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INVESTIGATIONS ON THE NATURAL RADIOACTIVITY AND
GAMMA ATTENUATION PROPERTIES OF BUILDING
MATERIALS

Abstract

Natural radioactivity refers to the spontaneous decay of unstable atomic nuclei
found in nature, releasing energy in the form of radiation. This phenomenon is
primarily associated with naturally occurring radionuclides such as uranium (***U),
thorium (***Th), and potassium (*’K). These radionuclides are ubiquitous in the
Earth's crust, present in varying concentrations in rocks, soil, water, and even in the
human body. The radiations emitted include alpha particles, beta particles, and
gamma rays, with gamma rays being the most penetrating and potentially harmful to
living organisms. Studying natural radioactivity is crucial for understanding the
radiation levels in different environments, which can vary significantly based on the
geological and geographical factors. By measuring and analysing natural
radioactivity, scientists can assess potential radiological hazards, ensuring that
environments remain safe for human in habitation and associated activities.
Radiogenic heat is the thermal energy produced by the natural decay of the
radioactive isotopes within the Earth's interior. The primary contributors to this heat
generation are long-lived radionuclides. As these isotopes decay, they release
particles and energy, a portion of which is converted into heat. The distribution of
radiogenic heat-producing elements within the lithosphere is crucial for
understanding crustal temperature distribution and the mechanical strength of the
lithosphere. Combined determinations of surface heat flow and radiogenic heat
production (RHP) provide basic information about the thermal field and the
structure of the Earth's lithosphere.

The medical and nuclear power, research fields are well known for their increased
dependency on ionizing radiation for their essential services. As well as the hazards
and risks posed by radiation. Significant chromosomal abnormalities and

carcinogenic effects may be caused by high doses of radiation. Radiation damage is



dependent on an organ’s sensitivity, as well as the quantity and type of radiation
received. Gamma rays, a form of electromagnetic radiation with high energy and
deep penetration capabilities, can cause serious health effects, including DNA
damage and cancer. Therefore, shielding against gamma rays is essential in various
settings. Gamma ray shielding involves using materials that can absorb or attenuate
gamma radiation, protecting people and sensitive equipment from the exposure.
Effective gamma ray shielding materials include lead, concrete, polymers, glasses,
and specialized composites containing high-density elements such as bismuth (Bi),
tungsten (W), and certain metal oxides. Recent research focuses on developing
innovative shielding materials that not only provide superior radiation protection but

also maintain desirable mechanical and physical properties.

On the basis of these motivations, the major objectives of this thesis are detailed

below.

e The first objective is the comprehensive measurement of natural
radioactivity, focusing on rock and soil samples from specified regions. This
includes analyzing radiogenic heat production and associated radiological
parameters, such as radium equivalent activity, external hazard index, and
annual effective dose, to assess the potential health risks and ensure the
public safety.

e The second objective is the development of optimized gamma ray shielding
materials with characteristics such as low cost, high flexibility, and at the
same time sufficient hardness and durability. Different compositions of
shielding materials, particularly epoxy-based coatings, are evaluated for their
effectiveness in attenuating gamma radiation.

e The third objective involves utilizing numerical simulation techniques to
predict the gamma attenuation properties of various shielding composites
and validating the results through experimental observations to ensure

accuracy and reliability.



This thesis is an attempt to accomplish the set of objectives mentioned above. The
thesis comprised of seven chapters. Chapter 1 provides an overview of natural
radioactivity, gamma radiation interactions with matter, and materials used for
radiation shielding. Chapter 2 offers a review of existing literature, discussing the
previous studies and the current state of knowledge in these fields. Chapter 3 details
the experimental techniques and methodologies employed in this research. Chapter 4
delves into the theoretical framework underpinning the study. Chapters 5 to 8
present the results and discussions, focusing on the measurement of natural
radioactivity in soil and rock samples and the development and characterization of
gamma ray shielding materials. Finally, Chapter 9 provides the general conclusion
and offers recommendations for future research which are led to practical

applications.

The results presented in this thesis are obtained from the first-time measurements in
many unexplored areas in the state of Kerala, India. Nationally and internationally,
the present results are significant as they contribute to the attempts initiated to map

the natural radiation levels globally.
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PREFACE

Natural radioactivity is a ubiquitous phenomenon that originates from the spontaneous
decay of unstable atomic nuclei found in nature. This process releases energy in the
form of radiation, which includes alpha particles, beta particles, and gamma rays.
Among these, gamma rays are the most penetrating and pose potential health risks to
living organisms. The radionuclides primarily responsible for natural radioactivity
include Radium-226 (***Ra), Thorium-232 (***Th), and Potassium-40 (*°K). These
elements are pervasive in the Earth's crust, varying in concentration across different
geological and geographical regions. Understanding and analysing these variations is
critical for evaluating environmental radiation levels and their potential radiological
hazards. The insights derived from such studies enable us to take appropriate
precautions to safeguard human health and ensure that environments remain safe for

habitation and activities.

One significant aspect of natural radioactivity is radiogenic heat, which is the thermal
energy produced as a result of radioactive decay. The long-lived radionuclides in the
Earth's crust and mantle contribute substantially to this heat generation. The
distribution of radiogenic heat-producing elements influences surface heat flow and
crustal temperature distribution, making it a subject of interest for geophysicists and
environmental scientists. An in-depth understanding of this phenomenon not only
enriches our knowledge of Earth's thermal history but also has implications for

geological and geothermal studies.

Despite the indispensable role of radiation in various fields, excess exposure to
ionizing radiation poses serious health risks, the most significant being cancer. In
regions like Kerala, India, the incidence of cancer is alarmingly high and increasing
year by year. While lifestyle factors undoubtedly contribute to this trend, the role of
environmental radioactivity must be quantified and understood. This is particularly
important as individuals spend a considerable amount of time indoors, where
radiations from building materials—floors, walls, and roofs—can contribute

significantly to daily radiation exposure through ingestion and inhalation. This



highlights the importance of assessing radiation levels in building materials, which,
in Kerala, predominantly consist of rocks, laterite, and bricks sourced from local
geological formations. In the initial phase of this research, we focused on evaluating
the natural radioactivity in raw materials such as rocks and soils from previously
unexplored geological regions in Kerala, specifically in Thrissur, Palakkad,

Malappuram, and Kozhikode districts.

While the harmful effects of ionizing radiation are well-documented, its beneficial
applications in fields such as medicine, energy, and industrial processes cannot be
overlooked. Radiation is indispensable in medical diagnosis and treatment, power
generation, non-destructive testing, and scanning. This necessitates the development
of effective shielding materials to ensure safety in various radiation-related
applications. Shielding materials must be optimized for specific requirements based
on the type and energy of radiation involved. With this motivation, the latter part of
our research focused on the development of innovative radiation shielding materials.
We explored materials based on concrete, epoxy paints, and rubber, incorporating

special additives to enhance their gamma-ray attenuation properties.

The primary objectives of this research were designed to address both these critical
areas. The first objective was to conduct a comprehensive study of natural
radioactivity levels in selected regions of Kerala. This included analysing the activity
concentrations of ?*°Ra,>’Th and “°K in rock and soil samples and evaluating
associated radiological parameters such as radium equivalent activity, annual
effective dose, absorbed dose rate, and hazard indices. Furthermore, the study
extended to quantifying radiogenic heat production and heat flow to gain insights into
the thermal implications of natural radioactivity. The second objective was the
development and evaluation of gamma-ray shielding materials. This involved the
fabrication of concrete bricks, epoxy paint composites, and natural rubber composites,
each modified with additives to optimize their shielding effectiveness. The
performance of these materials was analyzed using both experimental techniques and

numerical simulations.



This thesis is structured into nine chapters, each building upon the preceding one to

provide a coherent narrative of the research undertaken:

Chapter 1: Introduction- This chapter provides an overview of natural radioactivity,
including the mechanisms by which gamma radiation interacts with matter. It also
introduces the significance of radiation shielding and the materials commonly used
for this purpose. The chapter establishes the context and motivation for the research

and outlines the key objectives.

Chapter 2: Literature Review- A comprehensive review of existing literature is
presented in this chapter, focusing on natural radioactivity measurements in rocks and
soils, with particular emphasis on studies conducted in Kerala and other parts of the
world. Additionally, the chapter explores previous research on gamma-ray shielding
materials, highlighting the current status of developments in this field and identifying

research gaps addressed in the present study.

Chapter 3: Methodology and Experimental Techniques- This chapter details the
experimental techniques and methodologies employed in the research. It includes
descriptions of gamma-ray spectroscopy, sample preparation, and measurement
protocols. Theoretical backgrounds for radiological and shielding parameter
calculations are also discussed, providing a solid foundation for the subsequent

chapters.

Chapter 4: Radiological Parameters and Gamma Attenuation- The various
radiological parameters used to assess radiation hazards are discussed in this chapter.
These include radium equivalent activity, external and internal hazard indices, and the
absorbed dose rate. Additionally, the chapter introduces gamma attenuation
parameters crucial for evaluating the effectiveness of shielding materials, such as

linear and mass attenuation coefficients.

Chapter 5: Measurement of Natural Radioactivity and Radiogenic heat- This
chapter presents the results of gamma-ray spectroscopy measurements carried out to

estimate the activity concentrations of °Ra,?*?Th and *’K in samples collected from



various locations in Kerala. Specific sites include regions near the Thrissur-Palakkad
highway, urban areas along NH-66, and the Athirappilly-Vazhachal Waterfalls.
Radiological parameters are analysed to assess potential health risks, and radiogenic

heat production is evaluated to understand its implications for surface heat flow.

Chapter 6: Development of Concrete-Based Shielding Materials- The
development of concrete bricks reinforced with additives such as coconut shell
powder, perlite, vermiculite, and oxides of zirconium and neodymium is discussed in
this chapter. The gamma-ray attenuation properties of these materials are evaluated,

and the results are compared with conventional concrete.

Chapter 7: Natural Rubber Composites for Radiation Shielding- The fabrication
of natural rubber composites fortified with barium tungstate is described in this
chapter. The shielding effectiveness of these composites is evaluated through
experimental measurements and simulations, demonstrating their potential for use in

various radiation protection applications.

Chapter 8: Epoxy Paint Composites for Gamma Shielding- This chapter focuses
on the development of epoxy wall paint composites modified with oxides of bismuth
and tungsten. The fabrication process, gamma attenuation measurements, and

comparative analysis with standard paints are presented in detail.

Chapter 9: Conclusion and Future Scope- The final chapter summarizes the key
findings of the research, highlighting the contributions to the understanding of natural
radioactivity and the development of gamma-ray shielding materials. The chapter also
discusses the implications of the results and outlines future directions for research in

this field.

The research presented in this thesis is an endeavour to address critical issues related
to environmental radioactivity and radiation protection. By combining extensive field
measurements with innovative material development, this work contributes to both
scientific understanding and practical applications in radiation physics. It is my hope

that the findings and methodologies documented here will serve as a valuable resource



for researchers, educators, and professionals in related fields, fostering further

advancements in this important area of study.
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Abstract: This study delves into the core principles of natural radioactivity, examining how gamma
radiation interacts with various materials and the methods used for gamma-ray shielding. The
research aims to deepen our understanding of these fundamental concepts to improve radiation
protection strategies. The chapter begins with a brief overview of natural radioactivity, followed by an
exploration of the mechanisms through which gamma rays interact with matter. It also covers
various techniques and materials used in gamma-ray shielding. The latter part of the chapter
articulates the motivation for this research and specifies the objectives intended to be achieved. By
addressing these aspects, the study seeks to contribute to the development of more effective radiation
shielding solutions.







Introduction

1.1 Fundamentals of Radiation

Radiation is a form of energy which can be particle type or electromagnetic type.
Some of these are ionising and others are non-ionizing. It has always been a part of
our environment and surrounds us constantly. In the universe, radioactive materials
and radiation are natural components of our world, and life has evolved in the midst
of the significant levels of ionizing radiations. Generally, when we talk about
radiation, we associate it with artificial radioactive elements being used in the
medical field, nuclear weapons and reactors. However, radiation is also found in
soil, rock, the air we breathe, the water we drink, and the food we eat. These are
called natural radiations. Even the human body contains some radioactive materials.

Electromagnetic radiation includes Radio waves, Microwaves, Visible light, X-rays,
and Gamma rays (y), while particle radiation consists of Protons, Alpha particles (o),
Beta particles (), Neutron radiation, Heavy ions etc[1]. lonizing radiation has the
ability to alter the structure of atoms in the medium through which it passes. In
living organisms, it leads to health risks such as tissue and DNA damage. On the
other hand, non-ionizing radiation lacks the energy required to remove electrons

from atoms but can cause atomic and molecular excitations.

@ Alpha rays L
@ Beta rays

@ X-rays
0 Gamma rays

G Neutron rays

Paper Human Body Thin plates, Lead,Iron  Concrete
Wood, and Thick and Water
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Figure 1.1: Illustration of the varying penetrating power of different types of

ionizing radiations.
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Natural radiation has played a crucial role in the evolution of life. All living
organisms are continuously exposed to ionizing radiation, which has always existed
naturally. When the Earth was formed around four billion years ago, it contained
numerous radioactive isotopes, some with short half-lives and others with very long
half-lives. These natural radioactive materials are present in rocks, soil, air, food,
and drinking water. Consequently, the natural environment is a significant source of
radiation exposure for humans. The ionizing radiations from these natural sources
that we are constantly exposed to, is known as natural background radiations. In
addition to this background radiation, with the terrestrial origin there are another
background radiation having extra-terrestrial origin, commonly called cosmic rays.

According to the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) [2], each person on Earth is exposed to an average annual
radiation dose of about 2.4 mSv from both cosmic sources and the Earth's crust.
Additional sources of radiation are artificial, stemming from medical applications,
the nuclear industry, like non-destructive testing and nuclear explosions.
Collectively these are called man-made radiations. Soil has always been crucial for
human health, providing resources for shelter and food production. However, the
mineral, chemical, and biological components of soil can be harmful to health, due
to their intake through ingestion, inhalation, and thermal absorption. For instance, it
is a known fact that cancers can be caused by inhaling radon gas, which is produced

by the radioactive decay chain of Uranium in soil minerals.
1.2 Natural Radioactivity

Natural radioactivity refers to the phenomenon where certain elements
spontaneously undergo radioactive decay, emitting radiations in the form of Alpha
particles, Beta particles, gamma rays, and sometimes neutrons and heavy ions. This
process is entirely natural and has been occurring since the formation of the Earth
and the universe. It is distinct from artificial or human-made sources of
radioactivity. Radioactive materials are naturally found in various substances on
Earth, including rocks, minerals, and even living organisms. Some common

naturally occurring radioactive elements include isotopes of Uranium, Thorium, and
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Potassium. These radioactive elements can be present in the Earth's crust, and their
decay products can emit radiations, which can have both beneficial and harmful
effects. Benefits of natural radioactivity include its use in geology for dating rocks
and determining Earth's age (radiometric dating) and its application in medical
imaging (diognosis) and cancer treatment (radiotherapy). However, excessive
exposure to natural sources of radioactivity, such as radon gas in homes or
prolonged exposure to radioactive minerals, can pose health risks and increase the

likelihood of radiation-induced diseases, such as cancer.
1.3 Significance of Natural Radioactivity Measurements

Natural radioactivity has been extensively used in geophysics to study the Earth's
interior. The distribution of radioactive isotopes like Uranium, Thorium, and
Potassium in rocks and minerals provides information on the Earth's composition
and age. The use of natural radioactivity in medicine has become widespread.
Radioactive isotopes are employed in various medical imaging techniques, such as
Positron Emission Tomography (PET) and nuclear medicine, for diagnosis and
treatment of diseases. Understanding natural radioactivity is crucial for developing
guidelines and practices for radiation protection. This includes setting safety
standards, monitoring radiation exposure, and implementing measures to minimize
the risks associated with natural and artificial sources of radiation [3], [4]

Natural radioactivity plays a role in cosmic ray research. High-energy particles from
space can induce nuclear reactions and generate secondary particles when
interacting with the Earth's atmosphere. This field of study has implications for
astrophysics and our understanding of the universe. Thus, the study of natural
radioactivity has been foundational in advancing our understanding of nuclear
physics, the structure of matter, and it has led to numerous practical applications in
various scientific and technological fields.

The measurement of natural radioactivity is essential for various reasons, including
environmental monitoring, public health and safety, scientific research, and
industrial applications. Here are some of the key reasons why natural radioactivity

measurements are necessary:
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1. Radiation Protection: Monitoring natural radioactivity helps assess and mitigate
the potential health risks associated with exposure to ionizing radiation. This
includes setting safety standards for radiation levels in workplaces, homes, and the
environment to protect individuals from harmful radiation exposure.

2. Health Effects Assessment: Understanding the levels of natural radioactivity in
various environments allows for the assessment of potential health effects on people
who live or work in those areas. It helps identify areas with elevated radiation levels
that can be linked to increased cancer risks or other health issues.

3. Environmental Impact: Natural radioactivity measurements are crucial for
assessing the impact of radioactive substances on the environment. This includes
monitoring radioisotope concentrations in soil, water, air, and wildlife, to ensure
ecological balance and to prevent contamination.

4. Geological and Geophysical Studies: Radioactive decay processes are used in
geology to date rocks and minerals through radiometric dating. This helps determine
the Earth's age, understand geological processes, and assess the potential for mineral
resources.

5. Nuclear Energy and Industry: In nuclear power plants and various industrial
processes, natural radioactivity measurements are essential for monitoring radiation
levels, ensuring worker safety, and preventing accidental releases of radioactive
materials.

6. Medical Applications: In the medical field, the use of naturally occurring
radioactive materials, such as radionuclides in diagnostic imaging and therapy, relies
on accurate measurements to deliver effective treatments and minimize patient
exposure.

7. Scientific Research: Natural radioactivity measurements are a fundamental tool in
scientific research across various disciplines, including nuclear physics,
astrophysics, and environmental science. Researchers use these measurements to
understand the fundamental properties of matter and the universe.

8. Emergency Preparedness: Monitoring natural radioactivity is crucial in preparing
for and responding to radiological emergencies, such as nuclear accidents or

incidents involving the transportation of radioactive materials.
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9. Regulatory Compliance: Many countries have regulations and guidelines that
require the monitoring and reporting of natural radioactivity levels in specific
industries and environments. Compliance with these regulations is essential for
ensuring safety and environmental protection.

10. Public Awareness: Providing information about natural radioactivity levels in a
particular area can raise public awareness about potential radiation risks, helping
individuals make informed decisions about their activities and exposure.

In summary, natural radioactivity measurements play a vital role in safeguarding
public health, protecting the environment, advancing scientific knowledge, and
supporting various industrial and medical applications. These measurements enable
us to understand, control, and manage the impact of natural radioactivity on society.
To protect against the harmful effects of natural radioactivity, regulatory agencies
and organizations set guidelines and safety measures to minimize exposure to
ionizing radiation and ensure the safe use of radioactive materials. The primary
sources of natural radioactivity include Primordial Radioactive Nuclides and

cosmogenic radioactive nuclides.
1.4. Primordial Radioactive Nuclides

Primordial nuclides are naturally occurring radioactive isotopes that have existed
since the formation of the Earth and are found in various minerals and materials.
These nuclides have long half-lives and are part of the Earth's natural radioactivity.
They play a significant role in shaping the composition of the Earth's crust and in
contributing to the background radiation that we are exposed to [5]-[7]. Some of the
key radioactive primordial nuclides relevant to the present study are given below:

1. Uranium-238 (**3U): This isotope has a half-life of about 4.5 billion years and is
part of the decay series known as the Uranium series or Radium series. It decays into
various daughter isotopes. This decay series begins with Uranium-238 and ends at
Lead-206 (*°Pb) with the emission of eight Alpha and six Beta particles. Uranium-
238 (***U) and its decay products are major contributors to background radiation. It
is found in varying concentrations in different environmental materials, primarily in

soil and rocks. 2*®U is the most abundant isotope (99.28%) of natural Uranium and is
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the parent of a series of 15 radionuclides. It enters the human body through the food
chain and atmospheric dust particles. On average, 5 Bq of Uranium is found in the
annual dietary intake from areas with normal background levels. 2**U decays to
Radium-226 (*?°Ra), a significant Alpha emitter with a half-life of 1620 years. *°Ra
and its daughters are a substantial component of natural radiation exposure.

2. Uranium-235 (**°U): This isotope has a half-life of about 700 million years and is
significant because it can undergo nuclear fission, releasing a substantial amount of
energy. U-235 is used as fuel in nuclear reactors and has applications in nuclear
weapons. It begins with Uranium-235 and ends with the radioactive isotope of Lead
-207 (*“Pb), with the emission of seven Alpha and four Beta particles.

3. Thorium-232 (***Th): With a half-life of about 14 billion years, the starting
isotope of this Thorium series. Decays end at Lead-208 (*?*Pb) with the emission of
six Alpha and four Beta particles. Thorium-232 (**2Th) and its decay products are
also major sources of terrestrial radiation. It is widespread in varying concentrations
in soil and rocks and is the only long-lived radionuclide in its decay chain. Thorium-
232's specific activity is 2.97 Bq/g, compared to 8.9 Bq/g for Uranium-238.
Thorium-232 decays to Radium-228 through Alpha emission. Radium-228 (*?*Ra) is
a notable Beta emitter with a half-life of 5.76 years. It is more concentrated in plants
and animals compared to its parent 2’Th and plays a significant role in dose
estimation for regions with Monazite deposits.

4. Potassium-40 (*°K): This isotope has a half-life of about 1.3 billion years and is
found in all Potassium-bearing materials. It contributes to the radiation dose
received by humans through both external exposure and internal ingestion.

5. Radium-226 (**°Ra): With a half-life of about 1,600 years, Radium-226 (**°Ra) is
part of the Uranium series and decays into Radon gas (**Rn). The other two
prominent isotopes of radon are thoron and actinon (**°Rn and ?!°Rn).

6. Polonium-210 (*'°Po): This isotope has a relatively short half-life of about 138
days and is present as a decay product of radon (**’Rn). It is known for its high
radioactivity and its association with certain cases of environmental and
occupational exposure.

7. Lead-210 (*'°Pb): This isotope is part of the decay chain of radon-222 (**?Rn). It
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decays into stable lead-206 and is often used in dating sediments and in determining

sediment accumulation rates.
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Radon gas (***Rn) is a colourless, odourless, and tasteless radioactive noble gas that
is naturally present in the environment [6], [8]. It is a decay product of Uranium-238
(3*U) in the decay series known as the Uranium decay chain. Radon is formed as U-
238 undergoes a series of radioactive decays, eventually leading to the formation of
radon gas.

Radon itself is radioactive and undergoes Alpha decay. It emits Alpha particles
(Helium nuclei) during the decay, transforming into other radioactive isotopes,
known as radon decay products or radon daughters. Radon is a health hazard
because its decay products are solid particles that can attach to dust and other
airborne particles [9], [10]. When inhaled, these particles can become lodged in the
respiratory tract and emit Alpha particles, potentially damaging lung tissue and
increasing the risk of lung cancer. Radon exposure is considered the second leading
cause of lung cancer after smoking. Radon can migrate from the ground into
buildings through cracks in foundations, gaps around pipes, and other openings.
Because buildings can trap radon indoors, radon levels can become elevated in
enclosed spaces. Radon levels can vary widely depending on the location and
geology. To assess radon exposure, measurements can be taken using specialized
devices. If elevated radon levels are detected in homes or workplaces, mitigation
measures such as sealing cracks, improving ventilation, and installing radon
mitigation systems can be implemented to reduce indoor radon concentrations.

Radon levels can vary significantly from one geographic region to another. Areas

10
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with certain types of soil and rock formations are more likely to have elevated radon
concentrations. Geological factors, such as soil permeability and Uranium content,
play a role in radon generation. Many countries have established guidelines and
regulations to address radon exposure in residential and occupational settings. These
guidelines help protect individuals from excessive radon exposure. Public awareness
campaigns and educational efforts aim to inform people about the risks of radon
exposure and encourage actions to reduce exposure, particularly in homes and
workplaces. Reducing radon exposure is crucial for minimizing the associated health
risks. Regular testing of indoor radon levels and taking appropriate measures to
mitigate Radon infiltration can help protect individuals from the harmful effects of
this radioactive gas.

These primodial nuclides are found in varying concentrations in rocks, minerals,
soil, water etc. Their presence and decay contribute to the natural background
radiation that always surrounds us. Even though exposure to these radioactive
elements is generally low and not a significant health concern in normal conditions,
so surveys are always important in a place like Kerala, where we have places with
very high background radiations. It is important to understand their presence,
behaviour, and potential health implications, in certain contexts such as mining,

construction, and nuclear industry operations.

1.5 Cosmogenic Radioactive Nuclides

Radioactive cosmogenic nuclides are isotopes that are produced in the upper
atmosphere and at the Earth's surface their takes place interactions between high-
energy cosmic rays and stable target nuclei. These interactions result in the
transformation of stable atoms into radioactive isotopes. These nuclides have
relatively short half-lives compared to the primordial nuclides mentioned earlier.
Because they are continuously produced and decay, they serve as valuable tools for
various scientific applications, particularly in fields such as geology, archaeology,
and environmental studies. The significant radioactive cosmogenic nuclides are:

e Carbon-14 (C): Carbon-14 is perhaps the most well-known radioactive

cosmogenic nuclide. It is produced in the upper atmosphere when Nitrogen-14
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(**N) is bombarded by cosmic rays. '*C is incorporated into carbon dioxide,
which is then taken up by plants and consumed by animals, making it part of the
food chain. Because of this, living organisms maintain a consistent '*C to '*C
ratio while they are alive. When an organism dies, it stops exchanging carbon
with the environment, and the '*C in its tissues begins to decay. By measuring
the remaining '*C content in organic materials, scientists can determine the age
of ancient objects and fossils through a process known as radiocarbon dating.
Beryllium-10 ('°Be): Beryllium-10 is produced in the atmosphere when Oxygen
and Nitrogen are bombarded by cosmic rays. It is also generated in minerals near
the Earth's surface when they are exposed to cosmic rays. '°Be has a relatively
long half-life of around 1.39 million years. It is often used in studies related to
surface exposure dating, erosion rates, and glacial history.

Chlorine-36 (**Cl): Chlorine-36 is produced in the atmosphere by the interaction
of cosmic rays with Argon and Potassium. It can also be formed in minerals at
the Earth's surface. With a half-life of about 301,000 years, *°Cl is used to
estimate the exposure history of rock surfaces and to determine the age of
groundwater.

Aluminium-26 (*®Al): Aluminium-26 is produced by cosmic ray interactions
with Silicon and Oxygen in minerals near the Earth's surface. It has a relatively
short half-life of about 717,000 years. It is used in studies of exposure ages,

meteorite chronology, and in understanding sediment transport.

These cosmogenic nuclides provide valuable insights into Earth's processes and

history. By measuring their concentrations in various materials, scientists can gain

information on the surface exposure ages, erosion rates, glacial retreat, volcanic

activity, and other geologic phenomena. They also contribute to our understanding

of cosmic ray interactions, the Earth's magnetic field, and the dynamic interactions

between the Earth and the outer space.

1.6 Background Radiation:

Earth is constantly bombarded by cosmic rays, which produce secondary radiation

upon interaction with the atmosphere. This background radiation contributes to
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natural radioactivity. Background radiation refers to the ionizing radiation that is
present in the environment from natural and man-made sources. This radiation is
constantly around us and comes from various sources, including cosmic rays from
space, radioactive materials in the Earth's crust, and even human activities.
Background radiation is typically at low levels and is generally not harmful in
everyday situations. It contributes to the baseline radiation exposure that everyone
experiences. Background radiation is typically measured in units such as micro
sieverts per hour (uSv/h) or millisieverts per year (mSv/y). The level of background
radiation varies depending on factors like geographical location, altitude, local
geology, and lifestyle[11], [12].

While background radiation is an unavoidable part of our environment, It is
important to manage and minimize unnecessary exposure, especially in occupations
or situations where radiation levels are high. Monitoring and understanding
background radiation contributes to our overall attempts to mitigate radiation levels

and thereby achieving radiation safety and health.

1.7. Terrestrial sources of natural radioactivity

Natural radioactive elements are the primary sources of radioactivity in the
environment. As mentioned earlier, there are four important decay series, each led
by a specific radioactive isotope. These series include the Uranium-series headed by
238U, the Thorium series headed by 2**Th, the Actinium series headed by 2*°U, and
the Neptunium series led by >*'Pu, which has a shorter half-life of 14 years. These
naturally occurring radioactive elements fall into two categories: those that exist
individually and those that are part of the Uranium (***U), Thorium (**2Th), and
Actinium (*U) series. Among these, the Uranium and Thorium series are
particularly significant as they contribute a substantial amount of ionizing radiation
to the environment.

Potassium-40 (*°K) is the most prevalent individually occurring radionuclide, with a
half-life of 1.3 x 10? years. It is widely distributed in soil and rocks. Its decay occurs
through two modes: Beta emission to form *°Ca or K-electron capture to form
Argon-40 (*°Ar). The resulting excited *°’Ar subsequently emits gamma radiation.

The average concentration of “°K is approximately 1.8 mg/kg in Earth, with a
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specific activity of about 400 Bg/kg. The abundance of *°K is 0.012% of total

Potassium, meaning that 1 kg of soil contains around 2.36 mg of radioactive

Potassium-40, significantly contributing to gamma radiation in the environment.

Terrestrial materials with radioactivity refer to naturally occurring substances, such

as rocks, minerals, soil, and water, that contain varying levels of radioactive

elements and isotopes. These materials contribute to the natural background
radiation that surrounds us. Major terrestrial materials exhibiting radioactivity are:

e Granite and other rocks: Some types of rocks, including granite, contain higher
concentrations of radioactive elements like Uranium, Thorium, and their decay
products. These elements contribute to the radioactivity of the rocks and the soil
derived from them.

e Minerals: Certain minerals are known for their radioactivity. For instance,
Monazite, a mineral containing Thorium and rare earth elements, can be
significantly radioactive. Uraninite, also known as pitchblende, is a mineral that
contains high concentrations of Uranium.

e Soil: The radioactivity of soil is influenced by the geological composition of the
area. Areas with underlying rocks rich in radioactive elements will have soil with
higher levels of radioactivity.

e Water: Groundwater can contain trace amounts of radioactive isotopes,
particularly radionuclides from the Uranium and Thorium decay series. Radon
gas can also dissolve in water, contributing to its radioactivity.

e Construction Materials: Some construction materials, such as concrete, bricks,
and tiles, can contain naturally occurring radioactive materials. The aggregates
used in these materials might have elevated levels of radioactivity due to their
geological origin.

e Gemstones: Certain gemstones, such as Zircon, can contain radioactive
elements. This radioactivity can be detected using specialized instruments.

e Fertilizers and agricultural products: Some fertilizers, particularly those derived
from phosphate rock, can contain elevated levels of radionuclides like Uranium

and Thorium. These elements can eventually end up in agricultural products.
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e (aves and underground spaces: Underground spaces, including caves, can
sometimes have elevated radon levels due to the emanation of radon gas from

the surrounding rocks.

The main radioactive isotopes in crustal granitic rocks are 2**Th, 23U, 233U and *°K,
all of which have different isotopic abundance, decay constants, and half-lives. It is
important to note that while these materials contain radioactivity, the levels are
usually low and hence not a significant health concern in normal conditions.
However, in certain cases, prolonged exposure to elevated levels of radioactivity
from these materials can pose health risks, especially in confined spaces or poorly
ventilated areas. Regulatory agencies and health organizations provide guidelines
and recommendations to manage potential risks associated with radioactivity in
terrestrial materials.

Biological Sources

Biological sources of radiation refer to natural sources of ionizing radiation that
originate from living organisms or biological materials. These sources contribute to
the background radiation exposure that individuals experience. While the levels of
radiation from biological sources are generally low and not a significant health
concern, they are part of the overall radiation environment. Certain living organisms,
such as bananas and certain types of plants, contain trace amounts of radioactive
isotopes, particularly “°K.

Regulatory bodies and health organizations establish safety limits to ensure that the
radiation exposure from these sources remains within safe levels. Understanding the
contributions of these sources to background radiation exposure helps provide a
comprehensive view of our radiation environment and informs radiation safety

practices.
1.8. Extraterrestrial sources of natural radioactivity

Extraterrestrial sources of natural radioactivity refer to radioactive materials and
particles that originate from sources beyond the Earth, such as outer space, cosmic
rays, and meteorites. These sources contribute to the overall background radiation

that reaches the Earth's surface and can have interesting implications for our
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understanding of both terrestrial and cosmic processes. The major examples of
extraterrestrial sources of natural radioactivity are: solar and galatic cosmic rays,
meteorites, which are fragments of asteroids or other celestial bodies, nuclear
reactions in space, interstellar dust and solar neutrinos

These extraterrestrial sources of natural radioactivity are a reminder that the Earth is
constantly interacting with the cosmos, and the radiation environment on our planet
is shaped by both terrestrial and cosmic processes. Studying these sources helps us
understand the broader context of radiation exposure and the connections between

Earth and the universe.
1.9. The distribution of primordial radionuclides in rocks and soils

The distribution of primordial radionuclides in rocks is primarily influenced by the
underlying geological conditions. The concentrations of Potassium, Uranium, and
Thorium are determined by their physical and chemical behaviour during rock-
forming processes. These processes include crystal fractionation in igneous rocks,
metamorphic and hydrothermal activities, as well as erosion and depositional
mechanisms in the formation of sedimentary rocks. *°K is a natural isotope of
Potassium and is the most prevalent naturally occurring radioactive element. It is
uniformly mixed with Potassium, accounting for approximately 0.0118% by mass.
Potassium, an alkali metal easily oxidized, shares similar chemical behaviour with
sodium, constituting essential components of alkali feldspars and feldspathoids.
Natural Potassium has three isotopes, with “°K being the only unstable one. The
abundance of natural Potassium varies from 0.3% to 4.5% in different rock types,
with lower concentrations observed in certain basalts and sands compared to

granites and other basalts.
1.9.1. Distribution of sedimentary rocks

Sedimentary rocks are formed through the accumulation and cementation of
sediments over time. This includes the processes of weathering, erosion,
transportation, deposition, and lithification. Weathering breaks down existing rocks

into sediment particles, which are then transported by agents like water, wind, or ice.
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Deposition occurs when these particles settle and accumulate in a new location.
Over time, compaction and cementation turn the accumulated sediments into solid
rock. Uranium and Thorium content in sedimentary rocks are generally lower when
compared to those in igneous rocks. However, phosphates and organic matter in
sedimentary rocks can concentrate Uranium. They form at or near the Earth's surface
through the accumulation and consolidation of sedimentary materials. Sedimentary
rocks cover a wide range of rock types, each with unique characteristics.
Sedimentary rocks often have a layered or stratified appearance due to the sequential
deposition of different sedimentary materials. Grain size and sorting can vary within
sedimentary rocks, influencing their texture. There are three main categories of
sedimentary rocks: clastic (detrital), chemical, and organic. Clastic sedimentary
rocks formed from the accumulation of mineral and rock fragments (clasts)
produced by the weathering of pre-existing rocks. Sandstone, shale, and
conglomerate aree belongs to these types of rocks. Chemical sedimentary are rocks
formed by the precipitation of minerals from a solution. Limestone, gypsum, and
halite belongs to these categories. Organic sedimentary rocks are composed of the
remains of once-living organisms. Coal (from plant material) and certain types of

limestone (from marine organisms) are belonging to these categories.

Sedimentary rocks frequently contain fossils, which are the preserved remains or
traces of ancient organisms. Fossils are especially common in rocks formed in
aquatic environments, such as marine or lake sediments. The colour of sedimentary
rocks varies based on the mineral composition and the environment of formation.
Red or brown colours often indicate the presence of Iron oxides, while white or gray
colour may suggest a predominance of quartz or calcium carbonate. Sedimentary
rocks play a crucial role in preserving Earth's history and are valuable for
understanding past environments, climate conditions, and the evolution of life on
Earth. The distribution of primordial radionuclides in sedimentary rocks is
influenced by the composition of the original sediments and subsequent diagenetic
processes. The absolute Potassium content depends on the proportions of Feldspars,

Mica, and Clay mineral aggregates, which can be determined from the composition
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of the source rock and its proximity. Uranium and Thorium exhibit strong lithophile

characteristics.

Uranium commonly appears in various forms such as Oxides, Hydroxides,
Phosphates, Carbonates, Sulphates, Arsenates, Vanadates, Molybdonates, and
Silicates, often having affinities with hydrocarbon complexes. Thorium tends to
form ions with Chloride, Fluoride, Nitrate, Sulphate, Carbonate, and Hydroxide,
with possible complexes like Silicate, Phosphate, and organic compounds, making

Thorium mobile under specific pH conditions.

In most regions of the Earth, natural radioactivity remains within narrow limits, but
in some areas, deviations from normal levels occur due to abnormally high
concentrations of minerals containing primordial radionuclides in the rock.
Uranium, a universally present element in two radioactive decay series (**°U and
238U), occurs naturally in low levels in all rocks, soil, and water. Uranium
concentrations are higher in phosphate, igneous, and granite rocks, while
sedimentary rocks like limestone typically have lower concentrations. The
measurement of natural radioactivity in rocks is crucial for Thorium and Uranium

prospecting.
1.9.2. Distribution Metamorphic rocks

Metamorphic rocks result from the alteration of pre-existing rocks due to heat and
pressure. Uranium and Thorium tend to be more concentrated in metamorphic rocks
than in sedimentary rocks, as the processes of metamorphism can lead to the
concentration of these elements in minerals like Zircon and Monazite. The
distribution of primordial radionuclides in metamorphic rocks is dependent on the

mineralogical changes that occur during metamorphism.
1.9.3. Igneous rocks

Igneous rocks form from the solidification of molten magma or lava. Uranium and
Thorium are often more concentrated in igneous rocks, especially in granitic rocks.

Granite is known for having higher Uranium and Thorium content compared to

18



Introduction

other rock types. Granitic rocks, commonly referred to as granite, are a type of
igneous rock that forms from the slow crystallization of magma beneath the Earth's
surface. Granite is a widely recognized and utilized rock in various applications due
to its durability, aesthetic appeal, and diverse range of uses. Some key

characteristics of granitic rocks are:

Granitic rocks are primarily composed of three main minerals: Quartz, Feldspar
(both Orthoclase and Plagioclase), and Mica (usually Biotite or Muscovite). These
minerals give granite its distinctive appearance. Granites typically have a coarse-
grained texture, meaning that individual mineral crystals are easily visible to the
naked eye. The interlocking nature of these crystals contributes to the rock's strength

and durability.

The magma that gives rise to granite is often derived from the partial melting of
continental crust. Granite comes in a variety of colours, reflecting the diverse
mineral composition. Common colours include pink, gray, white, and variations of
these hues. The specific minerals present contribute to the rock's coloration. Due to
its durability and aesthetic qualities, granite is widely used as a dimension stone in
construction. It is often employed as countertops, flooring, exterior cladding,
monuments, and other architectural features. Granitic rocks, especially those with
higher concentrations of Uranium and Thorium, can exhibit elevated levels of
natural radioactivity. This is because these rocks may contain the primordial
radionuclides 2**U, 2**Th and *°K. Granitic rocks are found in various geological
settings, but they are particularly abundant in continental crust. Large granite
batholiths and plutons are common features in mountainous regions. Granite is an
intrusive igneous rock, meaning it forms from the cooling of magma beneath the
Earth's surface. When granite is exposed at the surface, it is usually the result of
erosion that removed overlying rocks. Overall, granitic rocks are a significant
component of the Earth's crust, and their characteristics make them valuable in both
geological studies and a wide range of human applications. Potassium-40 is

abundant in many igneous rocks, as Potassium is a common element in the Earth's
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crust. Potassium-rich minerals like feldspar contribute to the overall radioactivity of

these rocks.

In summary, the concentration and distribution of primordial radionuclides in rocks
are influenced by the geological processes that lead to the formation of sedimentary,
metamorphic, and igneous rocks. The mineral composition, geological history, and
the specific conditions under which these rocks are formed play a key role in

determining the levels of natural radioactivity in each rock type.
1.10 Mineral deposition in Rock and soil samples

The gamma-ray spectrometric approach may identify Potassium alteration, which is
commonly linked with hydrothermal ore deposits. The method is also utilized in the
exploration of Uranium and Thorium, heat flow research, and environmental

mapping, such as the delineation of surface drainage features.
1.10.1 Mineral deposition in Rock samples

The common radioactive minerals are Uraninite (oxide of U, Pb, Rat+ Th, rare
earths), Monazite (ThO. + rare earth phosphate), Thorianite [(Th, U)Oz], Rubidium
(*’Rb) in granite-pegmatite, Feldspar, Muscovite [H2KAI(SiO4)3], Alunite
[K2A16(OH)12(Si04)], Carnallite (MgCl2.6H>0) and Sylvite (KCl) in acid igneous
rocks. Potassic Feldspars and Micas are the major hosts of Potassium in rocks.
Orthoclase Microcline (KAISi30g) with an approximate 13% and Biotite and

Muscovite with 8% are examples of Potassic Feldspars and Micas, respectively.

Thorium (about 12 ppm) is a small component of the Earth’s crust. Monazite and
Zircon (ZrSiO4) are the main Thorium-bearing minerals; they are resilient to the
effects of weathering and can form vast dunes. Thorium can be preserved in Fe or Ti
Oxides/Hydroxides and clays because of the mineral breakdown during weathering.
Uranium 1is a radioactive element having a low abundance on average
(approximately 3 ppm) in the Earth’s crust. It was found in rocks as the oxide and
silicate minerals Uraninite and Uranothorite (ThSiO4+U); and as trace amounts in

other minerals or along grain boundaries as Uranium oxides or Silicates. In rocks
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and soils, the distribution of radioelements as studied by further examination by [13]
revealed that Potassium (2.35%), an alkali element with simple chemistry, was a

significant part of the Earth’s crust.
1.10.2 Mineral deposition in Soil samples

The composition of soil has a significant impact on natural radioactivity. Different
soil types contain varying concentrations of radioactive elements, and the
composition influences the retention, mobility, and distribution of these elements.
Other than mineral composition, there are other key factors that are related to the
soil radioactivity are:

Clay and Sandy Soils

Clay and sandy soils are two distinct types of soil with different properties, and
these differences can impact various aspects, including natural radioactivity. Clay
soils have fine particles with sizes less than 0.002 mm. The small particle size
provides a larger surface area for interactions with minerals and organic matter. Clay
soils have high water retention capacity due to their fine texture. They can hold onto
water for more extended periods, influencing the movement of water-soluble
elements, including certain radionuclides. Clay soils have a higher nutrient retention
capacity, which can affect the availability and mobility of radionuclides in the soil.
Nutrients and radionuclides may compete for binding sites on clay particles.

Clay soils generally have a higher Cation Exchange Capacity (CEC), which refers to
their ability to hold and exchange cations (positively charged ions). This can
influence the retention of radionuclides in the soil. Clay soils often exhibit higher
natural radioactivity levels compared to sandy soils. This is partly due to the higher
concentrations of minerals containing Uranium, Thorium, and Potassium in clay-
rich materials.

Sandy soils have larger particles with sizes ranging from 0.05 to 2.0 mm. This
results in a coarser texture and a lower surface area compared to clay soils. Sandy
soils have excellent drainage capabilities. Water passes through them more easily,
which can impact the leaching and migration of radionuclides. Sandy soils may

experience nutrient leaching more than clay soils due to their low nutrient retention
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capacity. This characteristic can affect the movement of certain radionuclides as
well. Sandy soils generally have a lower CEC compared to clay soils. This can
influence the adsorption and retention of radionuclides in the soil. Sandy soils often
exhibit lower natural radioactivity levels compared to clay soils. The lower
concentrations of Uranium, Thorium, and Potassium-containing minerals contribute
to reduced radioactivity.

pH Levels

pH levels, representing the acidity or alkalinity of soil, are important factors that can
influence natural radioactivity in the soil. The pH of the soil may influence the
availability and mobility of certain radionuclides. Changes in pH can affect the
solubility of minerals and impact the leaching or retention of radioactive elements.
Some radionuclides are associated with specific minerals, and changes in pH can
influence the dissolution or precipitation of these minerals, impacting the
availability of radioactive elements[14]. Soil pH levels are critical factors that can
influence the geochemical and biological processes governing the behaviour of
radionuclides in the soil. Understanding the relationship between pH and natural
radioactivity is essential for assessing environmental impact, managing potential
health risks, and interpreting radioactivity measurements in various soil types.
Anthropogenic Influences

Anthropogenic influences can significantly alter the natural radioactivity of soils,
introducing additional radionuclides beyond those naturally occurring. Above-
ground nuclear testing, conducted in the mid-20" century, released significant
amounts of artificial radionuclides, such as Cesium-137 and Strontium-90, into the
atmosphere. These radionuclides eventually settle onto the soil, contributing to
anthropogenic radioactivity. Accidents involving nuclear facilities, such as the
Chernobyl disaster in 1986 and the Fukushima Daiichi nuclear disaster in 2011,
released substantial amounts of radioactive materials into the environment. These
incidents contribute to elevated levels of anthropogenic radionuclides in affected
soils. Improper disposal of radioactive waste from nuclear power plants, medical
facilities, or industrial processes can lead to localized contamination of soil with

artificial radionuclides. Containment failures or leaks from storage facilities are also
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potential sources of soil contamination.

Certain industrial activities, such as mining and processing of minerals, can release
naturally occurring radionuclides from geological materials into the environment.
Additionally, industrial processes may generate waste containing radioactive
materials, impacting nearby soil. Applications involving the use of radioactive
materials in various industries, research, and medical practices can lead to localized
soil contamination. Accidental spills or improper disposal of radioactive sources
contribute to anthropogenic radioactivity.

The production and use of phosphate fertilizers can introduce elevated levels of
radionuclides, particularly Uranium and Thorium, into the soil. Phosphate rock, a
raw material for fertilizer production, often contains these radioactive elements.
Coal contains trace amounts of radioactive elements, and the combustion of coal in
power plants releases ash that may contain concentrated radionuclides. This ash, if
not properly managed, can contribute to anthropogenic radioactivity in the
surrounding soil. Certain metal smelting processes may release radioactive materials
into the environment. Tailings from mining and smelting activities can contribute to
soil contamination with both natural and anthropogenic radionuclides.

Military operations, including the testing and use of munitions containing depleted
Uranium, can result in localized soil contamination with anthropogenic
radionuclides. Managing and mitigating the impact of these human activities on soil
radioactivity is essential for environmental protection and the well-being of both
ecosystems and human populations.

Geological Characteristics

The geological history of an area contributes to the types of minerals present in the
soil. Regions with specific geological formations may have distinctive natural
radioactivity signatures. Geological characteristics play a crucial role in influencing
the natural radioactivity of soils. The composition and geological history of an area
contribute to the types and concentrations of radioactive elements present in the soil.
The weathering of geological materials releases radionuclides into the soil. Over
time, physical and chemical weathering breaks down rocks, contributing to the

accumulation of radioactive elements in soils. Specific geological formations, such
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as ore deposits, may contain elevated concentrations of radioactive minerals. Mining

activities in these formations can release these minerals, affecting soil radioactivity.

In natural radioactivity measurements, researchers consider these factors to obtain
accurate assessments of soil radioactivity. Understanding the relationship between
soil composition and radioactivity is essential for environmental monitoring,

assessing potential health risks, and interpreting data in various scientific fields.

1.11 Technologically Enhanced Natural Radionuclides

It is important to note that natural radioactivity is ubiquitous and has been a part of
Earth's environment since its formation. While some of these sources can pose
health risks, they also have important applications in various fields, including
medicine, archaeology, and geology. Technologically Enhanced Natural Radioactive
Materials (TENORM) refer to naturally occurring radioactive materials that have
been concentrated or otherwise altered by human activities, leading to higher levels
of radioactivity than typically found in their natural state. These materials can be
generated as byproducts of various industrial processes, such as mining, mineral
extraction, oil and gas production, and certain manufacturing activities. Major
technological process that generates/enhance natural radionuclides are Uranium and
Thorium Mining, Phosphate Industry, Oil and Gas Production, Coal Combustion,
Rare Earth Element Extraction, Building Materials, Water Treatment Residues,
Metal Production and Scrap Metal Recycling.

It is worth noting that while TENORM can have elevated levels of radioactivity
compared to their natural state, the extent of risk and regulatory control depends on
factors such as the specific materials involved, the concentrations of radionuclides,
the exposure pathways, and the disposal methods. Regulatory agencies monitor and

manage TENORM to ensure public and environmental safety.

