps
the utilization of the tracers throughout the patient[33].

Cancer cells are much more metabolically active than healthy cells[34]. Therefore,
they are easily detected by PET scanning. PET scanning takes place in two stages:

injection and imaging.

In the injection phase, the patient is injected intravenously with a pharmaceutical
some time before the imaging and in an isolated room. The type of pharmaceutical

varies according to the disease and the dosage is proportional to the age and weight
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of the patient. The pharmaceuticals are molecules labelled with a positron-emitting
(B* radioactive isotope with a positive charge. The interaction with the cancer cell
is thus monitored. They are usually labelled with fluorine-18 and carbon-11. The
patient is kept in the injection room for a certain time to allow the pharmaceutical
to be taken up and metabolized by the cells. The injection room is also a radiation-
protected room, as the patient emits radiation for some time due to the injected
pharmaceutical[35][36].

In the imaging phase, the radioactive patient is taken into the PET-CT device. The
scanning device consists of a patient table where the patient lies, a gantry where the
area to be imaged enters, a detector ring, a computer where the received signals are
processed, and an imaging monitor. The detector ring is a ring that surrounds the
patient 360° and rotates 360° and contains several detectors. Each detector contains
a scintillator crystal and a photomultiplier tube. The detectors must simultaneously
detect photons travelling in opposite directions. They are therefore positioned
opposite each other[33][35][36].

A positron and an electron neutrino are emitted by B* decay. When the positron is
ejected, it loses its Kinetic energy through ionization and scattering. When the
positron loses almost all of its energy and becomes immobilized, it interacts with
an electron in the environment. An annihilation event, which refers to the
annihilation of the electron and positron, occurs and two photons are emitted in
opposite directions, each with an energy of 511 keV due to conservation of
momentum. These emitted photons are called gamma rays. These rays are captured
by two detectors positioned opposite each other and a Line of Response (LOR) is
formed between the detectors. In this way, the detector pair will only detect the
desired annihilation pairs (Figure 2.25)[33][35][36].
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Figure 2.25 Annihilation event a. LOR b. Detection of paired annihilation
photons[33]

The detectors (Figure 2.26) are scintillation detectors with the power to stop
incoming photons. The power of the detector to stop the incident photon depends
on the path of the photons in the detector. The progress of the photons in the detector
is related to their atomic numbers and densities. Detector materials used in PET
have high atomic number and density. When gamma rays strike the scintillator
crystal in the detectors, a visible burst of light is produced, and an electrical signal
is generated. These photons then strike the photocathode and detach electrons from
the photocathode. The number of detached electrons is increased by photomultiplier
tubes. Concave dynodes in the photomultiplier tubes accelerate the electron coming
to the first dynode and increase its energy. It continues by removing more electrons
while striking other diodes, so that the number of electrons removed increases
exponentially. After these signals are amplified, they are sent to the synchronous
counting unit. Since the collisions occur successively and rapidly, the interval of
the synchronization window must be narrow for counting a single annihilation
event. The electrical signals from the detectors are combined in a computerized
environment and converted into images by amplifiers. Of the electrical signals
passing through the amplifier, only electrical signals in the range of 350-650 keV
are accepted. As a result of PET scanning, a three-dimensional image of the internal
structures of the body is created and the distribution of the pharmaceuticals used in
the body and metabolic activity are identified[33][35][37].
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Figure 2.26 PET Detector Design[35]

Three different types of coincidence events can occur as a result of an annihilation:
true, random, and scattered photon coincidence (Figure 2.27). For PET, the desired
true overlap is the simultaneous detection of the annihilated photon pairs by the
detectors placed opposite each other. The high-energy light output makes it easy to
distinguish from other interferences, which results in high resolution in image
quality. In random coincidence, the detectors detect two photons from different
annihilations, resulting in a different LOR line. In scattered overlap, one of the
annihilation photons is detected directly by the detector, while the other photon is
scattered from the surrounding tissue and reaches the detector. These types of
overlap are undesirable because they affect the image quality negatively at different
rates[11][35].

Figure 2.27 Types of coincidences a. true coincidence b. scatter coincidence c.
random coincidence[11]

As a result of scanning, the image is obtained in sections. Cells/tissues showing
activity with the labelled pharmaceutical appear as hot spots, while cells/tissues
showing no or low metabolic activity appear as dark spots[33][38].
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2.4.3 Single Positron Emission Computed Tomography

Single photon emission computed tomography is a medical imaging technique in
which the activity of the pharmaceutical used as a radiation source in the body is
shown. The pharmaceutical injected into the body intravenously, the photons
emitted from the substance in a single direction are detected by the detectors and
converted into an image by signal/image processing in the computer environment.
First developed in 1963 by Kuhl and Edwards on the principle of a parallelized
scanning detector[39], SPECT devices (Figure 2.28) are now commonly of two
types: those using fixed detector arrays and those using rotating anger cameras.
While the first design uses a single detector, two and three detector designs have
been developed to shorten the acquisition time and improve image quality[40].
SPECT scanning takes place in two stages: injection and imaging. In the injection
phase, as in PET scanning, the patient is injected with a pharmaceutical depending
on the type of disease before imaging. After waiting for some time for the
pharmaceutical to be taken up and metabolized by the cells, the patient is taken to
the device for imaging[41][42].

Figure 2.28 A SPECT Device[16]

The imaging device consists of a gantry in which gamma cameras and detectors are
placed, a patient bed and a computer system for signal/image processing[43]. The
patient injected with pharmaceuticals actively emits radiation around them. Gamma
photons emitted from the patient are captured by collimators in gamma cameras and
directed to the detector. Collimators are made of dense materials such as lead and
tungsten, which have high interaction with photons. In SPECT scanning, the
direction of the emitted photons must be recognized. The collimators transmit the

emitted gamma photons to the detector through holes in them. Collimators are
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parallel and perpendicular to the detectors[44]. Due to their design and layout, only
photons travelling parallel to the holes are transmitted to the detectors. The
collimators block most of the gamma rays that would strike the detector, allowing
only gamma rays travelling in the specified direction to pass through (Figure 2.29).
The detectors used in SPECT are sodium iodide (Nal) crystals used as scintillation
counters[45]. Due to the high atomic number of the iodine component of the Nal
crystal, the photoelectric absorption is high. In this way, when gamma rays interact
with photoelectric scattering, the pulses that will occur here are prevented. When
gamma photons strike the detector crystal, they are stopped by the crystal. The Nal
crystal emits scintillation photons proportional to the energies of the photons. Then,
these photons strike the photocathode and extract electrons from it. The number of
the detached electrons is increased by photomultiplier tubes located opposite the
crystal and converted into electrical signals. The photomultiplier tubes are placed
in large numbers directly opposite the crystal. The gamma ray travelling through
the collimator channel and interacting with the scintillation crystal is distributed to
the nearest photomultiplier tubes. In this way, the position of the gamma interaction
is determined and recorded as a pulse counting rate. The signals are first slightly
amplified in the computer environment and then converted into an image. Gamma
cameras generate position signals in the XY plane for the output signals from the
photomultiplier tubes. Therefore, while a 2-dimensional image is obtained, a 3-
dimensional image of the patient is obtained as a result of the SPECT scan by
rotating the detector around the patient[44][45][46].

Figure 2.29 Three-head rotating gamma camera SPECT system(left) data
acquisition (right)[46]
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The quality of the SPECT scan image depends on the type of collimator, the number
of projections, the distance between the detector and the patient (gantry diameter)
and the scan time. Gamma rays are transmitted through collimators to the detectors.
If gamma rays are scattered by photoelectric scattering, this will appear as
undesirable scatter in the background of the image. The pharmaceutical injected
into the patient normally emits one or two gamma-ray photons that can be
adequately characterized. The energy of the photons emitted by diffuse scattering
is considerably lower than the energy of these photons and therefore easily
recognized. It is important that the collimators are selected from suitable materials
to ensure that the photons of the desired magnitude are transmitted to the detectors
and the undesired ones are blocked. For this purpose, collimators are made of high
atomic number and high-density materials. The spatial resolution of the image is
directly related to the projection images. Projection images should have similar
widths. Since scanning is performed throughout the patient, images are taken in
slices with a narrower range to increase sensitivity. The SPECT devices used today
are designed with a slice thickness of 10-25 mm. The distance between the patient
and the detector affects the discrimination power of the detector. A small distance
increases the image quality. In addition, the image quality is improved by changing
the angle between the detector and the patient in SPECT types with fixed camera
and rotating anger camera. Increasing the scanning time may cause artefacts in the

image as it may affect the movement of the patient[44][46].

