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I

PREFACE

The natural or artificial radiation that people are exposed to in their 
environment creates the natural background radiation level. Every substance 
existing on Earth contains even a small amount of radioactive atoms. The natural 
contribution to environmental radiation comes from radioactive substances 
present in trace amounts in the earth’s crust, inhaled air, drinking water and food, 
and space-borne cosmic radiation. In addition, artificial radioactive substances 
are used in medicine and industry, and nuclear weapon tests, leaks, and accidents 
in nuclear power plants also cause an increase in environmental radiation levels. 
Living organisms are generally continuously exposed to cosmic and other 
terrestrial ionizing radiation. However, exposures vary between localities due to 
altitude and geological characteristics. Other human activities also contribute to 
increased exposure to ionizing radiation.

Regarding radiation protection, there are many international organizations 
such as the United Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR), the International Atomic Energy Agency (IAEA), the 
World Health Organization (WHO), and the International Standards Organization 
(ISO). The first institution working on this subject was the International 
Commission on Radiological Protection (ICRP), which was established in 
Stockholm in 1928.

In Turkey, this task was undertaken by the Turkish Atomic Energy 
Agency (TAEK), which operated between 1956 and 2020 and was established 
to guide Turkey’s radiation and nuclear energy policies. The Turkish Energy 
Nuclear and Mining Research Institute (TENMAK), which includes the Turkish 
Atomic Energy Agency, the National Boron Research Institute, and the Rare 
Earth Elements Research Institute under the Ministry of Energy and Natural 
Resources, was established in 2020, replacing TAEK.

Environmental radiation, whether natural or human-induced, can cause 
potential harm to living things in the environment. It is known that ionizing 
radiation can cause genetic mutations and cancer. It can also cause thermal 
damage due to the heating effect. It may have negative effects on living species 
and habitats in ecosystems.

Routine implementation of environmental radioactivity monitoring 
programs to determine natural radiation levels to which humans are exposed and 
to detect significant changes in environmental radiation levels also prepares and 
supports and enhances existing capacity to deal with radiological emergencies.
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In the first chapter of the book, information is given about radioactivity, 
natural and artificial environmental radioactivity, and the effects of the resulting 
environmental radiation on living things. The radiation protection system, which 
aims to minimize radiation exposure and reduce potential health risks, is also 
explained in detail in this section.

Building materials made of stone and soil may contain low levels of 
radioactivity. Thus, people can be exposed to radiation inside buildings and 
outside their living spaces. In the second chapter of the book, the results of 
research conducted in Turkey to determine the activity of gamma radiation 
emitted from 226Ra, 232Th, and 40K radioactive isotopes contained in building 
materials frequently used in various regions of Turkey were compiled.

Cancer is one of the most serious health problems that threaten human 
life. When the 2020 data of the International Agency for Research on Cancer 
(IARC) is examined; A significant proportion of deaths worldwide are reported 
to be due to cancer, with an estimated millions of new cancer cases occurring. 
It is observed that 18% of all cancer deaths in 2020 were caused by lung cancer. 
Epidemiological studies conducted to date show that there is a direct relationship 
between radon exposure and lung cancer occurrence (ICRP, 2010). In the third 
chapter of the book, radon, which is among the most dangerous carcinogenic 
substances, and the variation in indoor atmospheric radon concentration 
depending on altitude, where we spend most of our time, are investigated.

It is known that increased reactive oxygen (ROS) levels and the products 
of oxidative stress are associated with cancer. Many factors lead to an increase 
in ROS levels in cells. Scientific research reports that oxidative stress is highly 
intertwined with various cancers (such as lung cancer, colorectal cancer, breast 
cancer, hepatocellular cancer, and cervical cancer). To identify more effective 
therapeutics against cancer, it is necessary to know the ROS mechanism in 
carcinogenesis. In the fourth chapter of this book, information is given about 
ROS and its relationship with cancer.

ALARA (As Low As Reasonably Achievable) is a safety policy designed 
to minimize radiation doses and release of radioactive material. Individual 
monitoring of workers exposed to external ionizing radiation is essential to 
allow the application of the ALARA principle and to follow official dose limits. 
In the fifth chapter, an electronic dosimeter system, which has been used by 
the radiation safety division of TARLA (Turkish Accelerator and Radiation 
Laboratory in Ankara), was introduced.

In the sixth chapter of the book, the radiation absorption behaviours of 
various chemotherapy drugs used in cancer treatment are compiled from various 
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research articles in the literature. Additionally, it has been emphasized that the 
differences in the types of elements in drugs and the number of atoms in the 
elements greatly impact the photon interaction parameters.

Today, from the discovery of radiation, radiation technology, energy 
production, medical applications, space technologies, etc. It is widely used 
in many areas such as. However, since radiation exposure has inevitable bad 
consequences for humans, many materials are used as shielding materials to 
protect against the harmful effects of radiation. Research on non-toxic, light, 
flexible, and cost-effective radiation protection materials that will replace 
traditional protective materials is continuing in the world and Turkey. In chapters 
seven and eight, two studies are given on the effect of Nd2O3 doping on the 
radiation protection properties of tungsten tellurium glasses and the synthesis of 
some antimony-based glasses’ gamma radiation protection properties.

I hope this book will be useful to academicians and readers who want 
to be informed about the current situation in environmental radioactivity and 
environmental radiation studies. Assoc. Prof. Dr. Gülçin Bilgici Cengiz would 
like to thank all the authors who contributed to bringing this book to its current 
state by giving their valuable time, knowledge, and interest, as well as the Livre 
de Lyon publishing team.

Assoc. Prof. Dr. Gülçin Bilgici Cengiz
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C H A P T E R  I

ENVIRONMENTAL RADIATION AND  
ITS EFFECTS ON PEOPLE

Gülçin BİLGİCİ CENGİZ

(Assoc. Prof. Dr.) Kafkas University, Faculty of Science and Letters, 
Department of Physics, Kars, Turkey
E-mail:gulcincengiz@kafkas.edu.tr,

ORCID: 0000-0002-6164-3232

1. Introduction

Environmental radiation is the ubiquitous presence of radiation from 
natural or artificial sources. Natural radiation sources include the sun, 
earth, water, cosmic radiation from space, and natural radioactive 

materials found underground. Artificial radiation sources include radiation from 
human activities such as medical applications, nuclear power plants, industrial 
activities, and nuclear weapons testing.

Today’s nuclear weapons tests and nuclear accidents cause a global increase 
in the level of environmental radioactivity. Due to increased radioactivity, all 
living organisms are inevitably and continuously irradiated by these radiation 
sources. The local increase in environmental radioactivity may reach dimensions 
that will harm the ecosystem in that region.

This article provides information about natural and artificial environmental 
radioactivity and the effects of the resulting environmental radiation on living 
things.

2. Natural Radiation Sources

Natural sources of radiation refer to the types of radiation naturally found 
in our environment and associated with the normal functioning of nature. As 
seen in Figure 1, these sources are caused by factors such as sunlight, cosmic 
rays, radioactive substances found in underground and aboveground rocks, 
drinking water, and radioactive isotopes found in some foods (Issa et al.,2014).
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Figure 1. Natural radiation sources (Retrieved from Canadian  
Nuclear Safety Commission)

2.1.	Cosmic	Rays

Sunlight is the most important source of natural radiation. The sun 
provides energy by emitting radiation in different parts of the electromagnetic 
spectrum. This radiation includes ultraviolet (UV), visible light, and infrared 
rays of various wavelengths and frequencies. Sunlight plays an important role 
in the photosynthesis of plants, the synthesis of vitamin D, and the warming of 
air and water (Neville et al., 2020; Caridi et al., 2019).

Figure 2. Cosmic Radiation

Cosmic rays are high-energy particles from outer space. These particles 
usually come from outside the Solar System and are absorbed by our atmosphere. 
High-energy cosmic rays collide in the upper layers of the atmosphere, 
transferring energy to atoms and molecules in the atmosphere. As a result of these 
interactions, radioactive particles are formed in the atmosphere and radiation is 
naturally emitted (Figure 2) (UNSCEAR, 2000; Safarov et al., 2023).
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2.2.	Terrestrial	Radiation

Terrestrial radiation originates from radioisotopes of the natural radioactive 
series present in the earth’s crust. It is estimated that many isotopes were 
radioactive when the universe was just beginning to form. It is accepted that 
this situation lasts for several million years and that radionuclides with short 
half-lives become extinct because they complete their lives during this period. 
Since the half-lives of currently existing radionuclides are long enough to be 
compared to the lifespan of the universe (at least 1010 years), decay continues 
(NRC, 1999; Vuruş, 2013). The decay of radioactive elements found naturally 
on Earth causes irradiation. Therefore, it would not be wrong to say that the 
earth itself is a source of radiation. Rocks and minerals, soil, and earth contain 
radioactive nuclei. (Yachiso et al., 2023) 

Radioactive materials found in underground and aboveground rocks are 
also natural sources of radiation. Due to its geological structure, Turkey has rich 
radioactive mineral resources in many regions. For example, radioactive gases 
(such as radon) are released in coal mines in the provinces of the Black Sea 
region. (Baldık, 2006). In addition, rocks containing radioactive minerals such 
as granite are found in the Taurus Mountains and Eastern Anatolia Region. These 
radioactive substances are released into the environment through groundwater 
and soil (Aykamış and Kılıç, 2009; Turhan et al., 2018; Bilgici Cengiz and 
Çağlar, 2022). 

2.3.	Radon	Gas

Radon, which is colorless, odorless, and tasteless and is in the noble gases 
class of the periodic table with atomic number 86, is formed as a result of the 
radioactive decay of natural uranium found in rocks, soil, and water. The main 
atoms of this degradation chain can be found in all-natural materials. For this 
reason, radon is released into the environment from all rock and soil fragments 
and building materials on the surface (UNSCEAR, 2008). Since radon’s 
reactivity is weak, it does not chemically bind to tissues when inhaled. Although 
its solubility in tissues is very low, radon decay products bind to dust and other 
particles and form radioactive aerosols. Therefore, they can be transported and 
taken into the living body by breathing. (WHO, 2009). 

Decomposition continues until the degradation products become stable; 
Radiation is released at every stage of the decay process. As a result of deterioration 
in the respiratory tract, the radiation dose to the bronchial epithelium increases. 
The biological effects of alpha radioactivity become important because some of 
its decay products are alpha emitters. Radon gas undergoes radioactive decay 
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and turns into particles that can be captured by the lungs when inhaled. When 
the decay of these particles continues, the energy released causes damage to 
lung tissue and, over time, cancer. However, this does not mean that everyone 
exposed to high doses of radon will develop lung cancer. (Kaur and Singh, 2019). 
Since people generally spend almost 90% of their time indoors, radon exposure 
is a significant problem. Most sources of radon in buildings are the soil and 
rocks at the building’s foundation. Most radon enters buildings through soil or 
underlying rocks. Radon and other gases rise from the soil and become trapped 
under the building (Kürkçüoğlu, and Çine, 2017). These trapped gases create 
pressure. Air pressure in homes is usually lower than the pressure on the ground. 
Due to this high pressure under the building, gases leak into the building from 
the floor and walls, mostly through cracks and gaps, as shown schematically 
in Figure 3 (Kürkçüoğlu, and Bayraktar, 2014). Radon can also dissolve in 
water, especially groundwater. Typically, 1/10,000 of the radon in tap water is 
released into the air. As the amount of radon in the water increases, the radon 
level inside the building will also increase. Trace amounts of uranium found in 
building materials used in the construction industry are one of the factors that 
increase the radon level in buildings. Some of the factors that cause differences 
in radon gas concentration in homes include local geology, permeability of the 
soil, construction material, and ventilation of buildings (UNEP, 2016; Bilgici 
Cengiz et al., 2017).

Figure 3. Ways of radon entry into buildings (Adapted from Ref. UNEP 2016;  
Open-source content for public information)



ENVIRONMENTAL RADIATION AND ITS EFFECTS ON PEOPLE      5

As a result of heating houses, especially in cold weather, the pressure inside 
the house decreases and the pressure outside increases, and therefore the radon 
rate inside increases. Since the same situation applies in windy weather, the 
radon rate increases indoors. In summer months, in well-ventilated workplaces 
and homes, the radon level in the environment decreases as there will be no 
pressure difference from the outside (Küçükönder, 2021). 

2.4.	Natural	Radioactivity	in	Food

Drinking water and some foods also naturally contain radioactive isotopes. 
For example, radioactive isotopes originating from basalt rocks may pass into 
groundwater and be found in drinking water (Caridi et al., 2023). Likewise, 
some minerals can be taken up by soils and plants, causing the build-up of 
radioactive isotopes in food (Al-Hamarneh, et al., 2016; Nguyen, et al., 2018). 
In Turkey, research and measurements on this subject are carried out, potential 
risk areas are determined in terms of radioactive isotopes and precautions are 
taken (Bilgici Cengiz and Caglar, 2022; Canbazoğlu and Doğru, 2013; Görür et 
al., 2012).

Figure 4. Natural radioactivity in food

All foods contain natural radionuclides, which are transferred from 
the soil to the crops on land and from water to fish in rivers, lakes, and the 
sea. Figure 4 shows the pathways of natural radionuclides in food to humans 
through ingestion. Levels of natural radionuclides in food and drinking water 
are generally very low and safe for human consumption. However, they can vary 
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considerably depending on local geology, climate, and agricultural practices 
(Peli´c et al., 2023; Howard, 2021; Bilgici Cengiz, 2020)

2.5.	Internal	Radiation

All humans are exposed to radiation due to isotopes such as Potassium-40 
and Carbon-14 that are naturally present in their bodies. Although dose amounts 
vary from person to person, the dose amounts resulting from internal radiation 
are much less than the Cosmic and Earth-based doses (Hutchison and Hutchison, 
1997).

3. Artificial (Man-Made) Radiation Sources

Radiation is used in many areas of our lives, such as medical, industrial, 
research, education, security applications, and consumer products. These and 
similar artificial sources increase the radiation dose from natural sources for 
both individuals and the world population (Wielopolski, 2013).

3.1.	Medical	Applications

Most of the radiation received from artificial sources is of medical origin. 
Medically derived radiation is of particular concern for patients exposed to 
diagnostic X-rays or radiotherapy and nuclear medicine used for diagnosis 
and treatment. Doses obtained from medical applications are higher than doses 
obtained from other man-made sources (UNSCEAR, 2000).

In the field of Nuclear Medicine, in order to examine the functions of 
organs or tissues in the body, some radioactive substances are combined with 
a chemical substance that will cause the radioactive substance to temporarily 
accumulate in the tissue to be examined and is administered to the body. The 
distribution or flow of radioactive material in the body is obtained by devices 
capable of detecting gamma rays released from radioactive material entering the 
body (UNSCEAR, 2000).

Radiography is a technique for imaging the internal structure of objects 
with opaque and heterogeneous structures, such as the human body, by using 
electromagnetic radiation with higher energy than visible light. The most 
used type of electromagnetic radiation is X-rays, after X-rays, gamma rays 
are the most used. The most commonly used radiography methods are X-ray, 
tomography, and computed tomography (Watson et al.,2005).
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X-ray devices used in the diagnosis of diseases or injuries send X-rays 
to the area to be examined. The x-ray passes through the patient’s body and 
images the area of interest. X-ray sources have the largest share in the amount 
of radiation exposure from medical sources.

Radiotherapy is used in cancer treatment. Gamma rays originating from 
the cobalt-60 isotope are frequently used in radiotherapy applications. In 
radiotherapy, high amounts of radiation must be applied to the tissue to kill 
tumors or neutralize harmful cells in cancerous tissue. This irradiation can be 
hazardous to healthy tissues in the body of the patient receiving treatment. 
Therefore, radiotherapy is used only in the most serious cases or when no other 
treatment method is possible or effective (Mehta et al., 2010). Just like X-ray 
imaging devices, radiotherapy devices are being developed day by day. Studies 
are being carried out to expose only the relevant tissue to radiation and minimize 
surrounding healthy cells’ irradiation (IAEA, 2018).

3.2.	Industrial	Applications

Radiation sources are frequently used in industry. Some of the applications 
involving the use of radiation sources in industry are listed below:

• Pipe, steam boiler, etc. radiography technique is used to check whether 
there are any defects in machine parts.

• Appropriate radionuclides are used in tests related to component wear in 
the automotive industry.

• Iron, steel, rubber, yarn, glass, etc. Radiation sources are used to measure 
properties such as density, level, thickness, and weight during the production of 
materials.

• Nuclear measuring devices are used to determine the density and 
chemical elements of rocks. Oil and mineral searches are also carried out with 
similar devices.

• Radiation sources are also used in other industrial applications such as 
monitoring groundwater movements, measuring flow in streams, and detecting 
water leaks in dams.

• Radiation is also used to preserve food after it is produced. In many 
countries, including Turkey, different foods are irradiated to prevent them 
from spoiling. In our country, the packages of irradiated products must contain 
warnings stating that they are irradiated (Vaz, 2015).
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3.3.	Nuclear	Energy	Production

Uranium is used as fuel raw material in nuclear power plants. Nuclear 
energy is the huge amount of energy that emerges as a result of the disintegration 
of heavy radioactive substances such as uranium or the combination of light 
radioactive atoms to form heavier atoms.

A very small amount of radioactive material is released into the environment 
during the mining, processing, and use of uranium, which is a nuclear power plant 
fuel, and its storage after it becomes waste. The annual average dose exposure 
in the world from these emissions is 0.008 mSv. In addition, some radioactive 
material may be released into the environment as a result of accidents that may 
occur in nuclear power plants (Hashimoto et al., 2022).

3.4.	Research	and	Laboratories

Radiation sources are used for research purposes at universities and 
other research centers. Some of the fields where research on radiation sources 
is carried out are physics, mining, metallurgy, biology, medicine, agriculture, 
environment, geology, and chemistry. As a result of research, new methods and 
even new products that may include radiation applications can be developed 
(www.epa.gov).