1.12 Radiogenic Heat Production and heat flow

Geothermal energy is produced by the Earth's internal heat. It provides dependable
heat with minimal greenhouse gas emissions. This energy source is reliable and can

lessen the reliance on imported fuels for electricity generation. It is also renewable
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due to its reliance on an almost inexhaustible resource [15]. Furthermore,
geothermal energy offers significant environmental benefits, as its emissions are free
from chemical pollutants and waste, consisting mainly of water that is reinjected
underground. The Earth's internal heat comes from several sources, with two
primary origins. One is the gradual cooling of the Earth since its formation, a time
when internal temperatures were significantly higher than they are today. Another
significant source of the Earth's internal heat is the decay of long-lived radioactive
isotopes. This is the primary contributor to the Earth's internal heat, driving all
geodynamic processes [15]. The Earth continuously loses heat from its interior at a
rate far greater than the energy lost through other means, such as changes in the
Earth's rotation or energy released through geothermal flux, amounting to
approximately 4.4x10° W, or 1.4x 10! Jyr.
Geophysical methods are essential in geothermal exploration. These surveys aim to
indirectly obtain physical parameters of geothermal systems from shallow depths.
Techniques used in geothermal energy exploration include measuring subsurface
(shallow) temperatures [15]—[20].
The primary isotopes meeting these criteria are 2*8U, 23°U, »**Th, and “°K. Among
these, *°U has a shorter half-life than >**U and releases more energy during decay
[21], [22] shown in Table 1.1

Table 1.1: Isotopes with Specific isotopic heat production (mW/kg)

Isotopic cpe s .
Isotope abundance T Decay constant, Specific isotopic heat
(WE%) (Ma) A (year™) production (mW/kg)
(1)
28y 99.28 4470 1.551x101° 94.65
33y 0.71 704 9.85x10°"° 568.72
22Th 100 14000 4.95x10!! 26.38
40K 0.0119 1250 5.54x1071° 29.17

Combining the measurement and analysis of radionuclide contributions to
geothermal heat production can enhance the accurate assessment of potential
geothermal resource areas. This approach aids in identifying sites for future detailed

investigations and possible exploitation. The heat generated by radioactive decay in
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rocks is crucial for understanding the Earth's thermal history and interpreting
continental heat flux data. Energy released by short-lived radioactive isotopes may
have contributed to the Earth's initial heating, but these isotopes were consumed
relatively early. In contrast, heat generated by long-lived isotopes has been a
significant source throughout most of Earth's history. For isotopes to be a substantial
heat source, they must have a half-life comparable to the Earth's age, their decay
energy must be fully converted to heat, and they must be sufficiently abundant.

Heat can be transported by conduction, convection, and radiation. Conduction and
convection require a material medium, whereas radiation can occur through space or
a vacuum. Conduction is the primary heat transport mechanism in solid materials
but is relatively inefficient. When molecules can move freely, as in fluids or gases,
convection becomes more important. Although the mantle, is solid concerning the
rapid passage of seismic waves, its high temperature allows it to behave as a viscous
fluid over long periods [21]. Therefore, convection is also a dominant form of heat

transport in the fluid core.
1.13 Interaction Mechanisms of Gamma Rays

Einstein showed that a photon feels the pull of gravity as if it were a particle even
though it has no rest mass. Photons are fundamental to physics because they transmit
the electromagnetic force; two electric charges are believed to interact by
“exchanging” photons (photons are emitted by one charge and absorbed by the
other).

Gamma radiation refers to high-energy electromagnetic radiation. Gamma rays are a
form of ionizing radiation that possess extremely short wavelengths and high
frequencies. They are typically emitted during nuclear reactions, radioactive decay,
or particle interactions. When gamma beams encounter matter, they undergo various
interactions that can be categorized into three essential processes: the photoelectric
effect, Compton scattering, and pair production. These processes involve the transfer
of energy from the gamma-ray photon to electrons. The dominance of each process
depends on the energy of the gamma rays and the characteristics of the material

being interacted with.
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At low energies and with high atomic-number materials, the photoelectric effect is
the dominant interaction. In this process, the gamma-ray photon transfers its energy
completely to an electron, causing its ejection from the atom. In the mid-energy
range and with low-atomic number materials, Compton scattering becomes the most
significant interaction. Here, the gamma-ray collides with an electron, transferring a
fraction of its energy and changing direction. The scattered gamma rays retain a
lower energy level. At high photon energies, pair production becomes more
effective than other types of gamma interactions. Pair production occurs when the
energy of the gamma-ray is transformed into the mass of an electron-positron pair,
typically in the presence of a nucleus' electric field.

Understanding these interactions is crucial as the dominance of each process
depends on the energy of the gamma rays and the material composition. This
knowledge is valuable for various applications, such as radiation detection, medical
imaging and therapy, and nuclear physics research. Photon interaction with matter is
a fundamental concept in physics and plays a crucial role in understanding a wide
range of phenomena, from the behaviour of light and electromagnetic radiation to
the operation of various technologies and even the structure of the universe. Photons
originate in interesting ways; they simply appear when it is necessary to carry off
excess energy (such as bremsstrahlung production, in radioactive transformation, or
in nuclear interactions). The dichotomy of being both a wave and a particle is
intriguing, but both properties are required to explain photon interactions in media.
The origin and appearance of interference and diffraction phenomena are clearly
wave properties, and its absorption to deposit energy and impart momentum requires
a particle description as so effectively as deduced by Einstein (photoelectric effect)
and Compton (in explaining photon scattering). It is difficult to accept that both
could exist simultaneously, yet both properties are required to completely describe
photons. Neither the wave nor the particle theory is wholly correct all the time, but
both, as defined by Bohr, are “complementary” to each other.

The principal modes by which photons interact with matter to be attenuated and to
deposit energy are by the photoelectric effect, the Compton effect, and pair

production [3]. Photons also undergo Rayleigh scattering, Bragg scattering,
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photodisintegration, and nuclear resonance scattering; however, these result in
negligible attenuation or energy deposition and can generally be ignored for
purposes of radiation protection.

1.13.1 Photoelectric effect

A low-energy photon can, by a process known as the photoelectric effect, collide
with a bound orbital electron and eject it from the atom. The electron is ejected with
an energy equal to that of the incoming photon, hv, minus the binding energy of the
electron in its orbit, an energy that is required to free an electron from the atom. The
interaction must occur with a bound electron since the entire atom is necessary to
conserve momentum, and it often occurs with one of the inner-shell electrons
(Shown in Figure 1.5). Since a vacancy is created in the electron shell, a
characteristic X-ray, typically from filling the K shell, will also be emitted.

The kinetic energy of the ejected electron is almost always absorbed in the medium
where photoelectric absorption occurs. Characteristic X-rays that are produced are
also very likely to be absorbed in the medium, typically by another photoelectric

interaction or by the ejection and absorption of Auger electrons.
The photoelectric absorption coefficient T is a function of the atomic number Z of

the absorbing material (generally related to the density of the absorbing medium)

and the energy of the radiation as follows[3].

ZS
T = ConstantxX—
E3

It is evident that photoelectric absorption is most pronounced in high-Z materials
and for low-energy photons (less than 0.5 MeV). In a high-Z material such as lead, L
X-rays and M X-rays can also be prominent emissions from target atoms, and these
will either be absorbed in the absorbing medium or will contribute to the photon

fluence.
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Figure 1.5: Schematic of the photoelectric effect.

1.13.2 Compton effect

Compton scattering interactions are especially important for gamma rays of medium
energy (0.5-1.0 MeV), and, for low-Z materials such as tissues, can be the dominant
interaction mechanism down to 0.1 MeV. Compton scattering involves a collision
between a photon and a “free” or very loosely bound electron in which a part of the
energy of the photon is imparted to the electron, as shown in Figure 1.6. Both energy
and momentum are conserved in the collision.

The Compton-scattered photon emerges from the collision in a new direction and

with reduced energy and increased wavelength[3]. The change in wavelength
' h
A—A= — (1- cos 0) = 2.4264x 107'°(1- cos 0)
0

It is notable that the change in wavelength (and decrease in energy) of the photon is
determined only by the scattering angle. The term h/moc, often called the Compton
wavelength, has the value 2.4264x 10719 cm.

Energy transfer to the recoiling electron is the most important consequence of
Compton interactions since it will be absorbed locally to produce radiation dose.
This is a variable quantity and can range from zero up to a maximum value for
electrons ejected in the forward direction. The fraction of the photon energy hm that

is transferred to the Compton electron is shown in Figure 1.6.
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Figure 1.6: Compton scattering with a free electron.
The Compton interaction coefficient ¢ consists of two components,
G = Ca T Os
where o is the total Compton interaction coefficient, 6a is the Compton absorption
coefficient for photon energy lost by collisions with electrons, and s is the loss of
energy due to the scattering of photons out of the beam. The Compton interaction
coefficient is determined by electron density (t) which is directly related to Z and

inversely proportional to E as follows.
Z
T = Constant X =

For photons with energies above 100 keV, Compton interactions in soft tissue (low-
Z material) are much more important than either the photoelectric or pair production
interactions.

1.13.3 Pair Production

When a high-energy (>1.022 MeV) photon interacts with the strong electromagnetic
field surrounding a nucleus shown in Figure 1.7, its energy can be converted into a
pair of electron masses, one of which is negatively charged (the electron) and the
other, called the positron, is positively charged. Pair production can also occur in the

field of an electron yielding a triplet consisting of a positron, a negatron, and the
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recoiling electron. Pair production interactions are also accompanied by the
emission of two annihilation photons of 0.511 MeV each, which are also shown in

Figure 1.7.

© Positron
&

‘ Electron

pair emitted

Figure 1.7: Pair production interaction.

Pair production is a classic example of Einstein’s special theory of relativity in
which the pure energy of the photon is converted into two electron masses, and since
energy is conserved the positron and electron share the energy left over (hv — 1.022)
after the electron masses have been formed. This remaining energy appears as
kinetic energy of the € and e~ pair but is not shared equally. The positively charged
nucleus repels the positively charged positron which provides an extra “kick” while
the electron is attracted and thus slowed down with a decrease in its kinetic energy.
Because of these circumstances, the positron should receive a maximum of about
0.0075Z more kinetic energy than the average electron energy. The slight difference
in energy shared by the positron and the electron in pair production interactions is of
little consequence to radiation dosimetry or detection since the available energy, hv
— 1.022 MeV, will be absorbed in the medium with the same average result
regardless of how it is shared.

The positron will exist as a separate particle if it has momentum and kinetic energy.
However, when it has been fully absorbed, being antimatter in a matter world, it will
interact with a negatively charged electron forming for a moment a “neutral particle”
of “positronium” which then vanishes yielding two 0.511 MeV photons, i.e., mass

becomes energy. The absorption of high-energy photons thus yields a complex
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pattern of energy emission and absorption in which the pure energy of the photon
produces an electron and a positron which deposit hv — 1.022 MeV of kinetic energy
along a path of ionization, followed in turn by positron annihilation with a free
electron to convert mass back into energy. The absorption of a high-energy photon
by pair production thus yields two new photons of 0.511 MeV which may or may
not interact in the medium and an intermediate pair of electron masses which almost
certainly do.

The pair production interaction coefficient K is proportional to the square of the
atomic number Z for photons with energy greater than 2 x 0.511 MeV (the energy

required to form an electron—positron pair) and has the following relationship:
k = Constant x Z? (E-1.022)

The absorption coefficient increases rapidly with energy above the 1.022 MeV
threshold and varies approximately as Z>. The significance of the three processes
mentioned above varies depending on the absorber material and the energy of

gamma rays, as depicted in Figure 1.8.
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Figure 1.8: The three interaction processes for different absorber materials

and gamma-ray energies.
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On the left side of the graph, there is a line indicating the energy values where
photoelectric absorption and Compton scattering have equal probabilities, varying
with the atomic number of the absorber. Conversely, on the right side, another line
marks photon energy values where Compton scattering, and pair production are
equally probable. This graphical representation divides the plot into three distinct
areas, each corresponding to the predominance of photoelectric absorption,
Compton scattering, or pair production processes, respectively.

1.13.4 Photodisintegration

Photodisintegration interactions can also deplete a beam of photons if the photon
energy is sufficiently large. From a practical standpoint, photodisintegration can
generally be neglected in calculating the energy removed from a photon beam;
however, such reactions are quite sharp at 1.66 MeV for *Be (y, n) interactions and
2.225 MeV for *H (y,n) interactions. Except for these two light elements,
photodisintegration reactions require photon energies of 8 MeV or more. For photon
energies above 20 MeV, the cross-sections for photodisintegration are sufficiently
large and must be accounted for in shield designs. Large neutron fields are created at
these energies and these neutrons will be mixed with many unabsorbed photons,
both of which must be considered in radiation dosimetry and shield designs, at

particularly in medical fields.

1.14 Photon Attenuation and Absorption

Photon interactions with matter are very different from those of charged particles.
When X-rays or gamma rays traverse through matter, some are absorbed, some pass
through without interaction, and some are scattered as lower energy photons in
directions that are quite different from that of primary beam.

The attenuation of a photon beam by an absorber is characterized as occurring in
“good geometry” or “poor geometry,”. Good geometry exists when every photon
that interacts is either absorbed or scattered out of the primary beam such that it will
not impact a small receptor some distance away.

When good geometry exists only those photons that have passed through the
absorber without any kind of interaction will reach the detector, and each one of

these photons will have all its original energy. This situation exists when the primary
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photons are confined to a narrow beam and the detector is small and sufficiently far
away that scattered photons have a sufficiently large angle with the original
narrowly focused beam that they truly leave the beam and do not reach the detector.
Because of this condition, this geometry is also characterized as “narrow beam”
geometry. Readings taken with and without the absorber in place will yield the
fraction of photons removed from the narrow beam, by whatever process.

In poor geometry or “broad-beam geometry”, a significant fraction of the scattered
photons will also reach the receptor of interest in addition to those transmitted
without interaction. Poor geometry exists in most practical conditions. Such
conditions often exist when tissue is exposed or a shield is used to attenuate a
photon, and each scattered photon will be degraded in energy according to the angle
through which it is scattered. The photons reaching a receptor will then have a
complex energy spectrum, including scattered photons of many energies and un-
scattered photons originally present in the primary beam. The pattern of energy
deposition in the detector will be equally complex and governed by the energy
distribution and the exact geometrical arrangement used. The amount of energy
deposited in an absorber or a detector under such conditions is very difficult to

determine analytically.

1.15 Gamma-ray shielding

Gamma-ray shielding refers to the process of using specialized materials or
structures to protect against the harmful effects of gamma radiation. Gamma rays are
highly energetic electromagnetic waves or photons that can penetrate matter and
potentially cause damage to living organisms and sensitive equipment. Gamma-ray
shielding works by reducing the intensity of gamma radiation as it passes through a
shielding material. The shielding material is selected based on its ability to absorb or
scatter gamma rays, thereby effectively reducing their energy and preventing them
from reaching the target area.

Gamma-ray shielding is essential for various applications incluing those in
industries that involve the use of radioactive materials or exposure to sources of
ionizing radiation, particularly gamma radiation [23]. Gamma rays are high-energy

electromagnetic waves emitted during the radioactive decay of certain atomic nuclei
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or generated in processes like nuclear reactions. They can penetrate most materials,

including human tissue, making them potentially harmful to living organisms and

sensitive equipment. The need for gamma-ray shielding arises due to several

important reasons:

1.

Radiation Protection: The primary reason for gamma-ray shielding is to protect
humans and the environment from the harmful effects of ionizing radiation.
Exposure to high levels of gamma radiation can damage or kill living cells,
increasing the risk of cancer and other health issues. Shielding materials absorb
and scatter gamma rays, reducing their intensity and the associated health risks

for individuals working or living in proximity to radiation sources.

Occupational Safety: Many industries, such as nuclear power plants, medical
facilities, research laboratories, and industrial processes, use or produce
radioactive materials that emit gamma rays. Workers in these industries are at
risk of exposure to high levels of radiation if proper shielding measures are not
in place. Adequate gamma-ray shielding ensures the safety of workers and

minimizes their exposure to harmful radiation.

Medical Applications: In medical settings, gamma-ray shielding is crucial to
protect both patients and medical staff. Medical procedures that involve the use
of radioactive isotopes for diagnostic imaging or cancer treatment emit gamma
radiation. Shielding ensures that the radiation is confined to the targeted area,
minimizing the dose to surrounding healthy tissues and reducing the potential for

secondary health effects.

Nuclear Industry: Nuclear reactors, nuclear waste storage facilities, and spent
fuel pools emit gamma radiation as part of their normal operation. Proper
shielding is essential to prevent radiation leaks and protect the surrounding

environment from contamination and radiation hazards.

Space Exploration: During space missions, astronauts are exposed to higher
levels of cosmic radiation, including gamma rays, due to the lack of Earth's

protective atmosphere. Designing spacecraft with effective gamma-ray shielding

35



Introduction

is crucial to ensure the safety and health of astronauts during extended space

travel.

6. Security and Defence: In some cases, gamma radiation sources can be used for
nefarious purposes, such as in radiological weapons ("dirty bombs"). Shielding
materials can help mitigate the impact of such devices by reducing the dispersion

of radioactive materials and the spread of contamination.

7. Sensitive Equipment: Some scientific instruments and electronic devices are
highly sensitive to radiation and can be damaged or malfunction if exposed to
gamma rays. Shielding helps preserve the integrity and functionality of these

Instruments.

Gamma-ray shielding is achieved using dense materials that are capable of
attenuating (reducing the intensity of) gamma radiation through processes like
absorption and scattering. Common shielding materials include Lead, concrete,
steel, and various types of high-density polymers. The thickness and type of
shielding required depend on factors such as the energy and intensity of the gamma
radiation, the distance from the source, and the level of protection needed.

The basic working of gamma-ray shielding involves the interaction of gamma rays
with the shielding material to reduce their intensity and prevent them from reaching
the target area. Here's a step-by-step explanation of the process:

1. Gamma Radiation Source: Gamma rays are emitted from various sources, such as
nuclear reactions, radioactive decay, or high-energy particle interactions. These
gamma rays are highly energetic electromagnetic waves with no charge and can
penetrate matter.

2. Shielding Material Selection: The appropriate shielding material is selected based
on the specific requirements of the application, including the energy and intensity of
the gamma radiation. Materials with high density and high atomic number, such as
lead, concrete, or steel, are commonly chosen as shielding materials.

3. Attenuation of Gamma Rays: The combined effects of absorption, scattering, and
pair production lead to a reduction in the intensity of gamma radiation as it passes

through the shielding material. The more interactions that occur, the greater the
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attenuation of the gamma rays.

4. Shielding Effectiveness: The effectiveness of gamma-ray shielding depends on
factors such as the thickness and composition of the shielding material, the energy of
the gamma radiation, and the distance between the radiation source and the
protected area. Thicker shielding materials and materials with high-density and
high-atomic number properties provide greater attenuation.

By utilizing appropriate shielding materials and optimizing the thickness and
composition, gamma-ray shielding can effectively reduce the intensity of gamma
radiation, minimizing the risk of exposure and providing protection to individuals,
equipment, and the environment.

To effectively shield against gamma radiation, gamma-ray shielding material must
meet certain requirements. These requirements ensure that the material provides
adequate protection and minimizes the risk of exposure. Key requirements for a
gamma-ray shielding material are:

1. Attenuation Capability: The primary requirement of a gamma-ray shielding
material is its ability to attenuate or reduce the intensity of gamma rays. The
material should have a high linear attenuation coefficient, which measures how
effectively it absorbs and scatters gamma radiation. The higher the attenuation
capability, the better the shielding material.

2. High Density: Gamma rays are high-energy photons that can penetrate matter.
Therefore, the shielding material should have a high density to effectively absorb
and scatter the gamma rays. High-density materials have a greater number of atoms
per unit volume, increasing the chances of interaction with gamma radiation.

3. High Atomic Number: Materials with a high atomic number tend to have a greater
probability of interacting with gamma rays. Elements such as Lead (Pb), Tungsten
(W), and Bismuth (Bi) have high atomic numbers and are commonly used in
gamma-ray shielding.

4. Thickness: The thickness of the shielding material is an important factor in
determining its effectiveness. Gamma rays lose their intensity exponentially as they
pass through matter, so a thicker material provides more opportunities for interaction

and absorption. The required thickness of the shielding material depends on the
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energy and intensity of the gamma radiation.

5. Stability: The shielding material should be stable and not undergo significant
degradation or deterioration when exposed to gamma radiation over time. Stability
ensures that the shielding material remains effective and does not release any
harmful by-products that could pose additional risks.

6. Non-Toxicity: The shielding material should be non-toxic to ensure the safety of
individuals who handle. Approach to it. This is especially important in applications
where the shielding material is used near humans, such as medical facilities. Non-
toxic materials, such as borated polyethylene, are preferred in such cases.

7. Cost and Availability: The cost and availability of the shielding material are
practical considerations. The material should be cost-effective and readily accessible
in order to be feasible for use in various applications. Common materials like lead
and concrete are often chosen for their affordability and widespread availability.

8. Structural Integrity: In certain applications, such as shielding for infrastructure or
equipment, the material should possess sufficient structural integrity. It should be
able to withstand the physical stresses and strains placed upon it without
compromising its shielding capabilities.

9. Regulatory Compliance: The shielding material must comply with relevant
regulations and standards regarding radiation protection. These regulations may
specify requirements for maximum exposure limits, acceptable attenuation levels,
and other safety guidelines. Adhering to these regulations ensures that the shielding

material provides the necessary protection in each application.
1.16 Different Types of Shielding Materials

It is important to note that the specific requirements for a gamma-ray shielding
material can vary depending on the intended use, energy levels of the gamma
radiation, and the desired level of protection. Different applications may require
different combinations of materials and thicknesses to meet their specific shielding
requirements.

Gamma-ray shielding materials are designed to protect individuals and sensitive

equipment from the harmful effects of gamma radiation. Gamma rays are highly
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energetic electromagnetic waves or photons that are emitted during certain nuclear
reactions, radioactive decay, and high-energy particle interactions. Shielding
materials work by absorbing or attenuating the gamma rays, reducing their intensity,
and preventing them from reaching their target. Several types of materials can
effectively shield against gamma radiation. The choice of shielding material depends
on factors such as the energy and intensity of the gamma rays, the duration of
exposure, and the specific application. Here are some commonly used gamma-ray
shielding materials:

1. Lead: Lead (Pb) is widely recognized as one of the most effective materials for
Gamma-ray attenuation. It possesses several properties that make it an ideal choice
for shielding against Gamma radiation. Here are some key points about lead's role in
Gamma-ray attenuation. First is high atomic numbers. Lead has a high atomic
number (82), which means it contains many protons in its nucleus. The high atomic
number results in a greater probability of interaction between the gamma rays and
the lead atoms, leading to effective attenuation. Lead is a dense material with a
density of 11.34 grams per cubic centimeter. The density contributes to its
attenuation capability by providing a larger number of atoms per unit volume for
gamma rays to interact with, thereby increasing the likelihood of absorption or
scattering. Lead attenuates gamma rays through several interaction mechanisms,
including the photoelectric effect, Compton scattering, and pair production. The
probability of these interactions occurring is proportional to the atomic number and
density of the material, making lead highly effective in attenuating gamma rays.
Lead offers exceptional shielding effectiveness against gamma rays, especially in
the energy range typically encountered in medical and industrial applications. It can
significantly reduce the intensity of gamma radiation by absorbing and scattering the
photons, preventing them from passing through the shielding material. When
designing lead shielding for gamma-ray attenuation, the thickness and configuration
of the lead are important factors. Increasing the thickness of the lead barrier
increases the attenuation level since more interactions occur. However, there may be
practical limitations due to weight, space, and cost considerations. While lead is

highly effective for gamma-ray attenuation, it is essential to consider radiation safety
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measures during the design, installation, and maintenance of lead shielding. Proper
handling, containment, and monitoring procedures should be followed to protect
individuals from radiation exposure.

2. Concrete: Concrete is commonly used as a shielding material for gamma-ray
attenuation due to its availability, cost-effectiveness, and inherent radiation shielding
properties. Concrete is a composite material composed of cement, aggregates (such
as sand and gravel), and water. The specific composition and proportions may vary
depending on the desired strength and other engineering requirements. The presence
of heavy aggregates, such as dense minerals or metals, in the concrete mixture
enhances its gamma-ray attenuation capabilities. The density of concrete plays a
crucial role in gamma-ray attenuation. Higher density concrete, achieved through the
use of heavier aggregates or additives, provides better shielding as it increases the
number of atoms per unit volume, thereby increasing the probability of interaction
with gamma rays.

The probability of these interactions occurring is influenced by the atomic
composition and density of the materials within the concrete. The interaction
mechanisms result in the absorption, deflection, and degradation of gamma rays,
effectively reducing their intensity. The thickness of the concrete shielding
determines its effectiveness in attenuating gamma rays. Increasing the thickness
increases the number of interactions between the gamma rays and the shielding
material, leading to higher attenuation. However, the attenuation capability may
saturate at a certain thickness due to the limitations of the concrete's composition
and the energy of the gamma radiation. When designing concrete shielding for
gamma-ray attenuation, factors such as the energy and intensity of the radiation, the
required shielding level, and space constraints should be considered. Computational
modelling or empirical data can be utilized to determine the appropriate concrete
thickness and configuration to achieve the desired attenuation. Concrete shielding
for gamma-ray attenuation should comply with applicable regulatory standards and
guidelines, such as those set by radiation protection agencies or organizations. These
standards define the acceptable levels of radiation exposure and specify the

minimum requirements for shielding materials in different applications. It is
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important to note that the attenuation capabilities of concrete may vary depending on
the energy spectrum of the gamma radiation. For higher energy gamma rays,
additional shielding measures or materials with higher atomic number may be
necessary. Consulting with radiation shielding experts and following industry best
practices are recommended to ensure effective gamma-ray attenuation when using
concrete as a shielding material.

3. Steel: Steel is another material commonly used for gamma-ray shielding. Steel is
an alloy primarily composed of iron and carbon, along with small amounts of other
elements such as manganese, chromium, and nickel. The composition of the alloy
can vary, and different types of steel may have varying levels of attenuation
effectiveness. It is especially useful in applications that require structural integrity
along with radiation protection. The high density and atomic number of steels make
it an effective shield against gamma radiation. The density of steel typically ranges
from 7.75 to 8.05 grams per cubic centimetre, which provides a sufficient number of
atoms per unit volume for gamma-ray interactions. Steel shielding is commonly
used in nuclear reactors, research facilities, and radioactive material transportation.
In addition to its gamma-ray attenuation properties, steel is often chosen as a
shielding material due to its structural strength. Steel can provide both radiation
protection and structural integrity, making it suitable for applications where both
aspects are important, such as in radiation therapy rooms or nuclear facilities. Steel
offers good shielding effectiveness against gamma rays, especially in the lower to
medium energy range. It can significantly reduce the intensity of gamma radiation
by absorbing and scattering the photons, preventing them from passing through the
shielding material.

4. Tungsten: Tungsten (W) is a highly effective material for gamma-ray attenuation
due to its unique properties. Tungsten has a high atomic number (74), which means
it contains a large number of protons in its nucleus. This high atomic number results
in a greater probability of interaction between gamma rays and Tungsten atoms,
leading to effective attenuation. Tungsten is a dense material with a density of
approximately 19.3 grams per cubic centimetre. The high density contributes to its

attenuation capabilities by providing a large number of atoms per unit volume for
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gamma rays to interact with, increasing the likelihood of absorption or scattering.
The probability of these interactions occurring is proportional to the atomic number
and density of the material, making Tungsten highly effective in attenuating gamma
rays. Tungsten offers excellent shielding effectiveness against gamma rays,
especially in the higher energy range. It can significantly reduce the intensity of
gamma radiation by absorbing and scattering the photons, preventing them from
passing through the shielding material. Increasing the thickness of the Tungsten
barrier increases the attenuation level as more interactions occur. However, practical
considerations such as weight, space limitations, and cost may impose restrictions
on the thickness of the Tungsten shielding.

Tungsten is also used in the form of Tungsten alloys, such as Tungsten-copper or
Tungsten-nickel-iron, for gamma-ray shielding. These alloys provide a balance
between Tungsten's attenuation capabilities and the desirable properties of other
metals, such as thermal conductivity or mechanical strength. It is important to note
that Tungsten is a dense and heavy material, which can make it challenging to work
with in some applications. Its high cost is also a factor to consider. Therefore, a
thorough assessment of the specific requirements, radiation characteristics, and
application constraints should be carried out to determine the suitability of Tungsten
for gamma-ray attenuation. Consulting with radiation shielding experts and
considering relevant standards and guidelines is recommended for effective design
and implementation.

5. Bismuth: Bismuth is a low-toxicity, high-density metal that is increasingly being
used as a gamma-ray shielding material, especially in medical and dental
applications. Bismuth-based alloys, such as Bismuth-lead or Bismuth-tin, provide
effective shielding while reducing the overall weight of the shielding material.
Bismuth (Bi) is a highly effective material for gamma-ray attenuation due to its
unique properties. Bismuth has a high atomic number (83), which means it contains
a large number of protons in its nucleus. This high atomic number results in a
greater probability of interaction between gamma rays and Bismuth atoms, leading
to effective attenuation. Bismuth is a dense material with a density of approximately

9.8 grams per cubic centimetre. The high density contributes to its attenuation
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capabilities by providing a large number of atoms per unit volume for gamma rays
to interact with, increasing the likelihood of absorption or scattering. When
designing Bismuth shielding for gamma-ray attenuation, the thickness and
configuration of the Bismuth are important factors. Increasing the thickness of the
Bismuth barrier increases the attenuation level as more interactions occur. However,
practical considerations such as weight, space limitations, and cost may impose
restrictions on the thickness of the Bismuth shielding. Bismuth is also widely used
as a radiopaque contrast agent in medical imaging procedures. Its high atomic
number makes it highly visible on X-ray and other imaging modalities, aiding in the
visualization of anatomical structures and the detection of abnormalities. When
considering Bismuth for gamma-ray attenuation, a comprehensive evaluation of the
specific requirements, radiation characteristics, and application constraints should be
performed. Consulting with radiation shielding experts and adhering to relevant
standards and guidelines is recommended for effective design and implementation.
6. Polymer composites: Polymer composites can be effectively used for Gamma-
ray attenuation due to their unique combination of properties. Gamma rays are high-
energy electromagnetic waves, and they require materials with high atomic number
elements and density to attenuate them. Polymer composites can be reinforced with
high atomic number fillers such as lead, Tungsten, Bismuth, or Barium sulphate
[24]-[29]. These fillers have a high electron density, which increases the probability
of interaction between the gamma rays and the composite material, leading to
attenuation. The concentration of filler materials in the polymer matrix plays a
crucial role in Gamma-ray attenuation. Higher filler concentrations result in
increased attenuation due to the increased number of atoms available for interaction
with the gamma rays.

The size and distribution of the filler particles within the polymer matrix also affect
the attenuation properties. Smaller particle sizes and uniform distribution promote
better interactions with gamma rays, leading to improved attenuation. The choice of
polymer matrix is essential as it provides structural integrity and helps disperse the
filler particles. Common polymer matrices used for Gamma-ray attenuation include

epoxy resins, Polyethylene, and Polystyrene [30]. The thickness of the polymer
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composite is a critical factor in Gamma-ray attenuation. Thicker materials provide
increased shielding by allowing more interactions between the gamma rays and the
composite. However, the attenuation capability may saturate at a certain thickness
due to the inherent properties of the composite. When designing polymer composites
for Gamma-ray attenuation, it is crucial to test their performance under relevant
conditions. Certification bodies and regulatory agencies may have specific standards
and guidelines for evaluating the effectiveness of such materials in attenuating
gamma rays. It is important to note that the design and selection of polymer
composites for Gamma-ray attenuation should be performed by experts in radiation
shielding and material engineering. The specific requirements, radiation source
characteristics, and application constraints should be carefully considered to ensure
the desired level of attenuation is achieved.

7. Glass: Glass can provide some level of gamma-ray attenuation, but its
effectiveness depends on various factors. The composition of glass plays a crucial
role in its gamma-ray attenuation capabilities. Certain types of glass, such as Lead
glass or Borosilicate glass, contain heavy elements like lead or boron, which have
high atomic numbers. These heavy elements enhance the attenuation properties of
the glass by increasing the probability of interaction with gamma rays. The atomic
number and density of the elements present in the glass determine its ability to
attenuate gamma rays. Glass containing higher atomic number elements and denser
materials can effectively attenuate gamma radiation by promoting interactions such
as the photoelectric effect and Compton scattering. Increasing the thickness of the
glass increases the number of interactions between gamma rays and the glass
material, leading to higher attenuation. However, there may be practical limitations
to consider, such as weight and space constraints.

The effectiveness of glass for gamma-ray attenuation can vary depending on the
energy range of the gamma radiation. Different types of glass may have different
optimal energy ranges for attenuation. It is important to consider the energy
spectrum of the gamma rays and select the appropriate glass type accordingly. When
using glass for gamma-ray attenuation, the design of the shielding system is crucial.

Factors such as the required shielding level, geometry, and configuration of the glass
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panels should be carefully considered. Multiple layers or combinations of glass with
other shielding materials may be necessary to achieve the desired attenuation. Glass
has certain limitations for gamma-ray attenuation compared to other materials like
Lead or Tungsten. It may not be as effective in attenuating higher energy gamma
rays due to its atomic composition. Additionally, glass may have limitations in terms
of temperature resistance, mechanical strength, and cost-effectiveness. It is
important to consult with radiation shielding experts and follow relevant standards
and guidelines when using glass for gamma-ray attenuation. They can provide
guidance on the appropriate glass type, thickness, and configuration based on the

specific requirements and radiation characteristics.

1.17 Motivation of this research

Natural radioactivity in building materials poses a significant health risk due to
prolonged exposure to radiation. Understanding the levels of natural radioactivity in
these materials is crucial for ensuring safe living and working environments.
Moreover, as the construction industry continuously seeks materials that are not only
cost-effective but also safe, there is a growing need to evaluate and enhance the
gamma attenuation properties of these materials.

In some of the earlier studies, environmental radioactivity had been measured at
specific locations in India, particularly in Kerala, including some coastal areas and
the Western Ghats. Though many places had been covered under such studies, there
are still certain hilly regions and densely populated cities which had not yet been
explored. Nowadays, the number of cancer patients are increasing alarmingly. So, it
is a need of the hour and a social responsibility to carry out studies like this,
concentrating at places which are frequently used by people for travel and stay. In
our country, there are attempts to conduct a national-wide survey of environmental
radioactivity. The present data will surely contribute to it and that is the relevance of
the present study. Investigating both the natural radioactivity levels in building
materials and their gamma attenuation capabilities, this research aims to contribute
to the development of safer building practices and materials.

The presence of natural radioactivity in the environment, particularly in densely
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populated areas, raises significant public health concerns. Rock and soil, the primary
components of the Earth's crust, naturally contain radioactive elements such as
Uranium, Thorium, and Potassium. When these materials are present in residential
and commercial areas, they can contribute to the background radiation levels,
potentially increasing the risk of radiation-related health issues among the
inhabitants. Therefore, it is imperative to measure and monitor the radioactivity
levels in these areas to assess the potential health risks and ensure the safety of the
population.

Accurate measurement of radioactivity in rock and soil samples from populated
areas allows for the evaluation of associated radiological parameters such as Radium
equivalent activity, external hazard index, and annual effective dose. These
parameters provide a comprehensive understanding of the radiation exposure levels
and help in developing guidelines and regulations to mitigate the risks. By
conducting thorough investigations and analyses, this research aims to identify areas
with elevated radioactivity levels and propose effective measures to reduce radiation
exposure, thereby enhancing public health and safety. The outcomes of this study
will not only contribute to the scientific understanding of environmental
radioactivity but also support policymakers in making informed decisions regarding
land use and construction practices in populated regions.

In an era where radiation technology is extensively used in medical, industrial, and
scientific fields, ensuring adequate protection from gamma radiation has become a
critical concern. Traditional shielding materials, such as lead, though effective, pose
several drawbacks, including high cost, significant weight, and environmental
toxicity. These limitations necessitate the development of innovative shielding
materials that are not only cost effective and environment friendly but also exhibit
properties such as flexibility, hardness, and ease of application. Epoxy coatings,
known for their versatility and durability, present a promising solution in this regard.
The development of low-cost, hard, flexible and epoxy-based gamma shielding
materials could revolutionize the field of radiation protection. These materials would
provide a lightweight and environmentally friendly alternative to conventional

shielding materials. By incorporating effective gamma attenuation properties into
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concrete, natural rubber, epoxy coatings, we aimed to create a material that offers

robust protection while being easy to manufacture and apply. The success of this

initiative could lead to significant advancements in radiation safety, reducing

exposure risks and enhancing the overall safety of environments where gamma

radiation is prevalent.

1.18 Objectives of the Work

The entire research work presented in this thesis is founded on the motivations

outlined above. Accordingly, the major objectives of the thesis work are as listed

below:

» Comprehensive measurement of natural radioactivity:

Conduct extensive measurements of natural radioactivity levels in specific
sites in the state of Kerala, India: Thrissur-Palakkad highway zone (Kuthiran
Hills, part of the Western Ghats in Kerala), Urban regions along National
Highway 66 (NH-66) in Kerala and Athirappilly Waterfalls (Athirappilly
Hills, part of the Western Ghats in Kerala), focusing on rock and soil

samples.

Analyse the radiogenic heat production and associated radiological
parameters, such as Radium equivalent activity, annual effective dose,

absorbed dose rate and hazard indices.

Identify the primary sources and levels of radiation exposure in these

regions to assess the potential health risks and ensure public safety.

> Development of optimized gamma-ray shielding materials:

Design and develop gamma-ray shielding materials with optimized
characteristics, such as low cost, high flexibility, and sufficient hardness.

Evaluate different compositions of shielding materials, particularly epoxy-
based coatings, to determine their effectiveness in attenuating gamma

radiation.
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e Identify the most practical and efficient compositions for various
applications, including medical, industrial, and personal protective
equipment.

» Numerical simulation of attenuation properties:

e Utilize numerical simulation techniques to predict the gamma attenuation
properties of the developed shielding composites.

e Validate the simulation results through experimental measurements to
ensure accuracy and reliability.

e Use the simulation data to refine the design and development process of
shielding materials, aiming to enhance their performance and applicability

in real-world scenarios.

Brief outline of the thesis chapters

This thesis is structured to comprehensively explore the motivations and objectives
driving the research on natural radioactivity and gamma-ray shielding materials. It is
present in 9 Chapters. Chapter 2 provides a review of the existing literature, laying
the groundwork by discussing previous studies and the current state of knowledge in
the fields of natural radioactivity and radiation shielding. Chapter 3 details the
experimental techniques and methodologies employed in this work. Here describing
the procedures for measuring radioactivity in soil and rock samples, as well as the
development and testing of gamma-ray shielding materials.

Chapter 4 delves into the theoretical framework based on which underpinning the
study, offers a detailed explanation of the principles and models used to analyse the
data. The results and discussion, divided into two major sections: first, Chapter 5
focuses on the measurement of natural radioactivity levels of soil and rock samples,
associated radiological parameters, radiogenic heat production and heat flow arises
in the study regions. While the second section (chapter 6-8) discusses the
development, characterization and key finding of gamma-ray shielding materials.
This chapter synthesizes the findings, comparing them with theoretical predictions
and existing literature.

Finally, Chapter 9 provides general conclusions drawn from the research,

summarizing the key findings and their implications. Also, offers recommendations
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for future research and practical applications, suggesting ways to enhance the safety

and effectiveness of materials used in radiation shielding and the monitoring of

natural radioactivity in populated areas.
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2.1 Radiation exposure pathways

Radiation exposure to human beings can either be internal or external. Internal
exposure is usually because of inhalation of radon, thoron, and their progenies, or
ingestion of foods and/or drinks contaminated with the radionuclides. Ingestion
mainly occurs when the radionuclides present in the environment enter the food
chain. The contamination may also occur directly where the radionuclides are
deposited on the above-ground parts of the plants. Also, indirect contamination takes
place when the radionuclides are taken from the soil by the root system of plants

through the sorption process[1].

Radioactive elements found in the crust and mantle are widespread and their
abundance can contribute to the levels of background radiation in earth’s
environment. Natural radioactivity investigations are essential for comprehending
human exposure to natural radiation. About 96% of the total radiation dose to people
is from natural sources, while 4% is from man-made sources. The radionuclides
226Ra, 232Th and *“’K are a constant and inescapable feature of life on Earth because
these radionuclides exist everywhere: in soils, rocks, water, plants, building
materials, air and the human body. The decay products of the **Ra and ***Th series
exist in the Earth’s crust in parts per million (ppm) level. *°K is a single natural
radionuclide and makes up 0.0118% of the total Potassium present in the crust.
226Ra, 22Th, and *°K concentrations in the soil vary because their concentration level
depends on the soil and the nature of the rocks. Sediments are considered an
essential environmental material for building materials, streets and playgrounds. The
presence of naturally decaying radionuclides in these materials leads to indoor

exposure.

Radon and thoron gases emanate from the soil in form of soil gas and can enter and
attain high concentration levels in indoor air. The radon isotopes are carcinogenic
and are responsible for the largest fraction of cancer cases among non-smokers.
Radon is considered as the second most important cause of lung cancer after
smoking in many countries [2]-[6], as declared by WHO, (2011) [5]. While most

inhaled dose has previously been attributed to radon (**’Rn), more recent studies
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show that thoron (**°Rn) is of concern particularly in dwellings where the main
building material is soil. In China for instance, residential dwellings constructed
using soil and earth-dug cave dwellings with elevated thoron concentration in some
cases as high as 1,860 Bq m™ have been reported by Tokonami et al., 2005 [7].
Radon concentration depends on the type of building materials, humidity, place, and
time, inflow of soil gas from the ground and ventilation of the house. Thoron on the
other hand varies significantly due to its short half-life[8]. The levels of the isotopes
have also been reported to vary seasonally with the highest levels being reported in
winter, and lowest being reported in summer. In winter, doors and windows remain
closed almost throughout the period resulting to poor ventilation. In summer,
however, the doors and windows remain open most of the time enhancing air
exchange between the inside and the outside. Studies done in Garhwal Himalaya
reported higher radon and thoron levels in mud houses as compared to wooden
houses[9]. Thoron progeny measured as Equilibrium Equivalent Thoron
Concentration (EETC) levels in the same study were reported to be higher in mud-
built houses and lowest in cemented houses[10]—-[13]. The isotopes by itself are not
responsible for the dose to the respiratory tract that is said to cause cancer but rather
their progeny. Unlike the Radon isotopes, the progenies, (*'°Pb and ?!°Po) are short-
lived charged particles and may become attached to aerosol, dust, smoke, and
moisture particles. When inhaled in free or attached form, the progeny can lodge
itself in the lungs. Consequently, upon decay, they deposit energetic Alpha particles
on the cells of the mucous membranes, bronchi and other pulmonary tissues which
may damage the bronchial epithelial cells thereby increasing the risk of lung cancer

[14].
2.2 Rock - Soil Samples Global analysis

All rocks and soils contain some amounts of primordial radionuclides whose levels
depend on the geology of the given area. Areas with extremely high concentration
levels of the radionuclides are regarded to as High Background Radiation Areas
(HBRA). Some of the high background radiation areas in the world include

Guarapari in Brazil, Ramsar in Iran, Paralana in Austria, Yangjiang in China and
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Karunagappally in India. Several studies have been carried out across the world.
Recently, researchers have developed great interest in Thoron and the daughter

products which have been ignored for a long time.

Akingboye et al., 2021 carried out detailed real-time in situ gamma-ray
spectrometric measurements to determine the radionuclides concentration,
mobilization, Radiogenic Heat Production (RHP) rate (first report for the area) and
environmental radiation risk to humans. of the Basement Complex rocks in
Akungba- Akoko, southwestern Nigeria [15]. The results of this study were
integrated with previous data on the petrography and geochemistry of these rocks,
for detailed interpretation. The results of average elemental and activity
concentrations for Akungba-Akoko rocks, were 2.66%, 3.16 ppm and 13.98 ppm,
and 831.35, 39.01 and 56.77 Bqkg ' for K, #**U and *’Th, respectively. They
found that due to the high gamma radiation from the pegmatitic and biotite-rich
rocks in the studied area, their high usage should be reduced. Hence, periodic

monitoring of the study area is advised.

In 2021, Selin Ozden and Serpil Akdzcan were examined the activity concentration
of natural *°Ra, 23?Th, and “*°K radionuclides in some sediments samples from 30
locations selected locations in Aliaga Bay of Izmir district, Turkey. The activity
concentration was measured by a gamma-ray spectrometry using a high-purity
germanium HPGe gamma-ray detector[16]. The activity concentrations of the
sediment samples range from 23.5 + 1.7 to 59.5 + 1.6 Bq kg ™! for *°Ra, 37.5 £ 0.9
to 64.4 = 0.6 Bq kg ! for 2*Th, and 354.7 + 5.6 to 978.4 + 5.8 Bq kg ! for *°K. Based
on the obtained results, the radiological parameters were evaluated. The mean values
for absorbed dose rate, annual effective dose equivalent, Radium equivalent activity,
external hazard index, and excess lifetime cancer risk were determined and found as
81.64 nGy h™!, 100.13 pSv y !, 173.31 Bq kg !, 0.47, and 0.40, respectively. The
results obtained in this study were found to be above the global standard limit for

most locations.

Mehboob et al., in 2020, measured the activity concentration of 23U, 4K, 238U,

226Ra, and 2**Th in phosphate rock found in the Kingdom of Saudi Arabia (from four
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places namely Al-Jalamid, Turaif, UmmWu’al, and As-Sanam) by the HPGe
gamma-ray spectrometry[17]. The average activity concentration of 2¥U, 233U,
226Ra, 232Th, and *°K has been measured as (10.34+1.49 Bq kg !, 260.99+19.68 Bq
kgl 242.33+2.74 Bq kg!, 3.42+0.94 Bq kg !, and 47.50+3.03 Bq kg!) for Al-
Jalamid phosphate rock ores, respectively; (46.10+£2.61 Bq kg ',1028.31+36.88 Bq
kg!, 989.98+6.41 Bq kg !, 13.75+1.68 Bq kg, and 51.93+3.82 Bq kg ') for Turaif
phosphate rock ores, respectively; (63.60+3.33 Bq kg !, 1353.25+41.58 Bq kg,
1304.29+£7.70 Bq kg!, 13.45+£1.64 Bq kg!, and 40.26+3.67 Bq kg!) for
UmmWu’al phosphate rock ores, respectively; and (13.83+1.59 Bq kg!,
318.72+21.78 Bq kg !, 350.50+3.14 Bq kg !, 5.01+1.13 Bq kg !, and 42.15+3.02 Bq
kg™') for As-Sanam phosphate mines, respectively. The elemental analysis of
phosphate rock has been carried out using the wavelength dispersion of the X-ray
fluorescence technique and the composition analysis has been carried out by the X-

ray diffraction technique.

Amini Birami et al., in 2019, investigated the distribution and possible radiological
hazards of natural radionuclides in the rock and soil samples from a region in
Northern Iran to quantify radionuclide variations on the basis of mineralogical
composition and physicochemical properties, respectively[18]. They found average
activity concentration of 2?Ra, 2**Th and *°K was 2495 + 6788 Bqkg !, 33 + 28 Bq
kg ' and 822 + 125 Bq kg, respectively for the case of analyzed soil samples. In
the case of rock samples, average activity concentration was found to be 47 + 25
Bgkg!, 59 = 32 Bq kg ! and 800 + 240 Bq kg !, respectively for 2°Ra, 2*Th and
%K. They concluded that the *°K-bearing feldspars and ?*°Ra-rich carbonates are the
main radiation contributors in that study area. Also, the highest activity
concentrations and radiological hazard indices were related to Arud granitic body

and Ramsar’s soil.

Soil samples from vegetable farmland in densely populated wards of Nepal were
analyzed for natural radionuclide levels, employing a Nal (TI) 3”x 3” gamma
detector. The study aimed to evaluate the causes of radiation risk, attributing it to

soil contamination resulting from the rapid urbanization and concretization that
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followed the earthquake in 2015. The activity concentration of ?>°Ra, 2*2Th and *°K
and the ranges observed are 2.08+0.08-33.67+1.35 Bq kg!, 17.22+0.19-
119.94+1.38 Bq kg !, and 11.20 + 0.32-748.83+21.72 Bq kg !, respectively.