2.4.4 Fluoroscopy

Fluoroscopy is the technique of real-time imaging of tissues using X-rays.
Fluoroscopy device, which is widely used in the medical field, especially in
orthopedic surgeries, is also used in many fields such as pain management, upper
and lower gastrointestinal imaging, cardiology. Fluoroscopy device consists of X-
ray tube, filter, collimator, anti-scattering grid, image intensifier or flat panel

receptor and camera (Figure 2.30)[47].
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Figure 2.30 A fluoroscopy device a. Schematic diagram b. Image intensifier
tube[48]

The radiation source is an X-ray tube that produces X-rays. X-rays are emitted in a
wide spectrum from infrared rays to X-ray photons. The output port of the X-ray
tube contains metal discs. These serve to filter out these low-energy undesired rays.
Photoelectric absorption of photons occurs at low energies. Materials with low
atomic numbers such as aluminum and copper are selected as disc materials. In this
way, the filtering process is easily realized by taking advantage of photoelectric
absorption. The collimator is located at the exit of the X-ray tube. The collimator,
which can be controlled by the operator, serves to narrow the volume of X-rays
emitted and to improve image quality by reducing Compton scattering. The X-rays
passing through the patient reach the anti-scattering grid located between the patient
and the image intensifier before the image received (Figure 2.31). The purpose of
the grid is to ensure that photons travelling on direct lines between the X-ray tube

and the image receiver are transmitted to the receiver. This prevents the
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transmission to the receiver of photons that are scattered in different directions as
they pass through the patient or that are deflected by other interactions. The grid
consists of radiopaque stripes placed at intervals. High atomic number materials
such as lead are used for the stripe material, while low atomic number materials
such as aluminum are used for the gaps between the stripes. Undesired photons are
removed by photoelectric absorption. It is the imaging stage that distinguishes the
fluoroscopy device from the conventional X-ray device. Two types of receivers are

used in the device as image receiver: image intensifier and flat panel receptor[47].
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Figure 2.31 Location of the anti-scatter grid[47]

Image intensifier consists of an input phosphor and photocathode, focusing lens,
accelerating anode and output photon. The input phosphor converts X-ray photons
into visible light photons. A photocathode is placed at the end of a fluorescent
screen coated with cesium iodide (Csl) crystals. The photocathode converts the
low-visible light image from the crystal into an image of free electrons. These free
electrons are then accelerated to high speeds and high energies by the accelerating

anode. Since the accelerated electrons are pulled away from the focus by repulsive
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forces, this is prevented by the focusing lens. Due to the acceleration of the
accelerated electrons and the reduction of the image area, an intensified image is
obtained at the output phosphor[47][48].
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Figure 2.32 The image intensifier tube[47]

Flat panel receptors have been developed in recent years and are the preferred
imaging tool instead of image intensifiers because of their great contribution to
image digitization and storage. There are two types that convert X-rays into visible
light images. Both types divide the image into a rectangular matrix. Each image
element in the matrix is called a pixel. One type first converts X-rays into visible
light, then interacts with the photocathode and collects electrons in pixels. In the

second type, X-rays are converted into electrons directly in pixels[47].

In fluoroscopy devices, image quality is affected by factors such as grid ratio,
camera-matrix resolution compatibility, appropriate collimator selection, pixel
filling ratio[47][48].

Grid ratio is the slat height/spacing between slats. As this ratio increases, the

number of both Compton scattering and primary photons increases. Blocking
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undesired energetic photons improves image quality, but on the other hand, the

radiation exposure of the patient increases[47].

When a 525-line video image is divided into a 512x512 matrix, there is little loss
of spatial resolution. The smaller the electrons are packed into pixels in the flat
panel array, the higher the spatial resolution of the image. This also has a positive

effect on factors such as storage space and image speed[48].

Pixel fill factor refers to the efficiency of radiation utilization. In order to obtain

higher quality images, the pixel fill factor should be high[47].

2.4.4.1 C-arm Scopy

C-arm scopy is a variant of fluoroscopy commonly used in operating rooms. In
conditions where the use of a CT device is not appropriate (e.g. during surgery),
fluoroscopic imaging methods are used to obtain a real-time image of the patient.
It consists of an X-ray tube that produces X-rays, an arc-shaped detector (C-arm)
and a monitor on which the image is displayed. Since the C-arm can be moved
horizontally, vertically and around the axes of rotation (Figure 2.33), the image of
the patient can be obtained from many angles, but the image obtained is 2-
dimensional[49][50].
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Figure 2.33 Mechanical axes of C-arm fluoroscopy[51]
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2.5 Effects of Radiation and Radiation Protection

In addition to the benefits of radiation, which has applications in industry, food,
medicine, materials, and many other fields, it is of great importance to protect
against harmful consequences that affect even the next generations. The use of
nuclear materials and radiation sources involves certain rules and safety measures
to take precautions for the possible dangers of radiation and radiation accidents.
Radiation has two types of effects on tissue, deterministic and stochastic.
Deterministic effect occurs when the radiation dose exceeds the threshold value. It
can affect the entire human body in a short time, or it can cause permanent damage
by affecting only the contact site. In 1945, Hiroshima and Nagasaki atomic bomb
attacks and 1986 Chernobyl Nuclear Power Plant accident caused instant and short-
term deaths due to high dose radiation exposure. Acute Radiation Sickness (ARS)
is a disease that occurs when exposed to very high doses of radiation in such a short
time and results in death if left untreated. It starts with nausea and vomiting and
continues with burns, bleeding, and severe infection. The diagnosis of ARS was
reported for 237 people as a result of the Chernobyl Nuclear Power Plant accident.
Radiation has various and dangerous deterministic effects such as burns on the skin,
permanent damage such as loss of sensation, infertility for reproductive organs,
cataract formation for the eye, depending on the area of contact. There is no
threshold value for stochastic effects. The radiation dose exposed at different time
periods or instantaneously triggers the stochastic effect. Not all organisms are
affected at the same rate. The dose, type, duration, and speed of radiation affect the

stochastic effect. Cancer is one of the most common stochastic effect results[52].

With the advancement of technology, it has become an obligation to take
precautions against these effects, which have very severe consequences. For this
purpose, The International Atomic Energy Agency first included radiation
protection and safety principles in its publication "Radiation Protection and Safety
of Radiation Sources” in 1996. In addition to these rules, which are accepted and
implemented all over the world, the International Commission on Radiological
Protection (ICRP) published recommendations for radiation exposure to workers in
1997 and 2007. Radiation protection and safety principles are grouped under 3 basic

principles: verification, optimization and dose limits[53].
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The results such as the shortening of the life span of individuals who are in direct
or indirect contact with radioactive material and the reactions in the body have led
to the need to draw a profit-loss table for the radiation to be used. The principle of
verification of the application or, in simple terms, the determination of the net
benefit of radiation is based on this principle. The benefit of the radiation to be
applied must be greater than the harm. The ICRP statement states that the associated
risk cannot be justified unless it is balanced against the expected medical benefit to

the individual or to society[54].

The principle of optimization of protection is the dose-performance relationship.
Established in 1954 by the ICRP, this principle, known as the "As Low As
Reasonably Achievable (ALARA)" principle, aims to expose the patient to the
lowest possible dose after evaluating all factors. Determining the ALARA dose
requires optimization in a wide range of areas, from the design of the imaging
screen to the knowledge and skills of the imaging operator. Healthy radiation does
not mean low dose radiation. Image quality is directly related to radiation dose. If
the target tissue cannot be reached with low dose radiation, a repeat scan is
requested. In this case, the patient will have received higher intensity radiation.
Therefore, it can be said that the ALARA principle represents the optimization
between image quality and exposure dose. It is as important that the operator using
the device has developed himself/herself both about the device and about the
shooting techniques as it is that the device itself is advanced. The operator should
know what to do in case of any malfunction and minimize the radiation exposure
of the patient by minimizing the shooting time. Calibration follow-up of the
shooting team and device vendors is also within the scope of the ALARA
principle[54][55][56].

The principle of dose limits is based on limiting the radiation dose to which the
patient or worker is exposed in the long term and thus preventing the stochastic
effects of radiation. Since workers are regularly and continuously exposed to
radiation, the limits for workers and the general public are different. The dose rate
is expressed in millisievert/nhour (mSv/h). The effective dose limit for workers was
set by ICRP in 1991 as an average of 20 mSV for 5 years and an upper limit of 50
mSV for one year. For the public, these values are 1ImSv and 5mSv respectively.

The average radiation dose for a head CT scan is 2 mSV, while for nuclear medicine
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imaging these values range from 0.3-20 mSv. While 1 Sv radiation dose causes
vomiting and nausea, 5 Sv causes 50 per cent death within months and 10 Sv causes
direct death[17][53][57][58][59][60].

Apart from radiation protection and safety principles, there are also precautions that
can be taken during radiation exposure. These are time, distance and shielding

precautions[61].

The duration of exposure to the radiation source is directly proportional to the
radiation exposure of the person. The longer this period, the higher the dose
received[15]. Therefore, it is a precaution for the patient to leave the room/desk at

the end of the procedure or to try to minimize this time for the employee.