3.5.	Consumer	Products

Some products such as lightning rods, smoke detectors, phosphorescent 
clocks, x-ray security systems, fuels such as gas and coal, and building 
construction materials contain radioactive substances, albeit in small amounts. 
Even optical lenses and porcelain teeth contain traces of thorium and uranium, 
a radioactive substance (Shaw et al., 2007). The world average annual radiation 
dose exposed to these sources is 0.0005 mSv. The amount of radiation in these 
products is almost negligible compared to medical sources. Figure 5 shows 
that natural sources of radiation account for approximately 82% of all public 
exposure, while man-made sources account for the remaining 18% (NCRP, 
1987).
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Figure 5. Ionizing radiation exposure to the public (Adapted from Ref. NCRP, 1987).

4. Effects of Radiation on Human Health

The harmful effects that radiation can have on human health have been 
known for a long time. These effects are radiation burns, radiation sickness, 
shortening of natural lifespan, cancer, and hereditary disorders. It is possible to 
observe death with high-dose exposure.

For ionizing radiation to cause biological damage in living things, the 
radiation energy must be absorbed by the cell. As a result of this absorption, 
ionization and excitation occur in the target molecules. These ionizations, 
which are the initiating effect of biological damage that may occur later, can 
cause breaks in the DNA chains that carry the genetic information of the cell 
and the production of chemical toxins within the cell. Repair activity begins 
immediately after the breaks. If the damage is not too extensive, these breaks 
in DNA can be repaired. However, errors may occur during this repair, and 
chromosomes containing incorrect code information may occur. If damaged 
DNA is not repaired properly, the cell will either survive with a defective (poorly 
functioning) metabolism or die. Many organs or tissues of the body can continue 
their normal activities despite the loss of significant numbers of cells (Yeyin, 
2015). 

When cell loss exceeds a certain number, damage to organs and tissues 
may occur. This can only be achieved by exposure to a radiation dose large 
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enough to cause the death of such a large number of cells. Such damages that 
occur in people who have received acute doses exceeding the effect threshold 
are called deterministic effects. In short, deterministic effects result in cell 
death, the threshold dose is high, and the severity of the effect increases with 
the dose.

Figure 6. Biological effects of radiation on the human body  
(Adapted from Ministry of Environment Japan, 2005).

“Long-lasting” or “stochastic” effects occur at low radiation doses. Here, 
the stochastic effect is the probability of experiencing a disease in proportion to 
the amount of radiation received in previous years. Cells’ self-repair mechanisms 
may be disrupted. Non-lethal DNA changes occur in some cells. These changes 
are passed on to subsequent cells through cell division. Diseases such as cancer 
or leukemia may occur years after irradiation (Yeyin, 2015). In Figure 6, 
the biological effects of radiation on the human body (stochastic effects and 
deterministic effects) are summarized.

4.1.	Factors	Affecting	the	Damage	of	Radiation

The biological damage that radiation will cause in the organism depends 
on parameters such as duration of exposure to radiation, dose rate, energy and 
type of radiation, the oxygen concentration in the environment, presence of 
some radioprotectors, the metabolic state of the cell, age, and health status of the 
person, as shown in Figure 7. As the duration of people’s exposure to radiation 
increases, the effect of radiation on people increases in direct proportion. 
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However, if a person receives a certain amount of radiation dose at the same 
time, the effects will be different if they receive the same amount of radiation 
dose at certain intervals and for a certain period. Body tissues can renew 
themselves against damage caused by radiation received slowly or at regular 
intervals. However, this renewal opportunity may not be possible in the face of 
high radiation received in a short time. In general, as the duration of exposure 
to radiation increases, the harmful effect of radiation also increases (Gökoğlan 
et al., 2020).

It has been determined that body temperature, metabolic activities, and 
amount of oxygen are factors that increase sensitivity to radiation. Sensitivity 
to radiation also increases in cases where body temperature increases (feverish 
diseases, etc.), metabolic activities in the organism increase, and the oxygen 
concentration in the environment increases. Some chemicals increase sensitivity 
to radiation, while some chemicals decrease sensitivity.

Figure 7. The factors that affect how the human body reacts to  
ionizing radiation (© 2019 Let’s Talk Science).

Although limb parts such as hands and feet are exposed to higher doses of 
radiation, less damage occurs to these organs than, for example, blood. As we 
age, the body becomes less sensitive to the effects of radiation due to reduced 
cell division. Each person’s radiation dose tolerance is different. The studies 
conducted are not sufficient to detect differences (Parlak et al., 2020).

5. Radiation Protection System

A radiation protection system is a set of precautions and measures 
implemented to ensure that individuals are protected as much as possible from 
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the negative effects of radiation. The main purpose of this system is to minimize 
radiation exposure and reduce potential health risks.

Radiation protection system can be applied in various fields and is important 
in different sectors, working environments, or activities where radiation sources 
are used. For example, those who work in nuclear power plants, healthcare 
personnel working in medical imaging and treatment applications, those working 
in industrial activities where radioactive materials are used, and those working 
in radiation-related research laboratories are an important part of the radiation 
protection system (Çimen et al., 2017). 

There are three basic principles of radiation protection: time, distance, and 
shielding (Figure 8).

5.1.	Time

Less radiation exposure can be received by reducing the time spent near 
a radiation source. For this reason, it is recommended to stay in the radioactive 
environment for as short a time as possible. When responding to a possible 
radiation accident, the amount of radiation the individual in the emergency 
response team will receive increases as the time they stay in the radiation area 
increases. Therefore, teams should be organized to work in shifts when necessary 
to limit the radiation dose to each individual (Parlak et al., 2020).

5.2.	Distance

The second important factor in radiation protection is “distance” and is 
based on the principle that the further you stay from the radiation source during 
work, the less radiation you will be exposed to. The inverse square law works 
here. The inverse square law is valid for small point sources used in radiography. 
Although this rule cannot be used for radiation accidents in which radioactive 
substances are dispersed and scattered around, the amount of radiation can 
be significantly reduced by removing the radioactive source and materials 
contaminated with radioactive substances to a certain distance (Çimen et al., 
2017).

5.3.	Shielding

The higher the density of the material used in shielding, the greater its 
ability to stop radiation. High-density materials such as lead are generally 
used for shielding (Çimen et al., 2017). In a possible radiation accident, it is 
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not always possible to find dense materials such as lead in the accident area. 
For this reason, placing a vehicle, garbage pile or heavy material with dense 
content between the emergency response team and the radiation source may 
be an appropriate measure to reduce the radiation dose received at the scene of 
the accident. However, in many emergency situations, shielding is done with 
gloves, shoe covers, standard fire clothing, coats, jackets, or surgical protective 
materials used to prevent contamination. Such suits are sufficient to stop alpha 
and beta radiation but are ineffective to stop penetrating gamma radiation. As 
a result, shielding is not a protection method that can always be applied in the 
emergency response area. While searching for suitable shielding materials, 
emergency intervention should not be delayed, and the radiation dose received 
should be reduced by taking into account time and distance factors (www.epa.
gov).

Figure 8. Three basic principles of radiation protection.  
(Adapted from www.epa.gov/radiation/protecting-yourself-radiation)

6. Conclusion and Evaluation

The environmental and biological effects of radiation are a complex issue 
and need to be continually investigated. These studies will enable us to better 
understand the effects of radiation on human health and provide important 
information for a safer future. In this section, the possible effects of radiation 
from various sources on the environment, humans, and other living things, and 
methods of protection from these effects are examined.

From an environmental perspective, radiation has effects arising from its 
natural sources. Natural sources, especially sunlight and ground-based radiation, 
affect the level of radiation to which living things can be exposed. This should 
be taken into account when determining the effect of environmental radiation on 
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biological systems. The effect of radiation is based on the interaction of radiation 
with chemical systems. Radiation from visible light to ultraviolet light generally 
increases the energy state in a molecule from the lowest level to a higher level 
and is absorbed by the chemical system. This can make it colored and therefore 
visible. If the absorbed energy is greater than the visible range, the chemical 
system appears colorless.

From a biological perspective, the potential effects of radiation on health 
are quite significant. Radiation from outside the body passes through the skin 
and then enters tissue cells in the body. Exposure to high levels of radiation can 
cause cancer, genetic disorders, and other serious health problems. However, 
exposure to low levels of radiation is also thought to have long-term health 
effects, but these effects are less obvious and more difficult to study.

Radiation exposure can cause a variety of health effects, from mild to 
severe and even death. We can minimize the effects of radiation by protecting 
with dense materials such as lead, moving away from the radiation source, and 
limiting the duration of exposure.

The capacity of living organisms to repair damage caused by radiation is 
very limited. Therefore, to reduce the damage caused by radiation, it is of great 
importance to take safety precautions in nuclear power plants, to use medical 
practices such as radiation therapy correctly, and to manage radiation sources 
correctly.
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1. Introduction

Earth-based materials such as rocks, stones, and soil mainly contain 
uranium (238U), thorium (232Th) and their decay products, and 
radioisotopes such as potassium (40K). Building materials contain low 

amounts of radioactive substances because they are produced from earth-
sourced materials. Some industrial by-products also contain radionuclides 
from radioactive waste (Kristic et al. 2007). In studies conducted in different 
parts of the world, mostly using the gamma spectrometer method, the activity 
concentrations of 226Ra, 232Th, and 40K radioisotopes in various building material 
samples have been reported (Çam Kaynar et al. 2015; Righi and Bruzzi, 2006; 
Sonkawade et al. 2008). Alpha and beta radiations emitted by 222Rn and short-
lived decay products, which originate from building materials used in home 
and workplace buildings and enter the body through the respiratory tract, cause 
internal irradiation (El-Taher 2012; TAEK, 2008). Since gamma rays emitted 
from building materials can travel long distances, people are constantly exposed 
to this radiation and face various health risks in the long term. Internal radiation 
occurs when the short half-life of 222Rn gas, which is generally released in 
the uranium decay chain, mixes with the air and reaches the respiratory tract 
and lungs. Since the geological characteristics of the living area as well as the 
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building materials used in the building also affect the radiation dose, there are 
various studies on the evaluation of possible radiological hazards arising from 
the building materials used in the construction of home and workplace buildings 
(Ali et al. 1996; Faheem et al. 2008; Lu et al. 2012; UNSCEAR, 2000).

Much research has been carried out to specify the levels of natural 
radioactivity concentrations resulting from building materials used in different 
parts of Turkey. The results of these studies are compiled in this article for future 
reference.

2. Summary of the Results

Summaries of research carried out by several research teams to investigate 
the radioactivity of building materials used in Turkey are presented in this 
section.

Sarıkaya and Soykan determined the natural radioactivity levels of 
building materials used and produced in Uşak province and its surroundings 
using the HpGe detector and evaluated the results they found (Sarıkaya 
and Soykan, 2018). According to the results of their analysis, they reported 
that the equivalent radium activity (Raeq) of brick-tile products was 4.4 
Bq/kg less than pumice block products. When they examined the activity 
concentration index (Iγ) values, they reported that brick–tile products have a 
4.8% lower value than pumice block products. They stated that they thought 
the radioactivity differences between the two products did not constitute a 
significant difference.

NaI(TI) gamma spectroscopy was used in the study conducted by Mavi 
and his colleagues in 2010 on building materials used in Isparta, Turkey. Activity 
concentrations ranged from 17.91 Bq kg-1 to 58.88 Bq kg-1 for 226Ra, from 6.77 
Bq kg-1 to 19.49 Bq kg-1 for 232Th, and from 65.72 Bq kg-1 to 248.76 Bqkg-1 for 
40K (Mavi and Akkurt, 2010).

In the study by Bilgici Cengiz et al., the radioactivity levels of some 
building materials used in Kars province and the radiological risks that may arise 
from the use of these materials were assigned. They measured the radioactivity 
concentrations of 226Ra, 232Th, and 40K radioisotopes in different building 
materials used in Kars (limestone, clay, trass, gypsum, iron ore, cement) with an 
HPGe gamma-ray spectrometer system. They found the average radioactivity 
concentrations of 226Ra, 232Th, and 40K radioisotopes to be 22.9 Bq kg-1, 19.5 Bq 
kg-1, 265.3 Bq kg-1, and 1.7 Bq kg-1, respectively. They calculated radiological 
hazard indices for building materials using the obtained values and reported the 
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building materials they examined did not pose a radiological risk and also could 
be used safely in the construction of buildings (Bilgici Cengiz et al., 2017).

In this research by Turhan et al., the activity concentrations of 226Ra, 
232Th, and 40K were measured using gamma-ray spectroscopy in 15 different 
building materials usually used in Osmaniye province. They have found the 
activity concentrations of 226Ra, 232Th, and 40K varied from 2.5 ± 0.1 Bq kg-1 
(marble) to 145.7 ± 4.4 Bq kg-1 (clay brick), 1.3 ± 0.1 (marble) to 154.3 ± 4.1 
Bq kg-1 (marble), and 8.6 ± 0.2 Bq kg-1 (sand) to 1044.1 ± 70.3 Bq kg-1 (granite), 
respectively. They reported that the examined building materials were safe for 
residents to use in residential construction, as the estimated values of potential 
radiological hazard parameters were within the recommended safety limits or 
criterion values (Turhan et al., 2022).

In the research conducted by Erees et. al. (2006), 238U, 232Th and 40K activity 
measurements of brick, sand, and cement materials used in Manisa province 
were made with the NaI (Tl) gamma spectroscopy system. The highest activity 
concentrations of 238U, 232Th, and 40K are reported in the sand samples were 
1559.10 Bq kg-1, 142.48 Bq kg-1, and 1711.47 Bq kg-1, respectively. The radium 
equivalent activity was calculated based on their obtained activities. They stated 
that the highest Raeq value (945 Bq·kg-1) was found in sand and gravel samples. 
They also calculated the doses received by residents living in Manisa from these 
building materials (Erees et al, 2006).

In this study, radioactivity levels and radiological hazard parameter values 
of 11 often used building materials in Samsun were evaluated with an HPGe 
detector. They compared their results with international limit values and stated 
that the materials examined in the study did not pose a radiological risk to human 
health (Tufan and Disci, 2013). 

In the article by Damla et al., radiological measurements of four cement, 
marble, brick, sand, limestone, and gypsum samples used as building materials 
in Batman province were made using HPGe gamma spectroscopy. The 
concentrations of 226Ra, 232Th, and 40K in their selected building materials range 
from 18 to 48 Bq kg-1, 8 to 49 Bq kg-1, and 68 to 477 Bq kg-1, respectively. They 
compared the results they obtained with studies conducted for other provinces 
and internationally accepted limit values and stated that the measured samples 
did not carry radiological risk (Damla et al., 2010).

As a result of the research conducted by Turhan and Gürbüz; 226Ra, 232Th, 
and 40K activity concentration values of 141 samples of 7 different cements 
taken from different cement factories were measured using HPGe gamma 
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spectroscopy. The average activity values found as a result of the analysis were 
published as 40.0 ± 27.1 Bq kg-1, 28.0 ± 20.9 Bq kg-1, and 248.3 ± 95.0 Bq kg-1

 

for 226Ra, 232Th, and 40K, respectively. According to the results obtained, it was 
shown that there is no serious radiological risk in the use of Turkish cement in 
building construction (Turhan and Gürbüz, 2008).

Eren Belgin and Aycık collected samples of some frequently used 
construction materials from the main local raw material suppliers of Muğla 
and measured the activity concentrations of natural gamma-emitting 
radionuclides contained in these samples with a high-resolution gamma 
spectrometer. According to their results, the activity concentrations of 226Ra, 
232Th, and 40K radioisotopes in cement and bricks are higher than worldwide 
values. The Raeq values of the samples range from 0.69 to 208 Bq kg-1, which 
is well below the internationally accepted value of 370 Bq kg-1

 determined in 
the UNSCEAR report. They concluded that the materials they examined could 
be used in the interior and exterior construction of buildings (Eren Belgin and 
Aycık, 2015)

Hatungimana and his colleagues carried out a study to determine the 
concentration of natural radıoactıvıty in several building materials used in Izmır. 
The natural radioactivity in their chosen construction materials was analyzed 
using a NaI (T1) gamma scintillation detector. The activity concentrations 
of 226Ra, 232Th, and 40K for the plaster materials they examined were ND to 
48.5 ± 7.0 Bq kg-1, ND to 41.0 ± 6.4 Bq kg-1, and ND to 720.4 ± 26.8 Bq kg-1, 
respectively. They found that radium equivalent activities ranged from 63.35 ± 
8.0 to 149.62 ± 12.23 Bq kg-1. According to their results, it can be concluded that 
plaster materials collected and examined from Izmir and its surroundings do not 
pose any significant radiation hazard (Hatungimana et al., 2020).

Kayakökü et al. (2016) collected pumice, ignimbrite, and perlite samples 
extracted from mines in Bitlis, and other building materials fabricated in 
factories in Bitlis, and measured the activity concentrations of 226Ra, 232Th, and 
40K in the construction material samples using NaI(Tl) detector. The radioactivity 
concentrations of 226Ra, 232Th, and 40K ranged from 29.67 ± 5.9 to 228.27 ± 38.1 
Bq kg-1, 10.87 ± 5.4 to 95.57 ± 26.1 Bq kg-1 and 249.37 ± 124.7 to 2580.17 ± 
266.9 Bq kg-1, respectively. They reported that the Raeq values of construction 
material samples were within world standards (Kayakökü et al., 2016).

Activity concentrations in different building material samples in Ordu were 
measured using a coaxial HPGe detector by Çelik et al. (2009). The average of 
226Ra, 232Th, and 40K activity concentration values measured in building materials 
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such as sand, cement, brick, plaster, and limestone were found to be 34.5, 26.9, 
and 378.4 Bq kg-1, respectively. From the measurements made, it was reported 
that radium equivalent activity, terrestrial absorbed dose, annual effective dose 
rate, external hazard indexes and internal hazard indexes were within acceptable 
limits. When they compared the results obtained with the 226Ra, 232Th, and 40K 
activity concentrations of building materials from different countries given in the 
literature, the activity values of sand and cement samples were generally higher 
than other studies, while the 226Ra, 232Th, and 40K activity concentrations of brick 
samples were found to be lower compared to other studies. They found that the 
activity concentrations of radionuclides in gypsum were consistent with data 
reported in the literature. They reported that the 226Ra and 232Th concentrations in 
limestone or lime were generally lower than other results they compared, while 
the 40K activity concentration in the same material was comparable to other 
measurements (Çelik et al., 2009).