Azeem et al., in 2024 focused on measuring the levels of naturally occurring
radioactivity in the soil of Swabi, Khyber Pakhtunkhwa, Pakistan, as well as the
associated health hazard [19]. Thirty (30) soil samples were collected from various
locations and analyzed for 2*Ra, *2Th and *“’K radioactivity levels using a High
Purity Germanium detector (HPGe) gamma-ray spectrometer with a photo-peak
efficiency of approximately 52.3%. The average values obtained for these
radionuclides are 35.6 + 5.7 Bq kg !, 47 £ 12.5 Bq kg!, and 877 + 153 Bq kg !,

respectively.
2.3 Natural radioactivity measurements in India

Yadav et al., in 2020, conducted a study at the Singrauli coal mine environment in
Singrauli coalfield, India. The activity concentrations of Thorium (**2Th), Uranium
(**®U), and Potassium (*°K) in rock samples were analyzed by gamma spectrometry
using a p-type high-purity germanium (HPGe) detector with a carbon fiber
window[20]. The average activity concentrations 2*’Th, 2*®U, and “°K were 77.6 +
38.2,122.6 £46.1, and 843.5 + 26.0 Bq kg !, respectively. The average activity ratio
of #?Th/>®U in various types of rocks was 1.8 + 0.5 Bq kg '. The Radium
equivalent activity (Raeq) for various types of rock samples varied from 132.8.142.8

to 382.9+6.2 Bq kg, with an average value of 317.7+6.53 Bq kg .

Srinivasa et al., in 2019, radionuclide activity concentrations in different types of
rock samples in and around Hassan district were measured using gamma
spectrometry-based high-purity Germanium detector[21]. The average activity
concentration of 2*Ra, 2*’Th, and *°K radionuclides in rock samples varies from
294+ 1.21t083.7+1.7,37.9+ 1.2 t0 198.4 + 2.2, and 346.1 £ 9.0 to 1024.4 £ 19.4
Bq kg ! with an average value of 50.9 = 1.4, 79.6 + 1.5, and 609.2 + 12.8 Bq kg ',
respectively. The study concludes that, from the radiological point of view, all the

rock samples (Except granites, pegmatite-intruded pink granites) of the study area
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are safe for construction purposes. The data obtained in this study will serve as

baseline data for assessing the radiation exposure of the residents.

Rangaswamy et al., in 2016, studied the activity concentration of natural primordial
radionuclides, (**Ra, 23Th, and *“°K) in different rock samples of Ramanagara and
Tumkur districts, by using gamma-ray spectrometry[22]. The average activity
concentration of 22°Ra, *’Th, and *°K in the collected rock samples was found to be
41.08 £ 2.12, 86.26 + 2.94, and 869.29 + 3.78 Bq/kg, respectively. They found the
average absorbed dose rate in rock samples was found as 107.33 nGy/h and is

slightly higher than the worldwide average value.

Eugin shaji et al., in 2016, measured activity concentration of natural radionuclides
such as ?°Ra, 28U, **Th and “°K in rock and the surrounding soil samples were
collected from 20 different locations in the lower hills of Western Ghats,
Kanyakumari district. The measurements were carried out using a 3”x3” Nal gamma
spectrometry [23]. Gamma spectrometric analyses were performed and the mean
activity concentrations obtained for each of the radionuclides expressed in Bq/kg are
19.0, 7.59, 20.35 and 192.52 for 2*Ra, 2**U, 2**Th and *°K for soil samples and
18.51, 6.41, 20.43 and 199.89 Bq/kg for 2*Ra, 238U, 232Th and *°K for rock samples

respectively.

In 2016, Senthilkumar R. D. and Narayanaswamy R., were measured the
radioactivity concentration of radionuclides in the soil sample from twenty-two
sampling sites across the polluted area of Tamilnadu [24]. They found the activity
concentration of 2*¥U, 2*?Th, and *’K range from 20.28 to 24.72 Bq/kg, 37.3 to 43.2
Bg/kg, and 220.9 to 270.3 Bg/kg, respectively. The Pearson correlation analysis and
cluster analysis are employed to analyse the data and identify the existing
relationships between the radiological hazard parameters with the natural

radionuclides.

In the year 2015, Manigandan P. K. and Chandar Shekar B. were investigated
naturally occurring radionuclides in soil samples collected from a tropical rainforest
in the Western Ghats, India in the year of 2015[25]. For comparison, a number of

soil samples from nearby meadows (open grassland) from Nilgiri district were also
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studied using Nal (Tl) gamma-ray spectrometry. Average 2**U, #2Th and *°K
activity concentrations in the meadow and forest soil samples were found to be 36.3
+17.3, 107.8 £ 50.4, 231.9 + 84.3 Bq/kg and 26.3 £ 9.1, 53.6 + 10.4, 204.1 + 30.4
Bqg/kg, respectively. They concluded, variations in the activity levels in the forest
soil samples were within the activity values measured around the world, but this was

not the case for the meadow soil samples.

Mohapatra et al., in 2015, measured radioactivity was estimated in surface soil
samples collected around a natural high background radiation area (HBRA) at
Odisha, India by using n-type high purity Germanium (HPGe) detector having 50 %
relative efficiency with high resolution[26]. The average concentration distribution
of 28U, #2°Ra, 2**Th, *°K and '*’Cs in soil samples is found to be 89.0 + 80.2, 58.6 +
42.3, 471.0 £ 437.7, 379.5 £ 206.9 and 0.3 = 0.3 Bqg/kg, respectively. They found,
the study area was enriched with Monazite and Zircon which is in the form of
daughters of deposits of 2*’Th to the total dose rate was higher than the other

radionuclides.

In another study, Shanthi et al., in 2010, measured concentration of natural
radionuclides (**°Ra, *2Th and “°K) in the soil samples were determined for 28
locations in Kanyakumari district of southwest India by means of gamma
spectroscopy with Nal (T1) detector[27]. The areas where the samples collected from
locations are categorized as HBRA and low background radiation areas (LBRAsS).
The mean activities of the studied HBRA region are 3149, 206+27 and 1590+490
Bq/kg, respectively, for ?°Ra, **Th and *“’K for. For the LBRA samples, the activity
concentrations are 8+5, 22+20 and 295+84 Bg/kg, respectively, for ?°Ra, **Th and
40K

Jogha singh et al., in 2009, determined the natural radionuclide (***Ra, 2**Th, and
%K) contents in soil samples from 26 locations around the Upper Siwaliks of Kala
Amb, Nahan and Morni Hills, Northern India, using high-resolution gamma-ray
spectrometric analysis[28]. It was observed that the concentration of natural
radionuclides viz., 2*Ra, 2*’Th and “°K, in the soil varies from 28.3 + 0.5 to 81.0

+1.7 Bq/kg, 61.2 + 1.3 to 140.3 + 2.6 Bg/kg and 363.4 + 4.9 to 1002.2 + 11.2 Bg/kg
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respectively.

Ravisankar et al., in 2012, focused on determining the activity concentrations of
238U, 22Th and *“°K in soil samples collected from different locations of Yelagri
Hills, Tamil Nadu using gamma-ray spectrometry [29]. The radio activities of 25
samples have been measured with a Nal(Tl) detector. The radioactivity
concentrations of 2*3U, ?**Th and *“’K ranged from 2.17 to 53.23,13.54 to 89.89 and
from 625.09 to 2207.3 Bg/kg, respectively. The measured activity concentrations for
these radio nuclides were compared with world average activity of soil. The average
activity concentration of **Th in the present study is1.19 times higher than world

median value while the activity of 2**U and *’K is found to be lower.

Khawlany et al., in 2018, measured activity concentrations of radionuclides *?°Ra,
232Th and *“K in soil samples collected from different locations of Aurangabad were
determined using gamma-ray spectrometry system Nal (T1) detector[30]. The aim of
this study is to determine the level of natural radioactivity and associated
radiological hazard caused by natural radioactivity in soil samples. The activity
concentrations of natural radionuclides were found to vary from 7.425 to 12.862
Bg/kg with an average value of 9.189 Bg/kg for *°Ra, from 18.898 to 21.316 Bg/kg
with an average value of 20.176 Bg/kg for 2*Th, and from 60.508 to 120.142 Bq/kg
with an average value of 94.464 Bq/kg for “°K. The results were comparable to
reported data worldwide and samples studied exhibit radiation well within the

permissible limit and have normal levels of natural background radiation.

Satyanarayana et al., 2023, collected soil samples from various locations in the
Visakhapatnam district in Andhra Pradesh, India [31]. The measurement of specific
activity of 2?°Ra, »**Th and *°K radionuclides is carried out with the help of HPGe
based gamma spectrometer system. Activity concentration of radionuclides in the
samples 2?°Ra, 2**Th, and *’K ranged from 20 = 2 to 91 + 2 Bg/kg, 45 + 3 to 365 + 3
Bg/kg, and 400 + 9 to 607 + 8 Bg/kg, and the respective mean values are 53.36
Bg/kg, 203.74 Bg/kg and 479.19 Bqg/kg. The measured mean value of the absorbed
dose rate is 171.41 nGy/h, which was beyond the worldwide mean outdoor value of

60 nGy/h. Thus, the annual effective dose estimated from the above value is 1.04
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mSvy!. The correlation was done among the measured >*Ra, 2*Th, and *°K activity

concentrations.

Activity concentrations of *?°Ra, 23>Th, and *°K were measured by Yadav et al. in
2023 in soil samples from several areas of Garhwal Himalaya, Northern India, by
gamma-ray spectrometry[9]. In this region, which extends around the Himalayan
Main Central Thrust, a tectonic line that separates several geological provinces,
background levels of natural terrestrial radiation were assessed. The maximum
levels of Radium, 285 Bq/kg and 136 Bg/kg, respectively, were found in the
Budhakedar and Uttarkashi regions, exceeding the world average value of 35 Bg/kg.
The mean radiation levels were found to be different between the areas, which

reflects the geological diversity in the region.

Recently in 2024, Mitra et al., aimed to measure the natural background radiation
level and the associated gamma radiation dose in air in the Beldih apatite mine
region of Purulia district, India [32]. This study is primarily focused on the
determination of 23U, 2*’Th and “°K activities in the sub-surface soil of the study
area. The measurements were carried out using a High Purity Germanium (HPGe)
detector-based gamma-ray spectrometer. (***U, ***Th and *“’K) are found to be
widely distributed. The average concentrations of 2**U, *Th and “’K in the area
under investigation are found to be 2102.49 + 20.58 Bq kg ', 135.60 + 8.86 Bq kg ',
and 279.34 + 5.52 Bq kg !, respectively. The occurrence of Uranium mineralization
in the area is indicated by the high levels of *®U content in the area. The values of
different hazard indices and dosages that are found in the present work are mostly

beyond the safety levels for radiation exposure.

The activity concentration of primordial radionuclides, 2*°Ra, 2**Th and *°K in soil
samples of Ramanagara and Tumkur districts were determined by gamma
spectrometry using HPGe detector[22]. The average activity concentrations of 2*’Ra,
232Th and “°K were found to be 33.78 = 1.99, 77.44 + 2.37 and 791.58 + 5.78 Bq/kg
respectively. The radiological hazard indices of the natural radioactivity have been
calculated and compared with the internationally approved values. The

concentration of these radionuclides with different size and depth of the soil samples
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was studied.

Rangaswamy & Sannappa, in 2022 investigated the activities >*Ra, 2**Th and *°K in
soil samples of Chikkamagaluru district, Karnataka, using y-ray spectrometry [33].
The average activity of 2?°Ra, *Th and *°K were found to vary from 15.2 + 0.6 to
58 +1.2Bqkg !, 14+ 0.6 to 86.2 = 1.7 Bq kg !, and 224.5 + 5.5 to 1650 + 20.3 Bq
kg ! with a mean value of 36.93 £+ 1.0, 51.6 = 1.3 and 566.97 + 11.0 Bq kg '. The
average activity concentrations are slightly higher than world average value. The
average annual effective dose is more than the Indian average value of 0.084 mSv
y !. The average values of all the radiological hazards are less than the criterion

limit.

Suresh et al., 2022, estimated the natural radioactivity and their associated
radiological hazards in soil samples of Uttara Kannada district having different
geological conditions [34]. The 2*Ra, 2*?Th and *°K activities were estimated using
HPGe detector-based gamma-ray spectrometer. The average 2?°Ra, 2*>Th and “°K
activity concentrations are 36.13 = 0.96, 48.47 + 1.26 and 415.76 + 6.83 Bq kg
respectively. The mean annual effective dose equivalent value was found to be 0.40
mSv y ! and is less than the ICRP proposed value of 1 mSv y !. The radiological

hazard indices were computed and compared with internationally agreed values.

Zubair & Shafiqullah, 2020 evaluated the activity concentrations of natural
radionuclides 2*Ra, 2**Th and *°K in soil samples collected from Sijua Dhanbad,
India were measured by using a gamma-ray spectrometer with a Nal(Tl) detector
[35]. The average activity concentration of *?°Ra, 2**Th and “°K was found as 60.3,
64.5 and 481.0 Bqg/kg, respectively. Average radium equivalent activity, absorbed
dose rate, outdoor dose, external hazard index and internal hazard index for the area
under study is determined as 189.5 Bq/kg, 87.2 nGy/h, 0.4, 0.5 and 0.6 mSvy,
respectively. The annual effective dose to the public is found 0.4 mSvy™'. This value
lies well below the limit of 1 mSvy!. Measured values have found safe for the

environment and public health of safety area.

Khyalia et al., 2024 carried out a detailed investigation of radionuclides (Ra, Th, and

K) present in the soil around the reported Uranium deposit site in the Sikar district
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of Rajasthan, India [36]. Measurements are carried out using the state-of-the-art
gamma-ray spectroscopy (HPGe detector) technique. The specific activity of **Ra,
232Th, and *°K are found in the range of 9.5 £ 0.5-50.6 + 1.0 Bq kg !, 11.0 + 0.4—
83.2+ 1.5 Bq kg !, and 177 £ 13-753 + 47 Bq kg ' with the mean values of 17.8 +
7.5Bqkg !, 22.6 £ 13.4 Bqkg !, and 393 + 76 Bq kg ' respectively.

Srinivasa et al., 2019 natural primordial radionuclide activity concentrations in
different types of rock samples in and around Hassan district were measured using
gamma spectrometry-based high-purity Germanium detector[21]. The average
activity concentration of 2°Ra, 2*>Th, and *°K radionuclides in rock samples varies
from29.4+1.2t083.7+1.7,37.9+ 1.2 to 198.4 £ 2.2, and 346.1 £ 9.0 to 1024.4 +
19.4 Bq kg ! with an average value of 50.9 + 1.4, 79.6 + 1.5, and 609.2 + 12.8 Bq
kg!, respectively. The study concludes that except granite rocks, all the rock
samples analyzed are safe when used as construction materials and do not pose any

significant radiation hazards.
2.4 Radiation shielding Materials.

Over the past century, ionizing radiation has been widely used in many aspects of
society, including radiation medicine, the nuclear power industry, aerospace
exploration industries, and nuclear research laboratories. The safety of workers,
patients, and equipment has become a fundamental issue due to the hazards of
working with radiation. High-energy radiation has strong penetrability and thus has
hazardous effects on both equipment and the human body. Radiation shielding
materials must be used to reduce the hazardous effects of radiation [37]. Radiation
shields are used to contain radioactive sources and also serve as a medium for
reducing the intensity or completely blocking the radiation. The result is that
radiation shields are regarded as one of the most fundamental and crucial ideas in
the field of radiation protection, or, to put it another way, the ability to control
radiation of all types and sources by providing the right shield. The shielding
depends mainly on the type of radiation falling on the material [38], [39]. It is
technically and engineering-wise acceptable to use a radioactive source, provided

that all necessary safety protocols, shielding mechanisms, and regulatory
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requirements are strictly followed to ensure the safety of personnel and the
environment. [40]. Sometimes Humans are vulnerable to radiation, hence shielding
is essential to avoid threats to the individual. Many studies and experiments have
been done to build shields to protect against extreme radiation that penetrates like
gamma rays by measuring the attenuation coefficients of various materials and
demonstrating the characteristics of its ability. To block this unwanted and harmful
radiation to cells, this section shows some previous studies and research conducted

on different materials used as shields against radiation.
2.4.1 Concrete composite

The shielding property of concrete is predominated by thickness and density, and
denser concrete can deliver better shielding. Several studies have been conducted on
improving concrete and mortar shielding capability against ionizing radiation.
Akkurt and his colleagues (2010) experimented with barite-produced concrete [38].
Their findings were compared to the performance of a normal lead shielding
material. 1 keV — 1 GeV linear attenuation coefficients were calculated and
compared. At 662, 1173, and 1333 keV, a gamma spectrometer with a Nal (Tl) and
MCA detector was used to make the measurements. The theoretically calculated
results and the practically calculated results in the laboratory were in complete
agreement. Nevertheless, the lead attenuation coefficient remained the highest
among the other factors, while for the linear attenuation of barite, it was higher than

that of barite concrete.

A group of heavy concrete samples were prepared by Al-ghamdi et al., (in 2022)
containing varying concentrations of Tungsten oxide, and the mechanical and
radiation shielding properties of the resulting samples was studied using theoretical
and experimental technique [41]. The increase in the amount of WO3 caused a
reduction in the half value layer and an increase in the radiation protection

efficiency for the prepared concretes.

Gouda et al., in 2023, explored the radiation protection properties of white mortars
based on white cement as a binder and Bi,O3 micro and nanoparticles in proportions

of 15 and 30% by weight as replacement sand[42].The experimental values of the
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prepared mortars’ Mass Attenuation Coefficients (MAC) match well with those
determined theoretically from the XCOM database. Other shielding parameters,
including Half Value Layer (HVL), Tenth Value Layer (TVL), Mean Free Path
(MFP), Effective Electron Density (Ne), Effective Atomic Number (Zerr),
Equivalent Atomic Number (Zeq), and Exposure Buildup Factor (EBF), were also
determined at different photon energies to provide more shielding information about
the penetration of gamma radiation into the selected mortars. The obtained results
indicated that the sample containing 30% by weight of nano Bi»O3 has the largest

attenuation coefficient value.

Several studies focused on adding different materials with it to improve its
performance, such as lime, gypsum, as well as some minerals. In 2023, Ahmed M.
El-khatib et al., introduce a study of a new material by a mixture of bentonite clay as
a matrix with cement, ball, kaolin and red clay as composite slabs to perform as a
shielding material for radiation protection and improving the clay materials’
properties [43]. They concluded formation of a clay mixture characterized by
morphological properties, where the voids and the porosity were less than the one
type of clay, in addition to that the attenuation properties of gamma rays became
more efficient, the attenuation coefficients were calculated experimentally and
compared them theoretically using the X-COM program and a great agreement

between the experimental and theoretical was noticed.
2.4.2 Glass composite

Glasses have been explored as one such material which are chemically inert,
thermally stable and most importantly can be transparent. Therefore, glasses can be
employed in radiative environments for both dosimetric and shielding purposes.
Gurinder Pal Singh et al., in 2020, proposed glass system WO3-Al,03-PbO-B,0;3 can
be found suitable to be used in radiation exposed environments. By using computer
aided software Phy-X/PSD and to find the elastic parameters and hardness of these

glasses so as to find their suitability as materials for gamma-ray shielding [44].

G. Lakshminarayana et al., in 2018, studied gamma radiation shielding parameters

for six TeO2-B203-Bi203-Ti2O glasses, by using XCOM program[45]. First
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evaluated the (W/p) values within the energy range 0.015-10 MeV, and from them,
the y-ray shielding parameters such as Zefr, Netr, MFP, HVL, and exposure buildup
factor (EBF) values using Geometric progression (G—P) fitting method are derived

for their potential applications as y-ray shielding materials.

Aboudeif et al, 2020, reported radiation protection characteristics of two prototyped
oxide glasses with different compositions (PZCdO in pure form and doped with
Thulium-PZCdO:Tm) against ionising radiation ranging from 0.015 to 15 MeV [46].
utilising Phy-X/PSD software. The outcomes of the simulation process demonstrate
the relationship between the incident photon energy and the recorded values for the
LAC and MAC. PZCdO doped with Tm shows better LAC and MAC outcomes than

its pure form.

El-Maaref et al., 2022, recorded the impact of Fe;O3; on the mechanical and photon
shielding characteristics of lead phosphor aluminate glasses. The shielding
parameters were established using the Phy-X / PSD[47]. The mace attenuation
coefficient is the highest in the sample with the maximum Fe>O3 content. The (Zefr)
and (Nefr) values decreased and then increased slowly at lower energy. Because of
the Compton scattering interaction, the (Zeq) value decreases as the energy and
Fe>O3 content increase. The parameters’ analysis revealed that the glasses under

consideration are strong candidates for radiation shielding.

Kurtulus & Kavas, 2021, addressed the theoretical radiation shielding competencies
and physical properties of Borotellurite (BT) glass system[48],. The intended BT
glass systems had the following batch design: xB2O3 - (100-x)TeOz system (x: 5 to
25 mol% with a step of 5). Afterward, newly developed user-friendly Phy-X/PSD
software was utilized for determining Linear Attenuation Coefficient (LAC) and
Fast Neutrons Removal Cross-Section (FNRCS) parameters at Ba-133 radioactive
source energies. The study signified that adding B>Os3 in replacement for TeO> could
diminish photon shielding competencies, but enhanced neutron attenuation

characteristics.

Hegazy et. al., in 2021, investigated the capacity of Strontium bismo-borate glasses

doped with different concentrations of Nd>O3 content with the form B>O3—BixO3—
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SrO-Nd»>O3 as ionizing radiation and neutron shielding[49]. The newly developed
Phy-X/PSD software and Geant4 simulation code were performed to achieve this
goal by evaluating several parameters such as MAC, gamma photons dose rate,
FNRCS, and scattering/absorption lengths and cross sections for thermal neutrons.
Glasses with the highest concentration of Nd,O3 show the best thermal/fast neutron
shielding capability among the investigated glasses. One can conclude that BBSNS5.7
glass owns the best shielding capacity among all BBSN glasses due to the highest

LAC values comparing to other selected ones.

Almisned et al., in 2023 reported the role of the chemical modifications on various
gamma-ray attenuation properties of four different tellurite glasses reinforced
through WO;[50]. Based on the rise in density, it was determined that the maximum
concentration of WOs3 also resulted in a significant change in the overall gamma-ray
absorption properties, when all of the study’s findings were examined. It was
observed that the glass sample, in which TeO, and WO3 were 40 mol%, had the
highest density. Report that WO; incorporation is a functional component that may
be employed in tellurium glasses and is a suitable material for circumstances in

which gamma-ray absorption qualities must be enhanced.

Saudi and S. U. El-Kameesy in 2018, [51] investigated on detailed analysis of
radiation-shielding properties of (70-x) B203-20ZnO-10L1,0-—xBa0O where (0<x
<40 mol%) glasses, where x = 0, 10, 20, 35 and 40 mol%. The gamma rays-
shielding properties such as the mass attenuation coefficients and half-value layer
(HVL) of glass samples have been experimentally determined, and a comparison
with a theoretical approach making use of the XCom program has been performed.
Moreover, the chemical durability and the effect of gamma irradiation dose on

hardness are determined.

Alajerami et al, in 2021, explored a series of glass samples
20NaxO-15CdO-xB1,03°(65—x)B203 where (x = 0, 10, 20 and 30 ) were fabricated
by the traditional melt-quench method. The structural, chemical stability and
significant mechanical properties[52]. Based on the obtained results, the current

glass samples appear excellent shielding features for electromagnetic and particulate
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radiation nominate to utilize as structural shielding in different radiation facilities.

Saleh et al. in 2022, evaluated the nuclear radiation shielding for prepared ZnO-
Li0-P,05 glass doped with various concentrations of YbO3[53]. The effect of
Yb20; on the radiation shielding properties of gamma rays and fast neutron removal
cross section were studied using XCOM and Phy-X/PSD software programs for
photon energies from 0.015 up to 15 MeV. Moreover, the structural properties of the

prepared samples using x-ray diffraction were evaluated.
2.4.3 Polymer composite

There is an increasing demand for developing new radiation shielding materials that
can attenuate both gamma rays and neutrons whilst mitigating the disadvantages of
traditional shielding materials. During the past decade, high-Z nano- and micro-
materials dispersed in polymer matrices have shown enhanced ability in attenuating

and absorbing high energy radiation [54]

CaO et. al in 2020, investigated the gamma-ray shielding performance, and the
physical and mechanical properties of Poly Methyl Methacrylate (PMMA)
composites embedded with 0-44.0 wt% Bismuth Trioxide (B1203) fabricated by the
fast ultraviolet (UV) curing method[55]. The results showed that the addition of
Bi20; had significantly improved the gamma shielding ability of PMMA
composites. Mass attenuation coefficient and half-value layer were examined using
five gamma sources (Cs-137, Ba-133, Cd-109, Co-57, and Co-60). The high loading
of B1,03 in the PMMA samples improved the micro-hardness to nearly seven times
that of the pure PMMA. With these enhancements, it was demonstrated that
PMMA/Bi:O3 composites are promising gamma shielding materials. Furthermore,
fast UV curing exerts its great potential in significantly shortening the production

cycle of shielding material to enable rapid manufacturing.

Polymers are widely used in many fields because of its various good prop er ties like
soft ness, insulators, elasticity polymer materials are C-, H-, O-based and known as
low-Z materials, that are not inflammable, having low weight, are less expensive,

more stable on high temperature, and can be used at large scale. in polymer, natural
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rubber (NR) acts as a matrix, as it is well established that NR contains various good
properties such as elasticity, high elongation at break, tear resistance and high
impact strength. It can bend and not break or crack easily. In addition, if natural
rubber can be developed as a mass product for gamma radiation protection, it will
benefit many government agencies and state enterprises gamma related. It is clear
that, the radiation shielding parameters must be good or acceptable for use it in any
application. Alternatively, nonlead Natural Rubber (NR) shielding with high atomic
number filler particles such as ilon oxide (Fe3Os), Tungsten oxide (W203), Bismuth
oxide (Bi20O3) was reported by many researchers. However, such materials are
expensive, less flexible and high stiffness due to difficulty mixing the fillers into

NR.

Alabsy and Elzaher, in 2023 aimed to evaluate the shielding performance of
Ethylene Propylene Diene Monomer (EPDM) rubber composites filled with 200 phr
of different metal oxides (either Al,O3;, CuO, CdO, Gd»0s,0r Bi2O3) as protective
materials against gamma and neutron radiations. to explore their potential usage as
radiation protective materials [56]. To this end, the linear attenuation coefficients (p)
of the suggested EPDM rubber composites were simulated using Geant4 simulation
code. According to the obtained results, the investigated metal oxide/EPDM rubber
composites can be employed as comfortable clothing and gloves designed for

workers in radiation facilities.

Lim-Aroon et al., 2019, light-weighted, flexible, and lead-free X-ray/gamma-ray
shielding natural rubber (NR) sponges were developed with the help of a blowing
agent, namely Oxybis Benzene Sulfonyl Hydrazide (OBSH) (its contents varied
from 0, 8 to 16 parts per hundred parts of rubber; phr), and an X-ray/gamma
protective filler, namely Bismuth oxide (Bi203) (its content varied from 0, 100, 300,
to 500 phr) in natural rubber (NR) composites [57]. overall properties investigated in
this work suggested that the developed NR sponges could be used to attenuate X-
rays and gamma rays efficiently with additional properties of being light-weighted
and highly flexible, which are crucial for safety of radiation-related personnel and

uscers.
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Khatib et al., 2020, loaded Natural rubber (NR) with 30 phr of N220 black (critical
concentration) as a conductive and reinforcing filler [40]. These rubber matrices are
loaded with different concentrations of Pb powder (up to 100 phr) as filler. Gamma
attenuation study was carried out using a 3"x3"” Nal (TI) scintillation detector. The
obtained results demonstrated that the composites of Pb/W/NR are the most
promising alternative materials for y-ray shielding applications. Also, introducing
more contents of lead and waste rubber as fillers inside the composite will produce a
good shielding material but on the other hand, this will affect the stability of the

composite and much future work should be done to solve the problem of stability.

Plangpleng et al., 2022, developed natural rubber with BaSO4 nanocomposites has
great potential to be used as flexible shielding [58]. The advantages of NR with
BaSO4 nanocomposites are flexible, lightweight, and lead-free. The shielding
composites were successfully fabricated with various fillers loading of 10, 20, 30
and 50 parts per hundred rubbers (phr). The gamma-ray shielding properties were
measured with ’Co (122.06 keV) and '**Ba (356.02 keV) sources. Results indicated
that additional filler concentrations into NR increased density, hardness (shore A),
tensile modulus, tensile strength, and elongation at break of NR. Tensile properties
and elongation at break of NR with BaSO4 nanoparticles were slightly lower than
the ordinary-sized BaSO4. In comparison of shielding properties between NR with
BaSO4 nanoparticles and the ordinary-sized BaSOs showed that the NR with
nanocomposites provided better gamma radiation shielding due to the large surface

to volume area of nanocomposites.

Gamal et al., in 2023, prepared a new shielding material composite made from an
NBR/SBR blend and loaded with black nanocarbon particles [59]. This blend will be
the host matrix for a PbO filler. The effect of lead oxide concentration on both the
mechanical and shielding properties of the prepared blend will be investigated. The
optimum concentration of the lead filler will be determined. This developed material
composite should have distinct physico mechanical and attenuation features, be
lightweight, and have low expense allowing it to be used in the fabrication of

radiation protection equipment used by medical, industrial, and military personnel.
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In 2022, Sayyed et al., examined novel polymer composites for use in radiation
protection applications. These prepared polymers are non-toxic compared with lead
and show potential to be used as protective gear in different medical applications
where low-energy photons are utilized [37]. They prepared silicon rubber (SR) with
different concentrations of micro- and nano sized MgO. The results revealed that the
LAC values for SR with nano-MgO are higher than those with micro-MgO. The
difference between the LAC values of the micro- and nano-MgO polymers were
greater at lower energies, and the advantage that nanoparticles have over

microparticles was not as evident at higher energies.

Lim-Aroon et al., in 2019 developed light-weighted, flexible, and lead-free X-
ray/gamma-ray shielding natural rubber (NR) sponges were with the help of a
blowing agent, namely Oxybis Benzene Sulfonyl Hydrazide (OBSH) (its contents
varied from 0, 8 to 16 parts per hundred parts of rubber; phr), and an X-ray/gamma
protective filler, namely Bismuth oxide (Bi203) (its content varied from 0, 100, 300,
to 500 phr) in natural rubber (NR) composites [57]. the overall properties
investigated in this work suggested that the developed NR sponges could be used to
attenuate X-rays and gamma rays efficiently with additional properties of being
light-weighted and highly flexible, which are crucial for safety of radiation-related

personnel and users.

Properties such as gamma shielding, cure characteristics, and mechanical properties
of natural rubber (NR) system with addition of oxides such as: Iron (I, III) oxide
(Fe30s), Tungsten (III) oxide (W203), or Bismuth (III) oxide (Bi2O3) were studied
by Toyen et al., in 2018, for potential replacement of flexible Lead (Pb), and
introduced as gamma-shielding materials, to minimize risks caused by Pb [60].
Specifically, for NR with Bi2O3 composites, the mass attenuation coefficients (um)
are the highest amongst all the NR composites investigated and also higher than the
value of um of lead metal sheets, thereby showing great potential to replace lead-

based gamma-shielding materials.

A novel composite based on ethylene-propylene-diene monomer (EPDM) rubber for

gamma shielding were prepared by Huang et., in 2016, using carbon blacks (CB)
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and ball milled PboWO4 (PWO) powder as fillers [61]. The microstructure of ball
milled PWO powder which has a uniform morphology in these composites and
shielding tests were performed to determine mechanical and radiation attenuation
properties, respectively. The results show these materials exhibit excellent

mechanical and radiation-resistance properties.

Saeed and Abu-raia, used a Bismuth Tungsten oxide Bi2(WO4); compound as a
filler to inlay the silicone rubber SR composite because it collects between the
properties of W and Bi [62]. The mechanical properties of the considered
SR/Bi2(WOs); composite were examined. The attenuation performance was tested
using three different energies of gamma rays. Finally, the two best composites of
SR/Bi2(WOs); were chosen and the effect of gamma-ray irradiation on their

mechanical properties was studied.

Kalkornsurapranee et al., in 2021, successfully prepared and developed, Flexible
shielding materials based on natural rubber (NR) composites with different radiation
shielding fillers including Barium carbonate (BaCO3), Bismuth oxides (Bi.0O3) and
Barium sulphate (BaSO4) Kalkornsurapranee et al., 2021. NR/BiO3 composite is
the most suitable choice for preparing novel flexible radiation shielding materials.
The study concludes that the NR with BaCO3, Bi2O3, and BaSO4 can be potential
candidates for the application in lead-free flexible gamma and X-rays shielding

materials.

Kalkornsuranee et al., 2022 aimed to compare the performance between natural
rubber (NR) composites with Lead oxide (PbO) and Bismuth oxide (Bi2O3) as
shielding fillers for gamma radiation shielding applications [64]. The results
indicated that the composites based on NR with both shielding fillers (i.e. Bi2O3 and
PbO) offered higher modulus, hardness, specific gravity, oil resistance, thermal

stability and radiation shielding properties.

Alresheedi et al., in 2023 prepared silicone rubber composites with heavy metal
oxide nanoparticles for gamma-ray shielding applications Alresheedi et al., 2023.
Different heavy metal oxide nanoparticles were incorporated into the silicone rubber

matrix, and the prepared composites were characterized for their thermal,
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mechanical, and radiation shielding properties. Overall, this study provides valuable
insight into the development of silicone rubber composites with heavy metal oxide
nanoparticles for gamma-ray shielding applications. The prepared composites
exhibited promising radiation shielding properties, indicating their potential use in

various radiation shielding applications.

Kameesy et al., 2015 made an attempt has been devoted, to prepare the polymer
composite for radiation shielding using silicone rubber as a polymer matrix and
Bismuth (Bi) which has high effective atomic number as filler with different
concentrations [66]. Then, the gamma-ray attenuation coefficients and the
mechanical properties as a function of gamma-ray energy and filler concentrations

were investigated.

M.Elsafi et. Al, in 2023, fabricated six silicone rubber composites embedded with
TeOz and B2O3 were used as shielding flexible materials against ionizing radiation,
where the attenuation coefficients were calculated at different energies of incident
photons by experimental measurements and confirmed by theoretical techniques
[67]. It was concluded that the enhancement of the linear attenuation coefficient
values has a positive effect on the transmission rate, and radiation protection
efficiency values where the half-value thickness and transmission rate were

decreased accompanied by an increase in the efficiency.
2.4.4 Epoxy-resin composite

Karem G. Mahmoud et al., in 2023 synthesized a series of epoxy reinforced Bi>O3
compounds were using Polyepoxide resin and a solidifying agent at room
temperature [68]. The density of the synthesized composites was enhanced from
1.103 to 1.20 g/cm? by raising the concentration of Bi»O3 composite from 0 wt.% to
10 wt.%. The ability of the synthesized composites to attenuate the low-photon
energies was estimated using the Monte Carlo simulation N-Particle transport code
in the gamma energy interval between 15 keV and 661 keV. The estimated results
show that the linear attenuation values are enhanced by raising the BiO;3
concentration in the synthesized composites. Furthermore, the Phy-X/PSD results

for buildup factors show a decrease in their values with increasing BixOs
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concentration.

Dong et al., 2023 developed boron rich slag/epoxy resin nuclear shielding
composites with excellent thermal neutron protection performance [69]. Based on
the radiation protection theory, Phy-X/PSD program, XCOM program, and *’Co
gamma-ray source were integrated to obtain the shielding parameters of boron rich
slag/ epoxy resin composites at 0.015-15 MeV. The work is meaningful for the

potential application of the boron rich slag in the nuclear shielding field.

Asgari et al., in 2021 doped by 10 mm and100 nm size of lead, Bismuth and
Tungsten particles as filler with 30 and 60 weight percentages were prepared the
elastomer composites [70]. To survey the shielding properties of the polymer
composites using gamma-ray emitted from '*>Eu and '¥’Cs sources. Also, the Monte
Carlo simulation (MCs) method was used. The results showed a direct relationship
between the linear attenuation coefficients of the absorbent and filler ratio. Also, the
decrease in the particle size of the shielding material in each weight percentage
improved the radiation shielding features. When the dimension of the particles was

in the order of nano-size, more attenuation was achieved.

Mahmoud et al., 2023 examined the effect of halloysite nanoparticle weight% on the
structural and gamma-ray shielding capabilities of epoxy resin composites [71].
Using MCNP code and XCOM theoretical programme, the linear attenuation
coefficient of the newly developed epoxy resin reinforced with halloysite
nanoparticles was simulated in the 15-2560 keV gamma photon energy interval.
MCNP revealed that the addition of halloysite nanoparticles increases the linear
attenuation coefficient of the fabricated composites by 43% (for gamma energy of
15 keV), 17% (for gamma energy of 662 keV) and 17% (for gamma energy of 1252
keV) when the halloysite nanoparticle concentration increased from 0 wt% to 40

wt%.

Karabul & Igelli, 2021 devoted to investigating the radiation shielding performance
of Epoxy/Bi203; and Epoxy/WO3 micro and nanostructured composites have been
prepared by using direct pouring method [72]. The additive percentages have been

varied from 0 to 30 % weight and 0 to 20 % weight for the micro and nanoparticles,
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respectively. While radiation shielding abilities of the micro composites have been
determined both experimentally and theoretically via MCNP6, the nanocomposites’
radiation shielding performance has been evaluated by using experimental data.
They concluded use of nanoparticles is more successful than the radiation
attenuation micro-additive. Ultimately, it can be concluded, epoxy-based composites
having the highest BiO3; and WOs; micro and nanoparticle contents offer a
convenient radiation shielding achievement for the low-energetic gamma-rays used

in nuclear medicine.

Ghozza, in 2023 focused on the effect of the nickel doping ratio on y-ray attenuation
radiological parameters for five compounds of chemical compositions BaMnl-
xNixO3 (x=0.1,0.3,0.5,0, and 0.9), in energy range between 0.015 and 15 MeV
utilizing Phy-X/PSD software [73] f. Finally, our measurements revealed that
BaMn1-xNixO3 had good y- ray and neutron detection over a wide energy range.

This could be advantageous for nuclear medicine sensors, detectors, and application.

Abbas et al., 2023 designed new composites of the main matrix of bentonite—
gypsum was intercalated in various amounts with micro- and nanosized particles of
Bismuth oxide (Bi2O3) as the filler with varying percentages (6, 13, and 20) in bulk
and nanosized particles to produce new bentonite-based bulk and nanocomposite
radiation shielding materials [43]. The experimental values of the mass attenuation
coefficient were determined and compared with the theoretical XCOM ones, giving
good comparability of the results. It was observed that the specimens with a higher
weight percentage of Bi203; showed higher mass attenuation coefficients. Moreover,
the specimens that contain nanoscale Bi2O; have much higher mass attenuation
coefficients compared with the same percentages of the main matrix and filler bulk

Bi203, at the same photon energies.
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Abstract: This chapter provides an in-depth discussion of the instruments used in
the current study, focusing on their key features and applications. Radionuclide
enrichment, radiation levels, and trace element concentrations were measured using
instruments.







Experimental Techniques

3.1 Introduction

This chapter includes a detailed discussion of the instruments utilised in the current
study and their key aspects. Radionuclide enrichment, radiation levels, and trace
element concentrations in the environment are all measured using proper
instruments. The exposure rates in the environment were measured in the current
study utilising a gamma radiation survey metre (UR-705). To detect and measure
natural radionuclide gamma-ray radiation, a flat type Nal (TI) gamma-ray
spectrometer and a high purity Germanium detector (HPGe) were utilised. The trace
element concentrations were determined using an Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS). The presence of heavy minerals was determined using an
X-ray Diffractometer (XRD), Energy Dispersive X-Ray Diffraction Fluorescence
(EDXREF). Field and Emission Scanning Electron Microscopy (FESEM) and Energy
Dispersive X-ray Analysis (EDAX). outlines the experimental techniques employed
in this research, detailing the principles, methodologies, and applications of each
technique. The chapter covers a range of analytical and detection methods essential

for studying natural radioactivity and evaluating radiation shielding materials.
3.2 Gamma-Ray Spectroscopy

Gamma-ray spectrometry relies on the direct relationship between the energy of
incoming gamma rays and the pulse amplitude generated at the detector's output.
Once these pulses are amplified and digitized, their amplitudes are analyzed to
produce an energy spectrum of the detected radiation. Because each radionuclide
emits gamma rays at specific energies, the resulting gamma-ray spectra can be used

to identify and measure the radionuclides present in a sample.

Nowadays, radiation and related studies have become very popular for scientists as
it has started to be used in many different fields such as medical hospitals, energy
power plants, agriculture, environmental issues, etc. In all fields, radiation
measurement is an important issue as it needs to be known exact values of radiation,
due to its possible especially health effects. For gamma-ray measurement, there are
different types of detector system and Nal (T1) scintillation detectors are one of the

most widely used detector types for many years. This is because of its low cost,
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resistant to thermal effects and weather conditions (especially when compared to
HPGe detectors) and does not need extra cooling devices. Its high detection
efficiency is also an advantage in comparison with HPGe type. On the other hand,
HPGe type detector has higher resolution. The high absorption efficiency of Nal (TI)
detector is due to the presence of Tl (Thallium, Z = 53) element in its structure, and
so a high photopeak to Compton ratio makes it also preferable detector type. In the
detection process of gamma rays with Nal (TI) detector, the physical interactions of

gamma rays with the crystal of the detector are well-known.
3.2.1 Micro-R survey meter

Indoor and outdoor gamma radiation levels were measured in the specific locations
using a Micro-R survey metre UR-705 procured from Nucleonix systems Pvt. Ltd.
India. The picture of the Micro-R survey metre used in this investigation is shown in

Figure 3.1.

Figure 3.1: Micro-R survey metre.

It is designed with an integrally linked 1"x1" Nal (Tl) Scintillator to a 1.5-inch
Photomultiplier tube and can measure and show dose rates in the range of 0-10,000
pRh! or 0-100 puSv h! on a dot matrix LCD with auto-ranging capability. Its
calibration accuracy is better than 15% (specified with a Cs-137 standard source)

from 100 Rh™! onwards, and within 20% up to 10000 uRh™!. Dose rates close to the

88



Experimental Techniques

natural background radiation level can be accurately assessed using this equipment.
When low radiation levels are considered, it is beneficial in radiometric and

environmental radiation monitoring[1].

The dosage rates were measured in the air at one metre above the ground, according
to established protocol. Each selected residence received approximately 15 inside
and outdoor readings. Using a conversion factor of 1 uR/h = 8.7 nGy/h, the gamma

radiation level recorded in R h™! was translated to absorbed dose (AD) in nGy/h[1].
3.2.2 Nal (T1) scintillation detector

The Nal (T1) scintillation detector is a commonly used type of radiation detector that
is particularly effective in detecting and measuring gamma rays and X-rays [2]. It is
based on the scintillation principle, where the interaction of radiation with a
scintillating material produces flashes of light that can be detected and analysed. A
gamma-ray spectrometer with a “ 3x3 ” Nal(T1) scintillation detector, connected to a
multichannel analyser (Easy-MCA-8K, ORTEC), was utilized for measuring the
spectra of naturally occurring radionuclides. The Nal(Tl) system had the following
specifications: a resolution (FWHM) of 60 keV at 1.33 MeV for ®°Co, and a relative
efficiency of 7.5% at the same energy. The detector was positioned at the center of a
two-layer chamber made of stainless steel (10 mm thick) and lead (30 mm thick),
which shielded it from unwanted background radiation and minimized scattered
radiation from the shield. The sample was placed on the detector for at least 10
hours. The spectra were then analysed using the MAESTRO software program
(Version 7.01, ORTEC, Inc.).

Figure 3.2: Nal (T1) scintillation detector
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Here is a brief explanation of the working of the Nal (T1) scintillation detector:

Gamma-ray Interaction: When a gamma-ray photon enters the Nal (Tl) crystal, it
interacts with the material primarily through the photoelectric effect, Compton
scattering, or pair production (depending on the energy of the gamma-ray). These
interactions result in the transfer of energy from the gamma photon to the electrons

in the crystal.

Scintillation Process: The transferred energy excites the electrons in the Nal(Tl)
crystal. As these excited electrons return to their ground state, they release the
excess energy in the form of visible light photons. This process of converting

gamma-ray energy into visible light is called scintillation.

Photocathode
/ Focusing electrode  Photomultiplier Tube (PMT)
lonization track i /

, 2 —
High energy | " 4 % | —
- 2k | —
photon Low energy photons || —
i | Connector
d l\ ‘\ | .
Scintillator Primary Secondary Dynode  Anode pins

electron electrons

Figure 3.3: Block diagram of Nal (TIl) scintillation detector.

Thallium Doping: The Thallium doping in the Nal crystal plays a crucial role in the
scintillation process. Thallium atoms create energy states within the band gap of the
Nal crystal, allowing for more efficient conversion of the absorbed energy into
visible light. This doping enhances the light output and shifts it to a wavelength
(~415 nm) where it can be effectively detected by Photomultiplier Tubes (PMTs).

Light Collection: The visible light photons generated in the scintillation process are
collected and directed towards a photomultiplier tube (PMT) or other light sensors.
The efficiency of light collection can be improved by using reflective materials

around the crystal and ensuring good optical coupling between the crystal and the
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PMT.

Photomultiplier Tube (PMT): The PMT is a device that converts the collected light
photons into an electrical signal. When the light photons strike the photocathode of
the PMT, they release electrons via the photoelectric effect. These electrons are then
multiplied through a series of dynodes in the PMT, resulting in a measurable

electrical pulse.

Signal Processing: The electrical pulses generated by the PMT are proportional to
the energy of the original gamma-ray photon. These pulses are amplified and
digitized for further analysis. The amplitude of each pulse corresponds to the energy

of the detected gamma-ray photon.

Energy Spectrum Analysis: The digitized pulses are sorted and counted to create an
energy spectrum. Peaks in the spectrum correspond to the specific energies of
gamma rays emitted by the radionuclides present in the sample. By analyzing these

peaks, one can identify and quantify the radionuclides.

Spectrum Analysis: The processed signals from multiple scintillation events are
analyzed to create a gamma-ray energy spectrum. The spectrum provides
information about the energies and intensities of the detected gamma rays, enabling

the identification of specific radioactive isotopes and their activities[3].

Nal(Tl) scintillation detectors offer a good balance between sensitivity, energy
resolution, and cost-effectiveness, which makes them widely used in various
applications such as environmental monitoring, nuclear medicine, and radiation

detection in industries.
3.2.3 HPGe (High-Purity Germanium) detector

HPGe (High-Purity Germanium) detector is a type of radiation detector that is
commonly used in various applications, particularly in gamma-ray spectroscopy. It
is highly sensitive and offers excellent energy resolution, making it well-suited for
precise measurements of gamma rays. Germanium detectors are widely used for

gamma-ray spectroscopy. The main advantage of HPGe detector, for gamma-ray
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measurement, is its superior energy resolution. The resolution depends on the
number of single carriers which are generated during particle interaction with the
detector material. On the other hand, this detector has two main disadvantages. First,
the efficiency of it is lower that of Nal(TI) because of their smaller size and lower Z.

Detection efficiency of a Nal (TI) detector system depends on different parameters.

Figure 3.4: HPGe Detector.

Second, it is necessary to cool it down to very low temperature by utilized liquid
nitrogen. This makes HPGe detector more expensive to purchase and to maintain

than Nal(TT).

The HPGe detector is constructed using a high-purity germanium crystal, which is
carefully grown and processed to achieve a low level of impurities. The purity of the
germanium crystal is crucial as impurities can introduce electronic noise and hinder
the detector's performance. When gamma rays interact with the germanium crystal
of the HPGe detector, they undergo various processes such as photoelectric
absorption, Compton scattering, and pair production. These interactions result in the
generation of charge carriers (electron-hole pairs) within the crystal. To detect these
charge carriers, the HPGe detector is typically operated in a reverse-biased mode,
creating an electric field within the crystal. The charge carriers generated by
gamma-ray interactions drift under the influence of this electric field towards the

detector's electrodes. The electrodes of the HPGe detector collect and measure the
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charges produced by the gamma-ray interactions. The resulting electrical signals are
amplified and processed to determine the energy and intensity of the incident
gamma rays[2], [3]. The primary advantage of the HPGe detector is its excellent
energy resolution, which allows for precise identification and quantification of
gamma rays of different energies. This high energy resolution is due to the low
electronic noise and the ability of the germanium crystal to accurately capture and
measure the charge carriers. HPGe detectors are commonly used in scientific
research, nuclear power plants, environmental monitoring, and various other
applications where precise gamma-ray spectroscopy is required. However, they are
relatively expensive and require careful handling, as the germanium crystal is fragile

and sensitive to moisture and other contaminants.