By increasing the distance to the radiation source, the intensity of the radiation
exposed decreases. Kara et al. measured the radiation dose exposed by changing
the distance between the fluoroscopy device beam source and the patient in 2016.
The maximum dose was measured in the setup with the shortest
distance[62][63][64].

Some materials placed between the radiation source and the patient or used to limit
the radiation emitted in a certain area (e.g., to ensure that it does not go outside the
shooting room) affect the amount of radiation received. This process is called
radiation shielding (Figure 2.34). The main purpose of shielding is to weaken the
incoming X or gamma rays before they reach the target by using a shielding
material. The choice of the material to be shielded may vary according to the type
and amount of radiation and economic conditions. With the selection of the
appropriate material, the dose received or exposed can be reduced or eliminated at
a high rate[15][17][18].
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Figure 2.34 Shielding methods in an operating room a. Protection technique. For
operator with cap, glass, and apron; for patient with the location of the radiation
source b. Using zero gravity system c. A movable shield d. A glass shields
between shooting room and operator room e. Using disposable shielding pads and
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Alpha radiation has a short range and can be stopped even with paper, but for these
reasons it is the most damaging type of radiation. Shielding in the form of fixing
with paint is used to prevent the spread of radiation.

Beta particles are charged particles and distribute their energy to the environment
during emission, but this distribution is also limited. While the air itself is a
shielding material for beta radiation, they can be easily shielded with a media
thickness selected in accordance with the range of the highest energy beta particle

and exceeding this range (e.g. aluminum and plastic).

Compared to the interactions of charged particles, the shielding of photon-matter
interactions is quite different. First, X and gamma rays are highly penetrating rays.
In their interaction with matter, some rays pass directly through the matter, some
are absorbed, some are scattered in different directions as low-energy photons. The
scattered photons produce a radiation field to the patient and the surroundings. Due
to its penetrating properties, materials with high absorbance ability should be
selected when selecting shielding materials. Parameters such as thickness,
conductivity, density, atomic number of the selected material are other factors
affecting the quality of shielding[15][17][18][60].
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2.5.1 Commonly Used Shielding Materials

2511 Lead

Lead is a corrosion-resistant[66] and workable metal with a specific gravity of
11.34 g/cm3, much more heavier than other elements[67]. It has a high atomic
number and is highly stable, which makes it inevitable as a shielding against X and
gamma rays. It is easy to access and economically cost-effective. In addition to
these properties, its disadvantages are their toxicity, low fusion temperature and
being too heavy for use as wearable shielding material (Figure 2.35). Despite these,
it is the most widely used shielding material[60][68][69].

Figure 2.35 A lead apron
2.5.1.2 Concrete

It is used as a protective layer for storage because it is sensitive to high pressure
and has a long service life (Figure 2.36). It is resistant to high temperatures and can
be processed. It is easy to access and quite cost-effective compared to other
shielding materials. Since it can be mixed with different materials, its shielding
properties can be improved. Its weight and loss of moisture resistance over time are
important disadvantages[60][68][70].
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Figure 2.36 Dry storage barrel model with concrete base in sandwich design[71]

2.5.1.3 Steel

Steel with high mechanical resistance and heat resistance is used as shielding
material especially in transport and storage barrels (Figure 2.37). Its surface is
treated to increase its corrosion resistance. The absorption ability of steel, which
has low radiation absorption ability compared to other materials, is increased in
alloys with other elements. For example, by increasing the corrosion resistance of
steel with nickel-steel alloy has been made into a better shielding material[60][72].
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Figure 2.37 An example of transportation cask design[73]
2.5.1.4 Tungsten
Tungsten with high atomic number (74) has high density (19.25 g/cm3), high fusion
temperature and very good shielding properties. However, it is not widely used
because pure tungsten is very expensive. Unlike the widely used lead and concrete,
it is a non-toxic material. This makes it attractive as a shielding material. Due to its
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high cost, it is used as shielding material in parts (Figure 2.38) such as caps and
plugs[60][74][75].

Figure 2.38 Tungsten eye shields[76]

2.5.1.5 Castiron

Cast iron, like steel, is used as a shielding material for transport and storage casks.
It is economically cost-effective and easy to supply. Cast iron alone has low
effectiveness as a shielding material. It has been observed that its shielding ability
increases when doped with concrete and hydrogen. Today, efforts are still being
made to improve its shielding ability[60][77][78].

2.5.1.6 Glass

Glass is a protective material which has recently become widespread. The
transparency of glass makes it attractive in contrast to the opacity disadvantages of
concrete and lead. It is light, flexible, accessible and economical. The absorption
cross-section value of glass systems to be used as shielding material should be high
and irradiation should not affect the mechanical and optical properties of the
glass[79][80].

43



Figure 2.39 Upper body protection with shielding glass material[81]

2.6 Use of Glasses as Radiation Shielding Materials

Due to their transparency, ease of production, processability, high homogeneity and
optical properties, glass materials are a very promising alternative to lead and
concrete, which are widely used as radiation shielding materials. The toxicity of
lead, the structure of concrete, which is prone to cracking and losing moisture over
time, and the fact that both materials are opaque and bulky materials due to their
weight have led researchers to search for new materials as shielding
materials[68][82].

2.6.1 Radiation Shielding Properties of Glasses
The prominent properties of glasses in the use of radiation shielding materials can
be listed as follows:

e Glass materials provide protection from the harmful effects of radiation by
absorbing X-rays, gamma rays and neutron radiations[83][84].

e Their structural hardness and optical properties can remain
intact/unchanged even under radiation. This also means their long-lasting
use[68].
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e Glass materials have high homogeneity. This makes them suitable for the
desired weight and composition for shield design[80].

e Glass materials are suitable for improving the radiation attenuation capacity
by including heavy metal components in the production processes and
changing their density. This also allows the melting point and viscosity of
the system to be reduced without any change in the chemical properties of
the glass itself[82].

2.6.1.1 Advantages of Glass as Radiation Shielding Material
The prominent advantages of glasses in the use of radiation shielding materials can

be listed as follows:

e Homogeneity, transparency

e Wide thickness range

e Chemical composition can be changed during the production phase and
mechanical and optical properties can be adjusted

e Low cost

e Ease of preparation, workability

2.6.1.2 Disadvantages of Glass as a Radiation Shielding Material
The disadvantages of glass as a radiation shielding material can be listed as follows:

e Some glass systems may have high costs.

e Special applications may be required to produce some glass systems.

2.6.2 Application Areas of Glass in Radiation Shielding

Glass materials are used as shielding materials in many fields such as medicine,
industry, nuclear applications, dentistry. They are widely used as transparent
radiation shields and protective barriers.

For instance, they are used as radiation shields in storage containers and bottles in
laboratories and as radiation protective barriers between the room where the device
is placed and the personnel room for high radiation emission imaging methods such
as computerized tomography and PET-CT. These glasses absorb the incoming
radiation and reduce the radiation dose exposed. At the same time, due to their hard

structure, resistance to ambient temperature and longevity, they are preferred as
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storage containers and sealing materials in spacecraft. Due to the transparency and
low effects of radiation rays on the optical properties of glass, it is used as an
shielding material between the patient and the radiation source in the design of
imaging devices. This may be in the form of adding a radiation shielding layer to
the design of the device or directly selecting the lens of the camera used from the
appropriate glass. In addition to their transparency and optical properties, due to
their high absorption ability against photons, they are used as shielding materials in
the form of a barrier or wearable accessory (e.g. glasses) between the operator and
the device. Due to their transparency, they are preferred as shielding materials
instead of lead or concrete, especially in imaging rooms to see
inside[60][65][68][82][83][84][85].

Figure 2.40 An example of the use of glass as a radiation protective barrier
between the patient and the operator in a scopy device

2.6.3 Glasses Used as Radiation Shielding Materials
Unlike lead and concrete, glasses are used in shielding in the form of multi-
component glass systems, so there are many types of glass systems that are

currently being developed for use or have not yet emerged, as well as widely used
glass systems.
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Experimental studies on the use of glass systems in shielding began in 2004 with
the studies of Singh et al.[80] examining the radiation shielding parameters of
bismuth-borate and bismuth-lead-borate glass systems, and Fukuda et al.

comparing the shielding capabilities of X-ray shielding and lead glass[86].

While lead can be used as a radiation shielding material on its own, by incorporating
it into glass systems, the disadvantages of lead are transformed into the advantages
of glass. However, the toxicity of lead has led researchers to develop lead-free glass

systems.

Bismuth, silicate, barium, borate, lithium, tellurite and zinc are commonly used
glass system components. Studies have been carried out to improve the shielding
capabilities of the systems by changing the concentrations of metal components in

the system or by doping with new components.

Singh et al. investigated the shielding parameters of barium-borate-flyash (BaO-
B20s-Flyash) glass system in 2008 and demonstrated that the system is a better
shielding material than concrete and glass system containing only barium-borate

due to its low mean free path value[87].