Çetinkaya et al. (2016) measured the natural radioactivity levels of samples 
frequently used as building materials such as ceramic tile, brick, concrete, 
gypsum, marble, and gas concrete taken from Kütahya province, with a NaI(Tl) 
gamma-ray spectroscopy system. They reported the average concentrations of 
all building samples as 29.1 ± 0.2, 11.8 ± 0.2, and 303.7 ± 0.7 Bq kg-1 for 226Ra, 
232Th, and 40K, respectively. They also declared that the obtained average Ra 
equivalent value of construction material samples was 69.4 Bq kg-1 (Çetinkaya 
et al., 2016).

The radioactivity levels of sand and cement samples used in Istanbul have 
been measured by using a NaI(Tl) gamma-ray spectrometer. Çam Kaynar et al. 
(2015) found the mean activity concentrations of 40K, 238U, and 232Th in cement 
samples as 2.81, 91.41, and 18.38 Bq kg-1, and for sand samples respectively. 
The average activity concentrations of the mentioned radionuclides were 
obtained as 452.46, 75.27, and 11.71 Bq kg-1, respectively. They reported that 
the average Raeq value was 117.7 Bq kg-1 and 126.86 Bq kg-1 for cement and 
sand, respectively, and all their calculated Raeq values were lower than the 
maximum allowable value of 370 Bq kg-1 (Çam Kaynar et al., 2015).

Kucukomeroglu et al. (2009) study, activity concentration measurements of 
natural radionuclides (226Ra, 232Th, and 40K) found in various building materials 
such as sand, cement, and marble in Bayburt Province were determined using 
gamma-ray spectrometry. Activity concentrations in building materials have 
been reported to range from 16 to 54 Bq kg-1 for 226Ra, 10 to 21 Bq kg-1 for 232Th, 
and 113 to 542 Bq kg−1 for 40K. Calculated radium equivalent (Raeq) activity 
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values for the building materials they examined ranged from 40 to 93 Bq kg-1, 
with an average of 75 Bq kg-1 (Kucukomeroglu et al., 2009).

3. Discussion

Many studies on measuring 226Ra, 232Th, and 40K activity concentrations 
along with their mean values and Ra equivalent values for usually used 
constructing materials in Turkey using a gamma spectrometry system are 
tabulated in Table 1. 

As seen in Table 1, 226Ra, 232Th, and 40K activity concentrations were at 
the lowest values (12.0 Bq kg−1, 5.0 Bq kg−1 1, and 90.0 Bq kg−1) in the sand 
samples of Osmaniye province. As a result of the investigations made on the 
sand samples of Manisa province, the highest activity concentration values of 
226Ra, 232Th, and 40K were reported as 1559.10 Bq kg−1, 142.48 Bq kg−1, and 
1711.47 Bq kg−1, respectively.

Maximum values of 226Ra, 232Th, and 40K in cement samples were reported 
as 91.41 Bq kg−1 (Istanbul), 71±7 Bq kg−1 (Mugla) and 560±52 Bq kg−1 (Mugla), 
respectively, while minimum were reported 12,96 Bq kg−1 (Usak), 10.4 Bq kg−1 
(Isparta), and 86.93 Bq kg−1 (Usak), respectively. 

For marble samples the maximum values of 226Ra, 232Th, and 40K were 
found as 30.0 Bq kg−1, 58.0 Bq kg−1 and 297.20 Bq kg−1 in Osmaniye province. 
The minimum values of the mentioned natural radionuclides in gypsum 
were reported as 2.0 Bq kg−1, 3.0 Bq kg−1 and 47.3 Bq kg−1 in Kars province, 
respectively.

Additionally, according to the reported results of the studies, the average 
of the 226Ra, 232Th, and 40K activity concentrations of the brick samples examined 
in Bitlis province (123.9±21.3 Bq kg−1, 42.6±15.6 Bq kg−1, and 1160.4±139.8 
Bq kg−1, respectively) have a higher value than the average of the activity 
concentrations of natural radionuclides in the brick samples examined in other 
province.

Considering that the majority of buildings constructed in Turkey and in 
the world are made of concrete and brick, the results of the research on cement, 
marble, gypsum, brick, and sand materials are given in Table 1. According to 
the UNSCEAR (2000) report, the world mean of 226Ra, 232Th, and 40K activity 
concentrations in the earth’s crust are 32.0, 45.0, and 420.0 Bq kg−1, respectively 
(UNSCEAR, 2000). As seen in Table 1, the average values of 226Ra, 232Th, and 
40K activity concentrations measured in structural material samples used in 
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some provinces are higher than the world average. The reason for this may be 
geologic genesis, geographic situations, soil kinds, climatic terms, and climate 
differences in the places where building materials are produced.

The maximum value of the radium equivalent activity index (Raeq) value 
was reported as 273.4±59.6 Bq kg−1 (brick), and the minimum value was reported 
as 0.1±0.08 Bq kg−1 (marble). The radium-equivalent activities for the reported 
building materials were also below the criterion limit of gamma-radiation dose 
of 370 Bq kg−1. Therefore, the use of these materials in residential construction 
can be taken into account as secure for residents.
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4. Conclusion

The world is becoming increasingly polluted and as pollution increases, 
human health deteriorates. It is possible to protect humans and their universe 
by acting in the light of science and taking minimal precautions. The building 
materials used in the construction of workplaces and residences offered to people 
must first be produced by the standards during the production phase and used 
in accordance with the regulations during the construction of the buildings. It is 
clear that building materials produced and used following standards will protect 
people and the environment from harmful factors. In the light of the studies we 
have examined in this article, the harmful effects of building materials on human 
health will be better understood and human health will be protected by taking 
precautions.

As a result, in this article, the data reported on the results of a significant 
number of studies on natural radioactivity in construction materials used in Turkey 
have been compiled. An HPGe detector or a NaI (TI) detector measuring device 
was used by the research groups in question. The researchers who conducted the 
studies agreed in their article that careful selection of building materials used 
and the use of low-radioactivity materials in buildings would contribute to the 
reduction of important diseases such as cancer and lung diseases.
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1. Introduction

It is known that half of the natural radiation that living things are exposed 
to throughout their lives is directly caused by radon (222Rn) (UNSCEAR, 
2000). In a research conducted in 1899, Ernest Rutherford found that the 

element thorium emitted a radioactive gas (Rutherford, 1900), and Pierre and 
Marie Curie also observed the emission of a radioactive gas from radium in the 
same year. During his research in Halle, Germany, in 1900, Friedrich Ernest 
Dorn came across that there was a gas accumulation in radium bulbs (Dorn, 
1900), and thus radon gas was discovered (Partington, 1957). The term “radium 
emanation” was used for the first time in 1900 for 222Rn referring to the gas 
released by radium-226, and this gas was accepted as a new element in 1912. 
There are three natural radioisotopes of radon; 222Rn (from the uranium decay 
chain), 220Rn (from the thorium decay chain), and 219Rn (from the actinium decay 
chain). In 1923, the names of these radioisotopes were adopted as radon for 222Rn 
(half-life 3.82 days), thoron for 220Rn (half-life 55.6 seconds) and actinon for 
219Rn (half-life 3.96 seconds) (George, 2008; Mc Laughlin, 2012). 222Rn, which 
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decays by emitting an alpha particle with an energy of 5.48MeV, is studied more 
intensively among these three natural radioisotopes due to its high abundance 
and relatively long half-life. 

Radon is a colourless, odourless and tasteless monatomic gas under 
normal conditions. Radon (atomic number 86), the last member of group 8A 
of the periodic table, is the heaviest noble gas. The atomic radius of radon is 
1.3×10-10 m. Its density is 9.73 g/l at 273 K and 1 atmosphere of pressure, and its 
molar volume at 273 K is 50.5 cm3/mol. Radon, which is 100 times heavier than 
hydrogen, is about seven and a half times heavier than air, so it is more likely to 
accumulate near the ground. In addition, its specific heat is 0.091 J/g.K. It has 
almost no electrical conductivity and very low thermal conductivity (3.64×10-5 
W/cm.K) (NCRP, 1988). If radon is cooled to temperatures below freezing 
point (-71 ºC), it will have a bright phosphorescence appearance that increases 
in yellowness proportionally with the decrease in temperature, while it can be 
observed in an orange-reddish colour as the air temperature increases. Due to its 
low electron affinity and high ionization energy, radon does not form chemical 
bonds with other elements, but it can form some compounds such as clathrate and 
mixed fluorides. It forms a metastable clathrate-hydrate (Rn-6H2O), especially 
with water (Martinelli, 1993). Radon is partially soluble in water and can have 
a high solubility in organic liquids, except glycerine, which has less solubility 
than water. It can be easily absorbed by charcoal and silicone gel (Cigna, 2005). 

Radon is undoubtedly present everywhere we live, in greater or lesser 
amounts. When radon gas is inhaled, it can be exhaled out of the body because 
it is inert (it does not form chemical bonds with the tissues in the respiratory 
system and with the particles in the air). However, the short-lived radon decay 
products (218Po, 214Pb, 214Bi, and 214Po) have static charges and can take part in 
chemical reactions. These radioisotopes, which can adhere to dust particles in 
the air, continue to decay after settling in the organs in the respiratory system. 
The radiation emitted during this process can change the DNA structure of 
living cells and lead to cancer formation (UNSCEAR, 1988; Al-Zoughool and 
Krewski, 2009). 

Cancer is one of the most serious health problems that threaten human life. 
The International Agency for Research on Cancer (IARC) reports that among all 
deaths (63.17 million people) worldwide in 2020, approximately 9.96 million 
people died due to cancer and an estimated 19.3 million new cancer cases 
occurred. It is also stated that 18% of all cancer deaths in 2020 were caused 
by lung cancer (WEB-1). According to 2018 data on cancer cases recorded in 
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Türkiye, lung cancer ranks first among men with a rate of 21% and it ranks 
fifth for women with a rate of 6% (WEB-2). Epidemiological studies conducted 
to date show that there is a direct relationship between radon exposure and 
lung cancer formation (ICRP, 2010). The World Health Organization (WHO), 
and the USA Environmental Protection Agency (EPA) have classified radon 
gas as a “Class-A carcinogen” (EPA, 2005; WHO, 2009). Moreover, radon 
inhalation ranks second place after tobacco use on the list of the most dangerous 
carcinogens. WHO states that up to 14% of all lung cancer cases are caused by 
radon (WHO, 2005). For this reason, it is very important to determine indoor 
radon concentrations in enclosed spaces and take when necessary. 

In general, indoor radon concentrations are observed in the range of 
11-300Bq/m3 (NCRP, 1988). In order to reduce the health risks, countries and 
various precautions organizations have advised some limitations for indoor radon 
concentrations. ICRP (International Commission on Radiological Protection) 
recommends that precautions be taken when the radon concentration in homes 
exceeds 300 Bq/m3 and the radon level in workplaces exceeds 1000 Bq/m3 
(ICRP, 2014). WHO recommends that the radon concentration in enclosed 
spaces should be kept below 100Bq/m3 in order to minimize the risk. If the 
radon level has to reach higher values due to country conditions, it is advised 
to take 300Bq/m3 as the reference level for intervention (WHO, 2009). The 
permissible radon concentration values in Türkiye have been determined by the 
Turkish Energy, Nuclear and Mining Research Agency (TENMAK) as 400 Bq/
m3 for homes and 1000 Bq/m3 for workplaces (WEB-3). 

The main source of radon is the earth’s crust. Radon gas, which is produced 
between rock layers as a result of natural processes, comes to the surface from 
the soil through various mechanisms and enters the building atmosphere through 
cracks in the floors and walls of buildings, as well as through installation gaps. 
There are many external factors that can affect indoor radon concentration: 
geological factors (rock structure, soil properties, etc.), meteorological 
parameters (humidity, pressure, temperature, altitude, etc.), building materials 
used in building construction, natural gas, water resources, age of the building, 
insulation of the building, and building usage habits (Porstendorfer et al., 1994; 
Baeza et al., 2003; Müllerova and Holý, 2010; Rafique et al., 2011; Kropat et 
al., 2014).

One of the parameters that affect the indoor radon level is height. Since 
radon, which is heavier than air, tends to accumulate on the ground, radon density 
is expected to decrease with increasing altitude. In the literature, there are many 
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national (Kürkçüoğlu et al., 2009; Bayraktar et al., 2009; Yılmaz Şen, 2009; 
Kürkçüoğlu et al., 2012; Akkurt, 2014; Çakmak, 2014; Kurt, 2015; Altınsöz et 
al., 2014). 2016; Aldemir, 2018; Çıtlak, 2018; Gül, 2019; Koçer et al., 2019; 
Erdoğan et al., 2020; Tamir Darcan, 2020; Küçükönder, 2021; Büyüksaraç et 
al., 2022) and international (Abu-Jarad vd., 1982; Khan vd., 1987; Pavlenko 
vd., 1997; Gallelli vd., 1998; Ioannides, 2000; Khan, 2000; Shaikh vd., 
2003; Papaefthymio vd., 2003; Bahtijari vd., 2007; Papaefthymiou vd., 2007; 
Karpińska vd., 2008; Psichoudaki vd., 2008; Manousakas, 2010; Yarmoshenko 
vd., 2013; Afolabi vd., 2015; Vukotic vd., 2019; Vasilyev vd., 2020; De Maria 
vd., 2023) studies referring the relationship between indoor radon and altitude. 
Some of these studies were conducted in workplaces (Papaefthymiou et al., 
2003; Bahtijari et al., 2007; Bayraktar et al., 2009; Kürkçüoğlu et al., 2009; 
Kürkçüoğlu et al., 2012; Çakmak, 2014; Afolabi et al., 2015; Kurt, 2015; Altınsöz 
et al., 2016; Aldemir, 2018; Çıtlak, 2018; Gül, 2019; Erdoğan et al., 2020; Tamir 
Darcan, 2020; Küçükönder, 2021), some in single-storey houses (Pavlenko et 
al., 1997; Büyüksaraç et al., 2022), some in multiple-storey buildings (Khan 
vd., 1987; Pavlenko vd., 1997; Gallelli vd., 1998; Khan, 2000; Ioannides, 2000; 
Papaefthymiou vd., 2003; Karpińska vd., 2008; Psichoudaki vd., 2008; Yılmaz 
Şen, 2009; Manousakas, 2010; Yarmoshenko vd., 2013; Akkurt, 2014; Çakmak, 
2014; Koçer vd., 2019; Vukotic vd., 2019; De Maria vd., 2023), and some 
of them in skyscrapers (Abu-Jarad et al., 1982; Shaikh et al., 2003; Vasilyev 
et al., 2020). In the literature, there are some studies confirming that radon 
concentration decreases with increasing height (Pavlenko et al., 1997; Khan, 
2000; Papaefthymiou et al., 2003; Shaikh et al., 2003; Papaefthymiou et al., 
2007; Karpińska et al., 2008; Psichoudaki et al., 2008; Kürkçüoğlu et al., 2009; 
Yılmaz Şen, 2009; Manousakas, 2010; Kürkçüoğlu et al., 2012; Yarmoshenko 
et al., 2013; Akkurt, 2014; Afolabi et al., 2015; Kurt, 2015; Altınsöz et al., 2016; 
Aldemir, 2018 ; Çıtlak, 2018; Gül, 2019; Erdoğan et al., 2020; Küçükönder, 
2021; Büyüksaraç et al., 2022), while some studies obtain results that are not 
compatible with this expectation (Abu-Jarad et al., 1982; Khan et al., 1987; 
Gallelli et al., 1998; Ioannides, 2000; Bahtijari et al., 2007; Karpińska et al., 
2008; Bayraktar et al., 2008, Koçer et al., 2019; Vukotic et al., 2019; Tamir 
Darcan, 2020; Vasilyev et al., 2020; De Maria et al., 2023).

The present study aims to examine the relationship between indoor 
atmospheric radon concentration and height. For this, hourly radon 
measurements were carried out with electronic radon detectors (Airthings Wave 
radon detectors) in 9 rooms located on 3 different floors of the Department of 
Physics at Süleyman Demirel University between 1-30 April 2022.
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2. Materials and Methods

2.1.	Study	Area

Located in the western part and inland part of the Mediterranean Region, 
Isparta province is the centre of the Lakes Region. The province lies between 
longitudes 30°20′ and 31°33′ East and latitudes 37°18′ and 38°30′ North, with 
an area of 8933 km2 and an average altitude of 1050 meters. Neighboring 
Konya, Afyon, Burdur, and Antalya, the province has 13 districts including the 
central district, Aksu, Atabey, Eğirdir, Gelendost, Gönen, Keçiborlu, Senirkent, 
Sütçüler, Şarkikaraağaç, Uluborlu, Yalvaç and Yenişarbademli. The central 
district has the highest population and the district with the lowest population 
is Yenişarbademli. According to data for 2022, the total population of Isparta 
is 445.325 people. Since it is located in the transition zone between the 
Mediterranean climate and the continental climate, both climate characteristics 
are observed within the borders of Isparta. The annual average air temperature 
is around 12 °C (highest 38.7 °C and lowest -21.0 °C). A significant portion 
of precipitation occurs in the winter and spring seasons (69%). The average 
annual total rainfall in the city centre is 508.3 mm. The main structure of the 
soil in Isparta province is generally in calcareous form. The topsoil, which has 
a depth of 8-40 cm, has a clayey-calcareous granular and dispersible structure. 
The subsoil, which has the same structure as the topsoil, is generally coarser and 
clayey. Isparta province, which is an extension of the Western Taurus Mountains 
and has very high mountains up to 3000 meters in height, has a rugged structure. 
The province consists of 68.4% mountains, 16.8% plains and 14.8% plateaus. 
The province is in the first-degree earthquake zone, where the Isparta-Dinar-
Çivril-Uşak earthquake line is located. There is a distribution with second-degree 
earthquake risk only in Sütçüler and Yenişarbademli districts, and third-degree 
earthquake risk in a narrow area on the eastern border of Sütçüler (WEB-4; 
WEB-5). Süleyman Demirel University, Department of Physics, located 10 km 
away from the city centre, was chosen for atmospheric radon measurements. 
The building where the Department of Physics is located is a 3-storey building 
with an area of 21300 m2 on the East Campus and serves with 189 academic 
staff. The faculty has 40 classrooms, a computer laboratory for 50 students, 7 
application and research laboratories, a seminar hall for each department, and 
a student cafeteria. Education and training activities continue with a total of 
5476 students, both day and night (WEB-6). The location of the faculty building 
where the study was conducted is shown in Figure 1.