HPGe
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Figure 3.5: Block diagram of HPGe detector

The working of an HPGe (High-Purity Germanium) detector involves several steps
that enable it to detect and measure gamma radiation with high precision. Here is a

brief explanation of the working principle:

1. Germanium Crystal: The heart of an HPGe detector is a high-purity
germanium crystal. This crystal is carefully grown and processed to have a
low concentration of impurities. The purity of the germanium crystal is

crucial as it affects the detector's energy resolution and sensitivity.
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Reverse Biasing: The germanium crystal is operated in a reverse-biased
mode, meaning a voltage is applied to create an electric field within the
crystal. This electric field allows for the efficient collection of charge carriers

generated by the interaction of gamma rays with the crystal.

Gamma-ray Interaction: When gamma rays interact with the germanium
crystal, several processes can occur, including photoelectric absorption,
Compton scattering, and pair production. These interactions result in the

generation of electron-hole pairs within the crystal lattice.

Charge Collection: The electron-hole pairs created by gamma-ray
interactions are drifted towards the electrodes of the HPGe detector under the
influence of the electric field. The positive holes move towards the
negatively biased electrode (n-type contact), while the electrons move

towards the positively biased electrode (p-type contact).

Signal Amplification: The charge carriers collected by the electrodes create a
small electrical signal. This signal is typically very weak, so it needs to be
amplified for further processing. The detector system includes a preamplifier

that amplifies the electrical signal while minimizing electronic noise.

Pulse Processing: The amplified electrical signal is then processed by various
electronics within the detector system. This processing includes shaping the
signal, further amplification, and converting it into a digital form for analysis

and storage.

Energy Determination: The energy of the incident gamma-ray is determined
based on the amplitude of the processed electrical signal. The high energy
resolution of the HPGe detector allows for precise energy determination,
enabling the identification and quantification of gamma rays with different

energies.

Spectrum Analysis: The processed signals from multiple gamma-ray
interactions are analyzed to create a gamma-ray energy spectrum. The

spectrum provides information about the energies and intensities of the
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detected gamma rays, allowing for the identification of specific radioactive

isotopes and their activities.

The working of an HPGe detector requires careful handling and environmental
control. The detector is typically operated at cryogenic temperatures using liquid
nitrogen or a cryocooler to reduce the thermal noise and improve energy resolution.
The shielding around the detector helps minimize background radiation and
electronic noise, further enhancing the detector's performance. Overall, the HPGe
detector's high sensitivity and excellent energy resolution make it a valuable tool in
various fields, including nuclear physics, environmental monitoring, and radioactive

waste management.

This study employed a p-type, closed-end coaxial HPGe detector (model GR4020,
Canberra) coupled with a 16 K multichannel analyzer (Canberra Industries, Inc.,
USA) for spectral measurements. The HPGe detector, configured vertically and
cooled with liquid nitrogen, had specific performance specifications: it achieved
resolutions (FWHM) of 1333 keV at <2.000 keV and 122.0 keV at < 0.925 keV,
with a relative efficiency of 40%. To minimize background radiation to less than
1%, the detector was housed within a four-layered lead shield, each layer being 10

cm thick.
3.2.4 Energy, Resolution and Efficiency Calibration of the detector

Equation (3.1) shows the energy resolution, R, which is defined as the detector’s
ability to resolve little alterations in the energy of incident photons. (FWHM) is the
full width at half maximum and it is known as the width of the distribution at half of

the level of the peak and where Hc represents the peak centroid channel number,

FWHM
= X

C

R 100 3.1)

Efficiency is a crucial parameter for Nal(TI) and HPGe detectors, encompassing
several components: absolute efficiency, intrinsic efficiency, and intrinsic photopeak
efficiency[3], [4]. For any gamma radiation detector, the absolute efficiency, € is

formally defined by the following ratio:
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Number of gamma rays detected _ &

(3.2)

~ Number of gamma rays emitted by the source B Ng

The intrinsic photopeak efficiency €, focuses solely on the full energy peak region
of interest, making it a valuable measure as it excludes areas of the spectrum that
may be affected by scattering from surrounding objects or electrical noise[4].
Equation (3.3) defines intrinsic photopeak efficiency:
_
& N, (3.3)
where C, is the number of counts in the photopeak corresponding to energy Ey per

unit time, and Ny is the total number of gamma rays emitted by the source per unit

time.

Before acquiring data from the samples, the energy calibration of the HPGe detector
(gamma-ray energy as a function of channel number) was conducted using standard
gamma-ray sources °Co, 3’Cs, ?Na, and '**Ba. The HPGe detector was connected
to the DSPEC hardware unit, which supplies high voltage (HV) to the detector and
provides the working voltage for the preamplifier and the multichannel analyzer
(MCA). The MCA operates based on instructions from the MAESTRO-32 software

installed on a PC. Figure 3.6 shows the energy calibration graph obtained.
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Figure 3.6: The energy calibration graph.
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Figure 3.7: Efficiency calibration graph.
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The spectrum was acquired and analyzed using a 16K multichannel analyzer
(Multiport, CANBERRA) along with GENIE 2000 software (Mirion Technologies,
Canberra, USA). Detector efficiency calibration was conducted using quality
assurance reference materials from the International Atomic Energy Agency
(IAEA), including RG U-238, RG Th-232, RG K-1, and SOIL-6. Both the standard
source materials and samples were placed in containers of identical size and type to
maintain consistent detection geometry. Standard techniques were then used to

analyse the samples.
3.2.5 Activity Measurement

The activity of *°K was evaluated from the 1461 keV photo peak. The gamma-ray
transitions used to estimate the concentration of the assigned nuclides in the series
were as follows: 2*°Ra (186.1 keV), 2!*Pb (295.1and 352.0 keV), 2'“Bi (609.3,
1120.3 and 1765 keV) for Uranium series; 2°*T1 (583.0 and 860.6 keV), >!“Pb (238.6
keV), 212Bi (288.07, 727.33 and 1620.50 keV) and **®Ac (338.5 and 911.2 keV) for
Thorium series, after subtracting the background counts and applying the Compton
correction. The Minimum Detection Levels (MDL) for the gamma spectrometry
system used in the present study were 0.9, 1.2, and 4.06 Bg/kg for *°Ra, >**Th, and

40K, respectively at 95% confidence level.

The activity concentration (Specific activity) in the sample is then calculated using

the equation [5]

A:

C _
5 (Bake™) (3.4)

where C; is the counts per second above background, Py is the absolute gamma-ray
transition probability, 1 is the photo peak efficiency (%) of the detector and m is the

mass of the sample in kg.
3.3 Inductively Coupled Plasma-Mass Spectrometer (ICP-MS)

An Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) is an analytical
instrument that combines two powerful techniques: Inductively Coupled Plasma

(ICP) and Mass Spectrometry (MS). It is widely used for the elemental analysis of
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samples across various fields, including environmental monitoring, geology,
pharmaceuticals, and forensic science. Here's a brief explanation of the working

principle of an ICP-MS:

1. Inductively Coupled Plasma (ICP): The ICP serves as the ionization source
in the ICP-MS. It is a high-temperature plasma generated by an argon gas
flow passing through a radiofrequency (RF) coil. The RF coil induces a
strong electromagnetic field that ionizes the argon gas, creating a plasma

composed of high-energy ions, electrons, and excited atoms.

2. Sample Introduction: The sample to be analyzed is typically introduced into
the ICP as an aerosol or a solution via a nebulizer, which breaks it down into
small droplets. The aerosol is then transported into the ICP by a carrier gas,

typically argon or helium.

3. Ionization and Atomization: As the sample enters the ICP, the high
temperature of the plasma vaporizes and atomizes the sample constituents.

The atoms and ions within the plasma are in an excited state.

4. Ion Extraction and Separation: A series of skimmer cones and lenses are
used to extract and focus the ions from the plasma into a vacuum chamber.
These components ensure efficient ion transfer and separate the ions from

the neutral particles and background gases present in the plasma.

5. Mass Separation: Inside the vacuum chamber, the ions are introduced into a
mass spectrometer, which separates and analyzes them based on their mass-
to-charge ratio (m/z). The mass spectrometer typically consists of an ion lens

system, an analyzer, and a detector.

6. Mass Analysis and Detection: The ion lens system focuses and accelerates
the ions into the analyzer, which can be a quadrupole, magnetic sector, or
time-of-flight (TOF) analyzer. The analyzer selectively filters ions based on
their m/z values, allowing only specific ions to reach the detector. The
detector measures the number of ions detected for each mass, generating a

mass spectrum.
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7. Data Analysis: The mass spectrum obtained from the ICP-MS analysis
represents the elemental composition of the sample. The intensities of the
peaks in the spectrum correspond to the relative abundances of the ions
detected, providing quantitative and qualitative information about the

elements present in the sample.

ICP-MS offers high sensitivity, wide dynamic range, and the ability to analyze a
broad range of elements, including both major and trace elements. It is capable of
detecting elements at extremely low concentrations, often down to parts per trillion
(ppt) or lower. The instrument's versatility and analytical power make it an essential

tool for a wide range of scientific and industrial applications.
3.4 X-ray Diffractometer (XRD)

An X-ray Diffractometer (XRD) is a scientific instrument used to analyse crystalline
materials. It is an indispensable tool for characterizing thin films and powder
samples of electro ceramic materials. It utilizes the principle of X-ray diffraction to

determine the atomic and molecular structure of a sample.

Figure 3.8: X-ray diffractometer
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The diffraction of X-rays from crystalline materials arises from two fundamental
principles. The first principle is that elastic (Thomson) scattering of photons allows
atomic planes to be treated as mirrors, invoking the laws of specular reflectance. The
second principle is that the wavelength of X-rays (0.15 — 0.5 nm) is comparable to
the interatomic distances in crystals, leading to constructive and destructive

interference phenomena.

X-ray diffraction is best visualized as shown in Figure 3.9, where an X-ray beam
with a wavelength A is incident at an angle 6 onto a series of atomic planes with
spacing d. The X-ray beam scatters off the planes at an angle 0 equal to the incident
angle relative to the crystalline plane. The relative phase shifts between X-rays
scattered from the first and second planes are represented by the distance marked in

orange in Figure 3.9.

Figure 3.9: Visualization of X-ray diffraction.

Geometric considerations show that constructive interference occurs at certain
angles Og depending on the interplanar spacing d, as described by the Bragg
Equation[6]:

nA = 2dnki sin O

In this equation, 05 is the Bragg angle, and dnx refers to the interplanar spacing

corresponding to the Miller indices of the crystallographic plane. The integer n is the
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order of the diffraction maxima, with n = 1 being the first order, n = 2 being the
second order, and so on. The Bragg Equation relates the angular position of
diffracted X-rays to the lattice spacing and is fundamental to all X-ray diffraction

(XRD) measurements.

An X-ray diffractometer is composed of five key components: the X-ray source, the
detector, the incident (or primary beam) optics, the receiving (or diffracted beam)
optics, and the goniometer, as illustrated in Figure 2. The entire diffractometer setup

is housed within a radiation enclosure and is operated via computer control.
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Figure 3.10: X-ray diffractometer components:
Here's a brief explanation of the XRD and its working principle:

1. X-ray Source: The XRD instrument consists of an X-ray source, typically an
X-ray tube, that emits X-rays with a specific wavelength. The most
commonly used X-ray source in XRD is copper (Cu) K, radiation, which has

a wavelength of 1.5406 A (angstroms).

2. Sample Preparation: The sample of interest, usually a crystalline material, is
prepared and mounted onto a sample holder. The sample must be finely

ground and evenly dispersed to ensure a representative measurement.

3. Incident X-ray Beam: The X-ray beam is directed onto the sample at a

specific angle. The incident X-rays interact with the atoms in the crystal
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lattice of the sample.

Diffraction: When the X-rays encounter the crystal lattice, they undergo a
phenomenon called diffraction. The X-rays interact with the electrons in the
atoms of the crystal, causing constructive interference and producing a

diffraction pattern.

Detector: A detector, such as a scintillation counter or a solid-state detector,
is positioned opposite the sample to capture the diffracted X-rays. The

detector records the intensity and position of the diffracted X-ray beams.

Data Collection: The sample and detector are rotated together, collecting a
series of diffraction patterns as the angle of incidence changes. The

diffraction patterns are recorded as a function of the angle of diffraction.

Data Analysis: The recorded diffraction patterns are processed using
mathematical algorithms to extract the structural information of the sample.
The diffraction pattern is converted into a diffraction pattern plot, known as a

diffraction pattern or X-ray diffraction (XRD) pattern.

Structure Determination: The XRD pattern contains distinctive peaks that
correspond to the atomic arrangements within the crystal lattice of the
sample. The position, intensity, and shape of the peaks are analyzed to
determine the crystal structure, lattice parameters, and other structural

properties of the sample.

X-ray diffraction provides valuable information about the crystal structure, phase

identification, crystal orientation, and lattice imperfections of materials. It is widely

used in various scientific and industrial applications, including material science,

geology, chemistry, and pharmaceuticals.

For this study, a Rigaku Miniflex 600 X-ray diffractometer operating at 40 kV and

15 mA with a Cu-Ko monochromator (wavelength of 1.541 A) was utilized. Scans

were conducted continuously from 3° to 90° with a step size of 0.020° and a scan

speed of 10°/minute to gather intensity data. The resulting analysis is presented
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graphically, displaying peaks where % intensity is plotted on the Y-axis against 20
values on the X-axis. Each peak's 20 value and corresponding intensity are specific
to the crystal structure under investigation. The XRD pattern was analyzed using
PDXL software. By comparing the experimentally obtained diffraction pattern of the
samples with the standard powder diffraction data file from the Cambridge
Crystallographic Data Centre (CCDC) database, the unique powder patterns were

matched to identify and characterize the crystal structures [7].
3.5 Energy Dispersive X-ray Fluorescence (EDXRF)

X-ray fluorescence (XRF) is a well-established analytical method used for both
qualitative and quantitative analysis of samples. It allows for the simultaneous
detection of numerous elements in solid or liquid states with high sensitivity. XRF is
commonly applied in various interdisciplinary fields such as environmental science,

material science, biomedicine, and archaeology [8]-[11].

Figure 3.11 shows XEPOS ED-XRF spectrometer, with an X-ray source of 50-W Pd
end-window X-ray tube. Co/Pd binary alloy bremsstrahlung targets produced

continuous X-rays of maximum energy of 50 keV for atomic excitation [12].

.
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Figure 3.11: XEPOS ED-XRF spectrometer

The technique operates on the principle that individual atoms, when excited by an

external energy source, emit X-ray photons with characteristic energies or
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wavelengths. By counting the number of photons of each energy emitted from the

sample, the elements present can be identified and quantified [8], [9].
Analysing process and working principle of EDXREF:

X-Ray Fluorescence (XRF) is an effective method for analysing trace elements in
solid, liquid, and thin-film samples. The sensitivity of XRF depends on the energy of
the incident radiation, the instrument's geometry, and the detector's efficiency. The
fundamental principle of XRF analysis is the measurement of the energy or
wavelength and intensity of the characteristic X-ray photons emitted from a sample.
Since these characteristic X-rays provide a unique signature for each element, the
recorded spectrum can be used to identify and quantify the elements in the sample.
There are two main types of XRF spectrometers: Wavelength Dispersive (WD) and
Energy Dispersive (ED). In Wavelength Dispersive X-Ray Fluorescence (WDXRF),
a spectrum of wavelength versus intensity is obtained using a Bragg single-crystal
dispersion medium, which diffracts X-rays based on their wavelength. These X-rays
are then counted by a proportional or scintillation counter. Energy-Dispersive X-Ray
Fluorescence (EDXRF) uses a solid-state detector and a multichannel analyser
(MCA). The detector captures photon counts, and the MCA sorts them by energy to
produce an energy versus intensity spectrum. While WDXRF offers better
resolution, its additional optical components like rotating crystals and collimators
reduce efficiency and increase costs. EDXRF, on the other hand, is more cost-
effective and capable of analysing most elements in the periodic table

simultaneously.

When a primary X-ray from an X-ray tube or radioactive source strikes a sample, it
can either be absorbed by the atom or scattered by the material. The process where
an X-ray is absorbed by transferring all its energy to an innermost electron is known
as the "photoelectric effect." If the primary X-ray has sufficient energy, it ejects
electrons from the inner shell, creating vacancies and leading to an unstable atomic
state. As the atom returns to a stable state, electrons from the outer shells move to
fill the vacancies in the inner shells, emitting electromagnetic radiation equal to the

energy difference between the two levels specific to the excited element. This
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emitted radiation serves as a unique signature of the element. This process of
emission of characteristic X-rays is known as X-ray fluorescence (XRF). In addition
to this radiative process, a competing non-radiative process called Auger electron
emission can also occur. The probabilities of X-ray emission and Auger emission
are dependent on the atomic number (Z) of the element, with Auger yield being

higher for light elements and fluorescence yield being higher for heavy elements.

XRF detection predominantly involves the innermost K and L shells. The
characteristic X-rays are labelled K, L, M, or N, corresponding to the shells from
which they originate. Transitions between these energy levels are also denoted with
Greek letters such as a, B, or y to indicate the origin of the X-ray from transitions of
electrons from higher to lower energy levels. A K, X-ray is produced from an
electron transition from the L to the K shell, while a Kp X-ray is produced from an
electron transition from the M to the K shell, and so on. When the K-shell 1s;. is
excited, electron transitions can occur between the subshells 2Pz or 2P of the L
shell, resulting in K41 and K2 emissions, respectively. Similarly, Kgi corresponds to

transitions from the subshells of the M shell.

The detection system measures the energies and intensities of these emission lines.
Elements in a sample are identified by their specific spectral line energies or
wavelengths for qualitative analysis, while the intensities of these lines are related to
the concentrations of the elements, enabling quantitative analysis. A schematic

diagram of the XRF setup is shown in Figure 3.12.
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Figure 3.12: Components of ED-XRF spectrometer
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Typically, light, and medium-mass elements (Z = 20-50) are identified by their K X-
rays, whereas heavy elements are identified by their L X-rays due to lower detector
efficiency for K X-rays of heavy elements. The spectral data is converted into
elemental concentrations using advanced software based on fundamental parameter
methods or empirical quantification methods. XRF is widely used to determine the
elemental composition of materials because it is a fast and non-destructive
technique. It is highly recommended for analytical applications and industrial
production due to its efficiency. XRF enables non-destructive analysis of various
sample types at a low cost and with a broad elemental range. Portable, handheld
EDXRF instruments offer ease of operation and enhanced accessibility.
Additionally, the maintenance cost is significantly lower compared to other nuclear
analytical techniques. EDXRF is a widely used technique for elemental analysis in
various industries, including environmental monitoring, mining, metallurgy,
pharmaceuticals, and art conservation. It offers advantages such as non-destructive

analysis, multi-elemental detection, and relatively simple sample preparation.

3.6 Field Emission Scanning Electron Microscopy (FESEM) and Energy
Dispersive X-ray Analysis (EDAX)

FESEM-EDAX is a combination of two powerful analytical techniques used in
material science and engineering for the detailed characterization of materials. Let's

break down what each acronym stands for and their roles:
FESEM (Field Emission Scanning Electron Microscopy)

Field Emission Scanning Electron Microscopy (FESEM) is an advanced form of
Scanning Electron Microscopy (SEM). It uses a field emission gun as the electron

source, which provides a very fine electron beam. This results in:

High Resolution: FESEM can achieve resolutions on the order of nanometers,

allowing for the detailed imaging of surface structures.

Surface Topography: It provides detailed images of the surface morphology of a

sample.
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High Depth of Field: Produces three-dimensional-like images with a high depth of
field.

EDAX (Energy Dispersive X-ray Analysis)

Energy Dispersive X-ray Analysis (EDAX) is a technique used in conjunction with

electron microscopes (like FESEM) to provide elemental composition information:

Elemental Analysis: EDAX detects X-rays emitted from the sample during electron
beam interaction. Each element emits X-rays at characteristic energies, allowing for

qualitative and quantitative analysis of the sample's elemental composition.

Mapping and Line Scans: EDAX can create elemental maps and line scans that

show the distribution of elements across the sample surface.

Figure 3.13 represents the FE-SEM Microscope (Adopted from CISF, University of
Calicut, Kerala.)

Figure 3.13: Field Emission Scanning Electron Microscope (FE-SEM)
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Technical Specifications ZEISS Gemini SEM 300.

Resolution: 0.6 nm at 30 kV (STEM) ,0.7 nm at 15 kv ,1.2 nm at 1 kv, 1.1
nm atlkV TD

Inlens BSE Resolution: 1.2 nm at 1 kV

Resolution in Variable Pressure mode (30 Pa) : 1.4 nm at 3 kV and 1.0 nm at

15 kV
Acceleration Voltage: 0.02 - 30 kV
Probe Current: 3 pA - 20 nA (100 nA configuration also available)

Magnification: 12 — 2,000,000

Applications

Materials Science: Characterization of metals, ceramics, and composites.
Nanotechnology: Imaging and analysis of nanostructures and nanomaterials.

Biology and Medicine: Detailed examination of biological specimens and

medical implants.

Semiconductor Industry: Analysis of thin films, coatings, and

semiconductor devices.
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CHAPTER 4
THEORETICAL BACKGROUND

- Radiological parameters

- Radiogenic heat production and Heat Flow
Gamma-ray Attenuation

- Shielding Design Principles
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Abstract: This chapter outlines the theoretical background of wvarious radiological
parameters and indices used to assess radiation exposure and safety. Additionally, it covers
the concepts of radiogenic heat production, heat flow, and neutron removal cross sections,
providing a comprehensive foundation for understanding radiation measurement and
shielding effectiveness.
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4.1 Radiological parameters

The potential radiological hazards associated with the studied materials were
assessed by calculating various radiological parameters. These parameters included
Radium Equivalent Activity (Raeq), criteria formula(CF), Gamma Absorbed Dose
Rate (Dou), Annual Effective Dose Equivalent (AED), Representative Level Index
(RLI), Annual Gonadal Dose Equivalent (AGDE), Excess Lifetime Cancer Risk
(ELCR), Activity Utilization Index (AUI), Internal Hazard Index (Hin;), External
Hazard Index (Hext), Gamma Index (Iy), and Alpha Index (I,).These parameters were
utilized to quantify the potential risk by determining the amount of radiation emitted
by the primordial radionuclides, namely 2*Ra, 2*’Th, and “°K, present in the
building materials. In all these calculations, Ara, Ath and Ak are the activity

concentrations of 22°Ra, **Th and *°K,, respectively in Bqkg '[1]-[3].
4.1.1 Radium Equivalent Activity (Racg)

The distribution of natural radionuclides in the samples under investigation is not
uniform. Therefore, a common radiological index has been introduced to evaluate
the actual activity level of **Ra, **Th and *’K in the samples and the radiation
hazards associated with these radionuclides. This index is usually known as Radium

equivalent activity (Bqkg!) and it is given by
Raeq = Ara + 1.43Am + 0.077Ak (4.1)

It is a measure used in radiological assessments to quantify the combined
radioactivity from various radionuclides present in a material. It is a way to express
the potential radiation hazard of a substance due to the presence of different
radioactive isotopes. By calculating the Radium equivalent activity, one can
determine if the material complies with safety standards and regulations regarding
radiation exposure.The maximum value of Raeq in a sample must be less than 370

Bq kg ™!, to make sure of its safe limit of radiation [4].

Based on models suggested by Krisiuk et al., (1971) and Stranden (1976), a value of
1.5 mGy was obtained by Krieger (1981) when evaluating the annual external

radiation dose inside dwellings constructed of building materials with a Raeq value
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of 370 Bg/kg.
4.1.2 External And Internal Hazard Indices (Hex and Hin)

Natural radionuclides in soil, rocks, sediments, and other environmental constituents
produce external radiation, to which all human beings are exposed. External and
internal exposures are the major ways of radiation hazard threat to the inhabitants.
Radiation exposure threat to respiratory organs may be as a result of increase above
the safe limit of internal exposure to radionuclide [7]. The external and internal
radiological hazards from the rocks of the study area were quantified by the external
and internal hazard indices (Hex and Hin), which are estimated by the following

equations [8]
Hext= (ARra/370) + (A1h/259) + (A /4810) (4.2)
Hint = (ARra/185) + (At /259) + (Ak /4810) (4.3)

The values of Hext and Hin must be less than unity (< 1) for the radiation hazard to

be negligible.
4.1.3 Indoor and Outdoor Absorbed Gamma Dose Rate (Din and Dout)

Gamma radiation effects are usually expressed in terms of the absorbed dose rate in
air, which emanate from radioactive sources in the rock outcrops and soils in the
study area. This quantity is used to measure the radiation exposure to human body
due to the concentrations of 2**U, 2*2Th and “°K in the environmental materials [4].
The absorbed gamma dose rate (Dout) 1m above the ground surface can be estimated
from the concentration of radionuclides in the samples. Dout and Ding was computed

using the following equation,
Dout (nGyh™) = 0.462Ara + 0.621 A1, + 0.0417Ak 4.4)
Dind(Gyh™!) =0.92Ara + 1.1Am + 0.081Ak (4.5)
4.1.4 Annual Effective Dose Equivalents (AED)

The annual effective dose equivalent or AED is an important quantity used when
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assessing the radiation effects arising from building materials like bricks, soils,
concrete, granite gravels, stones and rocks. The annual effective dose equivalent
(AED) is estimated by employing a conversion factor of 0.7 SvGy !. Commonly,
adults spend about 80% of their time indoors, while the remaining 20% of their time
is spent outdoors. Therefore, the indoor and outdoor occupancy factors are 0.8 and
0.2, respectively [4], [9].The outdoor and indoor annual effective doses (AEDout)

were calculated using the following equation

AEDout (uSV y ') = Dou (nGy h™') x 8760 (hy ') x 0.2 x 0.7 (SvGy ') x 107 (4.6)
AEDind (uSv y ") = Dout (nGy h™") x 8760 (hy ") x 0.8 x 0.7 (SvGy ") x 107 (4.7)
4.1.5 External (y-radioactivity) level index Iy

The European Commission (EC) suggested that gamma index (Iy) could be used to
examine if the materials meet the limits of dose criteria. In this study, gamma index
(Iy) 1s used to estimate the level of gamma radiation hazard related to the natural
radionuclides in selected rock outcrops of the study area. Iy must be less than one for
radiation hazard to be insignificant and for the safe use of materials in the
construction of engineering structures. The gamma index, 1, is also known as the
representative level index and is calculated from the following relation is calculated

using the following equation [10].
Iy = (Ara/300) + (ATh/200) + (Ak /3000) < 1 (4.8)

The OECD group of experts suggested some criteria for a definition of different
levels of to be, I, = 1 as an upper limit, I, <I corresponds to 0.3 mSv y!and I, < 3,

corresponds to 1 mSv y! [10-11].
Concerning different building materials, the ranges of Iy are:
e Materials used in bulk amounts like bricks: I, <0.5to I, < 1.

e Superficial and other materials: I, <0.2 to I, < 6.
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4.1.6 Excess Lifetime Cancer Risk (ELCR)

The excess lifetime cancer risk is the possibility or threat to an individual for
developing a cancerous cell as a result of exposure to toxic and harmful substances
from various exposure pathways over time. According to the guidelines issued by
the UNSCEAR, excess lifetime cancer risks (ELCR) can be calculated using the

following equation,
ELCRout = AEDouw * Average duration of life (DL) x Risk factor (RF)  (4.9)
ELCRing = AEDing * Average duration of life (DL) x Risk factor (RF)  (4.10)

where DL is life expectancy (70 years) and RF (1/Sv) is a fatal risk factor per
Sievert, which is equal to 0.057 [12-14].

4.1.7 Alpha Index(I«)

The Alpha index was developed as an assessment of the excess Alpha radiation
exposure caused by inhalation originating from building materials. The Alpha
index(Iy) 1s determined by the following formula.

_ ARa
L= e (4.11)

where Ara is the ?*°Ra activity concentration (Bq/kg) in the building materials.
When the ?*°Ra activity concentration of a building material exceeds a value of 200
Bq kg !, it is possible that the radon gassing from this material could cause an
indoor radon concentration in excess of 200 Bqm™. In contrast, when the 2*Ra
activity concentration is below 100 Bg/kg, it is unlikely that the radon exhalation
from the building materials could cause indoor radon concentrations in excess of
exceeding 200 Bqm™ [16]. The recommended exemption level and recommended
upper level for the **Ra activity concentration in building materials are 100 Bg/kg
and 200 Bg/kg, respectively, in building materials as suggested by the Authorities
in Denmark, Finland, Iceland, Norway and Sweden[16]. This upper level agrees
with the action level given by the ICRP in Publication 65 (1994) and by the
European Commission (EC, 1990).

116



Theoritical Background

4.2 Radiogenic Heat Production and Heat Flow

The radiogenic heat production rate is a fundamental property that quantifies the
amount of heat released over a given time and volume within rock due to the decay
of unstable radiogenic isotopes[12], [18]. These isotopes, including 234U, 233U, 232Th,
and *“°K, play a significant role in generating heat within the Earth. They possess
half-lives comparable to the age of the Earth and remain abundant in the Earth's
crust, serving as a vital radiation source. The connection between observed heat flow
and heat production from radioactive isotopes within local rocks was first identified
by J. Jolly in 1909. The natural abundance of radioactive elements in the Earth's
crust contributes significantly to surface heat flow, which represents the rate of heat
emanating from the Earth's interior[19]. These radioactive elements in the Earth's
crust and mantle have significant applications in geophysics and geochemistry.
Their decay generates heat within the Earth's crust, a crucial aspect of geothermal

studies[20].

Radiogenic heat production is a vital factor in the study of geophysical properties,
although it is not currently a widely recognized property. According to Kukkonen
and Clauser (1994), this heat production is utilized to predict and explain
temperature variations in deep drilling and temperature distribution modeling.
Radiogenic heat production constitutes a smaller portion of surface heat flow in
cratons and sedimentary basins. The Earth's continental crust has higher radiogenic
heat production compared to the mantle, which contributes at most 1-2 mW/m? to
the total heat flow. According to Waples (2002), the Earth's surface experiences
approximately 65 mW/m? of heat flow, while the mantle's contribution in
continental areas is approximately 20 mW/m?, with the difference being attributed to
the radioactive heat generation in crustal rocks. The primary source of crustal heat is
the decay of radioactive isotopes, which, depending on geographic location, can
account for up to 98% of heat generation. Other contributions, such as cosmic
neutrino interactions with the Earth's mass and gravitational distortion, are likely to
be negligible. The presence of natural radioactive elements in the Earth's crust can

significantly influence surface heat flow depending on the geological characteristics
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of the region.

Measuring the concentration of radioactive elements is the subject of numerous
studies due to its critical role in modeling the thermal properties of the lithosphere.
The isotopes 2*2Th, “°K, and 28U are the primary contributors to terrestrial heat
flow. Determining the concentration of these radioactive elements is crucial for
understanding the composition of the Earth's mantle and crust. As radioactive
nuclides decay, their mass is converted into the kinetic energy of emitted particles
and gamma radiation, which is absorbed by rocks and ultimately transformed into
heat. Studying radiogenic heat production helps identify anomalously high thermal

conditions in various regions.

Several mathematical techniques can be employed to ascertain the concentrations of
heat-producing elements, with gamma-ray spectrometry being the sole method that
allows simultaneous determination of U, Th, and K concentrations, typically
providing sufficient accuracy for most rock types. Understanding the heat generated
by radioactive decay in rocks is crucial for comprehending the Earth's heat release

and interpreting continental heat flux data.
4.2.1 Radiogenic Heat Production (RHP)

The main interior sources of heat in Earth are the heat content of the primitive Earth,
directly after the formation due to the gravitational shrinkage and that do to the
decay of unstable radioactive isotopes. The radiogenic decay of the unstable isotopes
of Uranium (***U, 2%U), Thorium (***Th) and Potassium (*°K) deliver the largest
content of the internal source of heat. These radionuclides are enriched in the Earth’s
crust and mantle [21], [22]. RHP studies have been widely applied in sedimentary,

metamorphic, and igneous terrains.

Here we consider the heat production in rock sample due to the decay of the
radioactive isotopes of U, Th, and K. It is defined as the quantity of heat produced
by radioactivity in unit volume of the rock per unit time and is expressed in pWm™>.
The quantity of the produced heat can be evaluated from the relations [20], [23],
[24],
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1 ppm U =12.35 Bq kg ' of 28U (4.12)
1 ppm Th =4.06 Bq kg ' of 2*Th (4.13)
1% K =313 Bq kg ! of 'K (4.14)

RHP (uWm™)=p (9.52 Cu+2.56 Ctn+3.48 Cx) 102 (4.15)

where p is the dry density of rock (kgm™) and Cu, Ctn are the concentrations of U
and Th in ppm and Ck that of K in % respectively. The constants 9.52, 2.56 and 3.48
are the radiogenic heat generation rate per unit mass of respectively [20]. The
significance of the equation (4.18) is that it enables the estimates of the magnitudes
of energy emitted during the decay of the radionuclides of the radioactive elements
[10]. The decay process produces Alpha, Beta and gamma radiation. A physical
check on the equation shows variation in RHP contributions among the three main
radio active elements of U, Th, and K. The various constants of 0.0952 (Uranium),
0.0256 (Thorium), and 0.0348 (Potassium) shows the dominance of Uranium radio
elements in terms of RHP contribution, followed by Th, and lastly K radioelement
which provides the least contribution. The amount of RHP generated over a given
geographical location depends on the quantity of U, Th, and K contents of the
underlying lithology [1,32]. However, the concentrations of these radioelements
varies significantly according to rock type, composition, and its formation
mechanism [1]. This implies that the rock density, rock type and the radio-element’s
composition influence the amount of RHP to be generated. Rock formation
processes such as sedimentation, metamorphism, and magmatic differentiation
controls the amount of radio-active minerals to be found in a rock, and consequently
the amount of RHP to be generated [12], [25]. Granitic rocks tend to record high
RHP values due to the high concentration of U, Th, and K formed during the late

stage of magmatic differentiation.
4.2.2 Heat Flow

The amount of heat that flows per second across a square meter of surface was Hr
calculated using Equation (4.17) as introduced by Turcotte & Schubert and later

used for river sediment samples by Asere and colleagues [26], [27]as;
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H (mWm2) = % (Mm + Cr) (4.16)

where RHP is the heat production due to radioactive decay in the rock, Mm + Cr is
the mass of mantle plus crust, given as 4 x 10** kg and S is the total surface area of

the earth, given as 5.1 x 10" m?.

Based on geochemical studies, the core can't contain a significant fraction of the
heat-producing elements. Hence, the mass of the mantle is used instead of the Earth.
According to Turcotte & Schubert, the mean Hy for all continents is 65+1.6 mWm™
with 37 mWm as the fraction attributed to the decay of >**Ra, ?Th and *°K. The

remaining 28 mW m™2

was attributed to basal heating of the continental lithosphere
by mantle convection. Determination of heat flow by Fourier's law is beyond the
scope of this work which requires further studies. The negative sign is needed to
account for the direction of the heat flow; if temperature increases in the downward

direction of the z-axis, the flow of heat from high to low temperature is upward.
4.3 Gamma-ray Attenuation

A gamma-ray may interact in any of the three main ways mentioned earlier when it
travels through matter (though for pair production, it must have an energy higher
than 1.022 MeV). Figure 1.8 (from Chapter 1) shows the importance of the three
interactions (photoelectric, Compton, and pair production) as the energy of the

gamma-ray and Z of the target material change.

It is observed that the interaction of the photoelectric effect is predominant for
gamma rays of low energy. For intermediate energies, the interaction of the
Compton effect predominates, and for high energies pair production is the dominant
interaction. Similarly, the atomic number Z of the absorber material can also decide
which interaction is going to be dominant at given energies. Taking a photon of 10
MeV for example, if it is travelling through carbon (Z = 6) the main mechanism of
interaction will be the Compton effect. Whereas if the same photon was travelling

through iodine (Z = 53) it will interact mostly through pair production.
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4.3.1 Bethe formula (or Bethe-Bloch formula):

Describes the energy loss of charged particles as they travel through matter. It is
particularly important for understanding the interactions between high-energy
charged particles (such as protons, electrons, or ions) and the atomic electrons of a
material. The formula is fundamental in the study of particle physics, radiation

protection, and cosmic ray interactions.

dE  —-4mNAZZ2e* 2
e L (m‘*") (4.17)

dx mev? I

dE . . . 4
where, s the rate of energy loss of the particle per unit distance (MeV/cm or

GeV/m), N is the number of atoms per unit volume, A is the atomic mass of the
material, Z is the atomic number, e is the charge of the electron, m. is the electron
mass, v is the velocity of the incoming particle, and I is the mean excitation potential
of the material (in eV). When a charged particle, like an electron or proton, passes
through matter, it loses energy mainly through interactions with the electrons of the
atoms in the material. This energy loss occurs primarily by two processes:
ionization- the charged particle ionizes atoms, knocking electrons out of their
orbitals and by excitation: the charged particle excites atoms to higher energy states
without ionizing them. The Bethe formula describes the rate of energy loss per unit
length due to these processes as a function of the particle's velocity and the
material's properties. The rate at which a charged particle loses energy depends on
the nature material through which it is passes and the particle's velocity. The energy
loss decreases as the particle’s velocity increases. The logarithmic term describes
how the energy loss changes as the particle’s velocity increases. It reflects the
behaviour of the ionization process. The energy loss is proportional to the square of
the atomic number Z of the material. This means that heavier atoms (i.e., higher Z)
cause more energy loss per unit length compared to lighter atoms. This is why high-
Z materials like lead are particularly effective in shielding against high-energy
particles. The energy loss is inversely proportional to the square of the particle’s

velocity v. This implies that faster particles (those with higher energy) lose less
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energy per unit distance because they interact less frequently with the material’s

electrons.

Mean excitation potential is the average energy needed to excite an electron in the
material. It varies with the material and is typically in the range of 10-100 eV. A
lower value of I results in higher energy loss since the logarithmic term becomes
larger. The formula can be used to estimate the range of a charged particle in a given
material. By integrating the stopping power over the distance, the particle travels,
one can estimate the total energy loss and determine the depth at which the particle

comes to rest.
4.3.2 Radiation Transport Equation

This a fundamental equation in radiation physics that describes the distribution and
propagation of radiation (e.g., photons, neutrons) as it interacts with a medium. It is
used in diverse applications such as nuclear reactor design, medical physics,
astrophysics, and shielding calculations. This equation provides a framework for

modelling how radiation is absorbed, scattered, and emitted within a given material.

The radiation transport equation can be expressed as

PO L q.vw = 2O [ (= y(r,Q,E,t) o) (EE)AE AL +Q Q,E D) (4.18)
Here, ‘P(r, OE, t) is the radiation intensity at position r in the direction Q for energy
E and time t, o;(F) is the macroscopic total cross-section, describing the probability
per unit path length that a particle will interact with the medium (includes both
absorption and scattering), o, (E, E") is the scattering cross-section and Q(r, Q, E, t) is
the source term, representing the rate of production of particles (e.g., from a

radiation source or nuclear reaction).

4.3.3 Linear Attenuation Coefficient (LAC)

The total probability of interaction, also known as the linear attenuation coefficient

U, is equal to the sum of the probabilities, or cross sections, for each interaction. The
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approach followed for calculating the gamma-ray shielding parameters is based on a
specific theoretical framework. It relies on two fundamental coefficients: The linear
attenuation coefficient, is a measure of the likelihood of radiation interacting with
matter over a particular distance or path length (cm™) is equal to the sum of the

probabilities, or cross sections, for each interaction.
U=T+0o+k (4.19)

where 7, 0 and k are the cross sections for the photoelectric effect, the Compton
effect, and pair production respectively. The use of the linear attenuation coefficient

is constrained by the fact that it varies with the density of the absorber.
1, I,

where, Ip and I are the incident and transmitted intensities of gamma-rays

respectively and x is the thickness of the composites(cm).

4.3.4 The Mass Attenuation Coefficient (MAC)

A more favourable parameter is the mass attenuation coefficient (um), which
normalizes the linear attenuation coefficient by the density of the absorber material.
The mass attenuation coefficient um (MAC) was obtained by dividing the linear
attenuation coefficient u by the density p (g/cm’) of the composite as given in

Equation 4.21 [28].
MAC = w/p (4.21)

The mixture rule is employed to determine the total mass attenuation coefficient

(MAC) value for compounds and mixtures that consist of multiple elements [29]

(Um)composite =i Wi (Hm); (4.22)

where, wi is the weight fraction of each element in composites, (lm)i is the mass

attenuation coefficient for individual element in composites.
4.3.5 Half-Value Layer (HVL) and Tenth-Value Layer (TVL)

The half-value layer (HVL) is a metric that quantifies the thickness of a
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homogeneous absorbing substance capable of reducing a narrow beam intensity to
half of its initial value. Similarly, the tenth-value layer (TVL) pertains to the
thickness of the shielding material at which the intensity of incoming radiation
decreases to one-tenth of its original value. These quantities can be computed using

the formulas [30], [31] given in equations (4.24) and (4.25)

0.693

TVL= 22 (4.24)

4.3.6 Mean Free Path (MFP)

The mean free Path (A), also referred to as the relaxation length, represents the
average distance between two consecutive interactions of photons with matter. It is

denoted by the following expression [32],
MFP = ﬁ (4.25)

4.3.7 Effective Atomic Number (Zesr) Effective Electron Density (Nefr)

To determine these parameters, knowledge of the values of atomic cross section
(ACS, oa) and electron cross section (ECS, cec) are necessary. ACS represents the
likelihood of interaction between radiation and an individual atom within the unit
volume of a composite material. The total atomic cross-section (ca) can be
determined using the mass attenuation coefficient value, using the following relation
[30],

(Hm)composite
ACS - TNATwiA; (4.26)

in which, N represents the Avogadro's number and A; is the atomic weight of the i
constituent element of the composite. The Electron Cross Section (ECS) represents
the likelihood of interaction per electron within a unit volume of the composite

material, and it can be estimated using equation (4.27)[32].

n fi 4j

1
ECS-§ 21 2 Hm)i (4.27)
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Here, fi represents the number of atoms of element i relative to the total number of
atoms of all elements in the composite and while Z; stands for the atomic number of

the i element in the composites [33].

The total atomic cross-section and total electronic cross-section are associated with

the effective atomic number (Zefr) of the composite, through formula [31], [34],

Zefr = ECs (4.28)

The effective electron density (Nefr) indicates the quantity of electrons per unit mass
of the material [35]. Its relationship with the effective atomic number (Zefr) is

formulated as follows [30], [31], [36],
Netr= NA Zetr (4.29)

4.3.8 Effective Conductivity (Cefr)

Effective conductivity (Cefr), which quantifies the number of unbound electrons
within the material's unit volume that interact with gamma-ray energy. Cefr exhibits a
direct correlation with the material's density, the effective electron density (Ner), and
the temperature prevailing in the environment where the interaction takes place. This
relationship is given by Equation (4.30)

2
Cor= (L) 10° (4.30)

e

where e (in C) and me (in kg) are quantities representing the charge of the electron
and the mass of the electron. 1 (s) gives the relaxation time of the electron on the

Fermi surface and can be calculated by the equation (4.30).
4.3.9 The Exposure Build-Up Factor

The Lambert-Beer law does not account for beam divergence and the multiple
scattering of gamma rays (which are due to the large thickness of the interacting

medium). For the law to be valid, certain conditions need to be met:

1. The gamma rays need to be monoenergetic.

ii. The interacting medium must be thin.
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iii. The gamma rays need to be collimated into a narrow beam (narrow beam
geometry).

In place of meeting these difficult conditions, a simple multiplicative correction has
been introduced, and the law is modified to:

(ty=Bloe nt (4.31)

where B is the correction factor and It is known as the build-up factor. B is always
greater than or equal to unity, depending on the type of gamma-ray detector used
and the specific geometry of the experiment (B =1 when the three conditions above

are met).

The exposure build-up factor is an important parameter for radiation shielding and
measurement. It is defined as the ratio of a quantity at a point due to the total
number of particles to that same quantity at that same point due to uncollided

particles only.

To calculate the build-up factors, accounting for multiple scattering, the Geometric

Progression (G-P) fitting method was employed, as follows [35], [37], [38]:
Calculation of the G-P fitting coefficients (a, b, ¢, d and Xx)

_ Pl(log Zy— logZeq) + P, (log Zeq — logZ,)
(logZ, —logZ,)

P (4.32)

where P and P> denotes the G-P fitting coefficients corresponding to the Z; and Z»,

respectively.

First, the equivalent atomic number (Zeq) calculated using the relation[39]

__Z;(logRy—1ogR) + Z; (logR—1logRy)

Z
4 (logR; —logRy)

(4.33)

where R is the ratio of Compton partial cross section to total cross section, Z1 and Z»
are the atomic numbers of the elements corresponding to the ratios R; and Ro,

respectively [34], [40].

Exposure build-up factor (EBF) is given by
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(b—-1)(KX-1)
EBF(EX) = | 1T w1 fork #1 (4.34)

1+(b-1X, forK=1
In this equation, B is the value of the build-up factor at 1 MFP and the K (E, X) can
be calculated for the different penetration depths (X) using the following equation
[31], [34], [41], [42]:

tanh((X/Xg)-2)—-tanh (-2) for

— a
K(EX) = X2+ d e )

X<40mfp (4.35)

Where, E is incident photon energy and x is the mfp.
4.3.10 Fast Neutron Removal Cross Section (FNRCS)

A neutron is also an uncharged particle and one of the most dangerous radiation
types, and thus, it is more difficult to shield in comparison with the other radiation
types. This may be due to the differences of its interaction with matter. The main
interaction processes of neutron with a matter may be via (n,p) reaction and
hydrogenous materials are generally preferred to shield neutron. The neutron
attenuation properties are expressed as effective removal cross-section (Zg, cm ™).
The fast (or fission energy) neutron attenuation is called the fast neutron effective
removal cross section (FNRCS) plays an important role to express for neutron
shielding properties. As it serves well for situations when there is not sufficient
hydrogen in the material, it is worth calculating the removal cross sections of
different materials. The removal cross section is defined as the probability of a first

collision which removes that neutron from its uncollided fast group.

In essence, Xr serves as a measure of the probability of fast neutron removal during
its traversal through the material [43], [44]. The FNRC is remains consistent within
the energy range of 2 to 12 MeV [45]-[47]. It signifies the likelihood that a fast or
fission energy neutron, in its initial collision, will be separated from the group of

non-collided, penetrating neutrons [44]. It was computed with equation.

(e =pTwi (5) (436)
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R . ) . : .
where, p, wi, and (?) is the density of material, weight fraction, and mass removal
i

cross section of the i element in the compound. Xr of the samples in this study
were calculated using equation 4.36 [45]. Generally, Zr/ p is a function of atomic

number according to the equations [45],

% —0.19Z°™ For Z < 8 (4.37)

and % —0.125Z7°5% For Z > 8 (4.38)

Mean free path (MFP), half-value layer (HVL) and tenth value layer (TVL) for fast

neutron can be derived in a similar way as for photons.
4.4 Shielding Design Principles

Designing an effective radiation shielding system involves optimizing material
selection, thickness, radiation type, energy range, and shield geometry to ensure

safety.

1. Material Selection: High-Z, high-density materials like lead, tungsten, and
concrete are effective for gamma and X-rays due to their higher interaction
cross-sections. Neutron shielding uses low-Z, hydrogen-rich materials like
polyethylene, while alpha and beta particles are blocked by lightweight materials
like plastic or aluminum.

2. Radiation Type and Energy: Shielding is tailored to radiation type and energy.
High-energy photons need denser or thicker shields, while low-energy radiation
requires lighter materials.

3. Shield Thickness: Thickness is determined by attenuation needs and radiation
energy. Calculations consider intensity reduction factors, source strength, and
safety margins.

4. Layered Shields: Combining different materials enhances shielding efficiency,
e.g., lead for gamma rays and polyethylene for neutrons, thereby optimizing the

attenuation.
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5. Shield Geometry: Proper shape and placement ensure full coverage of radiation
paths. Design must address directionality, avoid gaps, and minimize material
usage.

6. Practical Considerations: Cost, structural integrity, and radiation-induced
damage influence material choice. Long-term stability under varying conditions

1s crucial.