Dararutana et al. 2009 showed that the addition of high refractive index bismuth
(Bi203) to the (Na2.0O, K>0)-SiO2-CaO-Al>03-B203 glass system increased the
radiation shielding ability of the system and demonstrated that it is an

environmentally friendly alternative to lead[88].

In 2012, Kaewjaeng et al. have shown that the optical properties of the system were
improved by adding BaO at different concentrations to the SiO,-B,03-Al>03-CaO-
Na2O glass system[89].

In 2016, Issa et al. developed a glass system with TeO2 with high attenuation
coefficient and ZnO, which increases the thermal stability of the system, and

indicated that it is suitable for use as an shielding material[90].

In 2017, Shamshad et al. compared gadolinium-based oxide (Gd.0s) and
oxyfluoride (GdFs) doped Li>O-SrO-B203 glass systems and showed that Gd.Os is
a better shielding material, fluoride has no effect on the optical spectrum and both

glass systems are also better than concrete[91].

47



The comparative study of Kaky et al. in 2019 by doping 6 different types of heavy
metal oxides (Li-O, Na20O, K>O, MgO, CaO, SrO and BaO) separately into the
B203-Si02-Al203-Zn0 glass system is valuable in terms of evaluating these widely
used metal oxides together. As a result of the study, the highest attenuation
coefficient of radiation was observed in the BaO glass system and the lowest in the
Li>0 doped glass system, while the best shielding characteristics were observed in

K and Sr doped glass systems[92].

In 2019, Agar et al. characterized the shielding ability of BaO-P.Os glass system
doped with MoQg, a transition metal, and showed that MoOs contributed greatly to
the stability of the glass and improved the electrical and optical properties of the

system[93].

In 2021, Alotaibi et al. evaluated the shielding ability of the P20s-B203-Bi2Os3-
Li>Os3-ZrO glass system according to the changing values of P>O5 and ZrO. They
have shown that the system has a higher LAC value in cases where ZrO is highly
doped[84].

In 2023, Sayyed and Kaky investigated how the doping of 6 different types of rare
earth elements (H0203, PreO11, EroOs, Nd2O3, Dy.O3 and CeO) into the GeO-
B203-Zn0O-P205-Th.03 glass system affects the shielding ability of the system.
They have shown that the addition of rare earth elements to the system increases
the LAC value of the system and decreases the HVL value, thus increasing the

shielding ability of the system[94].
2.6.4 Dy?" doped Calcium Aluminum Barium Sodium Borate Glass System

As an alternative to lead-free glass systems, Dysprosium doped Calcium Aluminum
Barium Sodium Borate glass system is remarkable for its versatility, high refractive
index, density, durability, thermal stability and electrical resistivity. Heavy metal
components are preferred in glass systems since increasing the density of glass
makes it a better radiation shielding material. The half-value layer value of the glass
whose density increases decreases, thus reducing the thickness of the glass to be
used. Reducing the thickness of the glass reduces the cost and provides an
advantage for narrow area studies. Rare earth elements have unique physical and
catalytic properties. When doped into glasses due to their phosphorescence

properties, they increase the optical properties and shielding capabilities of
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glasses[82][95][96]. Dysprosium ion is the most suitable element to be doped into
glasses because it has two dense emission bands in white light emission applications
compared to other RE elements[98][99].

Barium oxide increases the shielding ability of the glass by reducing the energy of
incoming photons. It accelerates heat transfer within the glass. It gives the system
transparency in the infrared region[96]. Studies have shown that glass systems to
which BaO is added cause an increase in MAC and Zes shielding parameters[100].
The use of barium oxide and borate oxide combination as an shielding material

meets the desired shielding characteristics[101].

Borate glasses are frequently preferred in glass materials due to their low melting
temperature, transparency, high optical transmittance, cost and solubility in ions of
rare earth elements[96][102][103]. In contrast to these properties, it is suitable for
use with other metal components due to its low chemical resistance and willingness

to interact with water[99].

Aluminum oxide is a prominent material in glass systems with its thermal
conductivity and moderate strength. It is expected to increase the chemical
resistance and thermal stability of the system to which it is added and to contribute
to the control of the solubility of the system. Also, it affects the compactness of the
structure. Its low cost is one of the reasons why it is preferred. However, its addition
to the borate-containing glass system at high rates causes both to show high
bioactivity. Therefore, special attention should be paid to the material ratios in these
systems[95][104][105][106].

Calcium metal oxides act as a network modifier in the glass system in which they
are present. The addition of calcium ions to the glass system leads to a decrease in
the crystallization temperature of the system and an increase in its chemical
resistance (this ratio can be higher in borate-based glasses). It strengthens the
thermophysical properties of the system. At the same time, since they show low
decay and reactivity under nuclear irradiation, they have gained an important place
in radiation applications. Due to its attractive K-absorption edge, it increases the
shielding ability of the system to which it is added and stabilize it. The viscosity of

the system containing calcium ions decreases at high temperatures. Strong covalent
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Ca-O bonds lead to the strengthening of the glassy
network[107][108][109][110][111].

Sodium metal oxides act as network modifiers in borate-based glass systems,
thereby increasing the electrical resistivity, strength, optical transparency and
chemical resistance of the glass system to which it is introduced. It also stabilizes
the glass through its network modifying effect and allows the shielding capability
to be easily investigated. With its addition to the glass system, the melting
temperature and crystallization rate of the system
decreases[107][110][111][112][113].

Doping of Dy®* ions into glass gives it a wide emission range. The processing of
the glass system doped with RE element becomes easier and its thermal stability
increases. There are studies indicating that Dy3* ion enhances the optical and
electrical properties of the doped glass[93][96][98][99][114][115].

2.7 Radiation Shielding Parameters

Radiation shielding is a method applied to reduce the harmful effects of radiation
on the environment and living things and to control radiation. Several parameters
are considered to evaluate the properties, design and efficiency of the materials to
be used for shielding. These parameters, called radiation shielding parameters, are
used to measure and analyze the extent to which the applied radiation is absorbed,
energy transfer transitions or chemical/physical properties of the material used.
Linear attenuation coefficient (LAC), mass attenuation coefficient (MAC), half-
value layer (HVL), tenth-value layer (TVL), mean free path (mfp), atomic cross
section (ACS), electronic cross section (ECS), effective atomic number (Z.fy),
effective electron densities (N, z¢), effective conductivity (C,f s, equivalent atomic
number (Z.,), exposure build-up factor (EBF), and energy absorption build-up
factor (EABF) are the radiation shielding parameters. It is desired that the material
selected as shielding material should have low cost, high chemical/physical
durability, and high density. With the correct values of the shielding parameters, it
Is possible to reach the material with the required properties. Therefore,
understanding and application of the parameters is critical in the field of radiation
protection[116].
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3

MATERIALS AND METHODS

3.1 Properties of Glass Samples

For sample preparation and measurement, four different glass samples with the
composition of  23Ca0 — 104l,05 — (50 — x)B,0; — 6Ba0 — 10Na,0 —
xDy,05 and x = 0.1, 0.3, 0.5, and 1.0 mol% were synthesized by classical melt-
quenching technique, as outlined in the referenced research Gurav et al., 2024[95].
The components of the glass samples synthesized by the melt quenching method in
the composition of 23Ca0 — 104l,0; — (50 — x)B,05; — 6Ba0 — 10Na,0 —
xDy, 05 were ground in a mortar and pestle until weighed as 15g with an electronic
balance and mixed until homogenized. It was heated in an electric furnace at
1150°C for three hours to melt completely. It was then annealed at 500°C for the
whole day to avoid thermal stress and then allowed to cool gradually to ambient
temperature. A portion of each of the cooled glass samples was ground into fine
powder and used for characterization studies. Table 3.1 shows the coding and
chemical compositions of four different glass samples[95]. The coding of the

samples was done in the form of sample numbering.

Table 3.1 Sample codes and chemical compositions of glass sample components
(Gurav et al., 2024)[95].

Chemical compositions (in mol%)

Sample Codes CaO  Al;03 B203 BaO Na2O Dy.0s3

S1 23 10 50.9 6 10 0.1
S2 23 10 50.7 6 10 0.3
S3 23 10 50.5 6 10 0.5
S4 23 10 50.0 6 10 1.0

The density of the samples was measured using the Archimedes principle. Distilled

water was used as immersion liquid. The density calculations of the samples were
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made according to Equation 3.1[117] and the calculated densities are given in Table
3.2[95]. The refractive indices of the samples were measured using a digital Abbe

refractometer.

-3
W —w, X prgmem (3.2)
W, and W, are glass samples’ weights in air and liquid respectively, p, is density of
the liquid and from the Equation 3.1 the molar volume (V;,,) can be calculated with

the Equation 3.2[117] below.

M o
Vi = ;cm mol (3.2)

M: molecular mass of the sample.

The average boron-boron separation, which describes the effect of the dopant ion

(Dy3*) concentration in the glass composition, is calculated by Equation 3.3[117].