38    RESEARCH ON ENVIRONMENTAL RADIOACTIVITY

Figure 1. Map showing the location of the study area  
(Measurement point is marked with a red marker).

2.2.	Measurement	Device

Wave radon detector, produced by Airthings, is a low-cost device with 
a Bluetooth connection that stands out with its positive features such as 
measurement range, sensitivity, battery life, and data transfer ability. This 
electronic radon detector can also measure the humidity and temperature of 
the environment and visually indicate the radon level in the environment (with 
different coloured LED lights). In addition, it was preferred in this study due 
to its lightweight, portability, aesthetic appearance, and the possibility of free 
mobile application. The manufacturer recommends that the Wave detector not 
be placed near windows or in places where ventilation is provided, in order to 
evaluate radon and other parameters more accurately. Following the installation 
of the device, the first radon gas data can be obtained approximately 1 hour later. 
Some technical features of this portable device (Figure 2), which resembles a 
smoke detector, are summarized in Table 1.
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Table 1. Basic features of Wave radon detector (WEB-7).

Radon Sampling Passive diffusion chamber
Detection Method Alpha spectrometry

Working Modes
Continuous radon monitoring: Long-term/Short-term 
monitoring

Measurement Range 0-20,000 Bq/m3

Working Principle
Radon monitoring can be done with the iOS and Android 
applications by a continuous electrostatic collection of alpha 
particles.

Power Source 2 AA alkaline batteries: ~1.5 years
Connection Outputs Wireless data transfer
Temperature and 
Humidity Range

4 °C - 40 °C
Relative humidity: <85%

Weight 219 g (with batteries)
Dimensions 120 × 36 mm (diameter × height)

Connectivity
Ability to wireless data transfer via Bluetooth and Airthings 
Smartlink (Wi-Fi) 

Monitoring
Radon data can be viewed on mobile phones and computers 
via Bluetooth connection.

Figure 2. Wave radon detector.

The system architecture used to obtain data from hourly measurements 
performed with the Wave radon detector is shown in Figure 3. The operation 
of the system can be explained as follows: The electronic detector placed at 
the measurement point measures the indoor radon concentration every hour. 
Using the Airthings Wave application installed on a smart phone, data can be 
downloaded to the mobile phone via Bluetooth connection or transferred to the 
internet database and saved on a PC with internet access. The obtained data then 
can be tabulated and examined with a spreadsheet program such as Excel.
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Figure 3. Data collection process for radon measurements.

2.3.	Experimental	Study

The experimental measurements were carried out between April 1 and April 
30, 2022, in the faculty building where the Department of Physics is located. In 
the selection of the measurement points, 3 rooms on each floor were chosen 
in the 3-storey Physics Department by ensuring that the measurement points 
were on top of each other (Figure 4 and Figure 5). The photograph showing 
the floors of the department and marking the locations of the rooms, where the 
detectors were placed, is presented in Figure 4. Floor sketches of the Physics 
Department and the locations of the detectors placed at the measurement points 
are represented in Figure 5. The general characteristics of the rooms selected 
for radon measurements, the serial numbers of the electronic detectors placed at 
these measurement points, and the coding used in the study are given in Table 2. 
All radon detectors, one at each measurement point, were mounted at respiratory 
level, 1.5 meters above the floor and in order to obtain more accurate results, the 
measurement devices were not placed near radiators, electronic devices, doors 
or windows. The data of the hourly measurements performed during the study 
were recorded in accordance with the system architecture presented in Figure 3 
and stored on a portable USB memory.

Figure 4. Rooms with measurement points on the floors in the Physics Department 
(The locations of the rooms, where the detectors are placed, are labelled in  
accordance with the sketch in Figure 5 and the coding given in Table 2).
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Figure 5. Display of measurement points on the floor sketches of the  
department (the coding matches with the codes in Figure 4 and Table 2).
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Table 2. Information about the radon detectors used and the rooms where measure-
ments were performed.

Detector’s Measurement Unit’s

Code Serial number
Room 

number
Number 
of doors

Number of 
windows

Area 
(m2)

D1 2950007481 Z-3 1 1 13.4

D2 2900262419 Z-5 1 1 13.7

D3 2950007518 Z-6 1 1 13.2

D4 2950006741 K1-4 1 1 19.7

D5 2950007488 K1-5 1 2 30.1

D6 2950007514 K1-6 1 2 30.1

D7 2950007493 K2-6 2 2 35.6

D8 2950007513 K2-7 2 1 14.4

D9 2950007495 K2-8 1 2 29.1

3. Results

5958 data were recorded for hourly radon measurements carried out 
simultaneously throughout the measurement process in 9 units of the Department 
of Physics at Süleyman Demirel University. The location information of the 
detectors used in the study and the descriptive statistical information of the 
measurement data obtained are presented in Table 3. The data were analysed 
statistically with the SPSS 29.0 program (WEB-8). Before starting the analysis, 
a normality test was applied to the data to determine whether the data had a 
normal distribution.

Since the number of data in the groups was more than 50, normality was 
examined with the Kolmogorov-Smirnov test and the data was considered to have 
a normal distribution since the significance value was found to be p>0.05. Since 
the data had a normal distribution and the groups were independent, statistically 
significant differences were detected for the measurements on the ground floor 
and the 1st floor using the one-way ANOVA test (p<0.05). However, it was found 
that there was no significant difference (p>0.05) between the measurements 
on the second floor (Table 3). The floor on which the measurement point was 
located was accepted as a criterion of the detector height, and the locations of 
the detectors were determined by GPS coordinates. The 662 measurement data 
taken per detector, descriptive statistics such as minimum (Min.), maximum 
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(Max.), and arithmetic mean (Mean) at the relevant measurement point, as well 
as p-values for each floor, are summarized in Table 3. 

Table 3. Locations of measurement points and descriptive statistics of  
radon data (Coding of the detectors is compatible with the coding given  

in Figures 4 and 5, and Table 2).

Information about Detectors
N

(Bq/m3)

Descriptive Information 
on Measurement Data

p
Code Location Floor

Min. Max. Mean
(Bq/m3) (Bq/m3)

D1
37.83042ºN
30.53260ºE

Ground floor
662
63
11

108 352 213

D2
37.83045ºN
30.53263ºE

599 271 0.001

D3
37.83048ºN
30.53254ºE

102 53

D4
37.83039ºN
30.53251ºE

First Floor
662
30
27

54 536 268

D5
37.83043ºN
30.53253ºE

235 95 0.001

D6
37.83054ºN
30.53274ºE

342 129

D7
37.83044ºN
30.53249ºE

Second Floor
662
26
14

21 213 103

D8
37.83042ºN
30.53248ºE

294 101 0.623

D9
37.83049ºN
30.53266ºE

294 100

N: number of measurements, p: significance value obtained as a result of one-
way ANOVA test

It was observed that the atmospheric radon concentrations recorded by 
the detectors on the ground floor varied between 11Bq/m3 and 599Bq/m3. It 
is a phenomenon that can be encountered in the literature that atmospheric 
radon levels at measurement points close to each other in a building built on 
the same soil structure can be different from each other (Karakılıç et al., 2014). 
In addition to the fact that radioactive decay is a random process, there may 
be many different reasons that may lead to this result due to differences in 
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environmental parameters. In our study, it was found that the averages obtained 
from the radon measurements of the D1 and D2 detectors were in the same order, 
but the average obtained from the radon measurements of the D3 detector on the 
ground floor was found to be lower. It is thought that this situation may be related 
to the isolation of the room where the D3 detector is located. In addition, the 
measurements of the D1, D2 and D3 detectors placed on the ground floor were 
statistically analysed with one-way ANOVA test (Table 3) and it was determined 
that there was a statistically significant difference between the measurements 
on this floor (p<0.05). While the maximum radon concentration recorded by 
the detectors on the first floor increased to 536Bq/m3, the lowest concentration 
detected during the measurement period was 27Bq/m3. While the average radon 
levels in the rooms where the D5 and D6 detectors are located are relatively 
similar, a higher concentration is observed in the office where the D4 detector 
is located. This is thought to occur because this less frequently used office has 
lower natural ventilation than other rooms on the same floor. As a result of 
examining the radon measurements on the first floor using one-way analysis 
of variance test, it was found that there was a statistically significant difference 
(p <0.05) between the measurement data of D4, D5, and D6 detectors (Table 
3). Radon concentrations ranging from 14 Bq/m3 to 294 Bq/m3 were observed 
with D7, D8, and D9 detectors taking measurements on the second floor. It is 
seen that the average radon levels in the rooms measured on the second floor 
are very close to each other (Table 3). The measurement data of D7, D8, and D9 
detectors were statistically examined with one-way ANOVA test (Table 3) and it 
was determined that there was no statistically significant difference between the 
measurements on this floor (p>0.05).

In order to examine the behaviour of indoor radon concentration according 
to floors, descriptive statistics of the measurement data obtained for floors were 
determined with SPSS 29.0 (Table 4). 

Table 4. Descriptive statistics of radon measurements for floors

Floor N
Min. Med. Max. Mean

p
(Bq/m3)

Ground floor 1986 11 173 599 179
0.001First Floor 1986 27 132 536 164

Second Floor 1986 14 93 294 101
Total 5958 11 116 599 148 -

N: number of measurements, p: significance value determined by one-way ANOVA test
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The measurement data here has a normal distribution and since the 
groups are independent from each other, one-way ANOVA test was applied. 
Thus, it was revealed that there was a statistically significant difference 
(p<0.05) between all measurements of the floors (Table 4). The change in 
average radon concentrations depending on height (the floors) is visually 
presented in Figure 6.

Figure 6. Indoor radon variation in the  
department building depending on the height of the floors.

For the recorded measurements in our study, it has been clearly demonstrated 
that radon decreases depending on the height as the floor height increases, 
and it has been shown in Figure 6 that this relationship can be successfully 
explained using a second-order polynomial fit (R2=1). In order to examine the 
differences between floor measurements, the Tamhane test for the homogeneity 
of variance and the Post-hoc tests for the differences were applied, and the 
level of differences between the measurements was determined as p=0.001. 
Measurements with statistically significant differences and their comparisons are 
as follows; 1st Floor measurements < Ground Floor measurements, 2nd Floor 
measurements < Ground Floor measurements and 2nd Floor measurements < 1st 
Floor measurements (p<0.05). Additionally, it was also observed that, compared 
to atmospheric radon concentrations recorded at the measurement points on 
weekends, a decrease occurred on weekdays due to the use of these units, which 
could be related to natural ventilation.



46    RESEARCH ON ENVIRONMENTAL RADIOACTIVITY

4. Conclusion

Radon, among the most dangerous carcinogens, can be observed in different 
concentrations depending on the altitude in enclosed spaces where we spend most 
of our time. In this study, the variation of indoor atmospheric radon concentration 
depending on height was investigated by performing simultaneous hourly radon 
measurements in April 2022 (for approximately 4 weeks) with 9 electronic 
detectors placed in 3 rooms on the ground, first and second floors in the Physics 
Department of Süleyman Demirel University. During the measurement period, 
1986 radon concentration data were taken per floor. When the averages obtained 
from the measurements were examined, it was found that the radon level on the 
ground floor was 179 Bq/m3, the radon concentration on the first floor was 164 
Bq/m3, and the radon level on the second floor was 101 Bq/m3. Approximately 
41% of the 5958 hourly measurement data taken in total were found to be lower 
than the intervention level of 100 Bq/m3 recommended by WHO. In addition, 
it was determined that only 9% of the measurements exceeded the intervention 
level of 300 Bq/m3 recommended by ICRP for common spaces. However, none 
of the hourly radon concentration measurements exceeded the intervention level 
of 1000 Bq/m3 recommended by TENMAK for workplaces. Measurement data 
were analysed with the SPSS 29.0 program, and as a result of one-way ANOVA 
tests, it was determined that there was a statistically significant difference 
between floor measurements (p<0.05). Comparisons were made between these 
measurements that had statistically significant differences. Accordingly, it was 
seen that the order of measurements of radon concentrations on each floor was 
as follows: 1st Floor measurements < Ground Floor measurements, 2nd Floor 
measurements < Ground Floor measurements and 2nd Floor measurements < 
1st Floor measurements (p<0.05). Within the limits of the study, it was revealed 
that indoor atmospheric radon concentration decreased with increasing height. 
In order to minimize the health risk caused by radon; the insulation of the rooms 
where D1, D2 and D4 detectors are located can be reviewed, rooms with radon 
concentrations above 100 Bq/m3 can be ventilated more frequently, and it can be 
suggested to identify risky areas by making more comprehensive measurements 
in the faculty building.
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1. Introduction

Radiation is a physical factor that always exists in nature, exists in 
different spectra in space, and affects living systems by releasing 
or transferring energy in the form of electromagnetic waves or 

particles. Radiation is divided into electromagnetic wave and particle type 
(CNSC, 2012).

Electromagnetic wave type radiation; It is a type of radiation with a certain 
energy but no mass. These are like waves of electric and magnetic energy that 
travel by vibrating. Electromagnetic waves (EM) are classified by three physical 
properties called wavelength λ (m), frequency f (Hz), and energy E (J or eV) 
depending on it (Kaya, 1997). This classification is called the electromagnetic 
spectrum (Figure 1).
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Figure 1: The electromagnetic spectrum  
(https://www.google.com/search?q=elektromanyetik)

Today, sources of electromagnetic fields include radars, mobile phones, 
radio and television transmitters, various instruments used in medical and 
industrial applications, high voltage lines, microwave ovens, and electrical 
household appliances. Radiations are classified as ionizing and non-ionizing 
radiation according to their ability to penetrate the matter and remove electrons 
from the atoms or molecules that make up the body (NCRP, 2009). Radioactivity; 
refers to the amount of ionizing radiation emitted by a substance. In other words, 
it is expressed as the amount of decay of the radioactive substance in a certain 
time interval, that is, the substance emits alpha or beta particles, gamma rays, 
x-rays, or neutrons. The units of measure for radioactivity are Curie (Ci) and 
Becquerel (Bq) (Khan, 2017). Particle radiation, on the other hand, is tiny 
particles with a certain mass and energy that form the basic structure of a very 
fast-moving atom (Robert Percuoco, 2014)

Radiation interacts with atoms and molecules and transfers energy to the 
environment it passes through (Leroy, and Rancoita, 2011). Natural radiation 
consists of natural radioactive materials that have existed since the formation 
of the world and cosmic rays from space. Natural sources of radiation include 
soil, drinking water, air, radioisotopes in the Earth’s crust, cosmic rays from 
outer space, and the food we eat. The natural radiation in the soil to which living 
things are exposed is formed as a result of 226Ra, 232Th, and 40K radioactive serial 
elements and their decomposition products (Güven et al, 2023; Bilgici Cengiz, 
2020). The dose rate that living things are exposed to is approximately 85% due 
to natural radiation and approximately 15% to artificial radiation (Karam and 
Leslie, 2005). As a result of the thinning of the ozone layer, Ultraviolet radiation 
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(UV-R) can reach the earth directly, and health and environmental effects due to 
this UV can occur.

Isotopes, which are in a stable state in nature, can be made radioactive 
by artificial means, and this phenomenon is called artificial radioactivity. Man-
made radioactive sources, nuclear power plants, X-ray-producing devices, and 
some medical devices can be examples of artificial radiation sources (Oyar and 
Gülsoy, 2003).

As seen in Figure 2, it is possible to divide the radiation into two groups 
“ionizing” and “non-ionizing” radiations. Ionizing radiation can easily pass into 
matter and remove electrons from atoms or molecules (Özgüner and Mollaoğlu, 
2006). Radiation exposure for medical purposes in the United States accounts 
for more than 95% of all man-made radiation exposures and accounts for half 
of all radiation exposures (Hricak et al., 2011). In the USA, the total radiation 
dose to which patients are exposed due to medical imaging has increased 6 times 
in the last 15 years (Mettler et al., 2009). An estimated 3.1 billion radiographic 
processes and 37 million diagnostic nuclear medicine applications are performed 
annually worldwide (Hricak et al., 2011).

Figure 2. Classification of radiation

The most frequently exposed radiation sources are natural sources such as 
cosmic rays and radon in the earth’s crust. Others are from human-made waste 
from nuclear reactors; x-ray, tomography, or mammography equipment used for 
medical diagnostic purposes; radiotherapy used in cancer treatment; and nuclear 
accidents caused by the use of nuclear weapons and nuclear testing. Wireless 
communication tools such as Wi-Fi and Bluetooth, base stations, mobile phones, 
and electronic devices emit EM radiation Since we are exposed to radiation 
from many sources in almost every aspect of life, the effects of radiation on 
human health have been an important research topic. Studies in this field have 
accelerated with decisive developments such as the nuclear war (Hiroshima and 
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Nagasaki atomic bomb attacks) and reactor accidents (Chernobyl disaster). The 
number of people working with radiation sources worldwide is approximately 
23 million. About 10 million of them are exposed to artificial sources. Three out 
of every four workers exposed to artificial sources work in the medical sector; 
The annual effective dose per worker is 0.5 mSv (UNSCEAR, 2000). Low 
and/or high-dose radiation applications create effects at the cellular level by 
activating biochemical and molecular signalling pathways in the cell. (Hao et al. 
2018; Poljak and Cvetkovic 2019). 

Controversy over the biological effects of radiation has been a public health 
issue for the last 30 years. Various studies conducted with experimental animals 
have shown that various radiation exposures cause genotoxicity, hypersensitivity, 
and cytotoxicity and disrupt some cellular functions. It has also been reported 
that it negatively affects the digestive system, cardiovascular system, nervous 
system, endocrine system, and reproductive functions (Lagroye and Poncy, 1998; 
Açıkgöz, 2019). The main cellular mechanism reported in studies on radiation 
damage is the formation of intracellular reactive oxygen species (ROS) (Topbaş 
and Hasırcı, 2022). Nowadays, radiation is constantly received for the purpose 
of diagnosis, treatment, and research of various diseases, depending on the 
frequency of use of various devices with electromagnetic fields and materials 
developed with natural resources and technology. It can be said that the high 
frequency (300 Hz-10 MHz) electromagnetic fields created by these disrupt the 
oxidant-antioxidant balance of the human body, causing an increase in ROS 
such as superoxide anion, hydroxyl radical, hydrogen peroxide, and therefore 
oxidative effects.