In conclusion, radiation shielding design balances material properties, thickness, and
practicality to ensure safety, optimize costs, and meet application-specific

requirements.
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CHAPTER 5
RESULTS AND DISCUSSION

Radiological Impact of Natural Radioactivity and Heat

Production in Populated Areas of Kerala.

5.1 Introduction

5.2 Thrissur- Palakkad highway zone (Kuthiran Hills, Western Ghats of
Kerala).

5.3 Urban regions along the National Highway in Kerala, India

5.4 Athirappilly Waterfalls (Athirappilly Hills, part of Western Ghats in
Kerala).

5.5 Comparison with Similar Studies

5.6 Chapter Conclusion

Abstract: In this chapter, critically evaluates the natural radioactivity, associated
radiological parameters and radiogenic heat production of rock and soil sample collected
from various locations in the state of Kerala, India. Gamma-ray dose and hazard parameters
based on the activity concentrations of the natural radionuclides 238U, 232Th, and %K.
Additionally, X-ray diffraction (XRD) was used to analyze the composition of the samples,
providing detailed information on their atomic structure and composition.




Result and Discussion

Sampling locations- Kuthiran tunnel, Athirappilly waterfalls

and NH-66 highway Malappuram-Kozhikode and samples in the

typical container bottle.
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5.1 Introduction

Low-level ionizing radiation is ubiquitously present, with all living organisms being
subject to exposure. Soil, as the topmost layer of Earth's crust, plays a fundamental
role in maintaining natural ecosystems and the biosphere. In its natural state, it
serves as a significant source of outdoor radiation exposure to the population by
facilitating the release of radionuclides into the surrounding environment [1]. Soil
plays a decisive role as a resource for human populations, being used for agriculture,
construction, and climate regulation. It is both a continuous source of radionuclide
radiation and a transporter of radioactive materials to organisms. The accumulation
of the naturally occurring radionuclides at a place is affected by a number of factors,
such as nature and geometry of strata, minerals containing trace amounts of
radionuclides (e.g. Ilmenite, rutile, Zircon, and Monazite), and moisture, etc. [2]-
[4]. #*°Ra, *’Th, and *°K are the most found radionuclides in rocks. Thorium
element is 3—4 times more abundant than Uranium in crustal rocks because it is less
susceptible to mobilization in the supergene environment. The amount of Thorium
also varies from place to place in Monazite from placer deposits. It mainly depends
upon the type of rock from which the Monazite forms. Monazite is usually seen in
the high or intermediate rank of metamorphic rocks, generally formed from
argillaceous sediments. Many characteristics of Monazite show that it is formed in
metamorphic rock. The range of Thorium present in metamorphic rock depends
upon the grade of metamorphism. 2**Th is a precursor of the natural mass number 4n

decay series that finishes at stable 2*Pb.

The gamma-ray spectrometric measurements as a means for geological mapping
have been reported in many locations of the world to assess the radionuclide
concentrations in crustal formations [5]-[7] in geothermal fields [8], [9], along
geologically altered zones [10], in volcanic areas [11], [12], and active mining sites
[13]. Most of the Potassium is present in K feldspar and micas, while Uranium and
Thorium are largely present in minerals such as Zircon, allanite, sphene, Monazite,
apatite etc. [14]. These minerals are more abundant in granitoid rocks, which
therefore, account for bulk of the heat production in the continental crust gamma-ray
spectrometry is the only one technique that enables simultaneous determination of

U, Th and K, and its accuracy is generally sufficient for these purposes.
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Radiogenic heat generation, a petrophysical property independent of temperature
and pressure, arises from the decay of naturally occurring radioactive elements in
the Earth's crust. Akkurt et al. (2022) demonstrated that almost all energy released
during this decay is converted into heat within the rocks [15]. In 1998, Rybach
suggested that radioactive heat production is a thermal, scalar, and isotropic property
of rock, reliant on its chemical composition rather than in-situ conditions [16], [17].
Consequently, the radiogenic heat released at a given depth is determined by the
amount of radioactive elements present, regardless of pressure and temperature [18].
Following planetary accretion, geochemical differentiation led to an iron-rich core
constituting 32% of Earth's mass, with silicate-rich mantle and crust layers above.
The distribution of heat-producing elements (U, Th, K) in the Earth's interior is
shaped by continental differentiation settings [19]. The radioactive heat production
rate (RHP) quantifies heat released per unit volume of rock from decaying unstable
radiogenic isotopes [20]-[22]. This rate is determined by the rock's lithological and
geochemical characteristics, with granitic rocks playing a pivotal role in Earth's
geodynamic evolution and thermal regime. Granite intrusions are crucial to
continental crust formation, and understanding RHP in granite intrusions of varying
ages i1s vital for thermal modeling of the continental lithosphere. Assuming
radioactive elements are concentrated in the upper crust's granitic rocks, with an
average thickness of 10-20 km [23]-[25], the mean RHP in the crust is about 71.0
mW/m?. Granite's radioactive decay significantly contributes to continental surface
heat flow, providing approximately 65 mW/m?, with 40% attributed to crustal RHP
and 60% to mantle RHP [26]. The primary source of crustal heat is radioactive
decay, generating up to 98% depending on geographic location, while contributions
from cosmic neutrino interaction and gravitational distortion are minimal. The
presence of natural radioactive elements in the crust can significantly influence
surface heat flow, contingent on regional geology. Measuring the elemental
concentrations of radioactive elements is essential for modeling lithospheric thermal
evaluation. Isotopes like 2*¥U, 2*’T and *’°K hare major contributors to terrestrial heat
flow, with their concentrations providing insights into the mantle and crust [17].
Gamma-ray spectrometry, enabling simultaneous determination of U, Th, and K, is a
precise method for measuring these concentrations. Heat from radioactive decay in
rocks is fundamental to understanding Earth's heat liberation and interpreting

continental heat flux data. This method aids in characterizing lithological and rock
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alterations [27], [28], determining Uranium migration in crustal formations [29], and
estimating crustal radiogenic heat production [30]-[32]. Long-lived radioactive
isotopes, particularly U, Th, and K, produce most of the crustal heat [14], with their
decay continuing as Earth's primary heat source. These elements contribute to about
70% of the total surface heat flow in the continental crust, offering a comprehensive
thermal account of radioelement contributions [33]-[35]. Radiogenic heat-producing
rocks provide insights into lithospheric heat flux and help understand the thermal
evolution of Earth and potential geothermal energy sources. Numerous studies have
examined radioactive heat production in rock samples from India and elsewhere [4],
[21], [36]-[44].

In the present study, gamma-ray spectroscopy was employed to estimate the
concentrations of Uranium, Thorium, and Potassium in samples collected from

various locations in the state of Kerala, India. The specific sites include:

e Thrissur-Palakkad highway zone (Kuthiran Hills, part of the Western Ghats in
Kerala, Region I).

e Urban regions along National Highway 66 (NH-66) in Kerala (Region 1I)

e Athirappilly Waterfalls (Athirappilly Hills, part of the Western Ghats in Kerala,
Region III).

Gamma-ray dose and hazard parameters based on the activity concentrations of the

natural radionuclides 2*®U, 2**Th, and “°K. Additionally, X-ray diffraction (XRD)

was used to analyze the composition of the samples, providing detailed information

on their atomic structure and composition.

Approximately 2-3 kg of samples was collected from the fresh outcrops of intrusive
bodies in each location. The collected samples were crushed into powder form,
pulverized and separately sieved with a 125 pm mesh sieve. The samples were then
electrically oven-dried at a temperature of 110°C for 10 hours and allowed to cool.
Then samples were weighed and transferred into separate plastic containers and
sealed tightly with polyvinyl chloride insulation tape and epoxy resin to prevent
222Rn escape. The sealed samples were allowed to attain secular equilibrium by
keeping it undisturbed for 28 days before they were taken to the laboratory for

gamma spectrometric analysis.
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5.2. Thrissur- Palakkad highway zone (Kuthiran Hills, Western
Ghats of Kerala)- Region I.

5.2.1 Sample collection and preparation

In order to get a representative coverage of the geological formations, 60 rock
samples were collected from 15 locations by covering 25 km, namely Mannuthy
(MNT), Vengassery (VGY), Mudicode (MUD), Pananchery (PNY), Pattikadu
(PTK), Chuvannamannu (CHM), Vazhukumpara (VKP), Kuthiran Temple (KDT),
Irumbupalam Bridge (IMB), Vaniyampara (VMP), Kuthiran tunnel (KTN),
Kannanbra (KNB), Poovanchira (PVC), Kurangupara (KGP) and Pattathipara
(PTP). At each sampling site, a geographical positioning system (GPS) is employed
to record the geographical coordinates. Rock samples from these collection sites
were selected not only because of their massive occurrence/abundance and their

high usage as construction aggregates.

5.2.2. Geology of the Sampling area

Western Ghats (also known as Sahyadri) is a mountain range that runs parallel to the
western coast of the Indian peninsula, located in India. The range starts near the
border of Gujarat and Maharashtra and runs through the states of Maharashtra, Goa,
Karnataka, Kerala and Tamilnadu ending at Kanyakumari at the tip of India. Sample
collecting locations (sampling station) in Thrissur district, which is coming under
the western ghats, lies between North latitudes 10°32'10" and 10°35'17" and East
longitudes 76°15'58" and 76°25'53". A location map is shown in Figure 5.1 and
geographical location data is given in Table 5.1. It is bounded northeast by Palakkad
district. The average annual rainfall of the studied area ranges between 2310.1 and
3955.3 mm, with a mean yearly rainfall of 3198.1 mm. The vegetation here is of the
rain forest type, with evergreen and broad-leaved trees. The maximum temperature
ranges from 29.3 to 44.2°C whereas the minimum from 22.1 to 24.9°C. High
temperature and heavy rainfall lead to creation of a lateritic type of soil from these

rocks of Archean metamorphic complex.
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Figure 5.1: The sampling stations of Kuthiran region, Kerala.
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Table 5.1: Sampling locations of Kuthiran hills in the present study.

Place Name Place Code North East
Mannuthy MNT 10°32°20” 76°15°58”
Vengassery VGY 10°32°10” 76°16°59”
Mudicode MUD 10°33°03” 76°18°18”
Pananchery PNY 10°32°22” 76°19°48”
Pattikadu PTK 10°33°05” 76°20°18”
Chuvannamannu CHM 10°33°45” 76°21°23”
Vazhukumpara VKP 10°33°57” 76°22°05”
Kuthiran Temple KDT 10°34°35” 76°22°46”
Kuthiran Tunnel KTN 10°34°26” 76°23°06”
[rumbupalam Bridge IMB 10°34°40” 76°23°32”
Vaniyampara VMP 10°34°50” 76°24°28”°
Kannanbra KNB 10°35°17” 76°25°53”
Poovanchira PVC 10°34°38” 76°20°42”
Kurangupara KGP 10°33°57” 76°19°02”
Pattathipara PTP 10°34°17” 76°18°31”

Rock types in Thrissur district can be broadly divided into four categories - (1)

Charnockite belt, which is widespread and most prominent in the district; (ii)

Gneissic belt represented by Biotite gneiss, Hornblende-biotite gneiss, and Quartzo-

feldspathic gneiss, (iii) Granitic gneiss restricted to the southeastern part and (iv) the

Quaternaries of the coastal tract. The dominant rock types in the study area are
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charnockites and a variant of it called Migmatitic rocks. Figure 5.2 shows the map of

geological formation and rock constituents of the sampling stations.

The Charnockite rocks are composed of coarse-grained, massive fine-grained, and
gneissic fine-grained varieties. These rocks are generally low-lying outcrops, with
smooth rounded boulders and few low-lying hills, forming oval to subcircular and
elongated bodies [45]. Charnockites and associated gneiss constitute the most
extensive hard rock formations in Kerala, occupying more than 45 per cent of the
total geographical area [46]-[49]. The available information indicates that the
deposits of Monazite in the coastal areas of Kerala and Tamil Nadu are formed due
to the weathering of these rocks in Western Ghats and are transported and deposited
in the southern coastal areas through the drainage system including rivers, back

waters etc. [48]-[51].
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Figure 5.2: Geological formation and rock constituents of the sampling stations.
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5.2.3. Activity concentrations in rock samples

Natural radioactivity concentrations of *?°Ra, ?**Th and “°K estimated in the
collected rock samples from the study area are given in Table 5.2. The variation of
the activity concentration in the rock samples collected from different sites are due
to the mineral content present in different rock types. The variation is shown in
Figure 5.2. The activity concentrations of radionuclides in the rock samples ranged
from 16.44 to 88.33 Bq/kg with average of 59.28 Bg/kg for ?°Ra, 67.42 to 174.3
Bq/kg with an average of 120.09 Bq/kg for *’Th, and 739 to 1064 Bq/kg with a
mean of 916.33 Bq/kg for *°K.

Table 5.2 Activity concentrations of 226Ra, 232Th and 4K in the study area.

Place Activity Concentration of rock samples

Place Name Code 26Rq 22T 40K

(Bq/kg) (Bq/kg) (Bg/kg)
Mannuthy MNT 16.44+£2.54 | 67.42+1.5 816420
Vengassery VGY 28.14+£3.35 | 96.23+2.63 739+18
Mudicode MUD | 33.56+£2.54 | 118.4£2.5 866+20
Pananchery PNY 37.24£1.91 110.2£2.5 1050+24
Pattikadu PTK 74.21+£2.51 | 120.9+1.8 997+22
Chuvannamannu CHM | 58.28+3.64 | 109. 6+2.72 890420
Vazhukumpara VKP 52.45+£2.53 | 72.8+1.41 980+22
Kuthiran Temple KDT 68.81£2.61 | 101.2+2.62 820+16
Kuthiran Tunnel KTN 86.29+3.53 | 148.4+1.19 1012+22
[rumbupalam Bridge IMB 80.34+3.65 | 81.23+2.52 940+23
Vaniyampara VMP 58.24+3.51 127.1+£2.4 860+21
Kannanbra KNB 73.62+2.42 | 174.3£3.3 917+20
Poovanchira PVC 54.13£2.51 86.2+2.4 922423
Kurangupara KGP 79.18+3.55 | 138.9+£1.94 852+20
Pattathipara PTP 88.33+4.72 | 168.4£2.6 1064+21
Average 59.28+2.57 | 120.09+£3.74 | 916.33+20.81
Standard deviation 21.54 31.89 92.24
World average 32 45 412
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Corresponding to 22°Ra, 2**Th and *“°K, the observed highest values of radioactivity
concentrations are 88.33+0.72 Bqg/kg (PTP), 174.3+1.3 Bg/kg (KNB) and 1064+24
Bqg/kg (PNY) while the lowest values are 16.44+0.54 Bq/kg (MNT), 67.41%0.5
Bg/kg (MNT) and 739+18 Bg/kg (VGY), respectively. The order of average
radioactivity concentrations of radionuclides recorded from these samples is as
follows: “°K > 2%2Th > ??°Ra. The measured average concentrations *’Ra, 2**Th and
40K are significantly higher than the worldwide average values of 32, 45 and 412
Bqkg !, respectively. The spatial variations in the activity concentrations of these
radionuclides in the rock samples is due to the variation in the chemical composition
of the geological formations. The contour distribution of radionuclides in the study

is shown in Figure 5.3.

The studied locations have a variety of rock systems like hornblende-biotite
gneisses, migmatite gneisses, granite gneisses and mylonites gneisses. Relatively
higher activity concentrations of *°Ra, ?**Th, and *’K in rock samples were
observed at Kurangupara (KGP), Pattathipara (PTP), Vaniyampara (VMP),
Kannanbra (KNB), Irumbupalam (IMB) and at Kuthiran tunnel (KTN). It may be
due to the fact that these regions are attributed to having gneiss, green granites,
charnockite, loamy soils, layey soils and altered gray granites types of rocks having
higher concentrations 2?°Ra, 2*2Th, and *°K, respectively. The spatial distribution of
the radionuclides across the rock outcrops. This reveals a dominance of 2**Th and

226Ra due to silicates and Monazite contents in rocks.
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Figure 5.3:
study area.

Contour distributions of radionuclides ??° Ra, 2>Th and *’ K in the
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Table 5.3 shows the basic statistical parameters such as minimum, maximum, mean,
standard deviation, variance, skewness, and kurtosis, which are calculated to assess
the characteristics of the radionuclides in the rock samples. Arithmetic mean and

standard deviation are used to describe the variation of the data.

Table 5.3: Statistical distribution of the three isotopes in the study area.

Parameter 226Ra 232Th WK
Minimum 16.44 67.44 739
Maximum 88.33 174.30 1084
Mean 59.28 120.09 916.33
Median 58.28 120.09 917
Standard Deviation 21.54 31.89 92.24
Variance 497.13 1089.92 9115.52
Kurtosis -0.80 -0.90 -0.51
Skewness -0.51 -0.01 0.07

The frequency distribution of the activity concentration of **Ra, **Th and *°K of
rock samples is shown in Figure 5.4. The standard deviation values of *°Ra, ***Th
and “°K are found to be lower than the mean value and it indicates a high degree of
uniformity among the samples. Skewness data describes the degree of asymmetry of
a distribution around its mean. The skewness values of >*°Ra, 23>Th and “’K from the
present study are -0.51, -0.01 and 0.07, respectively. Positive skewness values
indicate that the distribution of radionuclides is asymmetric, with a tail extending
towards more positive values. Kurtosis is a measure of the peakedness of the
probability distribution of a real-valued random variable. The kurtosis values of
226Ra, 2’Th and “°K from the present study were, -0.80, -0.90 and -0.51,
respectively. The negative kurtosis values observed for all the radionuclides

indicates a flat distribution.
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Figure 5.4: The frequency distribution of the activity concentration of ?Ra,

232Th and ‘°K.

5.2.4 Radiological parameters of the rock samples

The computed radiological hazard indices related to the rock samples are

summarized in Table 5.4.
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Table 5.4 Radiological hazard indices related to the

rock samples in the study area.

Sample Ragq Dout AEDina | AEDgut Hie | Hex ELCRina | ELCRgy I I
Code | (Bq/kg) | (nGy/h) | (mSv/y) | (mSv/y) " o (x107) (x103) 4 ¢
MNT 175.68 82.34 0.76 0.10 0.52 | 0.47 3.04 0.40 0.66 | 0.08
VGY 222.65 101.94 0.94 0.13 0.68 | 0.60 3.75 0.50 0.82 ] 0.14
MUD | 269.55 123.13 1.13 0.15 0.82 | 0.73 4.53 0.60 0.99 | 0.17
PNY 275.68 127.55 1.18 0.16 0.851]0.74 4.71 0.62 1.03 | 0.19
PTK 352.47 160.96 1.49 0.20 1.15 ] 0.95 5.95 0.79 1.28 | 0.37
CHM | 283.54 130.24 1.21 0.16 0.92 | 0.77 4.82 0.64 1.04 | 0.29
VKP 232.01 109.07 1.02 0.13 0.77 | 0.63 4.07 0.53 0.87 | 0.26
KDT 276.67 127.11 1.18 0.16 0.93 | 0.75 4.72 0.62 1.01 | 0.34
KTN 376.43 171.70 1.59 0.21 1.25 ] 1.02 6.35 0.84 1.37 1 0.43
IMB 268.88 125.38 1.17 0.15 0.94 | 0.73 4.69 0.61 0.99 | 0.40
VMP 306.21 139.54 1.29 0.17 0.98 | 0.83 5.15 0.68 1.12 | 0.29
KNB 393.48 177.53 1.64 0.22 1.26 | 1.06 6.53 0.87 1.42 | 0.37
PVC 334.19 151.76 1.40 0.19 1.05 | 0.90 5.58 0.74 1.22 ] 0.27
KGP 343.41 156.01 1.45 0.19 1.14 | 0.93 5.77 0.76 1.24 | 0.40
PTP 412.75 187.79 1.74 0.23 1.35 | 1.11 6.94 0.92 1.50 | 0.44
Mean | 301.57 130.24 1.28 0.17 0.98 | 0.81 5.12 0.68 1.10 | 0.30

SD 64.53 28.50 0.26 0.04 0.22 ] 0.17 1.05 0.14 0.23 | 0.11

‘I‘jl(:rl:(ti 370 59 0.07 0.40 1 1 1.45 0.29 1 1

The calculated Radium equivalent indices, Raeq for the rock samples are presented in
Table 5.4. It is found to vary from 175.68 to 412.75 Bq/kg, with a mean value of
301.57 Bg/kg and a standard deviation of 64.53. The mean Radium equivalent
activity at all samples was found to be lower than the world limiting value of 370
Bqg/kg (except in sample from Pattathipara (PTP)). For Pattathipara (PTP), the value
of Radium equivalent was found to be 412.75 Bqg/kg.
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Figure 5.5: Calculated values of Radium equivalent indices of the rock samples.

The estimated average ambient absorbed gamma radiation dose rates (Dout), in air at
approximately 1 m above the earth surface at different sampling locations in the
study area are as shown in Table 5.4 (column 2) and Figure 5.6. The corresponding
values vary from 82.34 (MNT) to 187.79 nGyh™! (PTP) with a mean value of 130.24
nGyh!. The estimated mean value of the absorbed dose rates of the rock samples
were found to be higher than the world limit value of 59 nGyh! (outdoor) as per

UNSCEAR report, but within the world permissible range of 10 to 200 nGyh ™' [52].
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Figure 5.6: Calculated values of ambient gamma radiation dose rates (Dout) of
the rock samples.
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Figure 5.7: Correlation between absorbed dose rate with the activity
concentrations(a-c) and Radium equivalent vs absorbed dose rate (d).

Figure 5.7 (a-c) illustrates the correlation between activity concentrations and
absorbed dose rates (Dout) in the rock samples. The regression analysis showed a
linear and positive relationship. Specifically, a positive correlation coefficient (R?)
of 0.87 was observed between Douw and *?Th concentration. But, the correlations
between Dou and *?°Ra as well as *°K were not found to be significant. However,
shows a clear positive correlation between absorbed dose rate and Radium

equivalent.

The gamma radiation levels in the rocks are influenced by their mineralogical
compositions and the activity concentrations of radionuclides present in the
geological materials. The average values of the annual effective dose rates (AEDout)

for the rock samples were lower than the worldwide limit of 0.40 mSv/y.

According to Table 5.4 and Figure 5.8, the calculated annual indoor effective dose
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rates range from 0.76 mSv/y (MNT) to 1.74 mSv/y (PTP), with an average of 1.28
mSv/y. These values indicate that the average AEDou from the rock samples is

higher than the world limit of 0.070 mSv/y.
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Figure 5.8: Calculated values of annual effective dose rates (AED) rock the
samples.

The external and internal hazard index values of rock samples range from 0.50
(MNT) to 1.11 mSv/y (PTP) and 0.54 (MNT) to 1.35 mSv/y (PTP) with mean
values of 0.81 and 0.98 mSv/y respectively, is shown in Figure 5.9 (Table 5.4).
However, rock samples from Pattathipara (PTP), Kuthiran Tunnel (KTN),
Kannanbra (KNB), and Pattikadu (PTK) shows relatively higher index values (>1
mSv/y) but the overall mean of external and internal hazard index values of all the

rock samples shows below the recommended level of 1 (Table 5.4).

152



Result and Discussion

14

L LW Rock Sample (Kuthiran)

1.2

1.0 S

0.8

0.6

0.4

External and Internal Hazard Indices

0.2

0.0 -

A

Q
© 2

7% Sy TR T
& 8T ESEET L ¢

Sample Code

Figure 5.9: The distribution of the hazard indices (Hint and Hext) in the study
area.

Therefore, we conclude that there is no significant radiological risk from external
and internal exposure for people residing in and around the study area. As a result,
these geological materials can be safely utilized for building construction. The threat
of radiation hazard to respiratory organs, indicated by an elevated Hin value
exceeding safe limits[53], is not observed. This suggests that the use of rocks from
the study area will not result in elevated risks of respiratory disease such as asthma,

or external diseases like skin cancer, erythema, and cataracts.

The distribution of the excess lifetime cancer risk (ELCR) data in the study area is
shown graphical form in Figure 5.10. The estimated values of ELCRinq vary between
3.04x10° and 6.94x107, with an average value of 5.11 x 107, The average value
ELCRing is higher than the world limit value of 1.45 x 10, recommended by [54].
The estimated values of ELCRou vary between 0.40x107 and 0.92x1073, with an
average value of 0.68 x 107. The average value ELCRoy is higher than the world
limiting value of 0.29 x 1073, recommended by [54].
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Figure 5.10: The distribution of the excess lifetime cancer risk (ELCR) in the
study area.

The distribution of gamma index and Alpha index in the study are as shown in
Figure 5.11. The gamma index (Iy) takes into consideration the suitability of the
materials used for building construction. For suitability of rock or stone used in
construction applications, the I, should be less than 1 [54]. The estimated gamma
index values of the rock samples in the present study range from 0.66 (MNT) to 1.50
(PTP), with a mean of 1.10 (given in Table 5.4). The value of I, < 0.5 corresponds to
a dose rate limit of 0.3 mSv y™!, whereas 0.5 <1, < 1 corresponds to a dose rate limit

of 1 mSv y! [55].

The gamma radiation index (Iy) values obtained from rock samples at Pattathipara
(PTP), Kuthiran Tunnel (KTN), and Kurangupara (KGP) slightly exceed the
permissible limit of unity and the recommended value of 1 mSv/y for annual

effective dose rates.

Furthermore, most of the rock samples in the study area (7 out of 15) exceed the
permissible limit of unity and the recommended value of 1 mSv/y for annual

effective dose rates. However, the radiological risks to the general public from the
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rock outcrops and residual soils in the study area are considered insignificant at
present. It should be noted, though, that prolonged exposure to excessive radiation

doses from these sources could pose radiological threats in the future.
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Figure 5.11: The distribution of gamma index and Alpha index in the study

The gamma index, I, < 2, corresponds to an annual effective dose rate standard of
0.3 mSv/y, while 2 <1, < 6 corresponds to a criterion of 1 mSv/y. Areas where I, > 6
indicate annual effective dose rates above 1 mSv/y, which exceeds the
recommended level and poses a risk to people living in the vicinity of the rocks [55].
The estimated Alpha index values of the rock samples in the present study range
from 0.08 (MNT) to 0.44 (PTP), with a mean of 0.30 (given in Table 5.4). so,

estimated mean Alpha index is less than the world limit of 1.

Table 5.5 shows a weak correlation between 22°Ra and 2*’Th (R = 0.59), ??°Ra and

0K (R?= 0.49), and between **Th and *°K (R= 0.36).
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Table 5.5: Correlation matrix between the radionuclides and radiological
parameters.

Val‘iables 226Ra 232Th 40K Raeq Dout Ia Iy AED ELCR Hext Hint

226Ra 1

B2Th 0.59 1

WK 049 | 0.36 1

Ragq 096 | 0.85 | 0.76 1

Dout 096 | 0.84 | 0.79 | 0.94 1

Ia 092 | 0.89 | 0.74 | 0.92 | 0.86 1

I, 091 | 0.82 | 0.78 094 | 0.86|0.86| 1

AED 091 | 0.84 | 0.84 | 0.76 | 0.91 | 0.84 | 0.86 1

ELCR 092 | 0.84 | 0.79 | 0.81 | 0.66 | 0.88 | 0.88 | 0.88 1

Hext 092 | 0.83 [0.77|0.86 | 0.64 | 0.81 | 0.81 | 0.94 | 0.84 1

Hint 092 | 094 | 0.76 | 0.87 | 0.66 | 0.82 | 0.78 | 096 | 0.88 | 091 | 1

The Pearson correlation analysis is a statistical method used to measure the strength
and direction of relationships between radioactive variables. Correlation can be
classified into positive and negative types. The correlation coefficient (denoted by
"R") ranges from -1 to +1, where a value closer to +1 indicates a strong positive
linear relationship between variables. Conversely, a low R value indicates a weak

linear relationship, and an R value close to zero suggests no linear relationship[74].

In this study, a weak correlation coefficient was observed between Uranium (**%U)
and Thorium (**?Th). This correlation suggests that the origin of *°K differs
significantly from the origin of the other radionuclides, U and ***Th, although
they may share similar controlling factors or sources. Additionally, the correlation
coefficients (R) of radiological parameters such as Radium equivalent activity,
absorbed dose rate, annual effective dose equivalent, internal hazard index, external
hazard index, and excess lifetime cancer risk indicate a strong correlation with the

activity of 2*¥U in the rocks.
5.2.5. Mineralogical composition analysis of rock samples by XRD

The results of the XRD analysis of the rock samples collected from four locations in
the study area (namely Poovanchira, Kuthiran tunnel, Kannanbra and Pattathipara)
are presented in Figure 5.12 (a-d). The major components found in all the rock ores
are Monazite (Ce, La,T)POs, Limonite (FeO(OH).nH>O), Zirconium orthosilicate
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(ZrS104) and Zeolite (NaAlSiO4). In addition to this traces of quartz (SiO»),
Titanium dioxide (TiO2), Chromium oxides (Cr03), Iron Oxides (Fe203),
Phosphorus oxide (P20s) and calcite (CaCO3) have also been seen in the collected
rock samples. The peaks corresponding to ores observed at different 20 angles for

some of the selected rock samples in the study are shown here in Figure 5.12 (a-d).

Monazite is significant due to its composition of light rare earth elements (REE),
Thorium, and Uranium [76]. In the studied stream sediments, Monazite mineral
grains are typically subhedral, occasionally euhedral, flattened, or broken,
sometimes displaying pitted surfaces. Zircon, on the other hand, appears mostly as
euhedral to subhedral grains, ranging from fine to very fine sizes, often with

prismatic to elongated shapes and a good adamantine luster.
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Figure 5.12: XRD pattern of rock samples of the same grain size of <100 pm

collected from four sites of the study area.

The presence of Monazite and Zircon deposits in these rocks is crucial in terms of
radioactivity. The Thorium content in Monazite placer deposits varies depending on

the type of rock from which the Monazite originates. Rocks that are more plutonic in
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nature tend to have higher percentages of Thorium content [46], [47], [49], [56].

The study indicates that the elevated activity levels of **Th and **°Ra in the region
result from minerals such as Monazite, Zirconium orthosilicate (ZrSiO4), and zeolite
(NaAlSi0s) that have weathered from the rock formations. Radionuclides present in
the rock samples are directly associated with minerals like Zircon, Monazite, thorite,
uranothorite, iron oxides, and fluorite. Zircon usually contains Uranium and
Thorium concentrations ranging from 0.01 to 0.19 and 1 to 2%, respectively [57].
Uranium in iron oxides is first trapped by adsorption. The high Uranium content in
the mineralized rock is attributed to the ability of iron oxide in them to adsorb
Uranium [58]. The studied locations consist of a variety of rock systems and these
rocks contain varying number of primordial radionuclides. The obtained data
indicates that the major oxides present in the samples are SiO2, Al2O3, MgO, Fe>Os,
Ca0O, P;0s, KO, and TiO;. The rock samples analyzed showed a higher
concentration of SiO> compared to other components. Al O3 was also prominent
composite, with concentrations ranging from 6.72% to 18.71% and averaging
12.42%. This average is significantly higher than the crustal average value of 4.72%,
suggesting that a substantial amount of Aluminium oxide may have originated from
the weathering of silicate-rich rocks containing feldspar and mica. Additionally, the
presence of abundant oxides of various elements in the rocks from the study area
indicates that the natural radionuclides present in these rocks with varying

concentrations can be attributed to these oxide forms of elements.

5.2.6 FElemental concentration of radionuclides and Radiogenic Heat

Production (RHP) in Kuthiran Hills.

The elemental concentrations of U in ppm, **’Th in ppm and “°K in % and

3

radiogenic heat production (RHP) in pWm™ of the rock samples collected from

Kuthiran hills, Kerala were calculated and tabulated in Table 5.5
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Table 5.6: The elemental concentrations, radiogenic heat production (RHP)
and Heat flow (Hy) of the rock samples

Concentration of
Place Place radionuclides RHP Hi
Name Code | 238y 22T WK | (uW/m?) | (@W/m?)
(ppm) | (ppm) | (%)

Mannuthy MNT 1.33 16.61 2.61 1.44 13.54
Vengassery VGY 2.28 23.70 2.36 2.10 19.05
Mudicode MUD 2.72 29.16 2.77 2.84 23.16
Pananchery PNY 3.02 27.14 3.35 2.66 23.13
Pattikadu PTK 6.01 34.70 3.19 3.80 33.04
Chuvannamannu CHM 4.72 27.00 2.84 3.16 26.07
Vazhukumpara VKP 4.25 17.93 3.13 2.39 20.49
Kuthiran Temple KDT 5.57 24.93 2.62 2.93 26.50
Kuthiran Tunnel KTN 6.99 36.55 3.23 4.65 36.03
Irumbupalam Bridge | IMB 6.51 20.01 3.00 2.97 26.03
Vaniyampara VMP 4.72 31.31 2.75 3.52 28.30
Kannanbra KNB 5.96 42.93 2.93 4.79 37.16
Poovanchira PVC 4.38 36.01 2.95 3.70 30.30
Kurangupara KGP 6.41 34.21 2.72 4.24 33.23
Pattathipara PTP 7.15 41.50 3.46 4.96 39.45

The elemental concentrations of 23U in ppm, ***Th in ppm and *’K in % shown in
Figure 5.13, 5.14 and 5.15 respectively. The elemental concentration of Uranium
varies from 1.32 to 7.11 ppm with an average of 4.77 ppm. The highest elemental
concentration of 233U was observed in Pattathipara (7.11 ppm). Very low elemental

concentration was observed in Mannuthy (MNT) (1.32 ppm).
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Figure 5.13: The elemental concentrations of 233U (in ppm).
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Figure 5.14: The elemental concentrations of 2>2Th in ppm.
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Concentration of “K (in %)
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Figure 5.15: The elemental concentrations of K (in %)

The elemental concentration of >**Th ranged from 16.40 ppm to 42.41 ppm with an
average of 29.22 ppm. The highest was observed in Kannanbra (42.41 ppm). The
other locations also have a higher amount of concentration. Very low elemental
concentration was observed in Mannuthy (16.40 ppm). The elemental concentration
of K ranged from 2.44% to 3.57% with an average of 3.02%. The highest
elemental concentration of *°K was observed in Pattathipara (3.57 %). Very low
elemental concentration was observed in Vengassery (2.44 %). Figure 5.16
represents the contour representation of Radiogenic heat and Heat flow of the study

region.
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the study region.
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Figure 5.17: Radiogenic heat production in Kuthiran study region.

The highest radiogenic heat production in the rock samples collected in zone-1 was
found in Pattathipara (4.96 uW/m?). The other locations Kurangupara (4.24 pW/m?),
Kannanbra (4.79 uW/m?), Kuthiran Tunnel (4.65uW/m?), Pattikadu (3.80 pW/m?)
and Poovanchira (3.70 uW/m?), show higher radiogenic heat production. But some
locations show lower radiogenic heat production, which are, Mannuthy (1.44
uW/m?) and Vengassery (2.10 uW/m?) as shown in Figure 5.17 The weighted mean
of Radiogenic Heat Production (RHP) was 3.34 pWm >, which exceeds the Earth's
crust average ranging between 0.8 and 1.2 pWm 2. This higher value is attributed to

the substantial presence of gneiss rocks observed across all the profiles studied.

5.2.7 Correlation between radionuclides and Radiogenic Heat Production

(RHP) for studied region.

In order to determine the existing ratio between the elemental concentrations of
238y, 222Th and “)K in the rock samples, correlations between them were drawn
using origin. Figure 5.18 (a - c¢) show the correlations between the elemental
concentrations of 238U, 2>Th and *°K, respectively, with a trend line drawn among

the data points.
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Figure 5.18: Correlation between radionuclides for studied region.

It appears that there is a weak correlation between 2*2Th and 2*U, with a correlation
coefficient (R?) of 0.29. Similarly, in Figure 5.18 (b), the slope is 0.09 with an
intercept of 0.1679%, whereas in Figure 5.18 (c), the slope and intercept are 0.19
and 0.5435%, respectively. However, as argued later in this paper, the most notable
observation is the lack of consistent correlations observed among 2**U, 2*2Th, and

4OK.

Now figure 5.19 (a-c) shows correlations among radiogenic heat and 23*U, 232Th,
and “°K. From 5.19 (a), it is found that radiogenic heat produced in the study area
has a low dependence with “°K concentration (R? = 0.19). Also, it is observed that
from 6.6 (b-c), 2*3U concentration is the dominant producer of RHP, having R? =

0.84 and ***Th concentration has moderate correlation with RHP (R? = 0.69).
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Figure 5.19: Correlation between concentration of radionuclides and
Radiogenic Heat Production (RHP) and for studied region.

To determine Hy in the sampled points due to the decay of 23U, 2**Th and *°K, Hy
was modeled from the values of RHP. The Hr in the samples due to the decay of
2381, 222Th and *°K varied from (13.54 + 1.0 — 39.45 + 4.0) mWm™ with average of
27.69+ 1.8 mW m™. This average Hy is slightly higher than 21 mWm™ reported by
Asere and colleagues for quarry sites in Ondo State, Nigeria but less than the global
value of 37 mWm™ stated by Turcotte & Schubert for inactive regions[26], [39].
Katumwehe and colleagues reported H¢ for North Uganda Terrane of between 58-65
mWm™, while reported 34-70 mWm for the Tanzanian craton[59]. In comparison,
the maximum H; value 80 mWm™ obtained in their study maybe be an outlier, not
true value for the North Uganda terrane and is beyond the scope of this work. This
requires further investigation using another method. Figure 5.20 shows the plot of
the total RHP against Hy with significantly strong correlation coefficient of R? =
0.98. As expected, RHP in the samples produced a significantly greater effect on Hy.
The Hy values reflect the high RHP due to decay of 2**U, 232Th and “°K in the study
area, indicating feasibility for geothermal exploration. This agrees with the findings

of Turcotte & Schubert for stable continental areas, where the Hf had a strong
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correlation with the surface RHP. Hence, this research shows that the study area is in

more thermally quiescent regions.

Figure 5.20 illustrates a plot of total RHP and Hr producing a linear distribution
segment with strong correlation coefficient of R? = 0.98. The linear regression
through the data points gives a slope of 7.02 and vertical axis intercept of 4.23 mW
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Figure 5.20: Correlation between concentration of HF and RHP and for studied
region.

5.2.8 Conclusion:

The assessment of rock samples, radiological risks, radiogenic heat production, and
heat flow in the Thrissur-Palakkad highway region of Kerala state had been
conducted using ground radiometric data. The goal was to provide insights useful
for geothermal modeling. The study demonstrates that radiometric data can reliably
compute heat generation values through numerical approaches. Key findings from

this study include:

Average activity concentrations of basement rocks are 59.28 Bq/kg for ?°Ra, 120.09
Bq/kg for 2**Th and 916.33 Bq/kg for *°K. Elemental analysis conducted in this
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study serves as an indicator to identifying mineralogical composition, types of
radioisotopes, and activity levels in the collected samples, which are predominantly
natural in origin. XRD analysis reveals major mineral types such as ilmenite, Zircon,
rutile, and Monazite in the investigated samples. Charnockite rocks in the study area
exhibit activity values above the global crustal average. Radiological hazard
parameters due to gamma radiation, including an average Raeq of 301.57 Bg/kg (is
below the global limit of 370 Bg/kg) and average absorbed doses of 130.24 nGy/h
(above the global permissible limit of 59 nGy/h), suggest a radiologically safe
environment (Table 5.4). Other estimated radiological parameters such as AEDou
AEDind, Hext, Hine indices, Iy, and I, compared favorably with the recommended
upper global permissible limit, indicating safety from a radiological perspective. The
estimated ELCRou (average of 0.68 x 107%) exceeds the global permissible limit of
0.29 x 1073, indicating a potential higher risk for radiological exposure in the studied
sample, albeit still within acceptable levels. In conclusion, this study underscores
that exposure to natural radionuclides in the studied rock samples poses no

significant health risks to the farmers and residents of the investigated regions.

In the Thrissur-Palakkad highway region, the observed rates of radiogenic heat
production (RHP) for the studied rocks range from 1.44 to 4.96 uWm >, with an
average of 3.34 pWm >, which exceeds the global average range of 0.8-1.2 yWm™>
for such measurements. Notably, charnockite rocks exhibit RHP values above the

world crustal average.

5.3. Urban regions along the National Highway (NH-66) in Kerala,
India Region II.

The significance of measuring natural radioactivity amidst the ongoing expansion of
National Highway 66 (NH-66) in Kerala lies on its utility for impact assessment. As
the highway project advances, evaluating natural radioactivity levels in the area
provides essential insights into the background radiation. This data aids in
identifying variations or abnormalities in radiation levels attributed to geological
formations, construction materials, or human activities linked to the expansion.

Moreover, investigating natural radioactivity near construction sites offers valuable
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information on the potential radiation exposure risks for workers, nearby residents
and others supporting the environment. This proactive monitoring approach is
needed for upholding safety standards and regulatory compliance, particularly
considering the sensitivity of radiation-related concerns and their potential long-term
effects on public health and environmental integrity. Consequently, integrating
natural radioactivity measurements with the NH 66 expansion project adds a novel
dimension to its environmental impact evaluation and safety protocols. Typically,
conventional sampling methods focus on surface-level measurements, potentially
overlooking the intricacies of subsurface geological formations and their impact on
natural radioactivity. Sampling at greater depths, however, allows researchers to
access soil and rock layers with potentially higher concentrations of radioactive
elements, facilitating a more comprehensive understanding of the overall radiation
landscape. This depth-specific analysis can uncover variations in radioactivity levels
and shed light on the geological processes shaping the distribution of radioactive
materials. Furthermore, sampling at such depths enables exploration of potential
pathways for the migration of radioactive contaminants and their long-term effects
on groundwater quality and ecosystem health. Hence, the novelty of sampling at
depths of 12-16 meters lies in its potential to enrich the accuracy and depth of
knowledge concerning natural radioactivity near the NH-66 expansion, thereby
guiding more precise and effective mitigation strategies to bring down the radiation-

related risks to human health and to the environment.
5.3.1 Geology of the study area

The precise positions of the soil sampling stations were recorded using a Global

Positioning System (GPS), as illustrated in Figure. 5.21.
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Figure 5.21: Map indicating the positions of the sampling locations.

The study area under investigation is a section of NH-66, located between the head
quarters of Kozhikode and Malappuram districts of Kerala state, India. It is situated
within the geographical coordinates of longitude 75°59'E-76°05'E and latitude
10°46'N—-11°16'N. A comprehensive set of 120 soil samples were gathered from the
study area, specifically targeting 24 significant sites, distributed over a distance
spanning 78 kilometres. Currently, the land acquisition and the contracting process
for the expansion of the national highway are progressing rapidly in Kerala.
Construction of new bypass roads near the sampling sites has already been
commenced. National Highway 66 (NH-66) runs along the western coast of India,
stretching from Panvel, south of Mumbai, to Kanyakumari in Tamil Nadu. This
major highway passes through the states of Maharashtra, Goa, Karnataka, Kerala,
and Tamil Nadu. In Kerala, NH-66 follows the alignment of NH-17 and incorporates
a substantial segment of NH-47. Efforts to expand NH-66 into a six-lane highway

are currently underway in various states. However, in Kerala, progress has been
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impeded by land conflicts along the highway route, resulting in construction delays

or, in some cases, partial suspensions of construction activities.

Due to the high population density and land value in Kerala, the national highway is
being widened to 45 meters with six lanes. These measurements serve to establish
the dose rate required for implementing preventive measures when the radiation
dosage exceeds acceptable limits. The data gathered will be employed to establish a
foundational map for the area. This map can be utilized to monitor alterations in the
background radiation levels caused by changes in highway terrain, new
developments, urban expansion along the highway or other human-induced factors

influencing the radiation background levels.

5.3.2 Lithology of study area.

Figure 5.22 shows the geological map of the research region. The map is drawn by
the Kerala State Land Use Board, which operates a Natural Resource Data Bank.
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Figure 5.22: The geological map of the research region.
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The Western Ghat mobile belt covers various lithologies of the Western Ghat
Supergroup, including charnockite, Khondalite, and migmatite. The district boasts a
wealth of minerals, including gemstones, bauxite, graphite, apatite, Vermiculite, and
magnetite. The crust of the region comprises rare earth elements, often found in
conjunction with Uranium (U) and Thorium (Th) within minerals such as Monazite,
samarskite, fergusonite, and allanite [60]. These minerals were abundantly present in
Precambrian pegmatites and played a significant role in the creation of notable
Monazite placers [49], [61]-[63]. The sampling locations were selected based on a
preliminary investigation, which involved using a gamma survey monitor to detect
radiation levels above 0.10 Svh™!. From north to south, the geomorphic topography
transitions from mountains to hills, plains, and platforms. Hills and mountains of
various types cover more than 65 percent of the total area. The soil types include
latosol, mountain lateritic red earth, and paddy soil. Intrusive rocks, which cover a
significant portion of the sample region are the most common parent rocks for soil
formation. Additionally, limestone and sand shale are prevalent in the study area.
The categorization of lithology in Malappuram district into two groups based on the
presence of Monazite, namely the Charnockite and Khondalite groups of rocks, is
related to the geological characteristics of the region [64]. It suggests that the
occurrence of Monazite is likely to be particularly high in metamorphosed

Charnockite rocks.

Charnockite is a type of granulite rock that is commonly found in the southern part
of India, including the Malappuram district in the state of Kerala. Charnockites are
characterized by their coarse-grained, reddish, or brownish appearance, and they are
composed mainly of minerals such as orthopyroxene, quartz, and feldspar.
Monazite, a rare earth mineral, is often found associated with charnockite rocks in
this region. Monazite contains valuable elements like Thorium and rare earth
elements, making it of economic interest. The presence of Monazite in the
charnockite rocks can have economic implications, as it has been a source of

Thorium and rare earth element extraction in the past. Khondalite are typically
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composed of alternating layers of quartz, feldspar, and other minerals such as garnet
and sillimanite. Like charnockites, Khondalite rocks in this region may also contain
Monazite, which can have economic importance due to its rare earth element

content.

The presence of Monazite in both the Charnockite and Khondalite groups of rocks in
the Malappuram district can be significant not only for geological studies but also
for the potential extraction of valuable minerals. However, the mining and extraction
of these minerals must adhere to environmental regulations and sustainable practices
to mitigate potential negative impacts on the environment and local communities.
Additionally, it is essential to note that geological conditions and mineral deposits
may change over time, so up-to-date surveys and assessments are necessary for

accurate information on the region's geology and mineral resources.

The Charnockite group of rocks and the Biotite Gneiss group are extensively
distributed in the Western Ghats region, specifically in the southern part of
Palakkad, which encompasses the central portion of Kerala state [65], [66]. The
presence of Monazite in these formations has been already confirmed by previous

studies [46], [49], [61], [67]-[69].
5.3.3 Activity concentration in NH-66 study sites.

The soil samples were coded as Si to Sz4 given in Table 5.7. Table 5.7 also presents
the measured concentrations of natural radioactivity, specifically, 2*Ra, 2**Th, and
40K in the soil samples collected from the study area. The specific activity of these
radionuclides in the soil samples ranged from 15.33 + 0.74 to 87.47 + 6.35 Bgkg '
for 2%6Ra, 17.98 + 0.86 to 132.87 + 7.41 Bgkg ' for *Th, and 336.48 + 10.12 to
1478.36 +22.31 Bgkg ! for “°K.

On average, the activity concentrations (with standard variation) were found to be
39.88 + 6.20 Bgkg! for **Ra, 61.19 + 4.32 Bqkg! for »**Th, and 815.51 + 18
Bgkg ! for K in the soil samples from the study area. Distribution of the three

radionuclides in the study area is shown in Figure 5.23 and 5.24 Notably, the highest
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concentrations of Radium, Thorium, and Potassium were observed in sampling site

S-22, which can be attributed to the presence of granitic rock with high

radioactivity.
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Figure 5.23: Contour distribution of the three radionuclides in the study area.