B
m . -3
ons cm

dg_p =

(3.3)

A

N, is the Avogadro’s number and V5., refers to the volume containing one mole of

boron in the resulting network and calculated as

—_— Vm
" 2(1—Xp) (34)

VB

Here, Xp is the molar fraction of B,O:s.

Table 3.2 Sample codes and densities (Gurav et al., 2024)[95].

Sample Codes  Density (g/cm®)

S1 2.4738
S2 2.1746
S3 2.9603
S4 2.8424
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The structural phase of four different glass samples was determined by X-ray
diffraction (XRD) analysis. X-ray diffraction studies of the glass samples were
carried out in the range of 26=10-100° and the glass samples obtained were found

to be amorphous[95].

Structural and dynamic characterization of four different glass samples were carried
out by Fourier Transform Infrared spectroscopy (FTIR) technique. FTIR analyses

were performed in the wave number range 4000-500 cm™ at room temperature[95].

The optical absorption spectra of four different glass samples were recorded at room
temperature in the wavelength range 300-2000 nm using Shimadzu 3600 UV-VIS-
NIR spectrofotometer.[95].

Photoluminescence (PL) measurements were performed using the Agilent Cary
Eclipse spectrofluorometer. The photo-excitation spectra of the samples were
recorded in the wavelength range of 250-550 nm, while for photo-emission the
wavelength range of 400-700 nm was used [95].

For the determination of the radiation shielding parameters of the samples, ionising
radiation shielding parameters were calculated using Phy-X/PSD software with the
density values (Table 3.2) identified for four different glass samples. Phy-X/PSD
software is a platform that enables fast and error-free simultaneous calculation of
radiation shielding parameters for different material types in desired energy
ranges[118].

3.2 Determination of Radiation Shielding Parameters of Glass

samples

3.2.1 Linear Attenuation Coefficient
Linear attenuation coefficient (p) is a radiation shielding parameter that indicates
the rate at which radiation is attenuated as it passes through the material and is

calculated by Lambert-Beer Law Equation[87]:

[ =Iyxe ¥ (3.4)

The terms of
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I, is the incident radiation intensity,

1 is the attenuated radiation intensity after pass through an absorber of thickness x,
and

u (cm™) is the linear radiation attenuation coefficient.

LAC is related to the composition of the absorbing material and the energy of the
incident photon. The LAC value increases with increasing density and atomic
number of the absorber and decreases with increasing energy of the incident photon.
Since the density of the material can vary greatly, its evaluation together with other
parameters gives more favorable results[67][68][119][120][121].

3.2.2 Mass Attenuation Coefficient
MAC, u,, (cm?/g), is the absorption rate of the incident photon per unit mass of the
medium[122]. According to Equation 2.7[87] it can be expressed as

U
b = (3.5)

where p is the density of the material.

Increasing the density of the material increases the amount of absorbed radiation.
Therefore, higher MAC values mean that radiation is blocked more
effectively[68][123][124].

3.2.3 Half-Value Layer

Half-value layer (HVL) is the absorber thickness parameter used to half the
radiation intensity[75]. It is the value of the absorber thickness required to reduce
the intensity of the incident photon beam to half of its initial value and from the
Equation 2.8[18],

L — 1 = e_MXI/Z

which can be solved for x; ,, to yield

HVL In2 0.693
X = = = —
1/2 P p 3.7)
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Therefore, the radiation exposure rate will also decrease by 50%. The HVL value
increases as the energy of the incident photon increases, while the HVL value of

materials with high atomic number is smaller[67][124].

3.2.4 Tenth-Value Layer
The tenth value layer (TVL) is the value of the absorber thickness required to reduce
the intensity of the incident photon beam to one tenth of its initial value[68][123]

and from the Equation 2.10[18] is equal to:

L - ln#10 _ 2.303 (3.8)

U

3.2.5 Mean-Free Path

The mean free path (mfp) is the average distance traveled by the photon as it
interacts with the atoms of the material and calculated as shown in Equation
2.11[75].

Ay
= (3.9)

The mfp value is directly related to the thickness of the absorber material.
Increasing the thickness of the absorber means that fewer photons will pass through
the material, thus increasing the effectiveness of the shielding[99][116][123].

3.2.6 Atomic Cross Section

Atomic cross section (ACS) is the parameter that indicates how much of the incident
radiation is absorbed per atom per unit volume of absorber[123] and for any
compound can be obtained by the Equation 2.12[116].

N
ACS = 0a = 3 (k/P) (3.10)

where,

N is the atomic weight and N, is the Avogadro number.
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3.2.7 Electronic Cross Section
Electronic cross section (ECS) is the parameter that indicates how much of the
incident radiation is absorbed per electron per unit volume of the absorber[123] and

calculated using the formula in Equation 2.13[116].

0,
ECS =0, =%

Zosr (3.11)

3.2.8 Effective Atomic Number

Effective atomic number (Z.ff)is an important parameter for radiation

dosimetry[87][116][123] and is calculated using Equation 2.12 and Equation
2.13[124] as follows:

Zepf = o (3.12)

3.2.9 Effective Electron Densities
Effective number of electrons (N, ), is the number of electrons of the interacting

material[87][116][120][122] and calculated using the equation formulated as:

T8
Nesy = o (3.13)

3.2.10 Effective Conductivity
Effective conductivity (C,f) indicates how much free electrons are actualized in
the material[123] and can be calculated by the following Equation 2.16[116].

N srpe’t
frP
Copy = (= —)10° (3.14)

e

where e is the charge of the electron, 7 is the average lifetime of the electron and m

is the mass of the electron (kg).

The Ccsr value is related to the absorber density, N.rr value and ambient

temperature[116].
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3.2.11 Equivalent Atomic Number

The equivalent atomic number (Z.,), an energy-dependent parameter that describes
the interaction properties of the selected glass system in terms of equivalent
elements, is calculated by the following formula[120]:

_ Z1(logR2 —logR) + Z2 (logR — log R1)
€q log R2 — log R1 (3.15)

Here, R is the (uComp/putotal) ratio. R1 and R2 are the (uComp/utotal) ratios of

samples with atomic numbers Z1and Z2, respectively[125].

3.2.12 Exposure Build-up Factor and Energy Absorption Build-up Factor
Exposure build-up factor (EBF) is an important parameter for correcting
attenuation calculations due to the effects of scattered radiation or secondary
photons accumulated in the material as a result of Compton scattering[125][126].
The EBF value is high at intermediate energies (about at 0.1 MeV) where the
Compton scattering is effective[126].

The energy absorption deposition factor (EABF) is the amount of scattered photons
deposited in the thickness of the glass material[125][126]. In addition to the energy
of the incident photon and the glass composition, it is also related to the material

penetration capacity (mfp) value[126].

For EBF and EABF calculations, the geometric fitting parameters (GP) are first
calculated[120][125].

= C1(logZ2 —logZ.q) + C2 (log Zeq —log Z1)
B logZ2 —logZ1 (3.16)

where C1 and C2 are the GP parameters. Using the GP parameters and the equations
below, EBF and EABF of the glass system can be calculated with following
Equations[120][125] (2.19 and 2.20).

B(E,X)=1+ (%) (K*—=1) forK # 1 (3.17)
B(E,X)=1+((b—-1Dx forK=1 (3.18)
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where K is the photon dose multiplication factor and E is the incident photon
energy. x is the distance from the ambient source to the detector in mfp units, and
b is the build-up factor at 1 mfp[126]. Where,

tanh (3~ — 2) — tanh(~2)

X
K (E,x) =cx*+d K for x < 40 mfp
1 — tanh(-2) (3.19)
and
exp(—pux) (EBF)
Ryq = 2
x (3.20)
p. _ Mavs exp(—ux) (EABF)
2y 4Trpx?

(3.21)

Here, E is the photon energy, x is the penetration depth, (b, c,a , d, Xx) are GP
fitting coefficients, R;; is the relative dose distribution and wu,,s is linear
absorption coefficient[120][125].
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A

RESULTS

In this thesis, a comprehensive analysis of the gamma ray shielding properties of
four different glass samples has been performed. This chapter presents the Phy-
X/PSD results and the analysis of the shielding parameters of the glass system
represented as  23Ca0 — 10Al,05; — (50 — x)B,05 — 6Ba0 — 10Na,0 —
xDy, 05 (where x =0.1, 0.3, 0.5, and 1.0%mol).

4.1 LAC

The LAC values of the glass samples were analyzed against photon energies ranging
between 103-10° MeV as shown in Figure 4.1. Photons lose their energy by
interacting with the orbital electrons of the absorbing atom. The result of these
interactions can be either complete absorption of the photons or absorption of some

of them and scattering of the rest.
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Figure 4.1 The changes of LAC values of glass samples as a function of incident
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Low energy photons (e.g 0.1 MeV) show a marked sensitivity to the photoelectric
effect and the probability of interaction increases with increasing atomic number.
For medium and high energy photons, this interaction is replaced by Compton
scattering. At photon energies exceeding 1.02 MeV, pair formation is also observed.
Based on all these interactions, it is possible to assume that the LAC will show

changes at different energy levels depending on the photon energy.