2. Radiation and Reactive Oxygen Species (ROS)

It is known that free oxygen radicals are chemically active and play a 
role in the basis of many diseases. Radiation is one of the important reasons 
responsible for the formation of invisible free radicals. Radiation sources can 
excite and ionize materials by transferring their energy. Most free oxygen radicals 
are produced in low amounts in the body during normal aerobic metabolism, 
radiation exposure, and environmental pollution and cause damage to cells that 
can always be corrected (Genestra, 2007).
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Figure 3. Reactive oxygen species (ROS)

Among the radicals, the most reactive type that attacks biological molecules 
is the hydroxyl radical. The radical with the strongest reactivity among ROS 
is hydroxyl (OH•), which is formed by the Fenton or Haber Weiss reaction 
(Figure 3). This begins when highly reactive radicals attack polyunsaturated 
fatty acids in cell membranes and remove a hydrogen atom from the methylene 
group (-CH2-). While this radical is synthesized from H2O2 as a result of 
the Fenton and Haber-Weiss reaction (in the presence of Fe+2 and Cu+), it is 
also formed as a result of exposure to water to high-energy ionising radiation 
(Colleen et al., 2007). The disruption of oxidative balance as a result of the 
increase in reactive oxygen species (ROS) formed during cellular metabolism, 
such as hydroxyl radical, superoxide radical and hydrogen peroxide, and the 
insufficiency of antioxidants that detoxify them, is defined as oxidative stress. 
Since the hydrogen atom contains only one electron, an electron is removed 
from the methylene group, leaving an unpaired electron on the carbon. Reactive 
oxygen species formed as a result of the increase in oxidative stress attack the 
double bond groups of intracellular lipid and protein structures and the double 
bonds of the bases in DNA and initiate chain oxidation reactions by breaking a 
hydrogen atom.

As a result, macromolecules such as intracellular lipids, proteins and 
DNA are damaged, resulting in cell damage or cell death (Figure 4). The most 
important pathological process associated with DNA damage is carcinogenesis, 
and oxidative damage is thought to play an important role in the initiation, 
progression and malignant transformation stages of carcinogenesis. The most 
common ROS in the organism is the lipid radical formed by the removal of 
hydrogen from the allyl group of unsaturated fatty acids. This structure first 
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reacts with oxygen to form the lipid peroxy radical, and then forms lipid 
hydroperoxides by making a chain reaction with lipids (Onat et al., 2002; 
Güven et al., 2021, Güven et al. 2003). High-frequency (300 Hz-10 MHz) 
electromagnetic fields disrupt the oxidant-antioxidant balance of the human 
body, causing an increase in ROS such as superoxide anion, hydroxyl radical, 
hydrogen peroxide, and therefore oxidative stress (Wang and Zhang, 2017). Our 
brain, which is the main organ of the central nervous system and where 20% 
of our body’s oxygen consumption occurs, is more sensitive to oxidative stress 
because it has lower antioxidant capacity than other organs.

Figure 4: Effects of free radicals on the cell

Most intracellular regulatory changes after radiation occur through the 
interaction of classical signalling harmonizers between oxygen free radicals, 
DNA, and DNA double breaks (DSBs). Preservation of normal tissues may allow 
for increased radiation dose and increased tumour control. The cell component 
most affected by free radicals is lipids. However, almost all of the molecules that 
make up the cell are exposed to the harmful effects of free radicals. In particular, 
fatty acids and cholesterol in the cell membrane are attacked by free radicals, 
causing the release of lipid peroxidation products (Korkmaz, 2014; Güven and 
Alkış, 2018).

Radiation can seriously reduce the quality of life and life expectancy 
if precautions are not taken. The harmful effect of radiation results from the 
production of free radicals and reactive oxygen species (ROS). Reactive oxygen 
species, especially hydroxyl radicals, cause membrane lipid peroxidation, 
oxidation of cell proteins, and deoxyribonucleic acid (DNA). Additionally, 
ROS creates an inflammatory response cascade. Ultimately, it may cause cell 
death. Substances released from dead cells then increase inflammation by 
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stimulating endothelial and macrophage-like cells. The increased inflammatory 
response can cause long-term and irreversible tissue damage. Ionizing radiation 
directly interacts with DNA and proteins. The damaged cell tries to combat 
this harmful effect by activating the defence system. If exposure to ionizing 
radiation continues, the damage to DNA cannot be repaired and increases the 
risk of cancer. As a result of these effects; Hair loss, respiratory system diseases, 
gastrointestinal system bleeding, bleeding due to bone marrow suppression, and 
anaemia may occur. In addition, cancer may occur in the short or long term, 
depending on the pathogenesis of many diseases such as diabetes, cardiovascular 
diseases, neurological diseases, atherosclerosis, and inflammatory disorders, and 
most importantly, depending on the dose and dose rate of radiation. Studies have 
shown that low frequency and intensity pulsed electromagnetic field (PEMF) 
increases the permeability of cell membranes, promotes wound healing in soft 
tissues, and has a remarkable role in the treatment of symptoms of skin ulcers, 
neurodegenerative and ocular diseases (Wang and Zhang, 2017). The current 
study, unlike the literature, showed that 75 Hz, 1±0.2 mT PEMF exposure 
affected cell viability, ROS level, and antioxidant activity in U-87 MG human 
glioblastoma cells, in which oxidative stress was induced by treatment with high 
dose (0.1 mM) H2O2 for 30 min, 24 h, 48 h. It has been shown that it reduces 
the effect on the activity and/or amount of GPx and GSH, which are important 
molecules in the defence system.

Oxidative stress is a condition associated with many diseases such as 
myocardial infarction, neurodegenerative diseases, atherosclerosis, heart 
failure, and chronic liver and lung diseases. Modern society’s constant exposure 
to radiation suggests that this can cause increased oxidative stress in cells and 
cellular damage through other mechanisms.

3. Effect of Radiation on Tissues

People absorb radioactive substances into their bodies from the food 
eat, the liquids drink, and the air breathe, and they are constantly exposed to 
radiation. When the human body is exposed to radiation, it accumulates energy 
in its body. The harmful effects of radiation to which a person is exposed vary 
depending on the person’s weight, age, gender, and body structure. Since some 
organs differ in sensitivity compared to other parts and organs of the body, the 
effects of radiation on the living body also vary. Depending on these variables, 
the definition of equivalent dose or, in the case of the whole body, the effective 
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equivalent dose is used for the radiation dose that includes all these situations. 
The name of the equivalent dose or effective equivalent dose unit is Sievert (Sv) 
(Kaya et al., 1997). Some epidemiological findings (especially studies on post-
atomic bomb survivors) show that for many types of cancer, the risk increases 
almost linearly with dose (Tamam et al., 2016). The risk of cell damage has been 
established at doses less than 100 mSv. There are risk assessments available in 
the range of 50-100 mSv. In the study where the levels of some antioxidants 
(GR, GPx, GST, SOD, CAT, GSH) in the brain and liver tissues of rats were 
evaluated, 0.434 (W/Kg) at 1 hour/hour, 0.433 (W/Kg) 5 days a week for 1 
month), and the amount of GSH in the brain and liver tissues of rats exposed 
to 900, 1800, and 2100 MHz RF-EMA with a specific absorption rate (SAR) 
value of 0.453 (W/Kg), decreased significantly, especially in rats exposed to 
RF-EMA. 2100 MHz RF-EMA. It was determined that the amount of GSH in 
brain and liver tissues was lower than in other groups (Sharma et al. 2021). The 
type of radiation exposure, dose, and duration of exposure have been determined 
to be the main factors, and ionizing radiation has been proven to cause more 
serious effects than non-ionizing radiation. The effects occurring in different 
tissues and organs exposed to the same amount of radiation are not the same. 
Therefore, tissue and organ weight factors (WT) were determined (Sharma et al., 
2021). The type of radiation exposed, dose, and duration of exposure have been 
determined to be the main factors, and it has been proven that ionizing radiation 
causes more serious effects than non-ionizing radiation. The effects occurring 
in different tissues and organs exposed to the same amount of radiation are not 
the same. Therefore, tissue and organ weight factors (WT) were determined. 
The effects on tissues and organs exposed to the same amount of radiation are 
different. Therefore, tissue and organ weight factors (WT) were determined. 
Tissue and organ weight factors according to the International Commission 
on Radiological Protection’s (ICRP’ actual determination are given in Table 1 
(ICRP 2007).

Ionizing radiation can cause many diseases and cancer. Both physical and 
biological factors influence the pathophysiology of normal tissue damage after 
radiotherapy. There is no cell that is completely resistant to radiation. Among the 
structures that make up the cell, the nucleus and especially the chromosomes in 
the division stage are much more sensitive than the cell cytoplasm. Radiation can 
cause chromosomes to break, stick together, interlock, and curl. Chromosome 
breaks may reorganize, remain the same, or merge with another chromosome 
(Ugras et. al., 2010; Kim et al., 2017).
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Table 1. Tissue weighting factors according to ICRP (ICRP 2007)

Radiation causes damage to the tissues it interacts with, either directly or 
as a result of the interaction of free radicals with other elements in the cell. In 
the studies carried out; It is known that the negative effects of ionizing radiation 
on living tissue vary depending on the irradiation time and the dose exposed 
(Figure 5). High doses cause cell death by creating irreparable breaks in the 
DNA chain, while low doses pause cell division. As the dose increases, the 
time for division to begin is prolonged, the number of mitosis decreases, and 
abnormal mitotic patterns and degenerate cells appear (Ugras et al., 2010). In 
addition, the temperature increase in tissues due to exposure causes the opening 
of voltage-gated calcium channels in nerve cells and causes cellular death by 
changing the electrical activity in neurons (Pall 2013; Kim et al. 2017).

Today, many diagnostic and therapeutic applications such as traditional 
chemotherapy, radiotherapy applications, positron emission tomography (PET) 
imaging, immunotherapy, and molecular targeted therapy are successful in 
improving survival, control of local and distant metastasis, and quality of life. 
Radiation-induced lung disease may occur, especially after radiotherapy is 
applied for the treatment of breast, lung cancer, and other thoracic malignancies 
(Siegel et al., 2020; Rodrigues et al., 2004). Due to radiation toxicity, radiation 
dose is the limiting factor in conventional radiotherapy. With the development 
of new radiotherapy techniques such as intensity-modulated radiotherapy 
(IMRT), volumetric module arc therapy (VMAT), and proton therapy, the 
radiation exposure of healthy lung tissue is significantly reduced. It is known 
that in this way, the risk of developing radiation-related pneumonia (RIP) and 
radiation-related lung fibrosis (RILF) is reduced. The localization of the tumour 
(central, peripheral), as well as the technique and dose of radiotherapy, also 
affect lung toxicity (Kocak et al., 2005; Palma et al., 2013). Radiation nephritis; 
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It is a result of necrosis, atrophy, and sclerosis that occurs following exposure 
of the kidney to ionizing radiation. Studies have shown that radiation damage 
to the stomach in the acute period; has been reported that it is characterized by 
ulceration, perforation, atrophic gastritis, and a decrease in gastric acid secretion 
(Madrazo et al., 1975; Abdel-Salam et al., 2005). After the Chernobyl accident, 
many people were exposed to high doses of radioactive iodine in the first few 
hours. One of the most important health problems caused by radioactive iodine 
is childhood thyroid cancer.

Figure 5. Damages caused by radiation-induced  
reactive oxygen species (ROS) to the human body

4. Conclusion

In people exposed to high radiation, skin cancer occurs when the radiation 
reaches the roots of the hair on the body, and cataracts occur when it reaches the 
eyes. The thyroid gland is vulnerable to radioactive iodine, which can destroy 
itself. Radiation taken through breathing or food causes lung and breast cancer. 
The digestive tract, stomach, and intestines suffer from many metabolic and 
pathological damages because of radiation. Radiation affects the ovaries in 
women and the testicles in men, and also causes the loss of white blood cells 
in the bloodstream, leaving the body vulnerable to infection. Radiation also 
directly triggers leukaemia and anaemia in children.
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1. Introduction

TARLA (Turkish Accelerator and Radiation Laboratory in Ankara) 
is the first national free electron laser facility and was established to 
conduct research on materials science, nonlinear optics, semiconductors, 

biotechnology, medicine and photochemical processes. The facility is designed 
to produce free electron laser (FEL) pulses in the energy range of 10-40 MeV and 
bremsstrahlung radiation up to 30 MeV (Aksoy et al., 2018). When operating and 
dumping with accelerated electron beams at TARLA, high quantities of X-rays 
and gamma radiation may occur in FEL and bremsstrahlung units. According 
to the regulations, this amount of man-made radiation has to be supervised and 
controlled. The doses taken by the radiation workers have to be recorded and 
monitored for radiation protection and radiation safety concept. To minimize 
the health risks of ionizing radiation, the ICRP (International Commission on 
Radiological Protection) has recommended limits to the annual dose exposure 
for radiation workers (ICRP, 1991; ICRP, 2007). 
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Two types of personal dosimeters are used for individual monitoring in 
radiation applications: active (electronic) and passive dosimeters (Görkan, 
2016). In passive dosimeters, dose exposure information is obtained as a result 
of various processes that require time, depending on the form of the dosimeter. 
Electronic dosimeters, on the other hand, offer real-time measurement and warn 
users with a dose rate alarm against unexpected radiation and sudden dose 
changes when the threshold value is exceeded. These opportunities offered by 
electronic dosimeters enable them to be ahead of passive dosimeters in high-
radiation areas such as accelerator facilities (Takahashi et al., 2008; Suliman et 
al., 2010; Chiriotti et al., 2011; Görkan, 2016). At TARLA, active and passive 
systems are used together to monitor the annual doses received by the staff. 
OSL (Optically Stimulated Luminescence) dosimeter was chosen as passive 
dosimeter, and DMC 2000S type EPD (Electronic Personal Dosimeter) (MGP, 
2011) was preferred as active dosimeter. Before routine use in a facility, 
dosimeters must be irradiated and tested in a laboratory with international 
standards. IEC (International Electrotechnical Commission) has published 
the IEC-61526 standard for testing personal dose equivalents Hp(10) and 
Hp(00.7) in electronic dosimeters (IEC, 2010). This standard is applicable for 
different types of radiation (X-rays, gamma-rays, neutrons and beta radiation), 
regardless of the detector type of dosimeters. Dosimeters can be tested in two 
ways: type testing and routine calibration (Oberhofer, 1991). Type testing of 
a dosimetry system is performed to determine the response variations of the 
dosimeters depending on the radiation type, energy and irradiation angle. 
Routine calibration is applied to normalize dosimeter measurements using 
a single source under special irradiation conditions. In the present study, the 
calibration test measurements on the Hp(10) performance of MGP DMC 2000S 
model electronic dosimeters for the irradiations at 10, 500 and 1000 µSv doses 
are examined.

2. Materials and Methods

2.1.	TARLA	Dosimetry	System

DMC 2000S model electronic dosimeters (MGP, 2011) and LDM 220 
model readers (MGP, 2003) from Mirion Technologies are used in TARLA 
(Figure 1). The dosimetry system of the facility consists of 55 EPDs, 2 dosimeter 
readers and the related software (dosimass and dosicare) compatible with 
Windows operating systems. 
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Figure 1. DMC 2000S electronic dosimeter (left) and  
LDM 220 dosimeter reader (right)

The electronic photon dosimeter can measure equivalent doses for gamma 
and X-rays in the energy range of 50 keV-6 MeV. The nuclear characteristics 
of the dosimeter are shown in Table 1. The LDM 220 is a compact dosimeter 
reader (hands-free) that communicates with the dosimeters of the DMC 2000S 
in pass-by data exchange mode. The reader detects dosimeters at a range of 
20-30 cm with infrared waves. For monitoring and recording personal dose 
equivalents, the LDM 220 works by connecting to the USB port of the computer 
on which the necessary software packages are installed.

Table1. DMC 2000S characteristics Some nuclear  
characteristics of the DMC 2000S dosimeter

Radiation Types Gamma and X rays

Detector Silicon Diode

Energy Range 50 keV - 6 MeV

Measured Quantity Hp (10)

Measurement Range
Equivalent Dose 1 µSv - 10 Sv

Equivalent Dose Rate 1 µSv/h - 10 Sv/h

Response Time < 5 s

Linearity 
≤ ± 10%   (for Hp(10) ≤ 1Sv/h)  

≤ ± 25%   (for 1Sv/h < Hp(10) ≤ 10Sv/h)  
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Dosimass and dosicare are the two main software of this dosimetry 
system. Dosimass is a software that allows storing, reading and changing the 
parameters of existing dosimeters, activating dosimeters and putting them in 
standby mode, checking historical data and providing solution suggestions 
for problems that may occur. Dosicare, on the other hand, is a database 
software where user data is created, dose and dose rate threshold values 
for alarms are determined, and the doses received by users are stored. In 
addition to the user manuals, detailed information about the components of 
the dosimetry system mentioned here can be found in the thesis written by 
Görkan (Görkan, 2016).

2.2.	The	Irradiation	Process

14 dosimeters were irradiated with gamma radiation in the Calibration 
Laboratory of Ankara University Nuclear Sciences Institute which is a SSDL 
(Secondary Standard Dosimetry Laboratory) (Duruer, 2010; WEB, 2017). 137Cs 
(622 keV), which is one of the sources recommended by ISO (ISO, 1996) and 
IEC (IEC, 2010), was used as a gamma radiation source. Dosimeters were 
irradiated together with the ISO water phantom to mimic human body. The 
water phantom is a 30×30×15 cm rectangular prism filled with pure water. 
The phantom is made using PMMA (polymethylmethacrylate) material. The 
thickness of the front surface is 2.5 mm and the thickness of all the other 
surfaces is 10 mm (ISO, 1999). While performing the measurement process 
in a real situation, dosimeters measure not only the direct radiation but also 
the backscattered radiation from objects and the users’ own bodies. By placing 
the dosimeters on the water phantom, the radiation scattered back from the 
phantom is provided as if it were scattered from the human body, enabling 
the dosimeters to make more realistic dose measurements. The 137Cs source is 
placed in a mechanism shielded with a steel-coated lead cylinder. The source 
is mounted on the stainless steel pipe inside the cylinder, and this pipe can be 
moved up and down by commands given from the computer in the control room. 
There is a window in the middle of the cylindrical shield, and when the moving 
mechanism brings the source to the level of this opening, the experimental setup 
is ready for the irradiation process.