The activity concentrations of terrestrial radionuclides in soil are widely recognized
to vary based on the geological composition of the region and the types of rocks
involved in the soil formation. Additionally, factors such as soil type, geochemical
structure, and human activities can also influence the levels of naturally occurring

radionuclides in soil [52], [70].
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Table 5.7: Activity concentrations of the three radionuclides measured from the

study area.
Longitude Latitu Places Code Activity concentrations (Bq/kg)
de 226R 4y 232ThH WK
75.9943 10.8420 | Ayankalam S1 43.9+2.1 | 96.98+5.6 984.34+22
76.0300 10.8425 | Kuttippuram S2 57.54+£2.6 | 68.87+£3.2 715.25420
76.0411 10.8670 Moodal S3 28.42+2.2 | 34.46+2.1 628.21£18
76.0729 10.8882 | Valanchery S4 80.845.6 | 120.98+5.8 | 1172.68+12
76.0376 10.9181 Vattappara S5 63.01+£3.8 | 92.98+5.1 1090.35+23
76.0023 10.9351 Vettichira S6 74.06+4.3 | 86.97+3.2 915.66+20
76.0060 10.9508 | Puthananthani S7 30.9+2.9 58.3+2.2 684.36+15
76.0085 10.9696 Randathani S8 35.942.6 | 46.83+3.4 714.12+16
75.9894 10.9982 Kottakkal S9 26.01£1.8 | 35.24+2.8 610.88+15
75.9759 10.9944 Edarikode S10 | 68.33£3.1 | 88.94+5.4 | 1041.92+22
75.9579 10.9995 | Kozhichena S11 21.542.8 | 26.46+2.3 558.17+16
75.9563 11.0080 | Pookiparambu | S12 | 19.27+2.4 | 29.87+2.5 664.37+12
75.9492 11.0171 Venniyoor S13 31.01£2.8 | 27.49+2.1 728.48+20
75.9375 11.0362 Kakkad S14 | 15.33£1.8 | 28.3+24 336.48+11
75.9359 11.0594 | Kolappuram S15 | 24.61£2.2 | 42.44+3.2 620.15£18
75.9030 11.0727 Thalappara S16 | 22.2342.1 | 17.98+1.8 554.1£15
75.8935 11.1016 Padikkal S17 | 36.01£2.8 | 51.83£3.5 614.24+16
75.8942 11.1336 | Thenhipalam S18 | 42.33£2.6 | 100.8+6.6 | 1218.94+22
75.8761 11.1658 | Idimuzhikkal S19 | 29.48+3.1 | 57.98+2.5 658.24+18
75.8727 11.1767 | Ramanattukara | S20 | 66.12+4.8 | 104.87+6.1 | 1084.68+22
75.8664 11.2010 | Azhinjillam S21 | 70.01£5.1 | 96.95+5.8 916.28+20
75.8516 11.2306 | Panthiramkavu | S22 | 87.47+£5.4 | 132.87+6.6 | 1478.36+22
75.8364 11.2444 Iringallor S23 | 42.01£2.5 | 78.34£5.6 910.38+21
75.8134 11.2639 Thondayad S24 | 30.77£2.6 | 27.87£2.6 671.25+£22
Avearge 43.63 64.78 815.5
World permissible limit 35 30 340
Standard deviation 21.08 33.34 259.79

Basic statistical measures were employed to describe the properties of the

radionuclides, encompassing average activity concentration, minimum, maximum,

median and standard deviation. The statistical attributes of the soil sample data are

summarized in Table 5.8 and Figure 5.25.
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Figure. 5.24: Distribution of the three radionuclides in the study area.

Table 5.8: Statistical parameters of the activity concentration (Bq/kg) in

samples.
Parameters 226Ra 232Th YK
Minimum 15.33 17.98 336.48
Maximum 87.47 132.87 1478.36
Mean 43.63 64.78 815.50
Median 35.96 58.14 714.69
Std Dev 21.08 33.34 259.79
Kurtosis -0.91 -1.12 0.21
Variance 463.70 1159.70 70425.61
Skewness 0.64 0.36 0.69
The standard deviation values for 2?°Ra, 2*’Th, and *°K are lower than their

respective mean values, suggesting a high degree of uniformity among the samples

in terms of their concentrations. The skewness values of *Ra, *Th and “°K from

the present study are 0.64, 0.36 and 0.69, respectively. Positive skewness values
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indicate that the distribution of radionuclides are asymmetric, with a tail extending

towards more positive values.

Kurtosis is a measure of the peakedness of the probability distribution of a real-
valued random variable. The kurtosis values of >*°Ra, 2**Th and *“°K from the present
study are, -0.91, -1.12 and 0.21, respectively. Negative kurtosis for ?°Ra and 2*2Th
indicates that a distribution has lighter tails and a flatter peak compared to a normal
distribution. This implies that the data is more spread out and less concentrated
around the mean. In the context of the concentration of various radionuclides in the
soil samples, observing negative kurtoses for the radionuclides suggests that these
two radionuclides exhibit extreme variations in concentration. Instead, their

concentrations are relatively evenly distributed across the samples.
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Figure 5.25: The frequency distribution of the activity concentration of 22Ra,
232Th and K.
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5.3.4 Radiological Parameters

The values of the Radium equivalent (Raeq) absorbed dose rate (Dou), annual

effective dose rate (AED), hazard indices (Hint and Hext), excess lifetime cancer risk

(ELCR) and Alpha-gamma index (I, and I,) obtained are shown in Table 5.9.

Table 5.9: The radiological health hazard indices of the surface soil samples.

Sample Raeq Dout AEDind AEDout Hind Hext ELCRind ELCRout Iy I(,

Code | (Bq/kg) | (nGy/h) | (mSv/y) | (mSvly) (x1073) (x1073)
S1 258.38 119.90 0.59 0.15 0.70 | 0.82 2.35 0.59 0.96 | 0.22
S2 211.10 98.01 0.48 0.12 0.57 ] 0.73 1.92 0.48 0.77 1 0.29
S3 126.07 60.14 0.30 0.07 0.34 ] 042 1.18 0.29 048] 0.14
S4 344.10 159.30 0.78 0.20 093 | 1.15 3.12 0.78 1.27 | 0.40
S5 279.93 130.74 0.64 0.16 0.76 | 0.93 2.56 0.64 1.04 | 0.32
S6 268.93 124.93 0.61 0.15 0.73 1 0.93 2.45 0.61 0.99 | 0.37
S7 166.96 78.03 0.38 0.10 0.45 1] 0.53 1.53 0.38 0.62 ] 0.15
S8 157.85 74.65 0.37 0.09 0.43 ] 0.52 1.46 0.37 0.59 | 0.18
S9 123.44 58.78 0.29 0.07 0.33 1040 1.15 0.29 0471 0.13
S10 275.74 128.74 0.63 0.16 0.74 | 0.93 2.52 0.63 1.02 | 0.34
S11 102.32 49.19 0.24 0.06 0.28 | 0.33 0.96 0.24 0.39 ] 0.11
S12 113.14 54.65 0.27 0.07 0.31 ] 0.36 1.07 0.27 0.44 1 0.10
S13 126.41 61.31 0.30 0.08 0.34 | 043 1.20 0.30 048 | 0.16
S14 81.71 38.21 0.19 0.05 0.22 ] 0.26 0.75 0.19 0.30 | 0.08
S15 133.05 62.86 0.31 0.08 0.36 | 0.43 1.23 0.31 0.50 | 0.12
S16 90.61 4424 0.22 0.05 0.24 ] 0.30 0.87 0.22 0.35]0.11
S17 157.42 73.56 0.36 0.09 0.43 ] 0.52 1.44 0.36 0.58 | 0.18
S18 280.33 131.27 0.64 0.16 0.76 | 0.87 2.57 0.64 1.05 | 0.21
S19 163.08 76.09 0.37 0.09 0.44 | 0.52 1.49 0.37 0.61 | 0.15
S20 299.60 139.12 0.68 0.17 0.81 ] 0.99 2.72 0.68 1.11 ] 0.33
S21 279.20 129.11 0.63 0.16 0.75] 0.94 2.53 0.63 1.02 ] 0.35
S22 391.31 182.31 0.89 0.22 1.06 | 1.29 3.57 0.89 1451 0.44
S23 224.14 104.69 0.51 0.13 0.61]0.72 2.05 0.51 0.84]0.21
S24 122.31 59.04 0.29 0.07 0.33 ] 041 1.16 0.29 0471 0.15

Mean 199.04 93.28 0.45 0.12 0.53 ] 0.65 1.82 0.45 0.74 | 0.22

World 370 59 0.07 0.40 1 1 1.45 0.29 1 1

Limit

Figures 5.26 and 5.27 illustrate the distribution of the radiological parameters Raeq
and Dou. The estimated Radium equivalent activity (Raeq) in the study area ranged
from 81.71 to 391.31 Bg/kg, with an average value of 199.04 Bq/kg, which is below
the criterion limit of 370 Bq/kg. The absorbed dose rate (Dout) values ranged from
38.21 to 182.31 nGy/h, with an average of 93.29 nGy/h. This average value is higher

than the worldwide average outdoor absorbed gamma dose rate of 59 nGy/h.

177




Result and Discussion

480

Il Soil Sample (NH-66)

420

Radium Equivalent, Raecl (Ba/kg)

S2 S84 S6 S8 810 S12 S14 S16 S18 S20 S22 S24

Sample Code

Figure 5.26: Distribution of the Raeq parameter in the study area.
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Figure 5.27: Distribution of the Dout parameter in the study area.

The correlation between the activity concentrations and absorbed dose rates Dou in
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the soil samples is shown in Figure. 5.28 (a-d). Here, the regression was found to be

linear and positive. A positive correlation coefficient (R?) of 0.87, 0.97 and 0.90

between Dou and concentrations of 22°Ra, 2*2Th and *°K respectively was observed.

Also, the correlation between Dout and Raeq is always prominent.
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Figure 5.29: The distribution of the annual effective dose equivalent (AED)
values.

Figure 5.29 illustrates the distribution of the annual effective dose equivalent (AED)
values. The indoor annual effective dose equivalent (AED) values varied from 0.19
to 0.89 mSvy!, with an average of 0.46 mSvy!, which is slightly higher than the
global average value of 0.07 mSvy '[52], [71]. In terms of outdoor annual effective
dose equivalent (AED), values ranged from 0.05 to 0.22 mSv/y, averaging 0.11
mSv/y, which is lower than the global average value of 0.40 mSv/y. Figure 5.30
illustrates the distribution of the hazard indices (Hint and Hex) in the study area. The
calculated internal radiation hazard index (Hint) for the soil samples ranged from
0.22 to 1.06, with an average value of 0.53 and a geometric mean value of
0.65.These values, being less than 1, indicate that according to the report of
Radiation Protection [55], there is no significant internal threat if construction
materials are made from the soil of selected area of Malappuram district. Figure 5.30
illustrates the distribution of the hazard indices (Hint and Hex¢) in the study area. The
external hazard index (Hex) due to ??°Ra, 2*?Th, and *“°K in the soil of the study

region ranged from 0.26 to 1.29, with a mean value of 0.65.
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Figure 5.30: The distribution of the hazard indices (Hint and Hext)
in the study area.
The internal hazard index for all examined sites is determined to be less than 1.0
(except S-22), indicating that all values are below the recommended threshold (1.0).
Consequently, it can be inferred from these findings that the naturally occurring
radionuclides existing in the soil of the study region do not pose a notable internal

radiation risk.

The overall radiological risk associated with the soil, considering the presence of
226Ra, 232Th, and “°K, is assessed by the gamma index. In the soil samples, the
gamma index ranged from 0.30 to 1.45, with an average value of 0.75. According to
the European Commission's guidelines, a gamma index value of 1.0 is recommended
to ensure minimal radiation hazards for the population, corresponding to an effective
dose of 300 Sv/y. In the research region (except S-4, S-20 and S-22), the gamma
index values are near to 1.0 or less than that, indicating that the soil poses no

significant radiation concerns and is considered safe for the people.

Figure 5.31 illustrates the distribution of the excess lifetime cancer risk (ELCR) in

the study area. The indoor excess lifetime cancer risk in the soil ranged from 0.75
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x107 to 3.57x1073, with a mean value of 1.83x107. However, the global average
value is 1.45 x107, indicating that the cancer risk in the study area is slightly higher
than the global average.

The outdoor excess lifetime cancer risk in the soil ranged from 0.19 x107 to
0.89x1073, with a mean value of 0.45x107. So, comparing with the global average
value is 0.29 x1073, this indicating that the cancer risk in the study area is slightly
higher than the global average[72]. Additionally, the excess lifetime cancer risk
(ELCR) was estimated to quantify the risk of developing fatal cancer. The obtained
values of ELCR exceeded acceptable limits in the study regions, indicating health

risks to the residents of these areas [72].
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Figure 5.31: The distribution of the excess lifetime cancer risk (ELCR) in the
study area.

5.3.5 XRD analysis and Mineral compositions

The mineralogical compositions of the soil samples were identified through X-ray
diffraction analysis, and Figure 5.32 displays the results for one of the study areas

(Azhinjillam).
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The analysis revealed the presence of heavy minerals in the soil samples collected,
indicating an enrichment of heavy minerals such as radioactive Monazites, Zircons,
limonite, rutile, zeolites, and silimanite. Monazite minerals contain varying amounts
of Thorium, Uranium, and rare earth oxides, which contribute to the elevated levels
of natural radioactivity observed in the study area. Monazite, a rare mineral
composed of Thorium oxide (7-10%), Uranium oxide (less than 0.5%), and rare
earth oxides, is well-known for its significant contribution to the heightened natural
radioactivity in this region [49], [67]. It is widely recognized that soil deposits
containing Monazite and Zirconium play a significant role in the radioactivity levels
in certain areas of Kerala and Tamil Nadu [49], [65]-[68], [73], [74]. The
concentration of Thorium in Monazite placer deposits indeed varies depending on

the type of rock from which the Monazite is derived.
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Figure 5.32: The XRD pattern of soil samples collected from Azhinjillam
sampling site (sample S-21).

Monazite is typically found in association with various types of geological
formations, and the Thorium content in Monazite can vary significantly based on its
geological source. Different rock types and geological processes can lead to

variations in the Thorium concentration within Monazite deposits, which in turn
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affects the level of natural radioactivity in the surrounding soil and environment.
This variation in Thorium concentration is an important consideration in assessing
and managing the radiological impact of Monazite-rich deposits in specific locations

[75].
5.3.6. Physico-chemical properties of soils

Table 5.10 presents a summary of the physical and chemical characteristics of the
investigated soil samples. The pH values, which ranged from 6.18 to 9.08 with an
average of 7.49, indicate that the soil samples are mildly alkaline. Electrical
conductivity (EC), which measures the ability of a solution to conduct electric
current, reflecting the level of dissolved salts, ranged from 37.70 to 253.70 scm’
with an average of 100.73 scm™'. Salinity values ranged from 12.38 to 54.12 ppm,
with an average of 28.29 ppm.

Table 5.10: The physico-chemical properties of soils.

Characteristic Minimum Maximum Mean Std. Dev.
pH 6.18 9.08 7.49 0.76
Salinity 12.38 54.12 28.29 12.33
EC 37.70 253.70 100.73 57.61
% Clay 12.06 55.58 34.14 10.67
% Sand 19.65 62.25 39.28 11.41
% Silt 12.27 52.36 26.58 11.44

The soil samples exhibited significant variation in clay content and soil texture, as

illustrated in the Ternary diagram shown in Figure 5.33.

The proportions of clay, silt, and sand in the study area are represented in the
diagram. The texture of soil refers to the relative proportions of clay, silt, and sand,
which influence various soil properties. Clay, with its large surface area, has a high
capacity to absorb metals. Sand particles, found in sandy soils, enhance water
permeability. Silt particles have intermediate granulometry and contribute to the

overall soil texture. The determination of soil texture was carried out using
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densitometry. The majority of the samples were categorized as clay, while the urban
and industrial soil samples exhibited a range of textures from clayey to loamy sand.
The texture of urban and industrial soils is significantly influenced by
industrialization, urbanization, transportation, and particle mixing. The correlation
coefficients (R) between natural radioactivity levels observed in the sediments and

physico-chemical parameters are presented in Table 5.11.

0 @ Sand

100

AN

% Clay

Figure 5.33: Ternary diagram showing the proportion of clay, silt, and sand of
the sampling area.

Table 5.11: Correlation matrix between the radionuclides and physico-chemical

parameters.

226Ra | 22Th | YK | Raeq | Dout | pH | Salinity | EC | %Clay | %Sand | %Silt
226Ra | 1.00
22Th | 091 | 1.00
WK 0.84 | 0.93 | 1.00
Raeq 094 | 099 | 095 | 1.00
Dout 093 | 099 | 095 | 1.00 | 1.00
pH 0.68 | 0.68 | 0.65 | 0.69 | 0.69 | 1.00
Salinity | 042 | 034 | 0.37 | 0.38 | 0.38 | 0.35 1.00
EC 0.16 | 0.17 | 0.19 | 0.17 | 0.17 | -0.19 | -0.04 1.00
%Clay | -0.02 | 0.07 | 0.12 | 0.06 | 0.06 | -0.04 | -0.42 |-0.26| -0.47
%Sand | 0.21 | 0.14 | 0.17 | 0.17 | 0.16 | 0.32 0.32 0.38 | -0.47 1.00
%Silt | -0.19 | -0.19 | -0.26 | -0.22 | -0.22 | -0.28 | 0.06 |-0.08 | -0.47 -0.56 1.00
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A Pearson correlation analysis was conducted to explore the relationships among
radionuclide concentrations, radiological parameters, and physico-chemical
properties in the sediment samples. This statistical method allows scientists to
quantitatively assess the strength and direction of linear relationships between these
variables. A positive correlation coefficient indicates a direct linear relationship,
suggesting that as one variable increases, the other tends to increase as well.
Conversely, a negative correlation coefficient signifies an inverse linear relationship,
where an increase in one variable corresponds to a decrease in the other. A
correlation coefficient near zero indicates a weak or negligible linear relationship
between the variables. The Pearson correlation coefficient ranges from -1 to +1,
where +1 denotes a perfect positive correlation, -1 represents a perfect negative
correlation, and 0 indicates no linear correlation. In this study, the concentrations of
natural Uranium and Thorium isotopes demonstrated a robust positive relationship,
with correlation coefficients surpassing 0.9. Likewise, there was a positive
correlation between *°K and the concentrations of Uranium and Thorium (with
correlation coefficients of 0.843 and 0.925, respectively). Furthermore, 2*Ra, 232Th,
and “°K demonstrated a significant relationship with soil pH and a moderate
association with soil electrical conductivity (EC). Consequently, the absorbed dose
rate resulting from natural radionuclides in the soil is minimally influenced by soil

conductivity and texture.

5.3.7 Elemental concentration of radionuclides and Radiogenic Heat

Production (RHP) in NH-66 Zone.

The elemental concentrations of ***U in ppm, **Th in ppm and *°K in % and
radiogenic heat production (RHP) in uWm > of the rock samples collected from NH-
66 highway zone, Kerala were calculated and tabulated in Table 5.12. The elemental
concentrations of 2**U in ppm, 2*’Th in ppm and *°K in % shown in Figure 5.34,

5.35 and 5.37 respectively.
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Table 5.12: The elemental concentrations, radiogenic heat production (RHP)
and Heat flow (Hy) of the soil samples.

Place Place Concentration of radionuclides RHP Hf(uW/mz)
Name Code | 28U (ppm) | 22Th(ppm) | *K (%) | (nW/m’)
Ayankalam S1 3.55 23.89 3.14 1.10 24.67
Kuttippuram S2 4.66 16.96 2.29 0.86 17.92
Moodal S3 2.30 8.49 2.01 0.44 15.74
Valanchery S4 6.54 29.80 3.75 1.45 29.38
Vattappara S5 5.10 22.90 3.48 1.13 27.32
Vettichira S6 6.00 21.42 2.93 1.09 22.94
Puthananthani S7 2.50 14.36 2.19 0.68 17.15
Randathani S8 291 11.53 2.28 0.59 17.89
Kottakkal S9 2.11 8.68 1.95 0.44 15.31
Edarikode S10 5.53 2191 3.33 1.10 26.11
Kozhichena S11 1.74 6.52 1.78 0.35 13.99
Pookiparambu | S12 1.56 7.36 2.12 0.38 16.65
Venniyoor S13 2.51 6.77 2.33 0.39 18.25
Kakkad S14 1.24 6.97 1.08 0.33 8.43
Kolappuram S15 1.99 10.45 1.98 0.51 15.54
Thalappara S16 1.80 4.43 1.77 0.27 13.88
Padikkal S17 2.92 12.77 1.96 0.63 15.39
Thenhipalam S18 3.43 24.83 3.89 1.15 30.54
Idimuzhikkal S19 2.39 14.28 2.10 0.67 16.49
Ramanattukara | S20 5.35 25.83 3.47 1.25 27.18
Azhinjillam S21 5.67 23.88 2.93 1.17 22.96
Panthiramkavu | S22 7.08 32.73 4.72 1.60 37.04
Iringallor S23 3.40 19.30 291 0.92 22.81
Thondayad S24 249 6.86 2.14 0.39 16.82
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The elemental concentration of Uranium varies from 1.24 to 7.08 ppm with
an average of 3.53 ppm. The highest elemental concentration of *3U was observed
in Panthiramkavu (7.08 ppm). Very low elemental concentration was observed in

Kakkad (1.24 ppm).

. -

Concentration of ?**U (in ppm)

S2 S4 S6 S8 S10 S12 S14 S16 S18 S20 S22 S24
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Figure 5.34: The elemental concentrations of 233U (in ppm).

The elemental concentration of 2**Th ranged from 4.43 ppm to 32.73 ppm with an
average of 15.95 ppm. The highest was observed in Panthiramkavu (32.73 ppm).
The other locations also have some higher amount of concentration. Very low

elemental concentration was observed in Thalappara (4.43 ppm).

The elemental concentration of *°K ranged from 1.08% to 4.72% with an average of
2.61%. The highest elemental concentration of “°K was observed in Panthiramkavu
(4.72 %). Very low elemental concentration was observed in Kakkad (2.44 %).
Figure 5.37 represents the condour representation of Radiogenic heat and Heat flow

of the study region.
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Figure 5.35: The elemental concentrations of 232Th (in ppm).
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Figure 5.36: The elemental concentrations of “°K (in %).
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Figure 5.37: The contour representation

the study region.
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Figure 5.38: Radiogenic heat production in NH-66 highway study region.
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The radiogenic heat production in the soil samples collected in zone-2 was found to
varied from 0.27 to 1.60 pW/m? with an average of 0.79 pW/m? shown in Figure
5.38. RHP value is found to be highest in Panthiramkavu (1.60 pW/m?) and samples
from Thalappara shown lower radiogenic heat production, which is, 0.27 pW/m?).
The RHP weighted mean 0.79 pW/m? compared to the earth’s crust mean between
0.8 and 1.2 pW/m? was lower due to significant presence of gneiss rocks and soil in

all the studied profiles.

5.3.8 Correlation between radionuclides and Radiogenic Heat Production

(RHP) for studied region.

In order to determine the existing ratio between the elemental concentrations of
238U, 2Th and “K in the rock samples, correlations between them were drawn
using origin. Figure 5.39 (a-c) show the correlations between the elemental
concentrations of 23¥U, 2*?Th and “°K, respectively, with a trend line drawn among

the data points.
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Figure 5.39: Correlation between radionuclides for studied region.
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In Figure 5.39 (a — c¢), linear and positive correlations were found. It can be seen that
there is a good correlation between 2*’Th and ?*8U with correlation coefficient of (R?
= 0.79). The relation shows a slope of 3.689 with intercept 13.69 ppm. Similarly,
Figure 5.39 (b) show a positive correlation coefficient of (R?> = 0.84) slope of
0.02922 with intercept of 0.1679% while Figure 5.39 (c) has R? = 0.69 and 0.5435%
as slope and intercept, respectively. However, as is argued later in this paper, the
most striking fact that there is consistent correlations were observed between *°K
and 2*’Th, and between *°K and 2**U with weak correlation coefficients of (R? =

0.84) and (R? = 0.69), respectively.

Now Figure 5.40 (a-c) shows correlations among radiogenic heat and >*U 2*2Th, and
40K. From 5.40 (a), it is found that radiogenic heat produced in the study area have a
low dependence with “°K concentration (R? = 0.19). Also, it is observed that, 23U
concentration is the dominant producer of RHP, having R?> = 0.84 and **®Th

concentration have moderate correlation with RHP (R? = 0.69).
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The value Hr in the sampled points due to the decay of 2*%U, 2*’Th and *“°K as
determined from the values of RHP. The Hr in the samples due to the decay of 238U,
232Th and “)K varied from (8.43% 1.0 — 37.04 + 4.0) mWm™ with average of 20.43+
1.8 mWm™. This average Hy is slightly higher than 21.6 mWm reported by Asere
and colleagues for quarry sites in Ondo State, Nigeria but less than the global value

of 37 mWm stated by Turcotte & Schubert for inactive regions[26], [39].

Figure 5.41 illustrates a plot of total RHP and Hr producing a linear distribution
segment with strong correlation coefficient of R*> = 0.85. The linear regression
through the data points gives a slope of 15.64 and vertical axis intercept of 8.11 mW
m. As expected, RHP in the samples produced a significantly greater effect on Hy.
The Hs values reflect the high RHP due to decay of 28U, ?**Th and *’K in the study
area, indicating feasibility for geothermal exploration. This agrees with the findings
of Turcotte & Schubert for stable continental areas, where the Hy had a strong
correlation with the surface RHP. Hence, this research shows that the study area is in

more thermally quiescent regions.
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Figure 5.41: Correlation between concentration of heat flow and Radiogenic
Heat Production (RHP) and for studied region.
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5.3.9. Conclusion

In this study, gamma-ray spectrometry was utilized to measure the concentrations of
naturally occurring radionuclides (*?°Ra, 2*’Th, and *°K) at 24 soil sampling sites
located along National Highway along the NH-66 in Kerala state, India. These
sampling sites spanned 78 km between the Kozhikode and Malappuram districts.
The results revealed that in urban soil, the activity concentrations of natural
radionuclides followed the order of “°K > 232Th > 22°Ra. The calculated radiological
hazard parameters were found to be either equal to or lower than the global average
or the relevant safety criteria. Furthermore, the fundamental physico-chemical
properties of the soil, including its texture (represented by the proportions of sand,
silt, and clay), pH, electrical conductivity, and salinity, were assessed. The results of
the multivariate statistical analysis revealed that the natural radioactivity and
radiological attributes in the study area had a negligible influence on the physico-
chemical parameters of the soil. All the computed values for the radioactive indices
were below the global average thresholds set by radiation monitoring organizations.
The overall average elemental and activity concentrations of basement rocks are
3.53 ppm, 15.95 ppm and 2.61% for ?*°Ra, >**Th and *’K, respectively. The observed
RHP rates for the studied rocks are in the mean value of 0.27 to 1.60 W/m?, with

average of 0.79 W/m?® which is above the world average 0.8—1.2 W/m®.

5.4. Athirappilly Waterfalls (Athirappilly Hills, part of Western
Ghats in Kerala)- Region III.

5.4.1 About the study region

Athirappilly and Vazhachal Falls are two magnificent waterfalls located in the
Indian state of Kerala. These waterfalls are nestled in the verdant Western Ghats, a
UNESCO World Heritage Site renowned for its biodiversity and natural beauty.
Let's explore the geography of Athirappilly and Vazhachal Falls in more detail.
Athirappilly Falls, often referred to as the "Niagara of India," is situated on the
Chalakudy River. It is located about 63 kilometers (39 miles) northeast of Kochi,

one of Kerala's major cities. The falls originate from the Anamudi mountain range,
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which is the highest peak in South India. The Chalakudy River, originating from the
Anamudi, cascades down a rocky terrain to form the breathtaking Athirappilly Falls.
The falls plunge from a height of approximately 24 meters (80 feet) and span a
width of 140 meters (460 feet), holds the distinction of being the largest waterfall in
Kerala. Situated just a brief drive away from Athirapilly is the Vazhachal Falls,
nestled amidst lush green forests. These forests are not only a scenic marvel but also

serve as habitats for numerous endangered and endemic species of flora and fauna.

Vazhachal Falls is situated a short distance downstream from Athirappilly Falls. It is
also a part of the Chalakudy River and is located in the Athirappilly Panchayat.
Vazhachal Falls is slightly smaller than Athirappilly Falls, with a height of around
15 meters (50 feet). However, it compensates for its size with its picturesque beauty
and lush surroundings. The falls are surrounded by dense tropical forests, making it
a haven for biodiversity. The region surrounding Athirappilly and Vazhachal Falls is
known for its rich biodiversity and tropical rainforests. These falls are located in the
Sholayar Range, which is part of the Western Ghats. The Western Ghats are a
mountain range that runs parallel to the western coast of India, stretching over six
states. They are recognized as one of the world's eight "hottest hotspots" of
biological diversity and are home to numerous endemic species. In recent years,
there have been debates regarding the development of hydroelectric projects in the
region, raising concerns about the potential impact on the delicate ecosystem.
Efforts are being made by various stakeholders to strike a balance between
development and conservation, ensuring the sustainable management of these

natural wonders for future generations to enjoy.

5.4.2. Mineralogy and Rock systems

Athirappilly and Vazhachal Falls, located in the Western Ghats of Kerala, India, are
known for their natural beauty and lush surroundings. While the falls themselves are
primarily composed of flowing water and rocky terrain, the region surrounding them
exhibits interesting rock systems and a diverse array of minerals. Geologically, the
Athirappilly-Vazhachal region falls within the Western Ghats, which is

characterized by ancient rock formations. The Western Ghats are composed of
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several rock types, including granites, gneisses, charnockites, and schists. These
rocks have undergone millions of years of geological processes, including
weathering, erosion, and metamorphism, resulting in their current composition and
structure. Figure 5.42 showing the map of geological formation and rock constituent

of the sampling stations.

Granite is a prevalent rock type in the Athirappilly-Vazhachal area. It is an igneous
rock formed from the slow cooling and solidification of molten magma beneath the
Earth's surface. Granite is characterized by its coarse-grained texture and is
primarily composed of minerals such as quartz, feldspar, and mica. It often appears
in shades of gray, pink, or white. The durability and resistance of granite make it an
essential component of the rocky terrain surrounding the waterfalls. Gneiss is a
metamorphic rock commonly found in the Western Ghats, including the
Athirappilly-Vazhachal region. It is formed from the recrystallization of pre-existing
rocks, such as granite, under high pressure and temperature. Gneiss exhibits a
banded or layered appearance due to the segregation of different mineral layers
during metamorphism. It can display a variety of colours, including gray, pink, and
green. The presence of gneiss adds to the geological diversity and aesthetic appeal of
the area. Charnockite is another rock type found in the Athirappilly-Vazhachal
region. It is a type of granitic rock composed mainly of orthopyroxene, quartz, and
feldspar. Charnockite is known for its characteristic reddish-brown colour, imparted
by the presence of iron oxide minerals. This rock type contributes to the unique
visual appeal of the area's landscape. Schist: Schist is a metamorphic rock that can
also be found in the region surrounding the waterfalls. It is formed through the
metamorphosis of pre-existing rocks, such as shale or clay. Schist exhibits a foliated
texture, with its minerals aligned in distinct layers or bands. The minerals in schist
can vary, but common ones include mica, quartz, and feldspar. Schist adds further
geological interest and texture to the rocky formations around Athirappilly and
Vazhachal.

These rock types play a crucial role in the formation and stability of the Athirappilly
and Vazhachal Falls. The granite, gneiss, charnockite, and schist in the area
contribute to the rocky cliffs, channels, and cascades that shape the waterfalls'

appearance. The interplay between the different rock types creates a visually
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captivating and dynamic landscape. The specific combination of rock types in the
Athirappilly-Vazhachal area contributes to its unique geological and scenic features,

attracting visitors from far and wide to witness the beauty of these waterfalls.
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Figure 5.42: Geological map depicting a portion of the study region.

The Western Ghats are known for their mineral wealth, and the Athirappilly-
Vazhachal region is no exception. While the exact mineral composition of the area
may vary, certain minerals are commonly found in the region's rocks. Quartz, for
example, is a prevalent mineral found in granite and gneiss. It is a crystalline form
of silica and often appears as clear or white crystals. Quartz is valued for its various
industrial applications, including in the production of glass and electronic devices.
Feldspar is another common mineral found in the rocks of the Athirappilly-
Vazhachal region. It is a group of rock-forming minerals that constitute a significant
portion of granite and gneiss. Feldspar minerals have diverse colours and are used in
the production of ceramics, glass, and other industrial products. Mica, a group of
sheet silicate minerals, is also present in the region. It is known for its excellent heat

and electrical insulation properties. Mica minerals, such as muscovite and biotite,

197



Result and Discussion

often occur as thin flakes or sheets within the granite and gneiss rocks. It is worth
noting that while the Athirappilly-Vazhachal region exhibits interesting rock
systems and minerals, the focus of attraction in the area is primarily the waterfalls
themselves. The geological and mineralogical aspects mentioned contribute to the
overall landscape and provide a context for understanding the natural processes that

have shaped the region over millions of years.
5.4.3. Sample Collection and Preparation

The sampling locations were meticulously recorded using GPS and documented in

Table 5.13.

Table 5.13: The sampling locations of Athirappilly
waterfalls in the present study.

Places Type of Rock | Sample Code | Longitude | Latitude
Thumboormuzhi Dolerite T1 76.4614 10.2956
Dolerite T2 76.4489 10.2948

Dolerite T3 76.4363 10.2939

Charnockite T4 76.4238 10.2931

Quartzite T5 76.4113 10.2923

Quartzite T6 76.3988 10.2915

Quartzite T7 76.3862 10.2906

Charnockite T8 76.3737 10.2898

Charnockite T9 76.3612 10.2890

Athirappilly Waterfalls Dolerite Al 76.5650 10.2922
Quartzite A2 76.5648 10.2920

Quartzite A3 76.5645 10.2918

Dolerite A4 76.5642 10.2915

Charnockite AS 76.5639 10.2913

Quartzite A6 76.5636 10.2911

Dolerite A7 76.5633 10.2908

Charnockite A8 76.5631 10.2906

Charnockite A9 76.5628 10.2904

Vazhachal Waterfalls Quartzite Vi 76.5917 10.3019
Dolerite V2 76.5913 10.3016

Dolerite V3 76.5910 10.3013

Charnockite V4 76.5907 10.3010

Charnockite V5 76.5904 10.3007

Dolerite V6 76.5900 10.3004

Quartzite V7 76.5897 10.3001

Charnockite V8 76.5894 10.2999

Quartzite Vo9 76.5891 10.2996
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Figure 5.43: The positioning of sedimentary rock sampling sites within

Thrissur district, Kerala.

The precise positions of the soil sampling stations were recorded using a Global
Positioning System (GPS), as illustrated in Figure. 5.43. Dolerite, Charnockite and
Quartzite types of samples were collected from each sampling locations. Preparing

samples for spectrometry analysis involved several steps. Samples were randomly
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gathered from specified zones within the study area and subjected to gamma

spectrometry for radionuclide activity concentration determination.

5.4.4. Activity concentrations of radionuclides

The activity of ?°Ra, 2**Th and *°K of the rock samples is shown in Table 5.14.

Table 5.14: The activity concentrations of radionuclides ?2°Ra, 23?Th, and K
of rock samples in the study region.

T Sample Activity Concentration (Bq/kg)
ypes of rocks Code 2Ra niTH WK
Dolerite T1 51.68+£3.6 80.34+5.4 1008.39+21
Dolerite T2 32.92+2 .4 73.12+5.8 714.08+18
Dolerite T3 41.2543.1 76.84+5.4 648.21+16
Charnockite T4 47.42+3 .4 70.28+3.6 782.52+19
Quartzite T5 28.36+1.8 33.66+2.1 677.06=18
Quartzite T6 36.84+2.6 41.85+£3.4 816.35+22
Quartzite T7 22.68+1.9 28.72+1.9 572.67+18
Charnockite T8 55.71+3.1 81.09+6.6 825.36+22
Charnockite T9 57.3443.3 88.38+6.8 1072.48+20
Dolerite Al 42.36+2.8 53.024+3.3 942.38+21
Quartzite A2 61.25+2.9 94.52+5.9 928.11+22
Quartzite A3 33.51+2.1 41.32+£3.4 835.82+19
Dolerite A4 48.25+3.5 62.36+4.2 973.65+20
Charnockite AS 73.64+3.8 98.94+5.9 1142.84+24
Quartzite A6 82.38+4.2 118.68+6.8 932.45+22
Dolerite A7 96.42+4 .4 102.26+6.1 1034.32+20
Charnockite A8 81.81+4.1 111.42+6.4 1246.24+23
Charnockite A9 54.26+3.2 81.23+6.1 981.25+22
Quartzite Vi 16.81+1.9 21.38+2.6 465.18+18
Dolerite V2 26.83+2.8 54.17+£3.6 514.63+16
Dolerite V3 72.25+£3.6 104.24+7.3 866.38+16
Charnockite V4 90.25+5.2 75.61+4.1 1190.34+22
Charnockite V5 66.18+3.8 78.34+4.3 1153.52+22
Dolerite V6 67.33+3.2 106.31£6.4 1040.24+24
Quartzite V7 91.68+4.5 134.36£7.1 708.36=18
Charnockite V8 79.65+3.6 128.25+7.1 1026.35+24
Quartzite V9 19.05+2.3 62.64+3.8 547.2+18
Average 54.74 77.90 875.79
World limit 33 45 420
Standard Deviation 23.52 30.01 215.51
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The activity concentration *2°Ra was found to vary from 16.81 + 2.18 to 96.42 +
6.34 Bg/kg and for 2*Th concentration ranged from 21.38 + 2.15 Bg/kg to 134.36 +
6.88 Bq/kg. The activity of “°K varies from 465.18 + 12 Bg/kg to 1246.24 + 18
Bg/kg. In this study, the minimum detection limits for *°Ra, 2*?Th, and *°K were
determined to be 1.03 Bg/kg, 3.23 Bg/kg, and 6.06 Bg/kg, respectively. The mean
activity concentrations of these natural radionuclides were found to be 54.74 Bq/kg
for 2*°Ra, 77.91 Bqg/kg for **Th, and 875.79 Bg/kg for “°K. These values exceed the
world average concentrations of 33 Bg/kg for 2°Ra, 45 Bq/kg for 2*’Th, and 420
Bq/kg for *°K. Figure 5.44 illustrates that the activity concentrations in the rock

samples originate predominantly from natural sources.
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Figure 5.44: Activity concentration of the three radionuclides in rock samples
in the study area.

Table 5.15 presents essential statistical parameters including minimum, maximum,
mean, standard deviation, variance, skewness, and kurtosis. Figure 5.45 shows the
frequency distribution of soil samples. These parameters were computed to evaluate
the characteristics of radionuclides in the rock samples. The arithmetic mean and

standard deviation are employed to describe the variability within the data set.
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Table 5.15 Statistical distribution of the three isotopes in the study area

Parameter 226Ra B32Th K
Minimum 16.81 21.38 465.18
Maximum 96.42 134.36 1246.24
Mean 54.74 77.90 875.79
Median 54.26 78.34 928.11
Std Dev 23.08 29.45 211.49
Kurtosis -1.06 -0.60 -0.80
Variance 553.32 900.45 46446.67
Skewness 0.11 -0.05 -0.26

The standard deviation values of 2?°Ra, 2*>Th, and *°K are lower than their respective
mean values, indicating a high degree of uniformity among the samples. Skewness
measures the asymmetry of a distribution around the mean. In this study, the
skewness values for 22°Ra, 232Th, and “°K are 0.11, -0.05, and -0.26, respectively.
Positive skewness suggests that the distribution of radionuclides is skewed to the
right, with a tail extending towards higher values. Negative skewness indicates that
the distribution is skewed to the left, with a longer or fatter tail on the lower values

side.

Kurtosis quantifies the peakedness of a probability distribution for a random
variable. In this study, the kurtosis values for 2?Ra, 2*’Th, and “°K were -1.06, -0.60,
and -0.80, respectively. These negative kurtosis values indicate a flat distribution
where the tails of the distribution are lighter and the peak is flatter compared to a
normal distribution. This implies that the data for these radionuclides are more
evenly spread out and less concentrated around the mean. The negative kurtosis
values observed across all radionuclides in the rock samples suggest that none of
them exhibit extreme variations in concentration; instead, their concentrations are

relatively uniform across the samples.
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Figure 5.45: The frequency distribution of the activity
concentration of 226Ra, 232Th and K.

5.4.5 Radiological Parameters

The computed radiological hazard indices related to the rock the samples are
summarized in Table 5.16. The calculated Radium equivalent indices, Raeq for the
rock samples are presented in Table 5.16. It is found to vary from 83.20 to 342.08
Bg/kg, with a mean value of 233.58 Bq/kg and a standard deviation of 74.49. The
mean Radium equivalent activity at all samples was found to be lower than the
world limiting value of 370 Bqg/kg. Raeq due to gamma radiation generated from
226Ra, 2Th, and “°K in Thumboormuzhi region it is varied from 107.85 to 266.30
Bg/kg with an average of 196.72 Bq/kg. In Athirappilly, Dou varied from 156.96 to
337.10 Bg/kg with an average of 262.26 Bg/kg. In the case of Vazhachal region,
values varied from 83.20 to 342.08 Bqg/kg with an average of 244.76 Bq/kg. These
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values are lower than the world’s average value (370 Bg/kg; UNSCEAR 2000) in all

three regions. Figure 5.46 and 5.47 illustrates the distribution of the radiological

parameters Racq and Dout.

Table 5.16: The radiological health hazard indices of the rock samples.

Sample | Raeq Dout AEDind | AEDout | Hint | Hext | ELCRing | ELCRout | Iy Lo

Code | (Bg/kg) | (nGyh™) | (mSvy™) | (mSvy™) (x10%) (x10%)
T1 24421 | 217.30 0.56 0.14 0.66 | 0.80 2.27 0.57 091 ]0.34
T2 192.47 | 168.34 0.44 0.11 0.52 ] 0.61 1.77 0.44 0.71 ] 0.22
T3 201.04 | 174.78 0.45 0.11 0.54 | 0.65 1.84 0.46 0.74 | 0.28
T4 208.17 | 184.08 0.48 0.12 0.56 | 0.69 1.92 0.48 0.77 | 0.32
T5 128.63 | 117.76 0.30 0.08 0.35]0.42 1.22 0.30 0.49 | 0.19
T6 159.54 | 145.81 0.37 0.09 0.43 10.53 1.51 0.38 0.60 | 0.25
T7 107.85 | 98.67 0.25 0.06 0.29 | 0.35 1.02 0.26 0.410.15
T8 235.22 | 207.06 0.54 0.13 0.64 | 0.79 2.16 0.54 0.87 1 0.37
T9 266.30 | 236.52 0.61 0.15 0.72 1 0.87 2.47 0.62 0.99 | 0.38
Al 190.74 | 173.34 0.45 0.11 0.52 { 0.63 1.80 0.45 0.72 1 0.28
A2 267.88 | 235.22 0.61 0.15 0.72 1 0.89 2.46 0.62 0.99 | 0.41
A3 156.96 | 143.73 0.37 0.09 0.42 | 0.51 1.49 0.37 0.60 | 0.22
A4 212.40 | 191.56 0.49 0.12 0.57 1 0.70 1.99 0.50 0.80 | 0.32
AS 303.12 | 268.81 0.69 0.17 0.82 | 1.02 2.80 0.70 1.12 1 0.49
A6 323.89 | 281.59 0.73 0.18 0.87 | 1.10 2.95 0.74 1.18 | 0.55
A7 322.29 | 284.66 0.73 0.18 0.87]1.13 2.96 0.74 1.18 | 0.64
A8 337.10 | 298.40 0.77 0.19 091 1.13 3.11 0.78 1.25]0.55
A9 245.98 | 218.46 0.56 0.14 0.66 | 0.81 2.28 0.57 0.91 | 0.36
\" | 83.20 76.52 0.20 0.05 0.22 | 0.27 0.79 0.20 0.32]0.11
V2 143.92 | 125.80 0.33 0.08 0.39 | 0.46 1.32 0.33 0.53 ] 0.18
V3 288.02 | 251.05 0.65 0.16 0.78 | 0.97 2.63 0.66 1.05 | 0.48
V4 290.03 | 262.26 0.67 0.17 0.78 | 1.03 2.71 0.68 1.08 | 0.60
V5 267.03 | 240.15 0.62 0.15 0.72 1 0.90 2.49 0.62 1.00 | 0.44
Vé 299.45 | 262.83 0.68 0.17 0.81 ] 0.99 2.75 0.69 1.10 | 0.45
\'%/ 338.36 | 289.31 0.75 0.19 091 | 1.16 3.04 0.76 1.21 | 0.61
V8 342.08 | 297.18 0.77 0.19 092 |1.14 3.12 0.78 1.25]0.53
A\ 150.76 | 130.59 0.34 0.09 0.41 ] 0.46 1.38 0.35 0.56 | 0.13

Mean | 233.59 | 206.73 0.54 0.14 0.63 | 0.78 2.16 0.54 0.86 | 0.36

World 370 59 0.07 0.40 1 1 1.45 0.29 1 1

Limit

204




Result and Discussion

The values of Douw due to gamma radiation generated from 2*Ra, 2*’Th, and *°K
varied from 76.52 to 298.40 nGy/h with an average of 206.73 nGy/h is shown in
(Table 5.16). In Thumboormuzhi region it is varied from 98.67 to 236.52 nGy/h
with an average of 172.23 nGy/h. In Athirappilly, Dout varied from 143.73 to
298.40 nGy/h with an average of 232.86 nGy/h. In the case of Vazhachal region,
values varied from 76.52 to 297.18 nGy/h with an average of 215.08 nGy/h. These
values are greater than the world’s average value (59 nGy/h; UNSCEAR 2000) in all

three regions.
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Figure 5.46: Distribution of the Raeq parameter in the study area.
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Figure 5.47: Distribution of the Dout parameter in the study area.

The correlation between the activity concentrations and absorbed dose rates Dout in
the soil samples is shown in Figure 5.48 (a-d). Here, the regression was found to be
linear and positive. A positive correlation coefficient (R?) of 0.92, 0.86 and 0.60
between Dou and concentrations of 2°Ra, 2**Th and *°K respectively was observed.

Also, the correlation between Doy and Raeq is always prominent (R*= 0.99).

Figure 5.49 illustrates the distribution of the annual effective dose equivalent (AED)
values. The indoor annual effective dose equivalent (AED) values varied from 0.38
to 1.46 mSvy!, with an average of 1.01 mSvy!, which is slightly higher than the
global average value of 0.07 mSvy ! [52], [71]. In the case of outdoor annual
effective dose equivalent (AED) values varied from 0.09 to 0.37 mSvy!, with an

average of 0.25 mSvy™! found to be lower than global average value of 0.40 mSvy .
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Figure 5.48: The correlation between the activity concentrations and absorbed
dose rates.

Figure 5.50 illustrates the distribution of the hazard indices (Hint and Hex¢) in the
study area. The calculated internal radiation hazard index (Hin¢) of the soil samples
ranged from 0.22 to 0.92, with an average value of 0.63. These values, being less
than 1, indicate that according to the report of Radiation Protection [55], there is no
significant internal threat if construction materials are made from the rock sample of
selected area of Athirappilly waterfalls region. Figure 5.50 illustrates the distribution
of the hazard indices (Hint and Hex¢) in the study area. The external hazard index
(Hext) due to 2*°Ra, 2*’Th, and *“°K in the rock sample of the study region ranged
from 0.22 to 0.92, with a mean value of 0.63.
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Fgure 5.49: The distribution of the annual effective dose equivalent (AED)
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Figure 5.50: The distribution of the hazard indices (Hint and Hext) in the study
area.
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Figure 5.51 illustrates the distribution of the excess lifetime cancer risk (ELCR) in
the study area. The indoor excess lifetime cancer risk in the soil ranged from 1.50
x107 to 5.84x1073, with a mean value of 4.05x10. However, the global average
value is 1.45 x1073, indicating that the cancer risk in the study area is slightly higher
than the global average.