Figure 4.1 shows the change in the linear attenuation coefficients in response to the
energy of the incident photon. From the graph, it can be said that all glass system
samples show similar LAC fluctuations with increasing photon energy. For all
systems, a sharp decrease in the LAC value is observed in the 0.001-0.1 MeV region
where the photoelectric effect is dominant. In the 0.1 MeV-1 MeV energy region
(Compton region), this sharp decrease is replaced by a gradual and smoother
decrease. At energies exceeding 1.02 MeV, pair formation occurred, and LAC

values started to increase.

In this study, there are two important factors for the LAC. One of these factors is
the concentration differences of substances within the glass samples, and the other
Is the density of the glass samples. As the density of the material increases, the LAC
value is expected to increase because the probability of photon interactions within
the material is higher for denser materials. When comparing the S3 and S4 glass
samples, it is observed that S3 has a higher density (2.9603 g/cm?®) than S4 (2.8424
g/cm®), while S4 has a higher Dy®* concentration than S3. Therefore, in some
energy ranges, the LAC value of the S3 glass sample is higher (e.g., around 1 MeV),
while in some energy ranges (e.g., around 0.01 MeV), the LAC value of S4 is
higher.

When comparing the S1 and S4 samples, it is observed that the S4 glass sample has
both a higher density and a higher Dy*" concentration than S1. Due to the higher
values of both these properties, the LAC of S4 is observed to be higher than that of

S1 across all energy ranges.

From the results, it can be said that the LAC value for the 23Ca0 — 10Al,05 —
(50 — x)B,0; — 6Ba0 — 10Na,0 — xDy,04 glass system decreases when the
energy of the incident photon is increased and rises when the density of the system

is raised. At the same time, since different LAC values are obtained at different Dy**
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concentrations, the gamma photon attenuation ability of Dy®* can be mentioned.
Doping the system with Dy** increases the LAC value, making the system a better
shielding material.

42 MAC

The radiation attenuation rate is related to the mass of the material, but the
determinant here is the mass of the material in relation to the entire cross-sectional
area rather than the mass of the material. While the LAC value is related to the
material density, MAC is a density independent shielding parameter. Figure 4.2
shows the change in the mass attenuation coefficients as a function of varying

energies of the photon in the energy range 10310° MeV.
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Figure 4.2 The changes of MAC values of glass samples as a function of incident
photon energy

The MAC value obtained by dividing the LAC values by the density of the material
is similar to the LAC graph. For all glass samples, there is a sharp decrease in the
MAC value in the low energy region where the photoelectric effect is dominant.
When it is replaced by Compton interactions at medium energy levels, a decrease
in MAC value is observed with a smoother decrease due to the increase in energy.

In high energy regions, an increase in MAC values were observed as a result of pair
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formation. The highest MAC value in most energy ranges in the glass samples
examined was observed in the S4 glass sample, which had the highest Dy®*

concentration.

The results show that the MAC value is related to both the incident photon energy
and the chemical composition of the glass samples. As can be seen in Figure 4.2,
high MAC values are observed in low energy regions for all glass samples. The
increase in the mass per unit of the material allows it to absorb radiation better. The
increase in the MAC value with increasing Dy3* concentration in the samples can
be attributed to the large mole fraction of another material (here Dy®*) with a higher

atomic number than the mole fraction of the material components.

In conclusion, the addition of Dy3* to the 23Ca0 — 1041,05 — (50 — x)B,05 —
6Ba0 — 10Na,0 — xDy, 04 glass system increased the shielding ability of the
glass system.

43 HVL

HVL is the parameter that indicates the minimum thickness of the material to be
used for radiation shielding in order to reduce its intensity by half the amount of
incoming photon radiation. Figure 4.3 shows the change in HVL values of four
different glass samples examined in response to the energy of the incident photon
(103-10° MeV).
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Figure 4.3 The changes of HV L values of glass samples as a function of incident
photon energy

From the graph (Figure 4.3), it can be said that all glass system samples show
similar HVL fluctuations with increasing energy of the photon. At low energy
levels, HV L values have small thicknesses for all glass systems, while these values
increase with increasing energy level. This means that as the energy of the photon
increases, the radiation can penetrate the glass samples more easily. For the HVL
shielding parameter, which has an inverse relationship with the LAC parameter, it
is predicted that a low value at high energy levels will be a better shielding material.
It can be said that increasing concentrations of Dy®" cause a decrease in the HVL

value.

The results show that the S4 glass sample with the highest Dy** concentration
shows the highest LAC value although it has the lowest HV L value. For example, at
0.1 MeV, the HVL values for S1, S2, S3 and S4 glasses are 0.688, 0.736, 0.511,
0.469 cm, respectively.

Since the HVL is related to attenuation, both the density of the glass sample and the
concentration of Dy** within the material affect the HVL value. When comparing
the S3 and S4 glass samples, it is observed that S3 has a higher density, while S4
has a higher Dy** concentration than S3. Consequently, in some energy ranges, the
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HV L value of the S3 sample is higher (e.g., around 100 MeV), while in other energy
ranges (e.g., around 3 MeV), the HV'L value of S4 is higher. When comparing the
S1 and S4 samples, it is noted that the S4 glass sample has both a higher density
and a higher Dy** concentration than S1. Due to the higher values of both these
properties, the HVL of S4 is observed to be less than that of S1 across all energy

ranges.

As a result, the addition of Dy** to the 23Ca0 — 1041,05 — (50 — x)B,05 —
6Ba0 — 10Na,0 — xDy, 04 glass system increased the shielding ability of the

glass system.

44 TVL

TVL is the parameter that shows the minimum thickness required to reduce the
intensity of the material to be used for radiation shielding by reducing the amount
of incoming photon radiation to one-tenth. Figure 4.4 shows the change in TVL
values of four different glass samples examined in response to the energy of the
incident photon (1073-10° MeV).
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Figure 4.4 The changes of TVL values of glass samples as a function of incident
photon energy
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From the graph (Figure 4.4), it can be said that all glass system samples show
similar TV L fluctuations with increasing photon energy. While TV L values at low
energy levels have small thicknesses for all glass systems, these values increase
with increasing energy level. This means that as the energy of the photon increases,
radiation can penetrate the glass samples more easily. The TVL parameter, which
shows similar shielding properties with HV L, has an inverse relationship with the
LAC parameter. For the TVL value, it is predicted that a low value at high energy
levels will be a better shielding material. It can be said that increasing

concentrations of Dy3* cause a decrease in the TV L value.

As a result, the addition of Dy** to the 23Ca0 — 1041,05 — (50 — x)B,05 —
6Ba0 — 10Na,0 — xDy, 04 glass system increased the shielding ability of the

glass system.

4.5 MFP

mfp refers to the distance travelled by the radiation in the material during
interactions. Therefore, a decrease in the mfp value means a shorter distance during
successive interactions. Figure 4.5 shows the change in the average free path value
of the glass samples as a function of the photon's energy ranging from 10--10°
MeV.
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Figure 4.5 The changes of mfp values of glass samples as a function of incident
photon energy

It is seen from the graph (Figure 4.5) that the mfp values increase similarly with
the increase in photon energy for all glass system samples. While mfp values at
low energy levels have short distance values for all glass systems, these values
increase with increasing energy level. This can be attributed to the fact that low
energy photons lose their energy over a short distance, while high energy photons
lose their energy over a longer distance. The scattering probability of the photon
increases as it moves from medium energy levels to high energy levels. Therefore,
thicker materials will be needed for shielding since their absorption probability will
also be low. The response of mfp as a function of incident energy in relation to
HVL and TV L values is similar to that of HVL and TVL (see Figure 4.3 and 4.4).
For a better shielding material, a low value of mfp at high energies is desirable.
The figure also shows that the mfp values of the glass samples decrease

significantly with increasing Dy** concentration.

As a result, the smaller the mfp value, the shorter the distance between two
consecutive interactions, and the radiation attenuation ability becomes important

for the material of equivalent thickness. Among all glass samples, S4 glass sample
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with high Dy** concentration showed lower mfp value than other glass samples at
most energy levels. mfp value alone can give information about the shielding
ability of the material. The addition of Dy®* to the 23Ca0O — 104l,05 —
(50 — x)B,05; — 6Ba0 — 10Na,0 — xDy,05glass system increased the shielding
ability of the glass system.