Dosimeters were placed in pairs on the water phantom 1.5 m away from 
the 137Cs source, as represented in Figure 2.
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Figure 2. Representation of the experimental setup for the irradiation process

Dosimeters were irradiated at doses of 10 µSv, 500 µSv and 1000 µSv. 
In order to adjust the desired dose values, the distance between the source and 
the dosimeters was kept constant and the irradiation time was changed from the 
control unit (2 seconds for 10 µSv, 158 seconds for 500 µSv and 317 seconds 
for 1000 µSv). 

When evaluating measurement results, the expression relative percent 
error is used to compare an experimental measurement value with the correct 
or expected value. Relative percent error, I(%) is given by
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where Ht is the expected dose value (true value) in µSv and Hi represents 
the measured value by a dosimeter in µSv. IEC has recommended that the 
percentage error for dosimeters irradiated with a 137Cs source should not exceed 
(20+x)%. Here x is the uncertainty in the actual irradiated dose value and 
should not exceed 10% (IEC, 2010; Suliman et al., 2010). Therefore, it can be 
expected that the percentage error values of dosimeters should not exceed 30%. 
Since the measurements in the present study were performed for a single type 
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of dosimeter (DMC 2000S model dosimeters), it is not possible to know how 
much of the percentage error value is due to measurement and how much is due 
to irradiation error.

3. Results 

In order to examine the Hp(10) performance of DMC 2000S devices, 
randomly selected 14 dosimeters were exposed to gamma radiation at 10, 500 and 
1000 µSv doses in Ankara University Calibration Laboratory. The descriptive 
information of the dose measurements are presented in Table 2 (HiMin indicates 
the minimum measurements, HiMax stands for the maximum measurements, iH  
is used for the mean values and the standard deviations of the measurements are 
represented by ∆Hi while I is the relative percent error). 

When the measurement results were evaluated, it was revealed that the 
highest relative percentage error (20%) was observed in the lowest irradiation 
condition. In fact, only one dosimeter (7% of the measurements) resulted 
with 20% error, 8 dosimeters had 10% error and 5 dosimeters (36% of the 
measurements) provided exact measurements at 10 µSv exposure. When 
considering the conditions in radiation areas and the annual dose limitations for 
radiation workers, a dose of 10 µSv is quite low and therefore the error of 20% 
corresponds to a negligible value. Reflections from the phantom and from the 
objects in the laboratory can be considered to be less effective on dosimeters at 
10 µSv exposure. On the other hand, the sensitivity of our EPDs is around 1 µSv, 
which possibly indicates that the contribution of instrumental error has become 
important.

Table 2. Hp(10) measurement results of DMC 2000S dosimeters  
for 10, 500 and 1000 µSv doses (I values were calculated for  

the averages by using Equation 1). 

Ht N HiMin HiMax iH ∆Hi I

(µSv) (µSv) (µSv) (µSv) (µSv) (%)

10 14 10.0 12.0 10.7 0.6 7.0

500 14 537.0 571.0 554.2 9.2 10.8

1000 14 1056.0 1127.0 1089.4 19.1 8.9

N: the number of dosimeters measured
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For the irradiation test at 500 µSv, the lowest dose value recorded by the 
dosimeters was 537 µSv and the highest value was 571 µSv. The arithmetic mean 
of the measurements was around 554 µSv and all the dosimeters had readings 
greater than the irradiation dose. This may be because of the re-detection of 
the reflected radiation (from the phantom, walls and objects in the laboratory) 
by the dosimeters. For 500 µSv exposure, all of the personal dose equivalent 
measurement results were lower than the acceptable limitation for EPDs. It was 
found that the percentage error values of the dosimeters varied between 7% and 
14%. Thus, it can be said that the contribution from the reflected radiation does 
not prevent the calibration test. 

Among all Hp(10) measurements, the lowest error value (6%) was observed 
at 1000 µSv exposure, and the maximum relative percentage error recorded in 
this step was 13%. The arithmetic mean of the measurements was calculated 
as 1089.4 µSv, and no personal dose equivalent measurement level lower than 
1056 µSv was observed (Table 2). These excesses in measurements may be due 
to scattered radiation, as seen in the 500 µSv exposure test, and background 
radiation, considering the irradiation time of 317 seconds.

Among the 14 EPDs tested, the dosimeter with ID number “859999” 
provided the highest measurement results for every irradiation condition. It is 
thought that this is caused by the instrumental error of the dosimeter. However, 
the percentage errors in the measurements of this dosimeter do not exceed 20%. 
For all 3 irradiation cases, on the other hand, the error values of the DMC 2000S 
dosimeters subjected to this study were determined to be lower than the (20+x)% 
limitation accepted for electronic dosimeters.

In addition, all measurement results regarding personal dose equivalents 
were examined for the linearity of the dosimeters (Figure 3). The x-axis (Ht) 
shows the actual dose values for the irradiation processes and the y-axis (Hi) 
represents the dose values measured by the dosimeters in Figure 3. When 
evaluated according to the applied irradiations, the graph shows that the 
measurement results obtained for 10 µSv exposure display a dispersion, while 
the other measurements overlap around 500 µSv and 1000 µSv. In Figure 3, both 
axes of the linearity graph are plotted on a logarithmic scale so that measurement 
differences can be noticed more easily. 
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Figure 3. Linear response of DMC 2000S model  
dosimeters between 10 and 1000 µSv exposures 

A linear fit relation was established assuming that the dosimeters did 
not record any readings in the absence of irradiation (Hi=1.093×Ht). This 
correlation is consistent with the linearity value of ≤ ±10% reported by the 
manufacturer for Hp(10) ≤ 1Sv/h (Table 1). R2 value of this fit was found 
to be 0.999 and the fit formula could successfully explain that the measured 
values were slightly higher than the actual dose values (Figure 3). This may 
be due to a systemic error, which could be a combination of the background 
gamma radiation in the laboratory, the instrumental error of the dosimeters, 
and the extra readings caused by backscattering. Finally, it can be stated that 
the DMC 2000S dosimeters have a linear response in the range of 10 to 1000 
µSv (Figure 3).

4. Conclusions

EPDs are important for accelerator facilities for several reasons such as 
radiation protection, safety compliance, dose optimization emergency response 
and so on. Accelerators produce ionizing radiation that can be harmful if 
exposure levels are not monitored and controlled. EPDs are designed to measure 
and record the radiation dose received by the staff working in and around the 
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accelerator facility. By wearing an EPD, personnel can be aware of the exposed 
radiation levels and take necessary precautions when necessary. Radiation safety 
regulations and guidelines require monitoring of ionizing radiation , which is 
taken by the personnel working in radiation areas. EPDs are very practical for 
measuring and documenting radiation doses. This data is important to ensure 
compliance with safety regulations and maintain a safe working environment. 
The use of EPDs to evaluate individual radiation doses is useful for dose 
optimization. By monitoring the radiation exposure of personnel, the locations 
or activities with higher radiation levels can be identified and appropriate 
arrangements to reduce exposure can then be considered such as changing work 
practices, implementing protective measures, or providing additional training 
and protective equipment. In an unexpected radiation situation or emergency, 
EPDs can provide real-time information about the radiation taken by personnel. 
This data is crucial for making decisions regarding evacuation, decontamination, 
and medical treatment. EPDs with alarm features also alert staff when radiation 
levels exceed predetermined thresholds. Thus immediate action can be taken. 
In general, EPDs store radiation dose measurements electronically, allowing 
historical data to be easily accessed and analysed. This data can be used for 
individual monitoring and for evaluation of the effectiveness of radiation 
protection. It also simplifies the generation of reports for regulatory compliance 
and controls.

In the present study, an electronic dosimeter system, which has been 
used by the radiation safety division of TARLA, was introduced. The photon 
radiation response of the electronic personal dosimeter DMC 2000S was 
examined. A set of 14 EPDs were exposed to gamma radiation at 10, 500 and 
1000 µSv doses by using the 137Cs (622 keV) source at the Secondary Standard 
Dosimetry Laboratory of Ankara University, Türkiye. It was shown that the 
measured Hp(10) values changed from 10 to 12 µSv for 10 µSv exposure. The 
measurements were varied between 537 and 571 µSv for 500 µSv exposure and 
ranged from 1056 to 1127 µSv for 1000 µSv exposure. 

Within the limitations of this study, the responses of all the EPDs tested 
were found to meet dosimetric performance standards (i.e., all the percentage 
error values were lower than (20+x)%). The irradiation test results also revealed 
that the electronic dosimeters had a linear response to the doses between 10 µSv 
and 1000 µSv. Therefore, it can be concluded that DMC 2000S dosimeters can 
be used conveniently for high radiation applications as used in TARLA. 
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1. Introduction

Ionizing radiation is electromagnetic (such as X or gamma rays) or particle 
(such as neutrons or alpha particles) radiation that creates charged particles 
(ions) by removing electrons from the atoms or molecules in the matter it 

interacts with. Gamma rays are high-energy photons released by the unstable 
atomic nucleus, which remains excited as a result of radioactive decay (α or β 
decay), as it passes to the ground energy level. X-rays are high-energy photons 
produced by the rapid slowing down of a high-energy electron beam or by elec-
tron transitions in the inner orbits of atoms. As seen in Figure 1, X and gamma 
rays form the high-
est energy (shortest 
wavelength) part of 
the electromagnetic 
spectrum (TAEK, 
2009; Çağlar, 2014).

I o n i z i n g 
radiation sources can 
be examined under 
two main headings: Figure 1. Electromagnetic Spectrum (Kot et al., 2014)
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natural sources and artificial sources. Radionuclides such as 40K, 238U, 87Rb and 
232Th with very long half-lives, which have existed in the earth’s crust since 
the formation of the earth billions of years ago and have not yet completely 
decayed, cosmic rays coming from outer space and the sun, and radionuclides 
formed by cosmic rays constitute a significant part of the naturally occurring 
ionizing radiation (Coşkun, 2011; Cengiz and Çağlar, 2016; Bilgici Cengiz 
and Çağlar 2022). Natural radiation sources are found naturally in many 
environments such as soil, water, air, building material, food stuff, and etc. 
The main radionuclides of natural origin are 40K, 238U and 232Th and various 
radionuclides that are their decay products (Bilgici Cengiz, 2020; Cengiz, and 
Öztanrıöver 2018).  In addition, high-energy cosmic rays constantly produce 
new radioactive substances such as tritium (3H) and carbon (14C) in the upper 
layers of the atmosphere (Çağlar, 2014).

Radioactive fallout from nuclear bomb tests, fallout from nuclear reactor 
accidents such as the Chernobyl accident, radioactive substances released during 
the operation of nuclear reactors, and X-rays and artificial radioactive substances 
used in science, medicine, agriculture and industry are the main sources of 
artificial radiation (Çağlar, 2014). Radionuclides such as 239Pu, 240Pu, 241Am, 
90Sr and 137Cs, which spread into the environment through various processes, 
are the main sources of artificial ionizing radiation in the environment (Dang, 
et al.2021). In addition, x and gamma rays and various radionuclides used in 
medicine for imaging, diagnosis and treatment are other sources of ionizing 
radiation to which humans are exposed (Çağlar and Cengiz, 2021).

When an X-ray or γ-ray interacts with a target material, the photon may 
undergo attenuation, absorption, scattering, or transmission. Although there are 
many interaction mechanisms, three interaction types are of clinical importance 
in the interaction of radiation with matter in radiotherapy applications. These 
interaction mechanisms are Compton scattering, photoelectric effect and pair 
production (Mehta et al., 2010).

Cancer, one of the leading health problems of our age, is a disease 
that requires long-term treatment. It is defined as the uncontrolled division, 
proliferation and accumulation of cells in an organism. Surgery, chemotherapy 
and radiotherapy are commonly used methods in cancer treatment. In addition, 
different methods such as immunotherapy, hormone therapy and gene therapy 
are used depending on different types of cancer (Baykara, 2016). In the treatment 
of some diseases, chemotherapy and radiotherapy are applied simultaneously 
and this method is called chemoradiotherapy (Yorgun, and Kavaz, 2019). The 
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goal of radiotherapy is to destroy cancerous cells using X-ray, gamma ray or 
other types of ionizing radiation. However, while destroying cancerous cells, 
it is necessary to minimize the damage to healthy cells (Hosseinimehr, 2007). 
In radiotherapy applications, the damage caused by radiation to normal tissue 
depends on many factors such as the location and width of the treatment area, the 
total and daily dose to be applied, the age and general condition of the patient, 
and the quality of the treatment (Çelik, 2014).

The biological effects of radiation on living cells include injured or 
damaged cells, cell death, and improper cell repair resulting in biophysical 
changes (Painuli and Kumar, 2016). Ionizing radiations damage cells, tissues 
and organs through a series of molecular events such as photoelectric, Compton, 
pair production and Auger effects triggered by free radicals called reactive 
oxygen species (ROS). Superoxide anion (O2

−), hydrogen peroxide (H2O2) 
and hydroxyl radicals (OH−) are the main reactive oxygen species (ROS). 
Because these free radicals have unpaired electrons, they can easily interact 
with critical macromolecules such as DNA, proteins, or membranes, causing 
cell damage and potentially cell dysfunction and death (Fischer et al., 2018). 
Therefore, the study of gamma-ray absorption behaviour of chemotherapy 
drugs used in cancer treatment will be useful in chemoradiotherapeutic 
applications.

2. Gamma-ray Attenuation Parameters

Mass attenuation coefficient (μm), linear attenuation coefficient, half 
value layer, mean fere path, effective atomic number (Zeff), effective electron 
density (Ne), are the basic parameters to evaluate the penetration and energy 
deposition of radiation in a given material. The widespread use of ionizing 
gamma and X-rays in science and technology increases the importance of 
knowledge of these radiological parameters. These radiological parameters 
depend mainly on the radiation energy, the chemical composition of the target 
material and the density of the material (Elmohrough et al., 2015; Ekinci et 
al., 2015)

The mass attenuation coefficient (µm) serves as a fundamental tool in 
calculating other attenuation parameters such as half-value thickness, mean free 
path, effective atomic number, effective electron density and etc. The µm values 
for any materials composed of different elements in varying proportions can 
be determined from the coefficients for the constituent elements by employing 
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mixture rule given in equation 1 (Jackson and Hawkes, 1981; Elmohrough et al., 
2015; Alım et al., 2020):

where 𝑤𝑖 is the weight fraction of element i and (𝜇m)𝑖 is the mass attenuation 
coefficient of the ith constituent element in a sample.  The half value layer (HVL) 
represents the material thickness required to reduce the incident gamma photons 
intensity by one half and is calculated by using equation 2 (Sayyed, 2016; 
Yorgun and Kavaz, 2019; Aygun and Aygun, 2023):

where μ is the linear attenuation coefficient of the investigated material at 
a particular gamma energy. 

The effective atomic number is a quantity used to visualize the interaction 
of gamma photons with the target material on the basis of atomic number. It 
depends on the incident gamma ray energy and the atomic diversity of the 
material.  Zeff is a parameter used to describe the atomic numbers of materials 
consisting of different elements at different energies.  Zeff values are given by the 
ratio of the total atomic cross section (σa) to the total electronic cross section (σe). 
The σa values are found using the m values of the samples with the following 
equation (Elmohrough et al., 2015; Çağlar et al., 2021):

where NA is the Avogadro’s number, Ai and wi are atomic and fractional 
weights of the individual elements in the sample, respectively. Also, the total 
electronic cross section (σe) is calculated using following equation (Chanthima 
and Kaewkhao, 2013: Manjunatha, and Rudraswamy, 2011).

where fi and Zi are the fractional abundance and the atomic number of 
the individual elements in the sample, respectively.  The Zeff values for a given 
sample can be computed with the help of the following equation (Mostafa et al., 
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2017; Elmohrough et al., 2015; Singh et al., 2018; Alım et al., 2020; Aygun et 
al., 2023):

In the studies we reviewed, gamma ray build-up factors of investigated 
drugs were calculated by applying GP fitting procedure in the following three 
steps.

1. Computation of equivalent atomic number (Zeq);
2. Computation of G–P fitting parameters
3. Computation of energy absorption and exposure build-up factors (EABF 

and EBF).

In the first step, the ratio of the Compton partial mass attenuation coefficient 
to the total mass attenuation coefficient for the examined materials is calculated 
for each interested energy value using the WinXCOM program. Then, Zeq 
values are calculated by matching this ratio with the ratio of a pure element 
corresponding to the same energy with the following equation 6 (Harima et al, 
1986; Şakar et al., 2020);

where Z1 and Z2 are the atomic numbers of the elements corresponding to 
the ratios R1 and R2, respectively. R is the ratio of (μm)Compton and (μm)Total and lies 
between R1 and R2.

In the second step, the obtained Zeq values are used to calculate the G-P 
fitting coefficients (a, b, c, d, and Xk).  G-P fitting coefficients for 23 elements 
(Z=4–92), water, air and concrete in the 0.015-15 MeV energy region up to 40 
mfp are available in the ANSI/ANS-6.4.3 reference database. These coefficients 
are implemented to compute the G-P fitting buildup coefficients of selected 
materials using equation 7 (Raut et al., 2018; Ekinci et al., 2019; Şakar et al. 
2020)
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where P denotes G-P fitting parameters of investigated compounds. P1 and 
P2 are the values of G-P fitting coefficients taken from the ANSI/ANS-6.4.3 
database corresponding to the Z1 and Z2 atomic numbers at particular gamma 
ray energy, respectively. 

In the third step, the GP fitting coefficients obtained from equation 7 are 
used to estimate the gamma ray EABF and EBF factors. Taking into account the 
dose multiplication factor, the EABF and EBF factors of the examined drugs 
for the some standard gamma ray energies are calculated from equations 8-10; 
((Harima etal.,1986; Raut et al., 2018; Ekinci et al., 2019).

In the above equations, x is the penetration depth in unit of mfp, b is the 
buildup factor for x= 1mfp, E is the incident gamma ray energy, and K (E, X) is 
the dose multiplication factor.