The outdoor excess lifetime cancer risk in the soil ranged from 0.37 x107 to 1.46
x1073, with a mean value of 1.01 X107, So, comparing with the global average value
is 0.29 x107, this indicating that the cancer risk in the study area is slightly higher
than the global average[72]. The excess lifetime cancer risk (ELCR) was calculated
to assess the potential risk of developing fatal cancer due to exposure in the study
regions. The results indicated that the ELCR values exceeded the acceptable limits

in these areas, posing significant health risks to the residents.
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Figure 5.51: The distribution of the excess lifetime cancer risk (ELCR) in the
study area.
5.4.6. Mineralogical composition analysis of rock samples by XRD

The results of the XRD analysis of rock samples collected from three locations
in the study area (list places) are shown in Figure 5.37 (a-c). The major components

identified in all the rock ores include Monazite (Ce,La,T)PO4, Limonite
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(FeO(OH).nH20), Zirconium orthosilicate (ZrSiOs), and Zeolite (NaAlSiOys).
Additionally, traces of quartz (SiO2), Titanium dioxide (TiO2), Chromium oxides
(Cr203), Iron Oxides (Fe203), Phosphorus oxide (P20s), and calcite (CaCO3) were
also detected in the samples. The peaks corresponding to ores observed at different
20 angles for selected rock samples are illustrated in Figure 5.52 (a-c). Monazite is
noteworthy for its composition, which includes light rare earth elements (REE),
Thorium, and Uranium. In the stream sediments studied, Monazite mineral grains
typically appear as subhedral or euhedral shapes, often flattened or broken, and
sometimes displaying pitted surfaces. Zircon, on the other hand, is predominantly
found as euhedral to subhedral grains in fine to very fine sizes, typically with a
prismatic to elongated shape and exhibiting a notable adamantine luster. The
presence of Monazite and Zirconium deposits in these rocks is significant due to
their radioactive properties[76]. The Thorium content in Monazite placer deposits
varies depending on the type of parent rock; more plutonic parent crystalline rocks

tend to have higher Thorium content [46], [47], [49], [56].
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The study reveals that, the enhanced activity of 2**Th and *°Ra in the region is due
to Monazite, Zirconium orthosilicate (ZrSiOs) and Zeolite (NaAlISiO4) bearing
minerals weathered from the rock formations. The radionuclides in the rock samples
are directly linked with minerals such as Zircon, Monazite, thorite, uranothorite, iron
oxides, and fluorite. Zircon usually contains Uranium and Thorium concentrations
ranging from 0.01 to 0.19 and 1 to 2%, respectively [57]. Uranium in iron oxides is
first trapped by adsorption. The high Uranium content in the mineralized rock is
attributed to the ability of iron oxide in them to adsorb Uranium [58]. The studied
locations consist of a variety of rock systems and these rocks contain of varying
amount of primordial radionuclides. The obtained data indicates that the major
oxides present in the samples are SiO», Al,O3, MgO, Fe,03, CaO, P»0s, K»O, and
TiO,. The SiO> concentration was found to be more than other composites in the
rock samples. AlO3; was found to be one of the predominant elements in the
samples, with concentrations ranging from 6.72% to 18.71% and averaging 12.42%.
This average exceeds the crustal average value of 4.72%, suggesting that a
significant portion of this element may have originated from the weathering of
silicate-bearing rocks abundant in minerals like feldspar and mica. Additionally, the
rocks in the study area are enriched with various oxide forms of elements, indicating
that the presence of natural radionuclides with varying concentrations in these rocks

can be attributed to these oxide compounds [77].
5.4.7 Pearson correlation analysis

Table 5.17 shows a weak correlation between 2**U and 2*’Th (R = 0.86), a very
moderate correlation between 2**U and *“°K (R?=0.74), and between 23*Th and “°K
(R=0.55). The Pearson correlation analysis is a statistical method used to measure
the strength and direction of relationships between radioactive variables. Correlation
can be classified into positive and negative types. The correlation coefficient
(denoted by "R") ranges from -1 to +1, where a value closer to +1 indicates a strong
positive linear relationship between variables. Conversely, a low R value indicates a
weak linear relationship, and an R value close to zero suggests no linear

relationship[74].
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Table 5.17: Correlation matrix between the radionuclides and radiological
parameters.

Variables | >*Ra | ’Th | “K | Raeq | Dout | Iy I, | AED | ELCR | Hex | Hint

2261{a 1

BITh 0.86 1

WK 0.74 | 0.55 1

Ragq 0.96 | 0.95 | 0.76 1

Dout 096 | 094 10791094 | 1

| P 092 | 0.69 10741092 | 086 | 1

I, 094 | 0.82 | 0.78 1094 | 086 | 086 | 1

AED 091 | 094 [ 0.84]0.76 | 091 | 0.84 | 0.86 1

ELCR 093 1 094 10.79] 081 | 0.66 | 0.88 | 0.88 | 0.88 1

Hext 096 | 095 10.77 ] 0.86 | 0.64 | 0.81 | 0.81 | 0.94 | 0.84 1

Hine 097 | 094 [ 0.76 | 0.87 | 0.66 | 0.82 | 0.78 | 0.96 | 0.88 | 0.91 1

In this study, a strong positive linear correlation coefficient was observed between
Uranium (***U) and Thorium (**?Th). This correlation suggests that the origin of *°K
differs significantly from the origin of the other radionuclides, ?**U and *’Th,
although they may share similar controlling factors or sources. Additionally, the
correlation coefficients (R) of radiological parameters such as Radium equivalent
activity, absorbed dose rate, annual effective dose equivalent, internal hazard index,
external hazard index, and excess lifetime cancer risk indicate a strong correlation

with the activity of >*®U in the rocks.

So, this study examines the distribution of radioactive materials in granitoid rocks
and their possible origins. Several radiation hazard parameters were assessed,
including the dose rate, the annual effective dose, and the excess lifetime cancer
risk. Multivariate statistical techniques such as Pearson correlation were employed
to analyze the relationship between radionuclides and their associated radiation
hazard variables. The findings revealed that the mean activity levels of 2*3U, 2*’Th,
and “°K in granitoid rocks are 54.74 + 6.93, 77.90 = 7.32, and 875.79 + 21 Bq kg™,
respectively. These levels are below the worldwide average for Uranium (33 Bq
kg™), comparable for Thorium (45 Bq kg™'), and approximately three times higher
for Potassium (412 Bq kg'). The radioactivity in granitoid rocks is primarily due to
the presence of Uranium, Thorium, and Potassium. Construction materials derived

from most granitoid rocks are unlikely to pose any significant risk to public health.
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5.4.8 Elemental concentration of radionuclides

Production (RHP) in Athirappilly region.

and Radiogenic Heat

The elemental concentrations of ***U in ppm, >**Th in ppm and “°K in % and

radiogenic heat production (RHP) in uWm™ of the rock samples collected from

Athirappilly, Kerala were calculated and tabulated in Table 5.18 and shown in

Figures 5.53, 5.54 and 5.55.

Table 5.18: The elemental concentrations, radiogenic heat production (RHP)

and Heat flow (Hy) of the rock samples

Concentration of radionuclides

Place Place B8y BT WK RHP3 Hi ,
Name Code (ppm) (ppm) (%) (WWm™) | (nW/m?)

T1 4.18 19.79 3.22 1.02 7.98

T2 2.67 18.01 2.28 0.79 6.23

T3 3.34 18.93 2.07 0.87 6.86

T4 3.84 17.31 2.50 0.90 7.02

Thumboormuzhi T5 2.30 8.29 2.16 0.51 3.97
T6 2.98 10.31 2.61 0.64 5.01

T7 1.84 7.07 1.83 0.42 3.29

T8 4.51 19.97 2.64 1.03 8.10

T9 4.64 21.77 3.43 1.12 8.77

Al 3.43 13.06 3.01 0.77 6.00

A2 4.96 23.28 2.97 1.17 9.19

A3 2.71 10.18 2.67 0.61 4.80

Athirappilly A4 3.91 15.36 3.11 0.87 6.85
Waterfalls A5 5.96 24.37 3.65 1.32 10.34
Ab 6.67 29.23 2.98 1.49 11.66

A7 7.81 25.19 3.30 1.50 11.79

A8 6.62 27.44 3.98 1.47 11.54

A9 4.39 20.01 3.13 1.04 8.15

V1 1.36 5.27 1.49 0.32 2.48

V2 2.17 13.34 1.64 0.61 4.75

V3 5.85 25.67 2.77 1.31 10.28

Vazhachaal V4 7.31 18.62 3.80 1.30 10.23
Waterfalls V5 5.36 19.30 3.69 1.13 8.88
V6 5.45 26.18 3.32 1.30 10.24

V7 7.42 33.09 2.26 1.63 12.81

V8 6.45 31.59 3.28 1.54 12.05

V9 1.54 15.43 1.75 0.60 4.73

The elemental concentration of Uranium varies from 1.36 to 7.81 ppm with an

average of 4.43 ppm. The elemental concentration of *>Th ranged from 5.27 ppm to

33.09 ppm with an average of 19.19 ppm. The elemental concentration of “°K
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ranged from 1.49% to 3.98% with an average of 2.81%. Sample collections are
mainly done from three Places namely Thumboormuzhi, Athirappilly and Vazhachal
region. In Thumboormuzhi zone, the elemental concentration of 2*3U, 2*2Th and “°K
were observed to be varied from 1.84 to 4.64 ppm, 7.07 to 21.77 ppm and 1.83 to
3.43% respectively. In Athirappilly zone, the elemental concentration of 233U, *2Th
and *°K were observed to be varied from 2.71 to 7.81 ppm, 10.18 to 29.33 ppm and
2.67 to 3.98% respectively. In Vazhachal zone, the elemental concentration of 238U,
232Th and “°K were observed to be varied from 1.36 to 7.42 ppm, 5.27 to 33.09 ppm
and 1.49 to 3.80% respectively.
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Figure 5.53: The elemental concentrations of 233U (in ppm).
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Figure 5.54: The elemental concentrations of 2>*Th (in ppm).
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Figure 5.55: The elemental concentrations of “°K (in %).

The radiogenic heat production in the rock samples collected in zone-3 was found to
varied from 0.32 to 1.63 pW/m® with an average of 1.01 uW/m?. Figure 5.56

contour representation of the distribution of RHP in the study region.
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the study region.
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Figure 5.57: Radiogenic heat production in Athirappilly study region.

5.4.9 Correlation between radionuclides and Radiogenic Heat Production

(RHP) for studied region.

The RHP weighted mean 0.79 pWm > compared to the earth’s crust mean between
0.8 and 1.2 uWm > was lower due to significant presence of gneiss rocks and soil in
all the studied profiles. In Figure 5.58 (a — b), linear and positive correlations were
found. It can be seen that there is a good correlation between 2*’Th and 23U with
correlation coefficient of (R?> = 0.72). The relation shows a slope of 2.86 with
intercept 18.36 ppm. Similarly, Figure 5.58 (b) show a positive moderate correlation
coefficient of (R? = 0.52) slope of 0.02922 with intercept of 0.1679% while Figure
5.58 (c) has weak correlation of R? =0.27 and 0.5435% as slope and intercept,
respectively. However, as is argued later in this paper, the most striking fact that
there is consistent correlations were observed between 2**U and 2*?Th, and between
0K and #*U with weak correlation coefficients of (R*> = 0.52) and (R? = 0.27),

respectively.
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Figure 5.58: Correlation between radionuclides for studied region.

Now figure 5.59 (a-c) shows correlations among radiogenic heat and 23U 2*2Th, and
40K. From 5.59 (a), it is found that radiogenic heat produced in the study area have a
high dependence with 2**U concentration (R? = 0.92). Also, it is observed that, 23*Th
concentration is the dominant producer of RHP, having R? = 0.93 and *K

concentration have weak correlation with RHP (R? = 0.48).
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Figure 5.59: Correlation between concentration of radionuclides and
Radiogenic Heat Production (RHP) and for studied region.

The Hr in the samples due to the decay of 23U, *>Th and *°K varied from (2.48+ 1.0
—12.81 £ 2.0) mWm™ with average of 7.93+ 0.8 mW m™. This average Hris less
than 21.6 mWm™ reported by Asere and colleagues for quarry sites in Ondo State,
Nigeria but less than the global value of 37 mWm™ stated by Turcotte & Schubert

for inactive regions[26], [39].

Figure 5.60 illustrates a plot of total RHP and Hr producing a linear distribution
segment with strong correlation coefficient of R*? = 0.99. The linear regression
through the data points gives a slope of 16.23 and vertical axis intercept of 0.84 mW

Il’l_2 .
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Figure 5.60: Correlation between concentration of heat flow and Radiogenic
Heat Production (RHP) and for studied region.
As expected, RHP in the samples produced a significantly greater effect on Hr. The
Hyvalues reflect the high RHP due to decay of 23U, 2*2Th and “’K in the study area,
indicating feasibility for geothermal exploration. Again this agrees with the findings
of Turcotte & Schubert for stable continental areas, where the Hr had a very strong
correlation with the surface RHP. Hence, this research shows that the study area is in

thermally more quiescent regions.

The activity concentration, elemental concentrations of ***U in ppm, ***Th in ppm
and *°K in % and radiogenic heat production (RHP) in uWm > of the rock samples
collected from Athirappilly, Kerala were estimated. The mean levels of activity
concentrations of *°Ra, 2*’Th, and *°K were determined to be 54.74, 77.90 and
875.79 Bg/kg respectively. The overall average elemental and activity concentrations
of basement rocks are 4.43 ppm, 19.30 ppm and 2.97% for **°Ra, 2**Th and *K,
respectively. The observed RHP rates for the studied rocks are in the mean value
varied from 0.32 to 1.63 pW/m? with an average of 1.01 pW/m? which is within the
world average 0.8-1.2 Wm.
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5.5. Comparison with Similar Studies

The average activity concentrations of 22°Ra, 2**Th, and *°K in the present study are

compared with the data obtained from similar studies from different parts of the

world and is presented in Table 5.19. It is noticed from Table 5.19 that a higher

concentration of ??°Ra has been found in Egypt, Ghana and Central Nepal. The

activity concentration of 2*’Th has been seen higher in Ghana, Iran and India. In

India, higher activity concentration of 2**Th has been reported from Karnataka and

Tamilnadu which are comparable with the results of the present work. However, the

activity concentration of “°K has been seen higher in Brazil, Nigeria, Ghana and

Egypt. The results from the present study also show a comparatively higher value.

Table 5.19 Comparison of the activity concentration of 22°Ra, 23*Th, and *K in
samples of present study with those measured different environs of the world.

Location 226Ra 332 Th WK Reference
World average 50 50 500 [54]
Bangladesh 60.2 60.8 928 [78]
Brazil 31 73 1648 [57]
China 23 36 891 [79]
Egypt 215 131 822 [80]
Ghana 1.2-40 3.3-117.5 13.5-1510 [81]
Iran 23-93 24-118 462-1190 [82]
Nigeria 47.09 95.02 1118.68 [39]
Pakistan 27.32 50.07 953.1 [83]
Turkey 9.4-273 11.7-23.4 275.4-689.2 [81]
Indian average 32 64 400 [54]
Kashmir 37.32 38.57 465.62 [84]
Gujarat 9.1-24.1 3.7-12.7 101.8-264.1 [85]
Himachal Pradesh 31-63 53-78 472 - 630 [86]
Eastern Haryana 41.5-54.4 314-379 46.3 - 696 [87]
Punjab 6.37-56.7 24-334 738- 1064 [88]
Jharkhand 6.1-826 8.7-237 291 - 1391 [89]
Andhra Pradesh 20-91 45-365 400-607 [60]
Karnataka 41.08 86.26 869.29 [38]
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Karnataka 50.94 79.55 606.20 [57]
96.72 -
Karnataka BDL- 34.11 79.05 033.68 [90]
Tamilnadu 0.44-50.83 | 0.21-293.67 233-2091 [68]
Tamilnadu 26.26 53.61 231.93 [51]
Tamilnadu 105.7 13.1 888.8 [91]
Tamilnadu 52 48 840 [67]
Kerala (Wayanad) 66 83 669 [92]
Kerala :
(Athirappilly) 54.74 77.90 875.79 This Study
Kerala 16.44-88.33 | 67.42-1743 | 739-1084 | This Study
(Thrissur)
Kerala
19.27-87.47 | 26.46-132.87 336-1478 This Stud
(NH-66) ? 15 Sy

The table highlights the activity concentrations of radionuclides ?°Ra, 2*’Th, and
*0K in various regions, including global and local averages. Globally, the average
concentrations are 50 Bg/kg for *°Ra, 50 Bg/kg for **Th and 500 Bg/kg for K.
Compared to the world average, regions like Brazil exhibit significantly elevated
levels, particularly for *°K (1648 Bq/kg) and ***Th (73 Bg/kg). Similarly, Egypt
reports much higher *°Ra, (215 Bg/kg) and ***Th, (131 Bg/kg) levels.

In India, regional variations are prominent. For example, Kerala shows a wide range
of radionuclide activity. In Wayanad, ??°Ra, 2*’Th, and *°K are reported at 66, 83,
and 669 Bg/kg, respectively. The present study recorded **°Ra, 2**Th, and *’K levels
in Athirappilly as 54.74, 77.90, and 875.79 Bg/kg, respectively, and in Thrissur as
16.44-88.33, 67.42—174.3, and 739-1084 Bg/kg. These values generally surpass the
global averages, reflecting Kerala's geogenic characteristics, particularly its
monazite-rich coastal sands. Such findings emphasize the importance of localized

assessments to evaluate potential radiological health risks.
5.6 Conclusion

In this context, the study of natural radioactivity and gamma attenuation properties
of building materials is critically evaluated to ensure the safety and sustainability of

construction practices. Building materials, often sourced from natural geological
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formations, can contain varying levels of naturally occurring radionuclides such as
226Ra, 22Th and “°K.These radionuclides emit gamma radiation, which can pose

health risks to inhabitants if not adequately managed.
Thrissur-Palakkad Highway Region I

In the rock samples from the Thrissur-Palakkad highway region, the average Raeq
activity was found to be 301.57 Bg/kg, below the global limit of 370 Bg/kg.
However, the average absorbed dose rate was 138.14 nGy/h, exceeding the world
average of 60 nGy/h. Other radiological hazard parameters, such as AEDEout, Hext,
Hint, Iy, and Io, were below the recommended global limits, indicating a
radiologically safe environment. Despite this, the average Excess Lifetime Cancer
Risk (ELCR) of 0.68 x 102 exceeded the permissible limit of 0.29 x 1073,
suggesting some level of risk. In summary, exposure to natural radionuclides in the

studied rock samples does not pose significant health risks to the local population.

In the Thrissur-Palakkad highway region, the observed rates of radiogenic heat
production (RHP) for the studied rocks range from 1.44 to 4.96 uyWm>, with an
average of 3.34 pyWm >, which exceeds the global average range of 0.8-1.2 yWm™>
for such measurements. Notably, charnockite rocks exhibit RHP values above the

world crustal average.

NH-66 Highway Region 11

Gamma-ray spectrometry was used to measure the concentrations of ??°Ra, *2Th
and “°K at 24 soil sampling sites along NH-66 in Kerala, spanning 78 km between
the Kozhikode and Malappuram districts. On average, the activity concentrations
(with standard variation) were found to be 39.88 + 6.20 Bqkg ' for *°Ra, 61.19 +
4.32 Bgkg ! for 2*?Th, and 815.51 + 18 Bgkg ' for “°K in the soil samples from the
study area. The radionuclide activity concentrations in urban soil followed the order
40K > 22Th > 22°Ra with radiological hazard parameters either equal to or below
global averages. Multivariate statistical analysis showed that natural radioactivity
had a negligible impact on the soil's physico-chemical properties. All the computed
values for the radioactive indices were below the global average thresholds set by

radiation monitoring organizations. The overall average elemental and activity
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concentrations of basement rocks are 3.53 ppm, 15.95 ppm and 2.61% for **°Ra,
232Th and *°K, respectively. The observed RHP rates for the studied rocks are in the
mean value of 0.27 to 1.60 Wm™>, with average of 0.79 Wm™> which is above the

world average 0.8-1.2 Wm™.
Athirappilly Region IIT

In the Athirappilly region, the distribution, and origins of radioactive materials in
granitoid rocks were studied. The mean activity levels of ?°Ra, ?*Th and “°K were
54.74, 77.90, and 875.79 Bq/kg, respectively. These levels were below the
worldwide averages for Uranium and Thorium but higher for Potassium. The
radioactivity in these rocks primarily stems from Uranium, Thorium, and Potassium,
and construction materials derived from them are unlikely to pose significant health
risks. The calculated Radium equivalent indices, Raeq for the rock samples are found
to vary from 83.20 to 342.08 Bq/kg, with a mean value of 233.58 Bq/kg. The mean
Radium equivalent activity at all samples was found to be lower than the world
limiting value of 370 Bqg/kg. The average values of Dou due to gamma radiation
generated from 226Ra, 2¥Th, and *°K is 206.73 nGy/h. The elemental concentrations
of 28U in ppm, **Th in ppm and *“’K in % and radiogenic heat production (RHP) in
pWm™? of the rock samples collected from Athirappilly, Kerala were estimated. The
overall average elemental and activity concentrations of basement rocks are 4.43
ppm, 19.30 ppm and 2.97% for 2*Ra, ***Th and “°K, respectively. The observed
RHP rates for the studied rocks are in the mean value varied from 0.32 to 1.63
pW/m? with an average of 1.01 pW/m? which is within the world average 0.8—1.2
Wm 3,

The overall activity concentrations were found to be highest in the Kuthiran region,
followed by the Athirappilly region, both situated at the foothills of the Western
Ghats in Kerala, India. These areas predominantly feature the oldest rock units in the
region, consisting of thick layers of gneisses and migmatites that have undergone
medium to high grade regional metamorphism. The study highlights that while
certain regions exhibit elevated levels of natural radioactivity, the associated health

risks are generally low, with some exceptions. These findings contribute to safer and
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more sustainable construction practices, emphasizing the importance of continuous

monitoring and innovation in materials science.
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Abstract: The production of radiation-protection materials has become a major
research focus, particularly through strategies to increase concrete density. These
materials are crucial in industrial, medical, and research applications due to their
mechanical strength and ease of manufacturing. This study investigated the effects
of chemical modifications, including coconut shell powder, Perlite, Vermiculite, and
metal oxides of Zirconium and Neodymium, on gamma-ray absorption in concrete.
The results showed that higher concentrations of these additives significantly

enhanced gamma-ray absorption, indicating their potential for improved radiation
protection in concrete materials.
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Concrete samples reinforced with

naturally available additives.
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6.1 Introduction

The Flora and fauna on the earth are always under the exposure to natural and man-
made radiations. Though all the natural radiation cannot be completely shielded out,
we can protect ourselves and various instruments from this radiation by using
appropriate shielding materials. Generally, the initial level of shielding is given by
concrete walls and concrete blocks. It was found that adding certain specific
materials to the concrete at the time of preparation can increase the shielding

capability [1], [2].

Evaluating the gamma radiation shielding properties of different oxide-based
concretes involves assessing their effectiveness in attenuating gamma rays, which is
essential for applications requiring radiation protection. Concrete consisting of
Portland cement, sand, aggregates (such as stones and gravel), and water stands as a
frequently employed substance in the creation of commercial structures. Presently,
standard concrete (with a density around 2.350 g/cm?) stands out as one of the most
widely used materials in radiation shielding. Its popularity can be attributed to an
acceptable price, relative freedom in terms of geometry (casting), as well as high
material design versatility, which gives it much potential for incorporating a great
variety of waste and secondary raw materials [3]-[5]. It is used for radiation
protection in radiation therapy facilities, nuclear reactors as well as in military
applications [6].To date, many approaches aimed towards improving the radiation
shielding properties of concrete have been proposed; including the selection of the
proper aggregate type [7]-[9], as well as the proper additives and admixtures. In
recent years, special attention has particularly been paid to nanosized admixtures,
which lead to far greater improvements in cementitious systems, compared to their
micro-sized counterparts [10]-[13]. The beneficial effects of nanoparticles (NPs) are
attributable to either their chemical activity, which supports the cement hydration
process, or the filling effect, which improves the packing of the material within a

matrix as a result of the ultra-fine material size.

Some of the waste materials are used in concrete according to their properties. For

instance, fly ash, rice husk, slag, and sludge from the treatment of industrial and
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domestic wastewater have been found suitable as partial replacement for cement in
concrete [14]. With the rising utilization of radiation like X-rays and gamma rays
across diverse domains, ranging from medical purposes to the food industry,
safeguarding against their harmful consequences has become an essential concern.
Certain oxides, such as those of heavy elements like Lead (Pb), Barium (Ba),
Bismuth (Bi), and Gadolinium (Gd), have high atomic numbers and are known for
their increased interaction with gamma rays. These interactions include photoelectric
absorption and Compton scattering, which result in the reduction of gamma-ray
intensity. The heavy elements present in the oxide additives increase the likelihood
of gamma rays interacting with the material. Gamma rays can be absorbed by the
atoms in the oxides, leading to the release of secondary particles. These secondary
particles, in turn, can further interact with the concrete, leading to multiple scattering
events. This combination of absorption and scattering leads to a decrease in the
energy and intensity of the gamma rays, effectively reducing their penetration
through the material. When oxide additives with high atomic numbers are mixed
with concrete, the effective atomic number (Zefr) of the resulting material increases.
This enhanced Z.sr contributes to stronger interactions between the gamma rays and

the shielding material, thereby increasing the attenuation of the radiation [15].

In the present study we are investigating the gamma- ray shielding capability of
concrete, which we hve prepared by adding naturally occurring materials Perlite,

Vermiculate, coconut shell and metal oxides of Zirconium and Neodymium.

Perlite is an amorphous volca nic glass that has a relatively high-water content,
typically formed by the hydration of igneous rock called obsidian. It occurs naturally
and has the unusual property of greatly expanding when heated sufficiently. It is
an industrial mineral and a commercial product useful for its low density after
processing. Vermiculite is a hydrous phyllosilicate mineral. Vermiculite is the name
of a group of hydrated laminar minerals (Aluminium-iron magnesium silicates)
which look like mica. The Coconut shell is a material which can be a substitute for
aggregates. The shell of the coconut is mostly used as an ornament and as a source

of activated carbon [16]. The powdered shell is also used in the industries of
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plastics, glues, and abrasive materials. The use of coconut shells can also help the
prevention of pollution of the environment and is also help economically. Sun
drying shells are to be used to make sure the decay of biodegradable materials decay

before mixing with concrete. It also contributes to sustainable construction.

In this study we have analysed the effect of different material proportions on the
gamma radiation transmission properties of concrete using irradiation measurements
and Phy/PSD calculations [17]-[19]. Phy/PSD is a database running on a PC and
was developed by combining pre-existing databases for interaction processes such as
photoelectric absorption, scattering (both coherent and incoherent) and pair

production at photon energies from 1 keV to 100 GeV.
6.2 Materials and Mixture Design

To carry out this work, lightweight concrete block were used. These materials are
parallelepipeds that are industrially built with 3 main elements: Portland cement,
sand and different additives. Ordinary Portland Cement (OPC) conforming to
[ASTM C150]. Fine and coarse aggregates are Perlite, Vermiculite, Coconut shell
powder (Finely ground coconut shell powder, Neodymium (III) Oxide (Nd2Os3) and
Zirconium dioxide (ZrO2) (99.98% High-purity micro sized powder). The mix
design for ordinary concrete (control) was prepared using a water-to-cement ratio of
0.45 and a cement-to-aggregate ratio of specified ratio of 1:2:4. Concrete mixes
were prepared with the addition of 10% and 20% (by weight of cement) of each
additive: Perlite, Vermiculite, coconut shell powder, Nd>O3, and ZrO;. For each
batch, calculating the weight of each additive as 10% and 20% of the cement weight.
Thoroughly mixed the additives with the dry cement before adding water and
aggregates. All dry ingredients (cement, additives, fine and coarse aggregates) were
dry mixed in a concrete mixer for 2 minutes. Water was added gradually while
continuing to mix for an additional 3 minutes until a homogeneous mixture was
obtained. The concrete mix was poured into molds of size 10 x 10 x 10 cm?® (in

accordance with ASTM C31).
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Table 6.1: Details about the concrete sample moulded along with density.

Concrete mix Sample code Z{Zl;:?),
Ordinary concrete CS 2.26
Ordinary concrete+10% Coconut shell powder CSC10 3.14
Ordinary concrete+20% Coconut shell powder CSC20 3.26
Ordinary concrete+10% Perlite CSP10 2.86
Ordinary concrete+20% Perlite CSP20 2.92
Ordinary concrete+10% Vermiculite CSV10 2.90
Ordinary concrete+20% Vermiculite CSV20 3.02
Ordinary concrete+10% ZrO» CSZ10 3.46
Ordinary concrete+20% ZrO» CSZ20 3.52
Ordinary concrete+10% Nd203 CSN10 3.61
Ordinary concrete+20% Nd203 CSN20 3.73

The Moulds were vibrated for compaction and then covered with plastic sheets to
prevent moisture loss. After 24 hours, the samples were demoulded and cured in a
water tank at 23°C for 28 days. The density of the different prepared samples was
determined by using standard techniques using the mass and volume of the concrete

mix.
6.3 Results and discussion

The present study deals with the determination of the shielding parameters for
gamma, neutron, proton and alpha radiation of heavy concrete with Perlite (CSP10
and CSP20), Vermiculite (CSV10 and CSV20), and heavy concrete with metal
oxides of Zirconium and Neodymium (CSZ10, CSZ20, CSN10 and CSN20). For
gamma attenuation, Figure 6.1 (a) shows moulded concrete samples of size 10 x 10
x 10 cm?® and Figure 6.1 (b-f) SEM images of the moulded concretes with addition
of aggregates (CSC20, CSP20, CSV20, CSN20 and CSZ20 respectively). Table 6.2
presents the chemical content details of the produced samples. XCOM software was
used to obtain shielding parameters and further these results were confirmed using

the well-known Phy/PSD program.
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Figure 6.1: Moulded concrete sample of size 10 x 10 x 10 cm? (a) and SEM
images of the moulded concretes with addition of aggregates (b-f).
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Table 6.2: Qualitative elemental chemical composition (in wt.%.)
of fabricated concretes.

Elements | CaO | SiO2 | ALO3 | MgO | Na:0 | K20 | TiO2 | MnO | Fe203 | Nd203 | ZrO:2
CS 39.27 [ 34.11 | 12.11 | 2.52 | 457 | 1.26 | 098 | 0.06 | 5.12 - -
CSC10 | 4236|3397 | 12.63 | 2.01 | 3.77 | 099 | 0.72 | 0.05 | 4.50 - -
CSC20 |44.57|129.03 | 12.34 | 240 | 431 | 1.16 | 0.86 | 0.06 | 5.28 - -
CSP10 |44.57 130.03 | 11.34 | 240 | 431 | 1.16 | 0.86 | 0.06 | 5.28 - -
CSP20 | 42.00|32.50 | 11.00 | 2.53 | 4.56 | 1.24 | 0.95 | 0.06 | 5.16 - -
CSV10 |42.69 |29.76 | 12.60 | 2.46 | 442 | 1.19 | 0.88 | 0.06 | 5.94 - -
CSV20 |[41.5232.86| 12.33 | 2.18 | 4.08 | 1.07 | 0.78 | 0.05 | 5.13 - -

CSZ10 |38.14|30.05| 10.7 | 2.42 | 347 | 1.21 | 0.89 | 0.06 | 3.05 10.01

CSZ20 | 3488 |27.67| 7.64 | 225 | 32 |1.11| 0.8 | 0.05 | 3.01 19.39

CSN10 |38.36|3095| 9.58 | 243 | 3.84 | 1.1 | 0.76 | 0.05 | 3.08 9.85

CSN20 | 34.8127.84| 745 | 1.82 | 335 | 1.08 | 0.65 | 0.04 | 3.28 | 19.68

Figure 6.2 illustrates the density of the cement pastes, showing variation based on
the proportion of additives. The density of the concrete samples ranges from 2.26 to
3.73 g/cm?. Density is crucial not only for photon radiation attenuation but also for

minimizing the thickness of the shielding material required.

CSN20
CSN10
CsZz20
csz10

CSv20
Ccsv10

Il Concrete

CSP20

Sample Code

CSP10
CsSC20
CSC10

CS

v v v T T T v v v
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Density (g/cm®)

Figure 6.2: Density of moulded concrete samples.
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Figure 6.3: The gamma-ray spectrum obtained from CSC20 sample.

Figure 6.3 depicts the spectrum of the CSC20 sample when gamma rays with
energies of 662 keV, 1173 keV, and 1333 keV pass through it.

6.4 Linear- Mass attenuation coefficients

The initial step involves experimentally evaluating the radiation attenuation
properties of concretes with varying ratios of Perlite, Vermiculite, coconut shell
powder, and oxides of Neodymium and Zirconium, alongside theoretically measured
linear attenuation coefficients (LAC) for the concrete samples. In Table 6.3, the
measured and theoretically estimated Phy-PSD values for the LAC of the concrete
with additives for the energies of 0.662, 1.173 and 1.333 MeV were enlisted. The
experimentally measured values are important parameter because the authors can
estimate other shielding quantities based on the experimental LAC values, so it is
useful to test the accuracy of the measured MAC values, and this can be done by

compare the measured values with theoretical values generated by Phy-PSD
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software. The linear attenuation coefficients experimentally determined and

calculated using the Phy-PSD code are given in Table 6.3.

Table 6.3: Experimental and theoretical values of LAC for fabricated
concretes.

Linear attenuation Coefficient, p (cm™)

Sample

0.662 MeV 1.173 MeV 1.333 MeV
Code

Expt. Phy-PSD Expt. Phy-PSD Expt. Phy-PSD

CS 0.1699 0.1692 0.1226 0.1224 0.1197 0.1199

CSP10 0.1828 0.1826 0.1294 0.1285 0.1259 0.1254

CSP20 0.1972 0.1979 0.1395 0.1390 0.1362 0.1357

CSVI10 | 0.1769 0.1773 0.1267 0.1239 0.1241 0.1248

CSV20 | 0.1968 0.1983 0.1370 0.1375 0.1350 0.1345

CSCI0 | 0.1864 0.1871 0.1311 0.1325 0.1287 0.1289

CSC20 | 0.2007 0.2012 0.1440 0.1438 0.1405 0.1389

CSz10 | 0.2089 0.2102 0.1559 0.1549 0.1461 0.1464

CSz20 | 0.2027 0.2039 0.1507 0.1502 0.1393 0.1396

CSN10 | 0.2095 0.2116 0.1531 0.1520 0.1457 0.1452

CSN20 | 0.2225 0.2233 0.1608 0.1600 0.1534 0.1523

Figure 6.4 shows a graphical representation of the experiental linear attenuation
coefficient (LAC) values as a function of the energy for the control concrete and the
concretes with different ratios of aggregates. The LAC shows a decrease with
energy and the shape of the curve obeys the general equation of Lamberts Beer law,

so the change in the LAC with the energy has an exponential decay shape.

To check the dependency of the LAC on the additives, the LAC as a function of
eergy at 0.662, 1.173 and 1.333 MeV was plotted (Figure 6.4). Clearly, the LAC

shows an increase behaviour while adding aggregates to the concretes.
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Figure 6.4: The experimental results of LAC for moulded samples in selected
energies.

I over the selected

The LAC for pure concrete reduces from 0.169 to 0.119 cm”
energy range. Also, for the CSP20, it is reduced from 0.197 to 0.136 cm™! over the
same energy range and from 0.196 to 0.135 cm™ for CSV20 sample. The coconut
shell powder added concrete CSC20 shows reduction of LAC values from 0.201 to
0.141 cm™ 0.662 to 1.333 MeV. This exponential decay in the LAC for the prepared
concretes describes the process of reducing the shielding ability rate for these
concretes over the selected energy range. On the other hand, the LAC for the metal
oxides, ZrO> and Nd>Os3 in concrete is much higher than the LAC for the concretes
with Perlite, coconut shell and Vermiculite, especially at low energy. This means
that the attenuation competence of these concretes with other concretes. However,

Perlite, vermiculite and coconut also have the same ability to block gamma rays.

We have theoretically studied the impact of y-photon energy on the linear
attenuation coefficient (i) measured values for the investigated concrete samples.
Figure 6.5 displays computational results of LAC, depicting a decrease in the p
values with the incoming photon energy in the range 0.01 to 20 MeV.
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Figure 6.5: Computational and experimental results of LAC of the moulded

concretes with respect to energy.

At low energies, the photoelectric effect is the dominant mechanism for the
interaction between an incoming photon and the concrete materials. Therefore, the
concretes can attenuate the incoming photons and the cross-section of photoelectric
effect is proportional inversely to the Energy (cph oo E3°). Above 100 keV, the
attenuation of photons diminishes due to the second predicated interaction called
Compton scattering phenomena. In the Compton scattering interaction, the photons
are lessening a part of their energies to eject the electron and the rest of the energy is

attenuated inside the concrete materials. Thus, the Compton scattering cross-section

244



Result and Discussion

is proportional inversely to the E (ccs o E™).

The maximum values of the p are achieved at a low energy of 0.1 MeV, where it is
0.44, 0.49, 1.51, 3.06, 0.56 and 0.69 cm™ for samples CS, CSV20, CSP20, CSZ20,
CSN20 respectively. While the lowest p values 0.05, 0.06, 0.15, 0.38, 0.07 and
0.064 cm™! are found at high energy of 10 MeV for samples CS, CSV20, CSP20,
CSN20 and CSZ20, respectively.

Table 6.4: Experimental and theoretical values of MAC
for fabricated concretes.

Mass attenuation Coefficient, p/p (cm?/g)

Si‘;‘;pele 0.662 MeV 1.173 MeV 1.333 MeV
Expt. Phy-PSD Expt. Phy-PSD Expt. Phy-PSD
CsS 00751 | 0.0748 | 0.0542 | 00541 | 0.0529 | 0.0530

CSP10 0.0774 0.0773 0.0548 0.0544 0.0533 0.0531

CSP20 0.0783 0.0786 0.0554 0.0552 0.0541 0.0539

CSV10 0.0761 0.0763 0.0545 0.0533 0.0534 0.0534

CSV20 0.0793 0.0799 0.0552 0.0554 0.0544 0.0542

CSC10 0.0772 0.0775 0.0543 0.0549 0.0533 0.0534

CSC20 0.0783 0.0785 0.0562 0.0561 0.0548 0.0542

CSZ10 0.0785 0.0790 0.0586 0.0582 0.0549 0.0550

CSZ20 0.0803 0.0808 0.0597 0.0595 0.0552 0.0553

CSN10 0.0802 0.0810 0.0586 0.0582 0.0558 0.0556

CSN20 0.0815 0.0818 0.0589 0.0586 0.0562 0.0558

It 1s seen from Figure 6.6 and Figure 6.7 that experimental and Phy-PSD results of
MAC for selected energies are in concordance with each other. 20% Neodymium
oxide added cement sample have the highest values of p/p while the lowest values
belong to pure concrete sample. It is obvious from Figure 6.7 that the values of p/p
depend on both photon energy and chemical composition of samples. Figure 6.7
shows the variation of MAC values of the fabricated concrete samples over the
photon energy from 0.01 MeV to 15 MeV and it is evident that MAC depends on
incident photon energy and chemical contents of the samples. As sample CSN20,
CSNI10 and CSC20 have the highest density and higher weight proportion of higher

atomic number elements, it has greater values of MAC than its counterparts.
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Figure 6.6: The experimental results of MAC for moulded samples in selected
energies.

In low energy region, since photoelectric cross section changes proportional with Z*
and inversely proportional with the incident photon energy as E*°, w/p values of the
cement samples were decreased rapidly up to 0.2 MeV. Beyond 0.2 MeV, Compton
scattering becomes effective at intermediate energies. p/p values of the cement
pastes are almost constant and zero due to the linear dependence of cross-section of
Compton scattering with atomic number Z. number elements, it has greater values of
MAC than its counterparts. This can further be explained by the reported studies by
Chang et al., Kilicoglu and More et al. have emphasized the importance of atomic
number and density parameters as the higher the atomic number and density, the

greater probability of interaction which results in better attenuation [7], [20], [21].

As the energy increases from 0.015 to 0.1 MeV, there is a sharp decline in MAC
values with a peak at 0.04 MeV owing to the photoelectric effect. This trend of
variation is in whithin with the results reported by Al-Saadi, A.J. and A.K. Saadon

wherein they observed MAC for lead oxide and iron oxide reinforced in silicate
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glass samples sharply decreases with an increase of the photon energy from 0.001 to

0.1 MeV with a peak [22].
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Figure 6.7: Computational and experimental results of MAC by of the
moulded concretes with respect to energy.
It was observed that the majority of detected photons had the same energies as the
initial gamma-ray photons, accounting for about 10% of the original photon count.
This suggests that these photons passed through the concrete specimens without any
significant interaction. Additionally, numerous photons with different energies from
the initial photons were detected, indicating that most photons interacted with the

concrete, resulting in a reduction of their energy. Furthermore, the number of
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photons detected with energies matching the initial gamma rays varied among
different concrete specimens, correlating with the gamma-ray shielding capacity of
the concrete [8]. Specimens with stronger shielding capacities allowed fewer
photons with the initial energies to be detected. The data also showed that the
number of detected photons decreased sharply with increasing concrete thickness,
demonstrating that the thickness of the concrete significantly enhanced its radiation

shielding capability.
6.5 Half Value Layer, Tenth Value Layer and Mean Free Path

Table 6.5 shows the variation of half value layer (HVL), tenth value layer (TVL) as

a function of incident photon energy.

Table 6.5: Experimental values of HVL and TVL for the selected Energies.

Sample Half Value Layer, HVL (cm)
code 0.662 MeV 1.173 MeV 1.333 MeV
Expt. Phy-PSD Expt. Phy-PSD Expt. Phy-PSD

CS 4.08 4.10 5.65 5.66 5.79 5.78
CSP10 3.13 3.13 4.42 4.45 4.54 4.56
CSP20 3.03 3.02 4.28 4.29 4.38 4.40
CSV10 3.14 3.13 4.38 4.48 4.47 5.55
CSV20 2.90 2.88 4.16 4.15 4.23 4.24
CSC10 2.86 2.85 4.06 4.02 4.14 4.13
CSC20 2.71 2.71 3.78 3.79 3.88 3.92
CSZ10 2.55 2.53 341 3.44 3.65 3.64
CSZ720 2.45 2.43 3.29 3.31 3.56 3.56
CSN10 2.39 2.37 3.27 3.30 3.44 3.45
CSN20 2.28 2.27 3.15 3.17 3.31 3.33

Tenth Value Layer, HVL (cm)

CS 13.56 13.61 18.78 18.82 19.25 19.21
CSP10 10.40 10.41 14.68 14.79 15.10 15.15
CSP20 10.06 10.02 14.22 14.27 14.56 14.61
CSV10 10.43 10.40 14.57 14.89 14.87 18.45
CSV20 9.63 9.56 13.84 13.79 14.04 14.09
CSC10 9.50 9.46 13.51 13.36 13.76 13.73
CSC20 9.02 9.00 12.57 12.59 12.89 13.03
CSz10 8.47 8.42 11.35 11.43 12.11 12.09
CSZ20 8.14 8.09 10.95 10.98 11.84 11.82
CSN10 7.95 7.87 10.88 10.96 11.43 11.47
CSN20 7.58 7.55 10.48 10.54 10.99 11.06
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These are significant parameters that give the required thicknesses of materials at
selected energies and shielding capabilities of materials. These factors have shown
the exact contrary trend of variation as that of MAC i.e., increasing one with
incident energy. HVL enables us to obtain in an easy way a material’s shielding
ability. Figure 6.8 represents HVL values versus the incident photon energy and
additive content for 0.01-20 MeV photon energies. In contrast to u/p values, HVL

values are enhanced as the photon energy increases.
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Figure 6.8: Computational and experimental results of HVL of the moulded

concretes with respect to energy.
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The HVL and TVL values also depend on the density of the sample in inverse
proportion. 20% Nd>O3 including cement sample (CSN20) have smaller HVL values
compared with other samples due to its higher density (3.73 g/cm?®). The photon
energy Ey and density of the examined concrete affect the HVL results. As a result,
the materials with the lowest HVL values are considerable and can be used for a
variety of shielding purposes. Firstly, values of HVL were raised with increment in
photon energy up to 0.075 MeV, then tended to rise slowly and remain stable. At
low energies, HVL is less dependent on the content of the material. As the photon
energy increases, the HVL values are increased and the HVL values are declined as
the additive’s ratio in the Portland cement samples increases. The increase in the
gamma-photon energy between 0.01 and 10 MeV increases the HVL for developed
concretes is between 0.04 and 5.55 cm (for concrete CSN20), 0.01 and 5.77 cm (for
concrete CSZ20), 0.003—-5.79 cm (for concrete CSC20), 0.01-6.03 cm (for concrete
CSV20), and 0.01-5.92 cm (for concrete sample CSP20), respectively.

Variation of TVL of the moulded concretes with respect to energy is shown in
Figure 6.9. The Tenth-Value Layer (TVL) is a concept in radiation shielding that
refers to the thickness of a material required to reduce the intensity of radiation by a
factor of ten. In other words, it is the thickness needed to attenuate the radiation to
one-tenth of its original value. This concept is particularly useful for understanding
and designing materials and structures for effective radiation protection. TVL refers
to the thickness of a specified material that reduces the radiation intensity to 10% of
its original value. The TVL depends on the type and energy of the radiation as well

as the material's properties, such as its density and atomic composition.

Materials with higher atomic numbers and densities generally have smaller TVLs
because they are more effective at attenuating radiation. In designing radiation
shielding, multiple layers of different materials might be used to achieve the desired
level of attenuation. Materials with lower TVLs are more effective at attenuating

radiation and thus require less thickness to achieve the same level of protection.
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Figure 6.9: Computational and experimental results of TVL of the moulded

concretes with respect to energy.

The synthesized concretes’ mean free path (L) was calculated and graphically
represented in Figure 6.10. The "A" factor represents the typical separation between
two succeeding collisions of the gamma photon in the concrete. Table 6.6 shows the

variation of mean free path as a function of incident photon energy.
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Table 6.6: Experimental values of MFP for the selected Energies.

Sample Mean Free Path, MFP (cm)
code 0.662 MeV 1.173 MeV 1.333 MeV
Expt. Phy-PSD Expt. Phy-PSD Expt. Phy-PSD

CS 5.89 591 8.16 8.17 8.36 8.34
CSP10 4.51 4.52 6.38 6.42 6.56 6.58
CSP20 4.37 4.35 6.17 6.20 6.32 6.35
CSV10 4.53 4.52 6.32 6.47 6.46 8.01
CSV20 4.18 4.15 6.01 5.99 6.10 6.12
CSC10 4.13 4.11 5.87 5.80 5.98 5.96
CSC20 3.92 391 5.46 5.47 5.60 5.66
CSz10 3.68 3.66 4.93 4.96 5.26 5.25
CSZz20 3.53 3.51 4.75 4.77 5.14 5.13
CSN10 3.45 3.42 4.72 4.76 4.96 4.98
CSN20 3.29 3.28 4.55 4.58 4.77 4.80

The values for concrete with 20% additives can be found to generally increase from
1.9 to 7.8 cm with the increase in photon energy among the incoming photon
energies ranging from (81-1408) keV. As a result, gamma photons’ capacity to
permeate concrete material also increases. The increase in the gamma-photon energy
between 0.01 and 10 MeV increases the MFP for developed concretes is between
0.04 and 8.01 cm (for concrete CSN20), 0.01 and 9.23 cm (for concrete CSZ20),
0.003-8.31 cm (for concrete CSC20), 0.01-8.71 cm (for concrete CSV20), and
0.01-8.54 cm (for concrete sample CSP20), respectively.

Among the selected samples, the values of these parameters for CSN20, CSN10,
CSZ20 and CSZ10 show better radiation shielding than others in the sample. This
can be attributed to the highest density among the studied materials that help to
minimize values HVL, TVL, and MFP for CSN20 material that increased the
probability of interaction. It is also recognized that although sample CSN20 has a
higher density than CSN10, it shows better attenuation capability as CSN20 has

more Neodymium constituent.
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Figure 6.10: Computational and experimental results of MFP of the moulded
concretes with respect to energy.

6.6 Effective atomic number and electron density

The effective atomic number (Zefr) was also established to appreciate the efficacy of
shielding material attenuation capabilities for the prepared mortars. The probability
of photoelectric absorption increases with a high effective atomic number. The
mortar sample with the highest concentration of Nd,O3; and ZrO, showed a steadily
increasing linear attenuation coefficient of gamma rays, as shown in Figure 6.11,

due to its association with high Zcfr values.
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The changes of Zefr and Nefr with photon energy for the cement paste samples have
been indicated in Figure 6.11 and Figure 6.12. For the samples used, different partial
photon interaction processes are dominated by Zef's variation with photon energy.
Zesr values initially decrease slowly, but as mentioned above, sudden increments
occur at 0.04 and 0.01 keV due to Ca, Si, Nd and Zr K-shell absorption edges. Zesr
starts to increase with photon energy beyond 0.02 MeV and creates a spherical peak
in the mid-energy region. According to Figure 6.11, the highest Z. was for 20%
Nd»03 and ZrO> added sample since Nd and Zr have higher effective atomic cross
section. The Z.sr values of the samples at intermediate energies are virtually stable

because Compton scattering cross section differs linearly with the Z.
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Figure 6.11: Variation of Zesr of the moulded concretes with respect to energy.