4.6 ACS

The ACS value expresses the probability of photon interaction per atom per unit
volume of the shielding material. Therefore, it is directly related to the atomic
weight of the material. Figure 4.6 shows the change in ACS values of four different

glass samples examined in response to the energy of the incident photon (10-3-10°
MeV).
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Figure 4.6 The changes of ACS values of glass samples as a function of incident
photon energy

It can be seen from the graph (Figure 4.6) that for all glass system samples, while
the incident photon energy increases, the ACS values are decreasing. Higher ACS
value means that the material can absorb more rays per unit area and therefore the
shielding ability of the material is better. The highest ACS values for all glass

samples are observed at low energy levels (<0.1 MeV) where the photoelectric
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effect is intense. Since the photoelectric effect depends on the atomic number of the
element, it can be said that the shielding materials have higher ACS values by
containing components with high atomic numbers. As can be seen from the graph,
the decrease in the ACS value at medium energy levels, which is the Compton
region, is smoothed compared to the sharp decrease at low energy levels. This is
because the scattering in the Compton region has an inverse relationship with the

photon energy.

As a result, it can be said that the ACS value is related to the energy of the incident
photon and the chemical composition of the glass material, and the S4 glass sample
with the highest Dy** concentration among all can samples shows higher ACS value
than other glass samples at all energy levels. The addition of Dy®* to the 23Ca0 —
104l,05 — (50 — x)B,0; — 6Ba0 — 10Na,0 — xDy, 05 glass system increased
the shielding ability of the glass system.

4.7 ECS

The ECS value expresses the probability of photon interaction per electron per unit
volume of the shielding material. Figure 4.7 shows the change in ECS values of
four different glass samples examined in response to the energy of the incident
photon (103-10° MeV).
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Figure 4.7 The changes of ECS values of glass samples as a function of incident
photon energy

It is seen from the graph (Figure 4.7) that for all glass system samples, while the
incident photon energy increases, the ECS values decrease. This is because the ECS
value depends on the mass attenuation coefficient. The atomic number and density
of the material do not directly affect the ECS value. However, as seen in the graph,
the ECS value of the sample with the highest Dy®* concentration in Dy** doped
glass samples were the highest since the photoelectric effect at low energy levels
and the pair formation at very high energy levels prefer elements with higher atomic

numbers.

As a result, it can be said that the ECS graph is consistent with the MAC graph in
Figure 4.2 as expected and the ECS value varies depending on the energy of the
incident photon. It is seen that the S4 glass sample, which has the highest Dy3*
concentration among all glass samples, shows a higher ECS value than the other
glass samples at all energy levels. The addition of Dy** to the 23Ca0 — 1041,05 —
(50 — x)B,0; — 6Ba0 — 10Na,0 — xDy,05 glass system increased the
shielding ability of the glass system.
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4.8 Zeff

The change in the Z,rvalues of the glass samples evaluated as a function of the

incident photon energy (103-10° MeV) is shown in Figure 4.8.
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Figure 4.8 The changes of Z.( values of glass samples as a function of incident
photon energy

It is seen from the graph (Figure 4.8) that there are similar fluctuations in Z. s
values with the increase in photon energy for all glass system samples. According
to the graph, the S4 glass sample has the highest Z. ¢, values, while the S1 sample
with less Dy** doping has the lowest Z, ¢ value. This can be attributed to the fact
that increasing the Dy** concentration leads to an increase in the Z value. For all
glass samples, the energy region where Z, . is highest is the low energy region

(0.01-0.08 MeV) where the photoelectric effect is dominant. In the energy region

where the photon is active (0.1-4 MeV), there are very small differences in the Z, ¢

values of the glass samples due to Compton interactions. As the energy of the
incident photon increased further, the Z, ¢, values of the glass samples started to

show large differences again since pair formation occurred.
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As aresult, it can be said that the Z, ¢ value depends on the energy of the incident
photon and the chemical components of the glass material. Higher Z, ¢, values are
observed at lower energy levels. When all glass samples were compared for all
energy levels, S4 glass sample with the highest Dy** concentration was found to be

the most suitable sample for shielding. The highest Z, ;¢ value for S4 was measured

as 38.40 at 0.04 MeV.

The addition of Dy*" to the 23Ca0 — 10Al,0; — (50 — x)B,05 — 6Ba0 —
10Na,0 — xDy, 04 glass system increased the shielding ability of the glass system.

4.9 Nesr

Ns¢ value shows the number of electrons interacting in the material. The change
in the N,z values of the studied glass samples as a function of the incident photon
energy (1073-10° MeV) is given in Figure 4.9.
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Figure 4.9 The changes of N, values of glass samples as a function of incident
photon energy

It can be seen from the graph (Figure 4.9) that there are similar fluctuations in Nz ¢
values with increasing photon energy for all glass system samples. The N, values
of the glass samples at different concentrations are less pronounced compared to
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the Z. ¢ fluctuations, as the results are closer to each other. According to the graph,
the S4 glass sample has the highest N, value, while the S1 sample has the lowest
Nsf value. For all glass samples, the low energy region (0.01-0.08 MeV) where
the photoelectric effect is dominant is the energy region with the highest N,¢f. It is
seen that there is a slight difference in the N, values of the glass samples in the

energy region (0.1-4 MeV) where the Compton is effective due to Compton
interactions. This situation reverses again when the energy of the incident photon
increases further, and the pair formation region is reached. As a result, it can be said

that the N, value depends on the energy of the incident photon. For all energy
values, the N, value of the S4 glass sample with the highest Dy** concentration

is higher than the other samples, and a sharp decrease is observed in all glass
samples at the energy level exceeding 6x10 MeV. The high N, value of the glass

sample means that the radiation shielding ability of the sample is better.
The addition of Dy** to 23Ca0 — 104l,0; — (50 — x)B,0; — 6Ba0 —
10Na,0 — xDy, 04 glass system increased the shielding capabilities of the glass

system.

4.10 Cest

The C.sr value expresses the number of free electrons produced in the glass
material. The C,; value varies proportionally to the number of effective electrons
per gram at room temperature. Figure 4.10 shows the C s values of glass samples

at 300K depending on the energy of the incident photon (103-10° MeV).
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Figure 4.10 The changes of C.; values of glass samples as a function of incident
photon energy

It is seen from the graph (Figure 4.10) that there are similar fluctuations in C,sf
values with increasing photon energy for all glass system samples. At all energy

levels, the S3 glass has the highest C, ¢, values and S4 glass sample has very close
results with S3 sample. This is because C,f; value is directly related to the system’s
density. S3 has a higher density (2.9603 g/cm?®) than S4 (2.8424 g/cm?®), while S4

has a higher Dy** concentration than S3. Cerr value also related to N,f value.
When the C, ¢ plot is compared with the N, plot in Figure 4.9, it is seen that the
Cerr and N ¢ ¢ fluctuations are similar for energy and concentration changes, but the
Cerr values are smaller than the N, values. C, s values show a sharp decrease in

the middle energy level due to the dominance of Compton scattering. In addition,

it is observed that C,f values increase with the increase in Dy** concentration.

As aresult, it can be said that the C, ¢, value varies depending on the energy of the

incident photon and system’s density. The C, s, value varies depending on the N, s ¢

value, the effective electron number per gram, the density of the system and the

ambient temperature. The higher C,¢ value of the glass sample means that it is a

better radiation shielding material. The addition of Dy%* to the 23CaO —
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104l,0; — (50 — x)B,05; — 6Ba0 — 10Na,0 — xDy, 05 glass system increased
the shielding ability of the glass system.
4.11 Zeq

The change in Z,, value of four different glass samples against increasing energies

of the incident photon (10-3-10° MeV) is shown in Figure 4.11.
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Figure 4.11 The changes of Z,, values of glass samples as a function of incident
photon energy

As seen from the graph (Figure 4.11), there is a sharp increase in the Z., value at
low energy levels (0.006-0.06 MeV). This increase is followed by a slight decrease
in the compton region and a sharp decrease at high energies. At the same time, with
the addition of Dy®* to the glass system, the highest Zqq value was observed in the
S4 sample with the highest Dy3* concentration at all energy levels. As a result, it
can be said that Z,, is proportional to the atomic numbers of the material
components and materials with high Z.,values are better radiation shielding
materials. At 4x102 MeV, the highest Zeqvalues measured for S1, S2, s3 and S4
glass samples are 36.93, 37.27, 37.60 and 38.40 respectively. The S4 sample with

the highest Dy** concentration consistently exhibited the largest Zq at various
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photon energies. The addition of Dy3* to the 23Ca0 — 104l,0; — (50 —
x)B,0; — 6Ba0 — 10Na,0 — xDy,05 glass system enhanced the shielding
ability of the glass system.

4.12 EBF and EABF

EBF is the number of scattered or secondary-energy photons deposited in the
material as a result of the interaction of photons with the material, while EABF is
the number of photons deposited in the thickness of the glass being used. Both EBF
and EABF are important parameters that provide information about the interaction

of photons with the material and surrounding atoms.