3. Results and Discussion

The X and gamma ray attenuation behaviours of some cancer drugs such 
as Tadocel, Fluro-5, Erbitux, Carboplatin, Temodal, Tamoxifen, Endoksan and 
Oxaliplatin were estimated with a study by Yorgun and Kavaz (2019). The mass 
attenuation coefficient (μm), half value layer (HVL) and effective atomic number 
(Zeff) of these cancer drugs were experimentally determined for different gamma 
energies in the range of  13.81-59.54 keV obtained from 241Am radioactive 
source by using Si(Li) detector. To check the usefulness of the experimental 
results, the theoretical values corresponding to these energies were determined 
using the WinXCOM software.  It was reported that Oxaliplatin and carboplatin 
had higher μ and Zeff values and lower HVL values among the cancer drugs 
examined. It was also seen that Tamoxifen has lower μ and Zeff values and higher 
HVL values than others The EBF values for the selected drugs were calculated 
for 1, 10 and 40 mfp in the energy range of 0.15-15 MeV, and it was stated that 
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Oxaliplatin and Carboplatin had the lowest and tamoxifen had the highest EBF 
values.

In a study conducted by Kavaz et al. (2015)  gamma ray energy 
absorption and exposure of buildup factors for Doxorubicin (C27H29NO11), 
Vincristine (C46H56N4O10), Teniposide (C32H32O13S), Azathioprine (C9H7N7O2S), 
Cyclosporine (C26H111N11O12), Etoposide (C29H32O13), Cyclophosphomide 
C7H15Cl2N2O2P), Vinblastine (C46H58N4O9) and Bleomycin (C55H84N17O21S3)  
were estimated by aid of the five-parameter geometric progression (G-P) fitting 
formula in the photon energy range 15keV–15 MeV up to penetration depths 
of 40 mean free path (mfp). They also computed effective atomic number 
and effective electron density for these chemotherapy drugs for the 1keV–10 
GeV energy region. They observed that vinblastine has the minimum effective 
atomic number values while cyclophosphamide has the maximum values. It was 
reported that the calculated EABF and EBF values varied depending on the 
gamma ray energy and penetration depth, and that the EABF and EBF values 
obtained for the middle energy region were higher than those others energy 
region. It was also observed that the gamma ray build-up factors of azathioprine 
and cyclophosphamide were almost minimum for all penetration depths and 
incident gamma ray energy.

Radiation attenuation parameters such as mass attenuation coefficient 
(μm), effective atomic number (Zeff) and electron density (Ne) for Tamoxifen 
(C26H29NO) drug were computed by Kanberoglu et al. in 2017 in the energy 
range from1 keV to 100 GeV via WinXCOM program. In addition, the variation 
of μm, Zeff and Ne with incident photon energy were investigated in the study. It 
was reported that these parameters have different tendencies in low, medium and 
high energy regions depending on different interaction types (i.e. photoelectric 
absorption, Campton scattering and pair production (Kanberoglu et al., 2012).

The radiation attenuation parameters of some commonly used in 
chemotherapeutic drugs were investigated by Akman and Kaçal (2018) using 
WinXCOM program. The µm, µ, HVL, mfp, and Zeff for Cisplatin (Pt(NH3)2Cl2), 
Lomustine (C9H16ClN3O2), Chlorambucil (C14H19Cl2NO2) and Carmustine 
(C5H9Cl2N3O2) were estimated for the energy range from1 keV to 100 GeV. 
The change of radiation absorption parameters depending on photon energy 
was also evaluated. While the highest values of µm, µ and Zeff were found for 
low energies, the highest HVL and mfp values were found for medium photon 
energies. It was observed that Cisplatin had the largest µm, µ and Zeff values 
and Chlorambucil had the smallest values. On the other hand, Cisplatin was 
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found to have smaller HVL and mfp values than other drugs. Therefore, it was 
concluded that Cisplatin has the best satiation attenuation feature among the 
selected drugs.

Çağlar and Cengiz (2021) estimated radiation absorption properties of 
some chemotherapy drugs using WinXCOM software package. The Zeff and Ne 
of anastrozole (C17H19N5), epirubicin (C27H26NO11), gemcitabine (C9H11F2N3O4), 
ifosfamide (C7H15Cl2N2O2P), methotrexate (C20H22N8O) and paclitaxel 
(C47H51NO14) were determined for a wide energy range corresponding to 1 keV 
- 100 GeV. They also examined the EABF and EBF build-up factors of these 
drugs using the GP Fitting procedure for some chosen energies in the range 
0.015–15 MeV. Since ifosfamide contains phosphorus and chlorine, unlike other 
drugs, it has been stated that ifosfamide has larger Zeff values than the other 
drugs. at a given gamma ray energy, it was observed that the build-up factors 
increased as the penetration depth increased and that ifosfamide had smaller 
gamma ray build-up values than the others at all energies except 15 MeV. 
Similarly, it has been emphasized that at a selected penetration depth, build-up 
values vary with photon energy and have the largest values at medium energies 
where Compton scattering is dominant. It was stated that the outcomes obtained 
from the work revealed that the chemical composition of the drugs, radiation 
energy and penetration thickness have an important role on the gamma ray 
absorption parameters, and that drugs containing elements with higher atomic 
numbers show better radiation attenuation properties.  

Since radioprotective agents can reduce radiation damage when applied 
before irradiation, the energy absorption and exposure accumulation factors 
of Carnosin (C9H14N4O3), Melatonin (C13H16 N2O2), Captopril (C9H15NO3S), 
Interferon gamma (C761H1206 N214O225S6), Amifostine (C5H15N2O3PS), Tempol 
(C9H18NO2), Orientin (C21H20O11), Glutathione (C10H17N3O6S), Penicillamine 
(C5H11NO2S) and Cysteine (C3H7NO2S) were evaluated by Oto et al. (2016). 
Theoretical calculations were performed using 5-parameter GP fitting method 
in the 0.015–15 MeV energy region up to a penetration depth of 40 mfp. 
They reported that photon build-up factors depend on the photon energy and 
the interaction processes between the photon and the material. It has been 
emphasized that build-up factors are small at low and high energies and large at 
medium energies. This trend is ascribed to the fact that the photoelectric effect 
and pair production are the dominant interaction mechanisms at low and high 
energies, and Compton scattering is the dominant interaction process at medium 
energies. It also emphasized that build-up factors increase with the increase 
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in average free path. It was concluded that cysteine and amifostine are better 
compounds than others for gamma ray absorption applications.

The radioprotective effects of non-steroidal anti-inflammatory drugs 
(NSAIDs) were evaluated in terms of gamma ray build-up factors by Ekinci 
et al. (2014). The Zeff and Ne of Aspirin (C9H8O4), Paracetamol (C8H9NO2), 
İbuprofen (C13H18O2), Piroxicam (C15H13N3O4S), Diclofenac (C14H11Cl2NO2), 
Naproxen (C14H14O3), Ketoprofen (C16H14O3) and Aceclofenac (C16H13Cl2NO4) 
were computed for the energy zone of 1keV–100GeV. However, the gamma 
ray energy absorption (EABF) and exposure build-up factors (EBF) of these 
NSAIDs were estimated in the energy region of 15kev to 15MeV up 40mfp. It 
was stated that some elements with high Z, such as Cl, had a major contribution 
to the Zeff values of the drugs examined in the study. For all the drugs studied, 
EABF and EBF values were smaller at low photon energies than at high photon 
energies. Maximum build-up factors were observed in the medium energy 
region. This energy-dependent trend in EABF and EBF is attributed to the fact 
that the photo-electric effect at low energies, pair production at high energies 
and Compton scattering at intermediate energies are the dominant types of 
interactions. In Compton scattering, the photons do not disappear completely, 
but their energy decreases, so that the photons remain in the material for a long 
time. For energy region lower than 1.5 MeV and at all penetration depths of 
interest, aceclofenac, diclofenac and piroxicam have lower gamma build-up 
factors than other compounds and are therefore attractive as radioprotective 
agents.

4. Conclusion

In this study, radiation absorption behaviours of various chemotherapy 
drugs used in the treatment of cancer disease were compiled from various 
research articles in the literature. It has been reported that the difference of 
element types in drugs and the number of atoms in the elements has a major 
impact on the photon interaction parameters. Generally, it is emphasized that 
drugs containing larger atomic elements are in particular with a better radiation 
absence. From the studies examined, it is clear that photon interaction parameters 
are strongly dependent on incoming photon energy. These parameters vary 
depending on the types of interaction (i.e. photoelectric absorption, Compton 
scattering and pair production) at different photon energy intervals. The mass 
absorption coefficient, linear absorption coefficient, effective atomic number, 
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and effective electron density values of chemotherapy drugs in the low energy 
region are greater than those in other regions. Similarly, HVL and mfp values 
at low energies are smaller than those at medium and high energies. Similarly, 
the EABF and EBF parameters have the largest values at medium energies and 
vary with penetration depth. In the evaluation carried out, it was observed that 
radiological parameters depend on the chemical composition of chemotherapy 
drugs, the incoming photon energy, and the types of interactions occurring 
between the drug samples and the photon.   It is hoped that the outcomes of this 
review will be useful in radioprotection, medical diagnosis and radiotherapy 
applications.
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1. Introduction

Today’s radiation technology is widely used in many fields like energy 
production, medical applications, space technologies, etc. High-energy 
ionizing radiations, besides their beneficial uses that make our lives 

easier, also cause irreparable damage to living tissues (Dong et al., 2019). For 
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this reason, different radiation shielding materials have been used to protect 
against radiation exposure since the discovery of radiation by Becquerel in 
1896, and research on the different materials for their potential as a radiation 
shielding material has continued. 

Recently, the radiation shielding properties of heavy metal oxide glasses 
have been intensively investigated because these glass systems offer properties 
such as non-toxicity, transparency in the visible region and good absorption of 
X- and gamma-rays. Among these glass systems, telluride-based glass systems 
are particularly notable for their better chemical resistance, higher dielectric 
constant, lower melting temperature, good thermal stability, mechanical strength 
and high transparency. In addition, telluride glasses are also a suitable material 
for shielding due to their wide transmission window (from the visible to the 
infrared region), lower phonon energies (800 cm-1) compared to silicate glasses 
(1150 cm-1) and high densities which provide better compactness of the glass 
and stronger radiation-shielding ability (Ersundu et al., 2018; Bilir et al., 2011; 
Bilir et al., 2011; Bilir et al., 2011; Bilir, 2015)/

In this context, we studied the effect of Nd2O3 doping on the radiation 
shielding performance of tungsten telluride glass systems with known radiation 
shielding properties. For this purpose, tungsten telluride glasses doped with 
Nd2O3 at 3 different concentrations were synthesized using melt quenching 
technique. The radiation shielding performance of the synthesized glass systems 
were studied both experimentally and theoretically by investigating the linear 
attenuation coefficients (μ), mass attenuation coefficients (µm), effective atomic 
numbers (Zeff), and half value layer (HVL). All values, both measured and 
calculated, are compared with values for un-doped tungsten telluride glasses in 
the literature (Caglar et al., 2021).

2. Experimental Part

The traditional melt quenching technique was used to synthesize glass 
systems with a composition of (70-x) TeO2-30WO3-xNd2O3 (x=1, 3, 5). The 
starting reagents used for the synthesis were of at least 99.99% purity, TeO2 
- Alfa Aesar, WO3 and Nd2O3 - Sigma Aldrich and used without any extra 
purification. The reagents in the amounts given in Table-1 were weighed using a 
precision balance and then mixed thoroughly in an agate mortar and transferred 
to a platinum crucible. Due to the presence of volatile components in the 
mixture, the platinum crucible was closed with a lid and heated to 800 °C in a 
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high temperature muffle furnace and kept at that temperature for an hour. The 
glass melt in the platinum crucible was then poured onto a stainless steel mold. 
The resulting glasses were heat treated at 200 °C to avoid thermal stresses.

The surfaces of the glass samples were ground and polished to obtain two 
parallel and smooth surfaces for gamma ray transmission measurements using 
different mesh size sand papers and felt.

The densities of synthesized glasses were measured by Archimedes’ 
principle using ultrapure water as the buoyancy liquid and a high precision scale 
with a sensitivity of 10−4 g.

The details regarding the experimental setup for the radiation shielding 
parameters measurement, and theoretical calculations are given in elsewhere 
(Caglar et al., 2021; Bilir et al., 2022; Bilir et al., 2022; Cengiz et al., 2020).

Table 1. Glass Compositions and Some Physical Properties.

Glass 
Codes

Glass  
compositions % 

mole

Molar 
Mass M
(gmol-1)

Melting 
Temperature 

(°C)

Density d 
(g/cm3)

Molar 
Volume Vm 
(cm3mol-1)

Thickness
(mm)

TeO2 WO3 Nd2O3

TWNd1 69 30 1 183.041

800 - 850

5.351 34.21 3.05

TWNd3 68 30 3 186.578 5.399 34.56 2.68

TWNd5 65 30 5 190.12 5.421 35.07 4.00

3. Results and Discussions

The μm values of glass samples doped with Nd2O3 at different ratios were 
measured experimentally at 662, 1173 and 1332 keV gamma-ray energies. The 
theoretical mass attenuation coefficients (μm) of the glasses were calculated using 
the WinXCOM program at the experimentally measured energy values and in 
the energy interval of 0.015-15MeV. The obtained experimental and theoretical 
mass attenuation coefficients are tabulated in Table 2. It is obvious from results 
that the experimental results are in agreement with the theoretical results. Based 
on the experimental and theoretical results obtained for the investigated glasses, 
it can be concluded that the mass absorption coefficient values decrease with 
increasing energy of the gamma ray (Caglar et al., 2021). It is seen from the 
table that the mass attenuation coefficients are increased with increasing Nd2O3 
dopant. From this point of view, when the density values of the glass samples 
are increased as a result of increasing amount of Nd2O3, the radiation protection 
is higher. The variation graph of the mass attenuation coefficients of the glass 
systems according to the incident photon energy is given in Figure 1.
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Table 2. Theoretical and Experimental Mass Attenuation  
Coefficients at 662 keV, 1173 keV, and 1332 keV Energies.

Glass
Code

Mass Attenuation Coefficient (cm²/g)

662keV 1173 keV 1332keV

Experimental Theoretical Experimental Theoretical Experimental Theoretical

TWNd1 0.0808±0.0025 0.0822 0.0495±0.0029 0.0550 0.0488±0.0028 0.0511

TWNd3 0.0814±0.0028 0.0823 0.0544±0.0033 0.0551 0.0521±0.0030 0.0512

TWNd5 0.0822±0.0019 0.0824 0.0549±0.0021 0.0552 0.0519±0.0021 0.0513

Figure 1. Variation of Mass Attenuation Coefficient Values of Glass Materials as a 
Function of Incident Photon Energy.

The linear attenuation coefficient (µ), which is the attenuation per unit 
length, was also determined experimentally at gamma ray energies of 662 
keV, 1173 keV and 1332 keV for the glass systems studied. Experimental 
linear attenuation coefficients and theoretical linear attenuation coefficients 
are tabulated in Table 3. The obtained results are shown in Figure 2 together 
with the theoretical results. As can be seen from Figure 2, the variation of µ 
values with photon energy has the same trend as µm. It is clear that µ values 
depend on the photon energy and the chemical composition of the studied 
glasses.
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Table 3. Theoretical and Experimental Linear Attenuation Coefficients at 662 keV, 
1173 keV, and 1332 keV Energies.

Glass
Code

Linear Attenuation Coefficient (cm-1)

662keV 1173 keV 1332keV

Experimental Theoretical Experimental Theoretical Experimental Theoretical

TWNd1 0.4322±0.0136 0.4340 0.2647±0.0153 0.2947 0.2610±0.0149 0.2736

TWNd3 0.4397±0.0152 0.4445 0.2939±0.0177 0.2976 0.2814±0.0170 0.2763

TWNd5 0.4459±0.0103 0.4469 0.2977±0.0178 0.2990 0.2811±0.0115 0.2776

Figure 2. Variation of Linear Attenuation Coefficient Values of  
Glass Materials as a Function of Incident Photon Energy.

The half value layer (HVL) is a suitable parameter used to evaluate the 
gamma radiation shielding performance of materials. The HVL is known as the 
thickness required to halve the intensity of the incident gamma ray [8]. Glasses 
with smaller HVL values generally have higher gamma radiation shielding 
properties (Caglar et al., 2021; Bilir et al., 2022; Bilir et al., 2022). The measured 
and calculated HVL values are given in Table 4 and illustrated in the Figure 3. 
It is seen in Table 4 that HVL values decrease when the density of glass samples 
increases which can easily be attributed to the increasing densities of the glasses 
with the addition of the Nd2O3. 
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Table 4. HVL Values.

Glasses

HVL

662keV 1173keV 1332keV

Exp. Calc. Exp. Calc. Exp. Calc.

TWNd1 1.6037±0.0505 1.5757 2.6186±0.1511 2.3520 2.6559±0.1515 2.5332

TWNd3 1.5765±0.0544 1.5594 2.3586±0.1423 2.3292 2.4635±0.1490 2.5088

TWNd5 1.5544±0.0358 1.5509 2.3286±0.1392 2.3180 2.4660±0.1007 2.4969

Figure 3. HVL Values of All Glass Systems.

As seen in Table 4, HVL values decreased when the density of glass samples 
increased. Since HVL by definition is the thickness of the sample required to 
stop the incoming gamma radiation by half, HVL values decrease as the amount 
of rare earth element increases as seen in Table 4 and Figure 3.

Effective atomic number is one of the important radiation shielding 
parameters. Glasses with higher Zeff values have higher radiation shielding 
properties than others (Caglar et al., 2021; Bilir et al., 2022; Bilir et al., 2022). 
Zeff values of the glasses we examined are given in Table 5. In addition, the 
variation graph of Zeff values according to the energy of incident gamma photons 
is given in Figure 4. As can be seen from the Table 5 and Figure 4 that Zeff values 
increase with increasing rare earth element amount. This is due to the fact that 
Nd element has a higher atomic number.
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Table 5. Theoretical and Experimental Effective Atomic Numbers of Glasses

Glass Code
662keV 1173keV 1332keV

Exp. Calc. Exp. Calc. Exp. Calc.
TWNd1 26.4030 26.8714 22.3494 24.8830 23.5973 24.7400
TWNd3 26.7808 27.0754 24.7591 25.0716 25.3857 24.9275
TWNd5 27.2081 27.2678 25.1358 25.2507 25.4197 25.1055

Figure 4.Variation of Zeff Values of  
Glass Materials According To Incident Photon Energy.

4. Conclusions

In this study, the radiation shielding properties of tungsten telluride 
glasses doped with Nd2O3 were investigated. The studied glass systems were 
successfully synthesized using conventional melt quenching technique. The 
mass attenuation coefficients, linear attenuation coefficients, half-value layer 
and effective atomic number values of the synthesized glass systems were 
determined both theoretically and experimentally. Increasing linear and mass 
attenuation coefficients, Zeff values and decreasing HVL values showed that 
Nd2O3 doping enhances the radiation shielding properties of tungsten telluride 
glasses. The obtained shielding parameters of the studied glass systems are 
found to be compatible with those of undoped tungsten tellurite glasses given in 
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the literature (Caglar et al., 2021). The improved radiation shielding properties 
as a result of Nd2O3 doping are attributed to the higher atomic number of the 
element Nd compared to Te and W and increased glass densities. Especially 
TWNd5 glass showed superior radiation shielding properties among the studied 
glass systems and this glass system can be recommended as a candidate for 
shielding material in medical, industrial and nuclear applications.
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1. Introduction

The shielding materials for protection from the hazardous effects of 
ionizing radiation always stand as the main challenge for researchers 
since the discovery of the radiation and its applications like energy 
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harvesting, space technologies, nuclear medicine, etc. Radiation exposure has 
inevitable bad consequences for human beings and all living beings. Therefore, 
many materials have been used as shield materials for protection from the 
hazardous effects of the radiation and the search still continues for the non-
toxic, light, flexible, and cost-effective radiation shielding materials to replace 
traditional shielding materials. 

In recent years, heavy metal oxide glasses with characteristic properties 
like wide transparency interval in the visible to the mid-infrared range, good 
stability against devitrification, high thermal, mechanical and chemical 
durability, low melting temperatures, high refractive index, good non-linear 
optical characteristics, the high solubility of rare-earth ions, low phonon 
energies (Bilir et al., 2011a; Bilir et al. 2011b; Bilir and Ozen, 2011; Bilir et al., 
2015), have attracted considerable attention for exploitation as for luminescent 
host materials and radiation shielding materials. Therefore, heavy metal oxide 
glasses, which includes more than 50% of a heavy metal cation, paved new 
routes on the way of materials for radiation shielding purposes. Many heavy 
metal oxide glass systems, like telluride (Çağlar et al., 2021), germanate (Bilir 
et al., 2022a; Bilir et al., 2022b), bismuth borate (Alajerami et al., 2020) etc., 
modified with different network modifiers, have been widely investigated both 
experimentally and theoretically in the literature for radiation shielding purposes. 
Most of these studied glass systems have shown good gamma-ray attenuation 
properties compared to the commercially available shielding materials (Çağlar 
et al., 2021; Bilir et al., 2022a; Bilir et al., 2022b; Alajerami et al., 2020). Among 
these glass systems, antimony oxide (Sb2O3) based glass systems are one of 
the major classes of heavy metal oxide glasses, and its glass-forming ability 
was firstly predicted by Zachariasen (1932). Antimony glasses are characterized 
by some unique properties like all heavy metal oxide glasses are (Zachariasen, 
1932; Nalin et al., 2001; Ouannes et al., 2013; Soltani et al., 2009; Soltani et 
al., 2013). All these excellent properties of antimony-based glasses make them 
a good candidate for radiation shielding purposes besides they are already a 
good host material for photonics applications. In this respect, we have studied 
the gamma radiation shielding properties of antimony glasses modified with 
different amounts of MoO3. To do so, we have measured the linear attenuation 
coefficient, mass attenuation coefficient, half-value layer, and effective atomic 
number values of the glasses at gamma-ray energies of 662, 1173, and 1332 keV 
in a narrow-beam transmission geometry and employed WinXCOM (Gerward 
et al., 2004) software to verify those measured parameters. 
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2. Experimental Part

Antimony oxide-based glasses modified with MoO3 in different molar 
ratios (10 – 30%) were synthesized using the conventional melting and 
quenching method. The starting reagents (Sb2O3 and MoO3) with the purities not 
less than 99 % were purchased from Sigma Aldrich and used without any further 
purification. The appropriate molar amounts of the oxide powders were mixed 
thoroughly in an agate mortar and transferred into quartz crucibles with a lid 
for the melting process. The glass melts were obtained by melting the mixtures 
using a muffle furnace (Protherm PLF150 model) at temperatures given in Table 
1. The glass melts were then casted onto a brass plate and pressed by another 
one. The obtained glass samples were then ground and polished well to form 
two parallel surfaces to perform the gamma-ray transmission experiments.

The densities of synthesized glasses were measured by Archimedes’ 
principle using ultrapure water as the buoyancy liquid and a high precision 
scale with a sensitivity of 10−4g. The densities of the samples are also given in 
Table 1. 

In order to verify the vitreous nature of the synthesized materials, XRD 
measurements were performed using a Philips PW 1830/40 model X-Ray 
Diffractometer (Cu Kα radiation) in the 40 kV and 30 mA settings in a 2θ interval 
of 2°–70° with a scanning step of 0.01°. 

The details regarding the experimental setup for the radiation shielding 
parameters measurement, and theoretical calculations are given in our earlier 
works (Çağlar et al., 2021; Cengiz and Çağlar, 2020).

3. Results and Discussion

In this study, we synthesized and investigated the gamma radiation shielding 
properties of some antimony-based glasses. Experimentally measurements were 
performed for energies of 0.662, 1.173 and 1.332 MeV obtained from 137Cs and 
60Co radioactive sources, respectively. Theoretical calculations for the same 
gamma ray energies were performed using the WinXCOM program. In order 
to comprehensively evaluate the usability of the studied glasses as radiation 
shielding, the radiation shielding parameters of the studied glasses were 
compared with those of some standard armor materials. The shielding parameters 
of RS-253 G18 glass (Kaur et al., 2019) and ordinary (OC), hematite-serpentine 
(HS), and steel-magnetite (SM) concretes (Bashter, 1997) were calculated for 
the studied energies with the help of the WinXCOM program.
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Figure 1 shows the XRD pattern of the SbMo20 sample. The pattern only 
consists of an amorphous hump which is the indicator of the glassy nature of the 
sample, no crystalline phase is seen in the pattern.

Table 1. The glass code, composition, molar mass, molar volume,  
melting temperature, density, and thickness of the synthesized glasses

Sample 
Code

Glass 
Compositions 

mole %
Molar Weight

M (g mol-1)

Melting 
Temperature

(oC)

Thicknesses
(mm)

Density
d (g/cm3)

Molar 
Volume Vm 
(cm3 mol-1)

Sb2O3 MoO3

SbMo20 80 20 262

700 – 750

1.18 4.898 53.49

SbMo30 70 30 247.25 1.91 4.858 50.90

SbMo40 60 40 232.49 1.60 4.837 48.06

Figure 1. XRD patterns of SbMo20 glass sample.

The experimentally measured mass absorption coefficients (µm) of the 
investigated antimony-based glasses are given in Table 2 together with the 
theoretical results. At 6.62 MeV, the maximum and minimum µm values were 
found for SbMo20 and SbMo40 samples, respectively. At 1.173 and 1.332 
MeV gamma energies, the highest µm values were found for SbMo40, while the 
smallest value was found for SbMo20 glass. It is clear from the experimental 
and theoretical results that the µm values vary depending on the increase in the 
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amount of molybdenum oxide in the synthesized glasses. At 0.662 MeV gamma 
energy, a decrease in µm values was observed with the increase in the amount 
of MoO3. At 1.173 and 1.332 MeV gamma energies, µm values slightly increase 
with the increase in the amount of molybdenum oxide.

Table 2. Experimental and theoretical mass attenuation coefficients (μm) of the synthe-
sized antimony based glasses at 0.662, 1.173, and 1.332 MeV gamma-ray energies.

Glass
Codes

Mass Attenuation Coefficients (cm2/g)

0.662 MeV 1.173 MeV 1.332 MeV

Experimental Theoretical Experimental Theoretical Experimental Theoretical

SbMo20 0.0763 ± 0.0037 0.0760 0.0530 ± 0.0040 0.0539 0.0495 ± 0.0038 0.0503

SbMo30 0.0759 ± 0.0023 0.0759 0.0542 ± 0.0031 0.0540 0.0499 ± 0,0030 0.0504

SbMo40 0.0755 ± 0.0028 0.0758 0.0557 ± 0.0037 0.0541 0.0500 ± 0,0033 0.0505

Table 3 lists the experimental and theoretical µ results of the synthesized 
antimony-based glasses. As with µm values, it is clear from table 3 that there 
is agreement between the theoretical and experimental results of µ values. 
It was observed that the experimental and theoretical µ values of the glasses 
synthesized at all gamma-ray energies decreased slightly with the increase in the 
amount of molybdenum oxide. This decrease can be explained by the decrease 
in the density of the glasses with the increase in the amount of molybdenum 
oxide. Contrary to the mass attenuation coefficient results, it can be clearly seen 
from Table 2 that SbMo20 glass has higher µ values than other samples at all 
experimentally studied gamma energies.

Table 3. Experimental and theoretical linear attenuation coefficients (μ)  
of the synthesized antimony based glasses at 0.662, 1.173, and 1.332  

MeV gamma-ray energies.

Glass 
Codes

Linear Attenuation Coefficient (cm-1)

0.662 MeV 1.173 MeV 1.332 MeV

Experimental Theoretical Experimental Theoretical Experimental Theoretical

SbMo20 0.3736±0.0182 0.3720 0.2627±0.0196 0.2639 0.2425±0.0094 0.2464

SbMo30 0.3688±0.0111 0.3687 0.2620±0.0143 0.2622 0.2423±0.0088 0.2448

SbMo40 0.3650±0.0138 0.3667 0.2610±0.0142 0.2616 0.2419±0.0094 0.2444
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The variation of experimentally measured and theoretically calculated µ 
results of the investigated glasses against photon energy from 15keV to 15 MeV 
is plotted in Figure 2. It can be seen from Figure 2 that the linear attenuation 
coefficient for all glasses has a similar behaviour with the incident photon energy. 
The results showed that the sample coded SbMo20 had the highest µ values at 
all photon energies. This case can be attributed to the elemental composition and 
material characteristics of the SbMo20 sample. Because materials with higher 
atomic numbers and higher density provide more effective shielding against 
gamma radiation (AbuAlRoos et al. 2019).

Figure 2. Experimental and theoretical μ values antimony  
based glasses as a function of gamma-ray energy.

As seen in Figure 2, in the low energy region up to 0.8 MeV, the µ values 
decrease dramatically with the increase in photon energy. In addition, with the 
increase of MoO3 modifier concentration from 20% mol to %40 mol in glass 
samples, μ values decrease proportionally. These changes can be explained by 
the fact that photoelectric absorption is the dominant interaction type at low 
energies. The interaction cross section for photoelectric absorption varies with 
the photon energy as E-3.5 and with the atomic number as Z4 (Alım et al., 2020; 
Al-Buriahi et al., 2021; Kaky et al., 2020). On the other hand, some discontinuous 
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peaks were observed in the low photon energy region. These discontinuous 
peaks can be attributed to the k absorption edges of Mo and Sb corresponding 
to 20.00 and 30.49 keV, respectively. In the 0.8-5 MeV energy range, µ values 
tend to decrease more slowly against the increase in photon energy, and the 
elemental composition of the glasses has less effect on µ values. This is due to 
Compton scattering gradually becoming the dominant interaction mechanism 
in this region. Because the Compton scattering cross section changes inversely 
to the photon energy (E-1) and linearly with the atomic number Z (Alım et al., 
2020; Al-Buriahi et al., 2021; Kaky et al., 2020). At energies greater than 5 
MeV (i.e. in the high energy region), pair production becomes the dominant 
interaction type and µ values increase slowly with increasing photon energy up 
to 15 MeV.

Fort the studied gamma ray energies, the comparison linear attenuation 
coefficients of the investigated antimony-based glasses with those of 
standard armor materials are given in Figure 3,4 and 5. It was observed that 
the µ values of the examined samples were quite higher than the values of 
RS-253 G18, OC and HS materials at all gamma energies. On the other hand, 
the values of the SM material are very close to the µ values of the glasses 
studied.

Figure 3. The comparison of the experimental µ values for studied glasses with  
those of standard shielding materials at 0.662 MeV.
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Figure 4. The comparison of the experimental µ values for studied glasses with those 
of standard shielding materials at 1.173 MeV.

Figure 5. The comparison of the experimental µ values for studied glasses with those 
of standard shielding materials at 1.332 MeV.

The half value layer (HVL) is one of the most used parameters to evaluate 
the penetration ability of radiation into materials and the radiation shielding 
performance of materials (Waly et al., 2018). The half value layer is defined as 
the thickness of a material required to halve the gamma-ray intensity interacting 
with the material (Yaykaşlı et al. 2022). It has been reported that materials 
with lower HVL values have higher shielding performance (Aygun and Aygün, 
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2021; Aygun and Aygün, 2023). Fort the investigated antimony-based glasses, 
experimental HVL values range from 1.855±0.090 to 1.899±0.072 cm for 
0.662 MeV, 2.638±0.197 to 2.655±0.145 cm for 1.173 MeV and 2.858±0.113 
to 2.865±0.118 cm for 1.332 MeV, respectively. In Figures 6, 7 and 8, the 
experimental HVL results obtained for the synthesized glasses were compared 
with those of the standard armor materials we mentioned above.

Figure 6. The comparison of the experimental HVL values for studied glasses with 
those of standard shielding materials at 0.662 MeV.

Figure 7. The comparison of the experimental HVL values for studied glasses with 
those of standard shielding materials at 1.173 MeV.
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Figure 8. The comparison of the experimental HVL values for studied glasses with 
those of standard shielding materials at 1.332 MeV.

The HVL values of RS-253 G18, OC, HS and SM were also found as 3.566, 
3.867, 3.599 and 1.814 cm for 6.62 MeV, 4.701, 5.083, 4.746 and 2.405 cm for 
1.173 MeV and 5.017, 5.423, 5.064 and 2.565 cm for 1.332 MeV, respectively. 
When Figures 6, 7 and 8 are evaluated together, it is seen that HVL values 
increase with increasing gamma ray energy, as expected based on the values of 
linear attenuation coefficients. In addition, it is clear that there is an increase in 
HVL values with the increase in MoO3 concentration. As can be seen from these 
figures, the experimental HVL values of the studied glasses at all gamma ray 
energies are considerably smaller than those of RS-253 G18 glass and OC and 
HS. Furthermore, the HVL values of SM concrete are slightly smaller than those 
of the glass we analysed.

The effective atomic number (Zeff) is one of the important parameters to 
be taken into account when evaluating the ability of materials to protect against 
ionizing radiation. The Zeff values for the synthesized glasses were found 
theoretically and experimentally at 6.62, 1.173 and 1.332 MeV photon energies. 
For a more detailed evaluation, the Zeff values of the studied glasses were 
calculated in the energy range of 15 keV to 15 MeV and are present graphically 
in Figure 9. 



SYNTHESIS OF MOO3 MODIFIED ANTIMONY GLASSES AND ASSESSMENT . . .     113

Figure 9. Experimental and theoretical Zeff values antimony  
based glasses as a function of gamma-ray energy.

As can be seen in Figure 9, Zeff values are quite high in the low energy 
region and decrease dramatically with increasing photon energy up to 0.8 MeV. 
Two sudden jumps are observed at energies of about 20.00 and 30.49 keV, 
corresponding to the absorption edge of Mo and Sb, respectively. In the middle 
energy region, corresponding to the energy range from 0.8 MeV to 5 MeV, Zeff 
values decrease more slowly with increasing photon energy. At energies greater 
than 5 MeV, Zeff values increase slowly with increasing photon energy.

The Zeff values of RS-253 G18, OC, HS and SM were found to be 10.056, 
8.631, 9.203 and 15,508 for 6.62 MeV, 10.026, 8.626, 9.178 and 15.448 for 1.173 
MeV and finally 10.025, 8.627, 9.181 and 15.452 for 1.332 MeV, respectively. 
On the other hand, the comparison of the Zeff values of antimony-based glasses 
with those of standard armor materials for 6.62, 1.173 and 1.332 MeV gamma 
energies given in Figures 10, 11 and 12 respectively.
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Figure 10. The comparison of the experimental Zeff values for studied glasses with 
those of standard shielding materials at 0.662 MeV.

Figure 11. The comparison of the experimental Zeff values for studied glasses with 
those of standard shielding materials at 1.173 MeV.
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Figure 12. The comparison of the experimental Zeff values for studied glasses with 
those of standard shielding materials at 1.332 MeV.

When the Zeff results of the antimony based glasses we synthesized were 
compared with those of the standard materials, it was observed that the Zeff 
values of all samples were considerably higher than those of RS-253 G18, OC, 
HS and SM at 0.662, 1.173 and 1.332 MeV gamma energies. This reveals that 
the glasses we synthesized can be used as armor materials against ionizing 
radiation.

4. Conclusion

Today, radiation is widely used in various advanced technologies such as 
medical, nuclear and industrial applications (Lakshminarayana et al., 2020). 
This large-scale use of radiation can pose many health risks to those working 
with radiation, patients, and the public exposed to radiation (Al-Buriahi, 2023). 
In this context, many researchers have focused on developing radiation shielding 
materials to protect people from the harmful effects of ionizing radiation. In this 
study, we produced antimony oxide-based glasses containing different molar 
ratios of MoO3 using the traditional melt-quenching method and experimentally 
investigated their gamma radiation absorption performance. Experimental 
investigations were performed for 0.662, 1.173 and 1.332 MeV gamma energies 
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emitted from 137Cs and 60Co radioactive point sources, respectively. Theoretical 
calculations were also carried out through the WinXCOM program. According 
to the theoretical and experimental findings, it was concluded that the MoO3 
concentration is of great importance for the radiation shielding properties and 
that the sample exhibiting the highest density and the lowest MoO3 concentration 
has better shielding capacity for gamma rays than the others. In addition, when 
the results obtained are compared with some commonly used standard shielding 
materials, it is seen that the synthesized glasses can be recommended for gamma 
radiation shielding applications.
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