Exposure build-up factor (EBF) and energy absorption build-up factor (EABF)
values for six different glass samples at different penetration depths (0.5mfp to
40mfp) were calculated using the GP fitting method. The EBF and EABF values
for glass samples containing different concentrations of Dy examined against the
energy of the incident photon (103-10% MeV) are shown separately in Figure 4.12
to Figure 4.15.
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EBF and EABF values for four different glass samples are graphed as a function of
incident photon energy at penetration depths of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 15, 20,
25, 30, 35 and 40 mfp. It is observed that EBF and EABF values increase with
increasing mfp values for all glass samples. At higher penetration depths, photons
are more difficult to escape from the material than at lower penetration depths due
to the more frequent occurrence of multiple scattering events. At the same time,
photons take longer to penetrate the thicker material and the number of accumulated
photons increases. The high EBF and EABF values obtained at high penetration
depths can be attributed to these two conditions. As a result, it was found that EBF
and EABF values for all glass samples increased with increasing penetration depth,
with the lowest EBF and EABF values at 0.5 mfp penetration depth and the highest
EBF and EABF values at 40 mfp penetration depth.

For all glass samples, EBF and EABF values have minimum values in the low
energy region where the photoelectric effect is dominant, reach their maximum
values in the Compton region and increase again in the very high energy region. In
the region dominated by Compton interactions, multiple scattering occurs because
the reenergized photons cannot be fully ejected due to Compton interactions.
Therefore, the build-up of photons reaches a maximum in the Compton region. The
number of photons accumulating towards higher energy regions decreases as they
gradually lose their energy as a result of the interactions. Compton interactions only
reduce the energy of the photon; they do not absorb it. The photoelectric interaction,
however, absorbs the photon and causes it to be removed or completely absorbed.

As a result, it was observed that the EBF and EABF values decreased gradually as
the energy of the incident gamma photons increased and increase steadily with
increasing penetration depth from 0.5 mfp to 40 mfp. It was seen that EBF and
EABF values, which are related to the effective atomic number (Z,,), respond
differently with the change in the energy of the incident photon with increasing
Dy concentration in the material. The addition of Dy** to the 23Ca0 —
104l,05 — (50 — x)B,0; — 6Ba0 — 10Na,0 — xDy, 05 glass system increased
the shielding ability of the glass system.
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5

CONCLUSION

In the context of this thesis, the changes in the nuclear properties of four different
glass systems doped with varying concentrations of Dy®*" and formulated as
23Ca0 — 1041,05 — (50 — x)B,05; — 6Ba0 — 10Na,0 — xDy,05 (x=0.1, 0.3,
0.5, and 1.0% mol) were investigated and the effect of these changes on the use of
the glass system as a shielding material was investigated. Glass samples are
prepared with a conventional melt-quenching technique. The samples were labelled
S1, S2, S3 and S4 and doped with Dy*" at 0.1%, 0.3%, 0.5%, and 1.0%,
respectively. Changes in the nuclear properties of the glass samples as a function of
the energy of the incident photon allow the ability of the glass system to be
evaluated for its ability to shield against radiation. The evaluation was performed
with the radiation shielding parameters LAC, MAC, HVL, TVL, mfp, ACS, ECS,
Zerfs Negr, Cogpy Zeg, EBF and EABF, each of which is specific to the glasses. The
shielding parameters were calculated and determined in the energy range of 107-
10° MeV by Phy-X/PSD software. As a result of the Phy-X/PSD analyses,
important findings have emerged regarding the suitability of all glass systems for

use as radiation shielding materials.

Examination of the linear attenuation coefficients and mass attenuation coefficients
of the glass samples at different photon energies revealed that the radiation
attenuation efficiency of the system increases with increasing Dy3* concentration.
The S4 glass sample with the highest Dy®* concentration consistently showed
superior shielding performance with higher mass attenuation coefficients and lower
half-value layer thicknesses. The low HVL and TVL values of the material in the
high energy region indicate that it is preferred as a thin shielding material both
economically and ergonomically. The decreasing HVL and TVL values with
increasing Dy*" concentration indicate that lower thicknesses are needed for
shielding with increasing system density. At the same time, it is concluded from the
inverse relationship between LAC and HVL that when evaluating the shielding
properties of a material, it should not be evaluated with a single parameter. mfp

value is directly related to the thickness of the material. The thickness of the
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shielding material increases the shielding ability of the material as it reduces the
passage and scattering of the photon. mfp refers to the distance travelled by the
photon in the material during interactions. It can be interpreted that the narrower
this distance means that the photon will interact more and therefore will be absorbed
more. When evaluated together with HVL, it can be said that the mfp results are
similar to HVL and S4 glass sample with the highest Dy** concentration with low
mfp value in the high energy region is a better shield than the other samples by

taking LAC into account.

ACS and ECS parameters are directly related to Z.sf, N.sr and C,r; parameters.
The effective number of atoms and electrons in the material may vary depending
on the interactions of the incident photon with the material due to the photoelectric
effect, Compton scattering and pair production processes. When Phy-X/PSD results
for all glass systems are considered, three different energy regions where these three
interactions are effective can be clearly seen in all graphs. The first region is the
low energy region (<0.1 MeV) where the photoelectric effect dominates, the second
region is the medium energy region (0.1<x<1.02 MeV) where Compton scattering
dominates, and the third region is the high energy region (>1.02 MeV) where pair
production dominates. The maximum values of Z.;¢, N.sr and C.sf Of all glass
systems in the first region are due to the photoelectric absorption cross section
aggravation. In the second region, these values are almost constant until the third
region since the absorption cross section is proportional to the atomic number. In
the third region, a slight increase in the values is observed with the introduction of
pair production. While ACS and ECS values alone cannot be evaluated about the
shielding ability of the material, the radiation shielding ability of the system
increases in cases where the Z, ¢ value, which can comment on the photon-matter
interaction alone and mentions the chemical properties of the material, is high. The
Z,r s value is defined for a material consisting of different components and is related
to the density and atomic number of the material, thus explaining the shielding
ability of the material in terms of pure elements. In this study, compared to different
glass systems, the Z, s, value of the system was initially increased by the inclusion
of heavy metal oxides in the components of the system. Later, when the results were
evaluated in response to increasing Dy®" concentrations, it was concluded that an

increase in the Z, ¢, value occurred and that the Z, ¢ value is related to the density
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and weight of the material as well as the energy. The S4 glass sample with the
highest Dy** concentration showed the best shielding ability against incident
photons in all energy ranges. At the same time, the glass system meets the desired

properties of low mfp and high Z.; values at high energies for the shielding

material.

EBF and EABF parameters are important parameters to evaluate the consequence
of the interaction of the incident photon with the material. Since the accumulation
of the photon in the material is related to its distribution and range in the material,
more accurate results of the shielding capability are obtained when the EBF and
EABF parameters are evaluated together with the mfp parameter. For each glass
sample, the change of EBF and EABF parameters depending on the energy of the
incident photon at different mfp values were observed. For EBF and EABF values,
it can be said that they show sharp peak values in the second region where Compton
effect is dominant, and they are more affected by pair formation in the third energy
region compared to other parameters. This is because EBF and EABF parameters
are directly related to the number and direction of the scattered photons. Photons,
which lose their energy slowly due to the Compton effect, accumulate in the
material, so both parameters show sharp peaks in the Compton region. As the mfp
value increases, the number of photons accumulated in the environment increases
as scattering will occur in a more widespread area as a result of interactions.
Considering the relationship between the mfp value and the HVL value, it is
concluded that increasing the thickness of the material will increase the number of
photons accumulated and the EBF and EABF values will also increase. The
relationship of EBF with the Z,, parameter is also remarkable. Depending on the
photon-matter interactions, the dependence of EBF on the chemical composition of
the material in different energy regions also changes. While minimum EBF values
are observed in the sample with minimum Z, value due to the photoelectric effect,
this situation is reversed with the dominance of pair formation. Since photons are
under Compton effect in the medium energy region, they show changes
independent of Z,.,. Itis seen that EBF and EABF parameters depend on the energy
of the incident photon as well as mfp and Z,, parameters and when all these factors

are considered, S4 glass sample with the highest Dy** concentration among the

samples shows the best shielding capability. At the same time, this glass system
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also satisfies the desired properties of low mfp and high Z.,values at high energies

for the shielding material.

This thesis is important in terms of the fact that the glass system studied for
radiation shielding applications does not contain lead in its components and the
properties of the system have been improved and can be further improved. The
findings show that the doping of Dy®* ions into the glass system matrix enhances
the shielding capability of the system by increasing the radiation absorption and
reducing the formation of secondary particles and shows the potential for the use of
glass systems as effective, environmental and sustainable materials to reduce the
harmful effects of ionizing radiation in industrial and medical applications. With
this thesis study, the use of 23Ca0 — 104l,05; — (50 — x)B,05; — 6Ba0 —
10Na,0 — xDy,04 (x=0.1, 0.3, 0.5, and 1.0% mol) glass system as a radiation

shielding material has been proven to be a suitable, effective and good alternative.
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