For all photon interaction processes, the variation of effective electron density (Nefr)
in the samples with photon energy is analogous to that of Zcfr. Because there is an
inverse relationship between Nest and Zesr. The control sample with the lowest
effective atomic weight has the highest electron density. The effective electron
number Negr results of the investigated concrete samples within the photon energy

0.01 to 20 MeV are computed consistent with (um/ce). It is found that there are slight
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variations in Nesr results for various glass samples wherever a higher result of Nesr
would indicate an increased probability of photon-electron energy transfer and
energy deposition into the concrete. The results of Negr in Figure 6.12 prove that

there is an identical photon energy dependence to what was determined for Zesr.
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Figure 6.12: Variation of Nefr of the moulded concretes with respect to energy.
6.7 Built-up Factors

According to Geometric-Progression fitting method, to find the B values that
characterize the photon scattering properties of the materials, the R, Z.q and G-P

fitting coefficients must be known.

For materials with low Z¢q , there are fewer interactions per unit mass, leading to
lower EBAF values. This is because the material is less effective at absorbing and
scattering photons. When Z.q increases, the material's ability to absorb and scatter
photons increases, leading to higher EBAF values. Higher Z.q materials absorb more
energy from incident photons due to increased interaction probabilities.With higher
Zeq, the number of scattering events increases, leading to higher EBF values. This

results in more exposure from scattered photons, indicating a higher buildup factor.
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Table 6.7 and Figure 6.13 provide equivalent atomic numbers (Zeq) of the cement
samples with photon energy. It is clear from Figure 6.14 that Zeq values vary

between 16-27.

Table 6.7: Equivalent atomic numbers of the pure concrete and 20% additives

added composites for various energy values ranging from 0.015 to 15 MeV.

Energy Cs CSC20 | CSP20 | CSV20 | CSZ20 | CSN20

(MeV)

0.015 15.11 16.51 16.11 15.52 15.62 16.74
0.02 15.27 16.71 16.29 15.67 17.91 16.95
0.03 15.42 16.93 16.46 15.81 18.31 17.20
0.04 15.52 22.03 16.57 15.90 18.58 17.39
0.05 15.59 2251 16.65 15.97 18.77 2321
0.06 15.64 22.86 16.70 16.02 18.92 23.64
0.08 15.70 23.39 16.79 16.09 19.13 24.26
0.1 15.75 23.76 16.84 16.13 19.27 24.69
0.15 15.82 24.36 16.92 16.20 19.50 25.40
0.2 15.86 24.74 16.98 16.23 19.64 25.84
0.3 15.91 25.19 17.03 16.28 19.82 26.38
0.4 15.93 25.47 17.06 16.30 19.92 2671
0.5 15.95 25.64 17.08 16.32 19.99 26.92
0.6 15.96 25.76 17.08 16.32 20.03 27.07
0.8 15.96 25.87 17.09 16.33 20.06 27.20

1 15.96 2591 17.09 16.33 20.07 27.23
15 14.30 22.16 15.40 14.84 17.35 2334
2 13.73 18.15 14.72 14.30 15.75 18.71
3 13.55 16.66 14.48 14.11 15.23 16.91
4 13.50 16.32 14.43 14.07 15.11 16.50
5 13.48 16.17 14.40 14.04 15.05 16.32
6 13.47 16.07 14.39 14.03 15.01 16.21
8 13.46 15.97 14.37 14.02 14.97 16.09
10 13.45 15.92 14.36 14.00 14.96 16.03
15 13.44 15.89 1435 14.00 14.94 15.99
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Figure 6.13: Variation of atomic numbers (Zeq) of the cement samples with
photon energy.

Like EBAF, materials with low Zeq have fewer scattering events, resulting in lower
EBF values. This means there is less buildup of exposure from scattered photons.
The Zeq and G-P fitting parameters are manipulated to obtain the energy absorption
and exposure build-up factor (EABF and EBF) up to 40 mfp penetration in the
0.015-15 MeV energy range. As shown in Figure 6.14 to Figure 6.16, EABF values
are increase with increasing photon energy and reach the maximum value of 0.2-0.3
MeV, and then decrease with the increment of photon energy up to 15 MeV. In this
study, these parameters were calculated by using G-P fitting method and the results
obtained are tabulated in Tables 6.8 and 6.9 for CSN20 and CSZ20 samples
respectively. The five-parameter geometric progression (G-P) fitting method was
applied to determine the effective buildup factor (EBF) and effective attenuation
buildup factor (EABF) for penetration depths up to 40 mean free paths (mfp) across
the energy range from 0.015 MeV to 15 MeV. The EBF of the cement samples
indicate minimum values in the low-energy region where photoelectric absorption is

dominant. EBF values are raised with increasing photon energy due to Compton
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scattering at middle energies. In the high-energy region, where the pair production
begins to dominate, the EBF values enter a decreasing curve. Brass doped samples
possess the lowest values of EBF while EBF of the control sample, ordinary

Portland cement were maximum for all the penetration depths.

Table 6.8 G-P energy absorption and exposure build-up factor parameters of

the CSZ20 for various energy values ranging from 0.015 to 15 MeV.

Energy EABF EBF

(MeV) a b c D Xk a b c d Xk

0.015 | 0.27 | 1.02 | 0.33 | -0.15 | 11.60 | 0.28 1.02 | 0.33 | -0.21 | 11.03

0.02 0.16 | 1.02 | 046 | -0.31 | 30.51 | 0.25 1.03 | 0.32 | -0.20 | 19.25

0.03 025 | 1.08 | 035 | -0.15 | 13.17 | 0.24 | 1.08 | 036 | -0.14 | 13.13

0.04 023 | 1.17 | 038 | -0.13 | 14.50 | 0.22 | 1.16 | 0.39 | -0.12 | 14.18

0.05 022 | 1.30 | 040 | -0.13 | 14.73 | 0.21 1.28 | 041 | -0.12 | 14.21

0.06 0.18 | 1.46 | 047 | -0.10 | 1485 | 0.18 | 1.40 | 0.49 | -0.10 | 14.36

0.08 0.19 | 1.95 | 050 | -0.09 | 12.39 | 0.13 1.63 | 0.60 | -0.07 | 14.32

0.1 0.13 | 244 | 0.64 | -0.09 | 13.07 | 0.08 | 1.83 | 0.74 | -0.05 | 14.32

0.15 0.04 | 333 | 090 | -0.05 | 13.42 | 0.02 | 2.10 | 098 | -0.02 | 13.69

0.2 0.00 | 349 | 1.10 | -0.03 | 12.85 | -0.02 | 2.20 | 1.13 | -0.02 | 12.34

0.3 -0.04 | 3.17 | 1.28 | -0.01 | 10.07 | -0.04 | 2.21 1.26 | -0.01 | 10.24

0.4 -0.06 | 2.85 | 1.36 | 0.02 | 26.70 | -0.05 | 2.17 | 1.30 | -0.01 | 9.69

0.5 -0.07 | 2.62 | 1.38 | 0.01 | 17.04 | -0.05 | 2.13 | 1.30 | -0.01 | 8.83

0.6 -0.06 | 248 | 136 | 0.02 | 21.10 | -0.06 | 2.06 | 1.33 | 0.01 | 23.56

0.8 -0.06 | 2.26 | 1.34 | 0.02 | 16.12 | -0.06 | 1.96 | 1.32 | 0.02 | 18.86

1 -0.06 | 2.13 | 1.30 | 0.02 | 1636 | -0.06 | 1.90 | 1.29 | 0.02 | 17.15

1.5 -0.05 | 1.94 | 1.23 | 0.02 | 1499 | -0.04 | 1.82 | 1.21 | 0.01 | 16.22

-003 | 1.84 | 1.15 | 0.01 | 1532 | -0.03 | 1.76 | 1.15 | 0.01 | 15.13

-0.01 | 1.69 | 1.06 | 0.00 | 1144 | -0.01 | 1.66 | 1.06 | 0.00 | 12.65

0.02 | 1.52 | 095 | -0.03 | 1454 | 0.02 | 1.52 | 0.97 | -0.02 | 12.00

0.02 | 1.45 | 095 | -0.03 | 1558 | 0.02 | 1.47 | 096 | -0.02 | 14.29

2
3
4 0.01 | 1.60 | 0.99 | -0.01 | 12.68 | 0.01 1.59 | 1.00 | -0.02 | 14.52
5
6
8

0.04 | 1.36 | 091 | -0.03 | 11.75 | 0.03 1.39 | 093 | -0.03 | 13.66

10 0.04 | 1.30 | 090 | -0.04 | 13.69 | 0.04 | 133 | 091 | -0.03 | 13.34

15 0.03 | 1.19 | 093 | -0.03 | 1448 | 0.05 1.24 | 0.88 | -0.05 | 13.08
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Table 6.9 G-P energy absorption and exposure build-up factor parameters of

the CSN20 for various energy values ranging from 0.015 to 15 MeV.

Energy EABF EBF
(MeV) a b c D Xa a b ¢ d Xad
0.015 | 0.24 | 1.01 | 0.37 | -0.21 | 18.25 | 0.25 | 1.01 | 0.37 | -0.26 | 17.68
0.02 | 021 [1.03]0.38|-0.41 [ 29.58 | 0.24 | 1.03 | 0.33 | -0.29 | 23.47
0.03 | 024 [1.09]0.36|-0.14 | 13.62 | 0.24 | 1.09 | 0.36 | -0.14 | 13.62
0.04 | 021 [1.21]0.40]-0.12 | 1447 | 0.21 | 1.20 | 0.40 | -0.12 | 14.56
0.05 | 024 |[1.16 | 0.36 | -0.13 | 14.32 | 0.22 | 1.15| 0.38 | -0.13 | 14.07
0.06 | 021 [1.25]0.40|-0.13 | 1473 | 0.20 | 1.22 | 0.42 | -0.11 | 14.20
0.08 | 0.18 | 1.45|0.48|-0.10 | 15.31 | 0.17 | 1.35 | 0.50 | -0.09 | 14.45
0.1 0.16 | 1.72 1 0.52 | -0.10 | 15.19 | 0.13 | 1.46 | 0.59 | -0.07 | 14.15
0.15 | 0.14 | 2.50 | 0.61 | -0.11 | 14.85 | 0.07 | 1.70 | 0.76 | -0.05 | 14.08
0.2 0.08 {290 |0.79 | -0.07 | 13.11 | 0.03 | 1.85 | 0.92 | -0.03 | 13.21
0.3 0.01 |3.02]1.02|-0.04 | 12.51 | -0.01 | 1.96 | 1.09 | -0.02 | 11.95
04 |-0.01|282|1.14|-0.02 | 11.81 [ -0.02 | 1.97 | 1.17 | -0.01 | 10.90
0.5 -0.03 | 2.62 | 1.20 | -0.02 | 10.72 | -0.04 | 1.95 | 1.22 | -0.01 | 8.85
06 |-0.03|248|122|-0.01 | 1044 |-0.04 | 1.93 | 1.24 | -0.01 | 8.32
0.8 | -0.04|227|123|-0.01| 851 [-0.04|1.88|1.23]-0.01| 7.56
1 -0.04 | 2.13 | 1.24 | 0.00 | 13.62 | -0.04 | 1.83 | 1.23 | 0.00 | 14.40
1.5 -0.04 | 1.94 | 1.20 | 0.01 | 1545 | -0.04 | 1.77 | 1.20 | 0.01 | 15.85
2 -0.03 | 1.83 | 1.15| 0.01 | 16.23 | -0.03 | 1.75 | 1.14 | 0.01 | 16.13
3 -0.01 | 1.69 | 1.06 | 0.00 | 12.36 | -0.01 | 1.66 | 1.06 | -0.01 | 10.87
4 0.01 | 1.59]0.99 | -0.01 | 12.95 | 0.01 | 1.58 | 1.00 | -0.02 | 10.40
5 0.02 | 1.51 | 0.96 | -0.03 | 14.82 | 0.01 | 1.51 | 0.98 | -0.02 | 12.45
6 0.02 | 1.44 | 0.95 | -0.03 | 14.93 | 0.02 | 1.47 | 0.96 | -0.02 | 13.49
8 0.03 | 1.35]0.93 | -0.03 | 13.05 | 0.03 | 1.39 | 0.93 | -0.03 | 13.43
10 0.04 | 129 | 0.91 | -0.04 | 13.44 | 0.04 | 1.32 | 0.92 | -0.03 | 13.71
15 0.04 [ 1.19 | 0.92 | -0.04 | 14.24 | 0.05 | 1.23 | 0.90 | -0.05 | 13.24
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Figure 6.14: Variation of EABF for concrete and concrete modified with
coconut shell powder for different mean free path.
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Figure 6.15: Variation of EABF for concrete modified with Zirconium and
Neodymium for different mean free path.
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Figure 6.16: Variation of EABF for concrete modified with Perlite and
Vermiculite for different mean free path.

Figure 6.17-6.19 shows the EBF values depending on the penetration depth up to 40
mfp for selected energies (0.15, 1.5 and 15 MeV). At 0.15 MeV, which is the low
energy region, it yields wide EBF variations for the samples. EBF chiefly depends
on chemical composition at 0.15. The CSN20 sample has the lowest EBF. It is also
seen that for control samples with low equivalent numbers (Zeq) the values of EBF
are larger while the EBF values of brass added samples with higher equivalent
numbers are relatively small. At 1.5 MeV, Compton scattering becomes dominant,
therefore, the commitment to the composition of the material is reduced. However,
for this energy, the doped cements have lower EBF values. EBF values for brass
doped cement samples are found to be the highest at 15 MeV, due to the basis of
dominance of pair production in this higher energy region. So, the samples with

higher Zq has higher probability to undergo pair-production.
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Figure 6.18: Variation of EBF for concrete modified with Perlite and
Vermiculite for different mean free path.
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Figure 6.19: Variation of EBF for concrete modified with Zirconium and
Neodymium for different mean free path.

6.8 Fast neutron removal cross section

In various applications, materials are exposed to both gamma and neutron radiation.
Along with the gamma-ray attenuation parameters, the neutron attenuation
capability of these materials has been studied in terms of effective removal cross-
section (XRr). Figure 6.20 shows effective removal cross-section (Xr) values of the

concrete samples with density.

The values of Xr are 0.126, 0.110, and 0.117 for materials CSZ20, CSN20, and
CSC20 respectively. The highest density implies higher values resulting in better
neutron attenuation. In this context, sample CSZ20 having a density of 3.52 g/cm?
which is comparable to densities 3.73 and 3.26 respectively for samples CSN20 and
CSC20 has shown enhanced neutron attenuation. Coconut shell powder sample
which has greater ability to shield the neutrons. These results are in accordance with
the reported results for BaMnOs; doping nickel semiconductor perovskite and

gallium germanate-tellurite glasses [17], [23].
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Figure 6.20: Fast effective removal cross-section (Xr) values of the concrete
samples.

6.9 Conclusion

In recent years, the production of radiation-protection materials has become a major
focus of research, particularly through strategies aimed at increasing the density of
concrete materials, as documented in the literature. Various factors contribute to this
trend, but the mechanical strength, ease of manufacturing, and them highly
favourable. These materials play a crucial role in radiation-based industrial, medical,
and research applications, enhancing process quality significantly. Moreover, once
radioactive elements are safely disposed of, it is essential that recycled products
retain their original mechanical properties and corrosion resistance. This prevents
increased environmental radioactivity by avoiding contamination of nuclear waste,
which remains hazardous for many years, and prevents its interaction with soil. This
underscores the importance of developing denser concrete structures that also

improve mechanical, thermal, and gamma-ray absorption properties.

This study aimed to investigate the effects of certain chemical modifications in
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normal concrete, a well-known coconut shell powder, naturally available minerals
Perlite and Vermiculite and metal oxides of Zirconium and Neodymium on gamma-
ray absorption. The findings indicated that increasing the density, particularly with a
higher concentration of these additives, significantly enhanced the overall gamma-
ray absorption characteristics. This suggests that incorporating these kinds of less
toxic additives is an effective approach for improving gamma-ray absorption
properties, making it a suitable material for applications requiring enhanced

radiation protection.

The p, wp, Zerr and HVL values which are the significant gamma absorption
parameters were obtained theoretically and experimentally for 511, 662, 1173 and
1333 keV photon energies. Study exploring the radiation shielding properties of
concrete samples contributes to the existing theoretical and practical literature.
Methodologically, the study first calculates the mass attenuation coefficient values
by using Phy-PSD software code at 0.015-15 MeV energies. Then, the results
derived from Phy-PSD are subject to comparison with Xcom results. The MAC
values are used to compute other parameters such as HVL, TVL, MFP, Z..
Studying concrete samples for gamma protection shows that the Silicon, iron,
Aluminium, and Zirconium and Neodymium content is an important factor affecting
that feature. Therefore, composites CSN20 and CSZ20 having higher Zirconium and
Neodymium with appreciable amount of silicon, Aluminium and iron in its
composition with cement shows larger p/p, Zetr lowest EBF, and EABF values. As
expected HVL, TVL, and MFP quantities of concrete samples which are subjects of
this study are increased as the photon energy increases and decreases because of the
contribution of silicon, Aluminium, and iron increases. It is observed that the CSC20

concrete sample has higher Zr values than CSP20, CSV20 and CSZ20.

The outcomes indicate that the insertion of these additives positively affects the
photon shielding parameters of cement samples. It can be concluded that those

cement samples can be evaluated for further gamma protection applications.
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Abstract: Emission of radiation has significant impacts, and its harmful effects must be
minimized. This study investigated the gamma-ray shielding properties of natural rubber
composites with varying proportions of Barium Tungstate (BaWO,). Results showed that
adding BaWOy improved gamma radiation shielding, with the highest linear attenuation
coefficient (LAC) of 0.307 cm™ at 662 keV for the composite with 100 phr BaWOs.
Simulations and theoretical evaluations of shielding parameters confirmed the experimental
findings and compared the composites to other materials.
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7.1 Introduction

The development of flexible and lightweight materials capable of providing
effective radiation protection for workers and the environment is a highly practical
and important area of research. These materials are of utmost importance in creating
protective clothing, curtains, and gloves, safeguarding individuals exposed to direct
or secondary soft X-rays in diverse applications, such as radiology, radiotherapy,
and airport scanning facilities[1], [2]. Individuals in research laboratories who work
with gamma rays and other radioactive sources should be well safeguarded as well.
Other factors to consider while choosing an efficient shielding material are
conformability, cost-effectiveness, weight factor, toxicity, and durability, among
others [3].

To minimize the weight of radiation protectors, it is essential to predominantly use
shielding materials containing high atomic number elements like lead, Tungsten,
Bismuth, and barium, as well as their derivatives. This selection is motivated by the
fact that the X-ray attenuation cross-section is directly proportional to the fifth
power of the atomic number, especially when considering the dominant role of the
photoelectric effect in soft X-ray absorption[1]. By utilizing materials with higher
atomic numbers, the effectiveness of X-ray attenuation is significantly enhanced,
allowing for lighter and more practical radiation protection solutions [4]. Polymer
composites incorporating a blend of high atomic number elements within a
hydrogenous polymer matrix, featuring micro or nanoscale characteristics, hold
great promise for radiation shielding applications. The combination of high atomic
number elements enhances the materials' ability to attenuate radiation effectively,
while the hydrogenous polymer matrix contributes to overall flexibility and
versatility. These attributes make such polymer composites well-suited for various
radiation shielding needs[2], [5], [6]. Numerous radiation-resistant shielding
materials have been developed and documented in the literature. In general, the
reduction of gamma rays as they pass through a substance can be comprehended by
examining the cross-sections of the most probable interactions, which include the
photoelectric effect, Compton scattering, and pair production[7]. Lead is frequently
employed as a standard material for radiation shielding because of its high atomic
number (Z = 82), widespread availability, economic accessibility, and affordability

in various forms. Nevertheless, lead does have several drawbacks, such as limited
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usage flexibility, chemical instability, mechanical fragility, significant weight,
proneness to cracking, and the negative impact on human well-being and the

environment caused by its toxicity [8], [9].

It is believed that when compared to micro-filled composites, the use of micro-
nanosized fillers can significantly enhance the composites' capacity to absorb and
scatter photons due to their uniform distribution throughout the polymer matrix [7],
[10]. Metal polymer composites (MPCs) are among the most frequently discussed
advanced materials utilized in attenuating gamma radiation in recent years. The
MPC is basically a combination of metal filler bonding with a polymer matrix [11].
Improved characteristics of the MPCs are provided because of uniform dispersion of
the high Z small sized particles inside the light and flexible polymer matrix. In fact,
they meet both advantages, lightweight yet radiation protection effective. Many
attempts have been made in order to investigate shielding properties of MPCs in
both theoretical and experimental [10], [12]-[14] fields. Most of the literature on the
shielding applications of MPCs has been focused on the effect of filler size on
attenuating gamma radiation. It is believe that the nanosized filler can effectively
increase the ability of composites to absorb and scatter photons because they
disperse perfectly uniform within the polymer matrix as compared to micro filled
composites [5], [9], [12], [15]-[20].

Natural rubber (NR) or latex with the chemical formula (CsHs), is an isoprene
polymer made of a runny, milky white liquid from a rubber tree (Hevea brasiliensis).
NR has good elasticity, high flexibility, and high strength compared to other
polymer types. In a previous study, NR demonstrated its ability to attenuate
radiation sufficiently more highly than other polymers [21], [22]. It was reported
that lightweight, rubber-based radiation shielding materials show better performance
than the lead-based shields and the related information is described in the

literature[23].

Prior to the fabrication of the samples, a theoretical estimation is required to ensure
that the samples are adequately created and yield the expected findings. Because of
the aforementioned factors, researchers and radiation shielding material producers
estimate the MAC using theoretical approaches. This is a prerequisite for starting the

experiment. Currently, various simulation software and codes are commonly

272



Result and Discussion

employed to conduct theoretical analyses of the mass attenuation coefficients
(MAC). These tools, including WinXCom, Phy-X, Geant4, MCNP, EPICS2017, and
others, play a pivotal role in investigating the interactions between radiation and
matter [24]-[26]. Researchers and practitioners in the field often choose the most
appropriate software tool based on their specific needs and the capabilities of the
software. Each of the mentioned tools has its strengths and applications, and they
contribute to advancing our understanding of radiation-matter interactions. These
simulation software and codes have been instrumental in evaluating the attenuation
properties of diverse shielding materials, ranging from glass systems to building
materials. Researchers can effortlessly determine the Mass Attenuation Coefficients
(MAC) of their samples using these techniques and codes. By comparing the
theoretical data with experimental results and confirming their agreement,
researchers can proceed to investigate further factors. Mass attenuation coefficient)
plays a crucial role in comprehending how ionizing radiation penetrates through
matter. It quantifies the likelihood of interaction between incident photons and a unit
mass per unit area of the material. The precise definition of um depends on the
specific energy range being considered [27]. In addition to its role in ionizing
radiation penetration, um holds significant importance in dosimetry and the study of
biological shielding materials. It serves as a crucial parameter for calculating energy
deposition and photon penetration. Numerous other radiation parameters, such as
total molecular cross section (mol), total atomic cross section (ACS), and total
electronic cross section (ECS), can be derived from um. Furthermore, researchers
have focused on estimating the effective atomic number (Zfr) and effective electron
number (Nefr) due to their crucial role in determining energy absorption, particularly
at low energy levels. These estimations have proven valuable in the field of medical

diagnosis and therapy [27], [28].

The primary aim of the work is to fabricate and assess the attenuation properties of a
natural rubber composite enriched with varying amounts of micro BAWO4 powder.
The incorporation of BaWO; in the composite is particularly intriguing due to the
presence of elements with relatively high Z values, specifically Barium (Ba = 56)
and Tungsten (W = 74). These properties make BaWOQO4 a promising candidate for
serving as a gamma radiation shielding material [29]. Experimental calculations

were performed to determine the radiation shielding parameters, including MAC,
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LAC, MFP, HVL, TVL, Z.tr, EABF, EBF, and Ne, for all the composite materials.
Afterward, these experimental findings were juxtaposed with the theoretical values
acquired from the photon cross-section database, utilizing the Phy-X/PSD code. The
study's outcomes not only provide a comparative assessment of y-ray shielding
properties for multi-layered products but also suggest encouraging approaches to
preserve the mechanical properties of shielding materials with substantial filler

contents.
7.2 Materials and Methods

The diagram with a short description of the whole experiment setting was shown in

Figure 7.1.

Natural Rubber Ingredients Metal oxide (BaWO,)

Compounding process by
using the two-roll mill

\ 4

Rheological Measurements

\ 4

Vulcanization and
hot compression molding

Gamma attenuation Measurements
&Theoretical Studies

Characterization

Figure 7.1. Diagram with a short description of the experiment setting.
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7.2.1 Preparation of NR composites

Natural rubber (NR, Indian Standard Natural Rubber Grade 5) was used as the main
matrix for the present work. The preparation of the composite is known as
vulcanization. The various components used in this work, their contents (in phr),
function and supplier are given in Table 7.1. The barium tungstate (BaWO4) powder
(< 80 um, 99% purity and density of 5.04g/mol) was purchased from intelligent

materials private limited, Mohali, Punjab, India.

The NR composites were prepared using two steps: mastication and compounding.
For the mastication step, the NR was masticated on a two-roll mill (Yong Fong
Machinery for 10 min. The masticated NR was then compounded with the prepared
chemicals and gamma protective fillers for a further 20—25 min. It should be noted
that, although the maximum content of metal oxides used in this work was as much
as 100 phr, the volumes of these metal oxides were actually less than the NR’s
volume, due to higher densities of metal oxides shown in Table 7.1, which made

mixing possible using a two-roll mill.

Table 7.1: Components of natural rubber (NR) composites, their contents,
function, and suppliers.

Material Content (phr)? Function
Natural Rubber 100 Polymeric Material
Zinc Oxide (ZnO) 5 Activator
Stearic Acid 2.5 Activator
T™MQP 1 Accelerator
CBS°¢ 1.5 Accelerator
Processing Oil 0-7.5 Lubricant
Sulphur 2.5 Crosslinking agent
Barium Tungstate (BaWO4) 10,20,40,80,100 Shielding Filler

where a: parts per hundred
b: TMQ: 2,2,5 4-Trimethyl-1,2 Dihydroquinoline

c: CBS: N-Cyclohexyl-2-benzothiazole sulfonamide (CBS)
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The activator used in the preparation is zinc stearate. It is a mixture of stearic acid
and zinc oxide. It has applications as releasing agent and lubricant which can be
easily incorporated. And it is insoluble in polar solvents and soluble in aromatic
hydrocarbons. The accelerators used are CBS and TMQ mixture. It is a medium fast
primary accelerator suitable for NR, IR, SBR, NBR, HR and EPDM. It is effective

and safe when used at ordinary temperatures.

Aromatic processing oil is an oil composition which has a kinematic viscosity at
100°C of from 32 to 50°C. It is Aromatic grade of rubber process oil, dark in colour.
It is a primary aromatic hydrocarbon, blended with carefully selected aromatic
extracts. Witprol A-711 is appropriate to be employed in the manufacture of
automobile tyres, beltings, mats, shaped rubber components Etc. It is good solvency
& is compatible with wide range of rubbers like NR, SBR and PBR. Rubber process
oil (RPO) are used during mix of rubber compounds. These help in improving the
dispersion of fillers and flow characteristics of the compound during any processing.
To each composition curing agent (sulphur), accelerator, activator and processing oil

are added. All the chemicals are having commercial grade.

Figure 7.2: HEXA PLAST Two Roll Mill.
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These compositions are mixed using two roll mill method for about 20 minutes. It is
done in HEXA PLAST Two Roll Mill with fixed speed and friction is laid out for
constant working conditions. The machine is available with roll diameters of 150

mm. The temperature between the two rolls are kept constant. The mixing is done at

room temperature. It is allowed to settle for about 24 hours.

§
?

Figure 7.3: Compression mould hot press.

The material is made into sheets by using compression mould hot press. The
machine is by PSPL polyhedron system- Belgaum. 100 g of the sample from each
material is taken. It is then placed on mould having dimension 20cm length, 20cm
breadth and 0.2 cm thickness. The material is moulded in “hot compression mould”.
The temperature of the mould is kept at 160 °C. Once the temperature between the
compressor plates is 170°C, place the mould with the material. It is degassed by
moving the plate up and down. The pressure is kept at 120 kgm™. Supply voltage is
415 and 50 Hz AC. It is placed under the mould for a time equal to the cure time of

the material. Then the temperature between the plates is lowered to 70°C by
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circulating water. Then the moulded sheet is removed from the compressor. The
sheets are having the dimension of the mould. These sheets are used for swelling
studies, tensile strength, tear strength etc. Corresponding to each specific
composition of natural rubber and other components, replicas of four sheets were
prepared. This was meant for attenuation studies by varying the total absorber

thickness by putting one over the other.
7.2.2. Cure Characteristics Measurements

Cure characteristics were studied using a Monsanto Moving Die Rheometer (MDR
2000) according to ASTM D 2240-93. Samples (5 g) of the respective compounds
were tested at the vulcanization temperature (160°C). From the rheometer curves,
scorch time (ts), optimum curing time (too), maximum torque (Mp) and minimum
torque (Mr) were obtained. These data were used to calculate the cure kinetic
parameters. To evaluate the ageing resistance of the rubber compounds at high
curing temperatures, a defined parameter R3p0 was developed. R3oo 1s the percentage
of reversion of the rubber compound after 300 s from the time at My and was

calculated using the following equation:
R300% = [(M# - M300s) / Mu] *x 100%

Where MH is the maximum torque, Masoos is the torque after 300 s from the
maximum torque. From the cure data obtained from the rheometer curve, the state of

cure (a) can be calculated using the following equation.
o=(M;—Mr)/ (Mu - My)

Where ML, M; and My are the minimum torque, the torque at the time t and the

maximum torque, respectively.
Cure index is calculated using the equation,

CRI (Cure rate index) = 100 / (too — ts)
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7.2.3. Density Measurement

The density of each sample is determined by using density kit with balance. It is
based on Archimedes’ principle. Contech High Precision Balances incorporate
advanced Electro Magnetic Force Compensation (EMFC) technology for offering
unmatched accuracy and reliability, coupled with unique ADC circuit with inbuilt
temperature compensation to offer a very high stability up to a resolution of 6
million counts. All adjustment parameters are programmable to take care of any
minor mismatch of different subassemblies & Balances are configured with these
parameters. Density determination Kit consists of density weighing pan assembly,

stainless steel base for beaker, glass beaker and optional sinker.

Density is calculated by taking the weight of the sample in air and weight loss in

water. The equation is given as

Density (D) = weight in air / weight loss in water.

Figure 7.4: Density kit with balance
7.2.4. Radiation shielding measurements.

A narrow beam geometry was employed to investigate the gamma-ray shielding
effects of composites using gamma radiation sources such as 2! Am, '3’Cs, and ®Co.
The measurements were conducted to assess the shielding capabilities of the

composites under examination (as illustrated in Figure. 7.5).
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Figure. 7.5: The schematic diagram of the gamma-ray attenuation
experimental setup using Nal(TI) Detector.

In the experimental setup, a thin sheet of NR shielding composite measuring
approximately 2 mm thick and 7.5 x 7.5 cm in size was placed between a radiation
beam and a 3-inch x 3-inch Nal(TI) scintillation detector. The detector was
connected to a 14-pin photomultiplier (PMT) DigiBASE™, which included an
integrated bias supply (850 V), preamplifier, and MCA (multi-channel analyzer)
MAESTRO-32 software [18]. Vulcanizate samples, sized 15 cm % 15 cm % 0.25 cm,
were positioned 50 cm away from the gamma source and 20 cm away from the
gamma detector. The sample sets used in this study exhibited different thicknesses,
ranging from 0.25 to 1 cm, with increments of 0.25 cm. For each sample with a
specific thickness, researchers recorded three independent 5-hour counts, and then
calculated the average count (I). Furthermore, they also noted the average count

when no samples were present, which served as the initial or reference count (o).
7.2.5 Phy-X/PSD software analysis

The manual calculation of photon attenuation parameters for selecting and
categorizing materials to be used as shielding can be a challenging and time-
consuming task in various technological applications. Therefore, it becomes
essential to develop faster, more practical, and accurate methods for calculating all
photon attenuation parameters. This aspect is especially vital during the design of
novel shielding materials as it enables effective evaluation across the continuous
energy spectrum or at specific energies to fulfil the specific requirements of the
application[30]. In the realm of radiation protection, this method finds widespread

use in assessing and fine-tuning shielding designs for various facilities dealing with
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radiation sources. These facilities encompass nuclear power plants, medical centres,
research laboratories, and industrial settings, among others. With this software, we
can efficiently compute a set of eighteen parameters related to photon attenuation.
for any desired energy level[24]. With the simple input of the material's chemical
composition, density, and energy values, the software can automatically calculate
the photon attenuation parameters for the user [30]. The researchers have introduced
the Phy-X/PSD software in this study. This software has been designed to calculate
all the mentioned shielding and dosimetry parameters efficiently and accurately. It
can perform these calculations in a continuous energy range and also at specific

energy values for the developed materials.

7.3 Results and Discussion

7.3.1 Cure characteristics of the sample

The preparation process was meticulously carried out to ensure that the final
thickness remained consistent for each specified weight fraction of natural rubber
and BaWOs4. However, the weight fraction of BaWO4 was varied during the
preparation. Vulcanization is a process of heating rubber in the presence of sulphur
to improve the rubber's elasticity and strength. Vulcanized rubber results in three-
dimensional cross-linking of the chain rubber molecules (polyisoprene) bonded by
sulphur atoms [21]. Metal oxide added to NR increases the maximum torque of the
composite. Prepared samples, labelled as NRBW-0, NRBW-10, NRBW-20, NRBW-
40, NRBW-80 and NRBW-100, depending on the content of Barium Tungsten oxide

in phr is shown in Figure 7.6.

~ NRBW-0 NRBW-10 NRBW-20

NRBW-4O NRBW 80 NRBW-IOO =

Figure 7.6: The fabricated flexible NR composites with NRBW nanoparticles.
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Figure 7.7 depicts the correlation between torque and vulcanization time for metal
oxide-NR composites at a temperature of 170 °C. Initially, the torque value
decreases as the vulcanization time increases, which is attributed to changes in the
compound's viscosity. As the vulcanization progresses, there is a subsequent
increase in torque, indicating an acceleration in the vulcanization reaction. This
phase corresponds to the curing period during which the cross-linking network in the

rubber material undergoes growth [26].

24

——NRBW0
——NRBW10
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Figure 7.7: The relationship between torque and vulcanization time on metal
oxide-NR composites

NRBW-100composite has the highest maximum torque, followed by NRBW-80,
NRBW-40, NRBW-20 and NRBW-10 composites. This result implies that the
presence of metal oxide in the NR increases the chemical cross-linking of the NR.
Lim-Aroon et al., in 2019 reported that metal oxides could act as a co-activator in
NR's vulcanization process, which assist in increasing the crosslink density and
improving the physical properties (tensile strength and elongation at break) of

NR[31]. Cure characteristics of the samples given in Table 7.2.
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Table 7.2: Cure characteristics of the samples.

Torque
sompie | S0 | | aitrnee | |
NRBW-0 0.15 8.98 8.83 1.51 2.99 67.5676
NRBW-10 0.13 12.62 12.49 1.40 3.48 48.0769
NRBW-20 0.12 15.27 15.15 1.31 3.21 52.6316
NRBW-40 0.20 12.64 12.44 1.45 3.81 42.3729
NRBW-80 0.21 15.19 14.98 1.41 3.99 38.7597
NRBW-100 0.23 14.48 14.25 1.58 4.52 34.0136

S’ (Mr) = Elastic minimum torque (dNm)
S’ (Mp) = Elastic maximum torque (dNm)
Ts = Scorch time (min).

Too = Curing time (min).

7.3.2. Chemical Analysis and elemental distribution

The chemical compositions and mass densities of the composite samples were
determined using SEM-EDAX analysis, which provides the relative percentages of
the basic components for each sample. The results are presented in Table 7.3.
Scanning Electron Microscopy (SEM) analysis was utilized to examine the
distribution of particulates in both the natural rubber matrix and the natural rubber
composites. Increasing the filler content led to distinct morphological differences in
the composites. In the natural rubber composite, a fine and even dispersion of
particles was observed, but with the incorporation of BaWOs, the uniformity of
particle distribution decreased. The increase in the content of BaWO4 led to a higher

proportion of the W element, as depicted in Table 7.3.
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Table 7.3: The weight fractions of the elements for the samples.

Density, Elemental composition (% weight.)
Sample P
(g/cm?) C H (0) Zn N N Ba \%%
Pure NR 2.765 | 8.630 | 50.450 | 3.540 | 23.980 | 7.360 | 6.040 | 0.000 | 0.000
NRBWIO | 2.904 |8.210 | 46.780 | 3.250 | 24.210 | 6.940 | 5.650 | 1.815 | 3.146
NRBW20 | 3.124 | 7.470 | 42.710 | 3.010 | 25.050 | 6.630 | 5.200 | 3.462 | 6.468
NRBW40 | 3.226 | 6.910 | 39.050 | 2.860 | 26.120 | 5.890 | 4.160 | 5.016 | 9.994
NRBWS0 | 3.342 | 6.560 | 35.760 | 2.740 | 26.490 | 5.010 | 3.460 | 7.929 | 12.051
NRBWI100 | 3.418 |5.890 | 31.340 | 2.610 | 27.190 | 4.780 | 3.040 | 9.505 | 15.645

The high density of radiation shielding material gives significant interaction

probability for X-rays and gamma rays, resulting in better shielding performance.

Figure 7.8 shows the density of prepared composites. The density of NR was 2.765

g/cm®. When it was implanted with filler material, the density of the composite

increased to the range of 2.765 g/cm’ to 3.418 g/cm’.

45
0. I \NR Composite

Density (g/cm®)

Pure NR NRBW10 NRBW20 NRBW40 NRBWS80 NRBW100

Sample Code

Figure 7.8: Density of the moulded rubber samples.
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7.4 Gamma-ray shielding properties.
7.4.1 Linear Attenuation Coefficient

To assess the shielding effectiveness of the polymer composites, the linear
attenuation coefficient (LAC) was calculated for samples containing different
loadings of micro-sized BaWQ4. The linear attenuation coefficient (i) depends on
density and atomic number, but it is independent of the chemical nature or structure

of absorber material.

Table 7.4. Experimental, XCOM, and Phy-X values of LAC
for NR+BaWO4 composites.

Linear attenuation coefficient, p (cm™)

Energy (0.059 MeV) Energy (0.662 MeV)

Sample
Expt XCOM Phy-X Expt XCOM | Phy-X

NRBW-0 1.5819 1.5843 1.6455 0.2107 0.2115 0.2135

NRBW-10 6.2872 6.3098 6.3545 0.2375 0.2393 0.2384

NRBW-20 9.2658 9.2861 9.3376 0.2649 0.2659 0.2668

NRBW-40 11.1826 | 11.1981 11.2568 | 0.2803 0.2784 0.2823

NRBW-80 13.3249 | 13.3874 | 13.4018 | 0.2914 0.2934 0.2954

NRBW-100 14.3942 14.4363 14.4728 | 0.3069 0.3124 0.3090

Energy (1.172 MeV) Energy (1.333 MeV)

Sample
Expt XCOM Phy-X Expt XCOM | Phy-X

NRBW-0 0.1571 0.1598 0.1606 0.1460 | 0.1488 0.1501

NRBW-10 0.1586 0.1644 0.1673 0.1504 | 0.1539 0.1545

NRBW-20 0.1743 0.1759 0.1790 0.1624 0.1634 0.1649

NRBW-40 0.1768 0.1800 0.1819 0.1668 0.1681 0.1671

NRBW-80 0.1858 0.1835 0.1872 0.1704 0.1724 0.1711

NRBW-100 0.1846 0.1853 0.1907 0.1736 0.1747 0.1740
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The experiments involved four photon energies within the range of 59.5-1333 keV.
In general, for all concentrations, the values derived from XCOM and the other Phy-
X/PSD software are slightly greater than the experimentally obtained ones.
Furthermore, regarding shielding capability, it is evident that at the same
concentration and given energy, the composites with added BaWOs demonstrate
superior performance compared to regular composites. Figure 7.9 and 7.10 illustrate
the results of the linear attenuation coefficient p (cm™) for NR-BaWO, composites.
It is evident that the linear attenuation coefficient of the composites significantly
increases with a rise in the BaWOjy filler concentration, whether in the form of micro
or nanoparticles, in the polymer matrix. Furthermore, the LAC values decrease more

rapidly with increasing photon energy.

The linear attenuation coefficient p is derived from the slope of the linear
relationship between In (I/Io) and sample thickness x. It represents the product of the
number of atoms per cubic centimeter of the shielding material and the probability
of photons being scattered or absorbed by the nucleus or electrons within an atom of
the shielding material. A higher p value indicates better shielding performance of the
materials. Figure 7.9 illustrates the experimental p values for gamma radiation
across various NR composites. The experiment indicated that p increased after the
NR was filled with metal oxides. The magnitude of p depends on the metal oxide
types used in the following order: NRBW100 > NRBWS80 > NRBW40 > NRBW20
> NRBWI10 > Pure NR. These results are in line with the literature that p increases
with atomic number (Z) of the element used as filler and with the density of the

material. The data presented in
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Figure 7.9: The experimental values of the NR composites for 662 keV, 1173
keV, and 1333 keV gamma rays.
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Figure 7.10 illustrates an upward trend in theoretical calculation of photon
attenuation for samples with higher density values. The LAC value primarily
depends weakly on the filler doping ratio, which can be attributed to the increase in

the density range of the samples (NRBW-10 = 1.904 to NRBW-100 = 2.418 g/cm®).

In other words, increasing the material density leads to a reduction in photon
transmission through the sample. Consequently, high-density samples can
effectively shield gamma photons, making them suitable for practical applications in
shielding NR composites. This suggests that high-density samples possess the ability
to efficiently absorb gamma rays, making them versatile materials catering to
various industrial and health-related demands. A higher value of this factor for a
particular sample indicates its superior capability for attenuation [32], [33].
However, at medium and higher energies, Compton scattering's contribution
becomes significant compared to photoelectric absorption. As a result, for the same
weight fraction of micro particles, the mass attenuation coefficient decreases rapidly.
Table 7.5 shows the comparison of linear attenuation coefficient of some rubber
composites that are previously reported at 0.662 MeV energy of the *’Cs with the
present study.

Table 7.5: Comparison of the linear attenuation coefficients between the
different rubber shields of gamma-rays at 0.662 MeV.

No | Samples ]()gilclls:g (Icﬁ:f) Reference
1 | SBR+ TeO> 2.227 0.172 [34]
2 | Waste Rubber+PbO 1.687 0.156 [35]
3 | NBR+Pb - 0.478 [36]
4 | EPDM/500-phr W>O; 2.742 0.192 [37]
5 | EPDM/500-phr B1,0O3 2.893 0.246 [37]
6 | SR+tMgO 1.760 0.198 [38]
7 | Pb304-NR 1.679 0.144 [21]
8 | SnO2-NR 1.623 0.111 [21]
9 | Bi2O3-NR 1.696 0.127 [21]
10 | WOs3-NR 1.684 0.148 [21]
11 | NR/NBR/B1203 3.741 0.336 [39]
12 | NR+BaWOq4 3.418 0.306 Present study
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As indicated in Table 7.5, the NR+BaWO4 composites developed in this study
exhibited comparable linear attenuation coefficient (LAC) values to those reported
previously. In particular, the NR+BaWO4 Composite rubber composites with 100-
phr BaWO4 had a slightly lower NR/NBR/Bi20O3; composites with 45-phr Bi2O3 [39].

In earlier studies, rubber-based composites have been explored extensively for
radiation shielding due to their flexibility, lightweight nature, and ability to
incorporate high atomic number additives. For instance, NR/NBR/Bi.Os
demonstrated superior shielding performance with a high density of 3.741 g/cm? and
an LAC of 0.336 cm™!, while EPDM/500-phr Bi-Os exhibited slightly lower values
(2.893 g/em?, LAC 0.246 cm™). Similarly, EPDM/500-phr WOs and SBR+TeO:
showcased commendable LAC values (0.192 cm™ and 0.172 cm™, respectively),
reflecting their efficiency in gamma-ray attenuation. However, materials such as
SnO2-NR (1.623 g/cm?, LAC 0.111 ecm™) and Bi20s-NR (1.696 g/cm?, LAC 0.127
cm') had relatively lower shielding capacities, likely due to their reduced densities
or less effective incorporation of heavy-metal oxides. In comparison, the present
study’s NR+BaWO4 composite stands out with a density of 3.418 g/cm?® and an LAC
of 0.306 cm™. This material combines the flexibility and versatility of rubber with
the high atomic number and density of BaWOs, resulting in superior shielding
properties that rival or surpass many of the previously studied composites. While
materials like NBR+Pb exhibit even higher LAC values (0.478 cm™), their use is
limited due to environmental and toxicity concerns. The NR+BaWOas composite
offers an excellent balance of shielding efficiency, practicality, and environmental
safety, making it a promising candidate for applications requiring effective yet

sustainable radiation shielding solutions.

7.4.2 Mass Attenuation Coefficient

Table 7.6 presents the total mass attenuation coefficient (um) for the NR and BaWO4
composite, prepared with varying concentrations of BaWO4 (0, 10, 20, 40, 80, and
100 phr). A comparison between the experimental and theoretical values is provided
in Table 7.6, revealing a good agreement between the trends of the two sets of pim

values. It was observed that the um of all NR/BaWOs samples decreased with
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increasing photon energy. This trend indicates the dependency of pm on the photon

energy.

Table 7.6. Mass attenuation p/p (cm?/gm) and results for experimental, XCOM,
and Phy-X of NR+BaWQ4 composites.

Mass attenuation coefficient, pm (cm?/gm)

Energy (0.059 MeV) Energy (0.662 MeV)

Sampl
Ample Expt | XCOM | Phy-X | Expt | XCOM | Phy-X

NRBWO 0.5721 0.5730 0.5951 0.0762 0.0765 0.0772

NRBWI10 2.165 2.1728 2.1882 | 0.0818 0.0824 0.0821

NRBW20 2.9660 2.9725 2.9890 | 0.0848 0.0851 0.0854

NRBW40 3.4664 3.4712 3.4894 | 0.0869 0.0863 0.0875

NRBWS&0 3.9871 4.0058 4.0101 0.0872 0.0878 0.0884

NRBW100 4.2113 4.2236 4.2343 0.0898 0.0914 0.0904

Energy (1.172 MeV) Energy (1.333 MeV)

Sampl
ample Expt | XCOM | Phy-X | Expt | XCOM | Phy-X

NRBWO 0.0568 0.0578 0.0581 0.0528 0.0538 0.0543

NRBWI10 0.0546 0.0566 0.0576 0.0524 0.0530 0.0532

NRBW20 0.0558 0.0563 0.0573 0.0520 0.0523 0.0528

NRBW40 0.0548 0.0558 0.0564 | 0.0517 0.0521 0.0518

NRBWS80 0.0556 0.0549 0.0560 | 0.0510 0.0516 0.0512

NRBW100 0.0540 0.0542 0.0558 | 0.0508 0.0511 0.0509

The experiments involved four photon energies within the range of 59.5-1333 keV.
This was achieved by dividing the MAC values with the corresponding density of
each sample. Notably, the experimental pn values of W (183.84 atomic weight)
were considerably heavy. To assess the experimental findings, the corresponding
theoretical values were obtained using the XCOM and Phy-X/PSD program [40]. As
per the fundamental theory, when photons interact with matter, two primary
phenomena come into play: the photoelectric effect and Compton scattering. These
processes play a crucial role in determining the ability of materials to attenuate
gamma-rays. Generally, the probability of the photoelectric effect is directly
proportional to Z*/E*, where Z denotes the atomic number of the absorbing element,
and E represents the energy of the photon. At higher energy levels of gamma-rays,

Compton scattering becomes the dominant process (e.g., at 551 keV). High-energy
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gamma-rays, when interacting with materials, experience multiple Compton
scattering events before the lower-energy scattered photons are eventually absorbed
via the photoelectric effect. This distinction in the attenuation process accounts for

how materials respond differently to low and high-energy gamma-rays [42].
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Figure 7.11: The experimental um value of the NR composites for 662 keV,
1173 keV, and 1333 keV gamma rays.

Low-energy gamma-rays can be directly absorbed through the photoelectric effect,
while high-energy gamma-rays experience more intricate interactions with matter
due to multiple Compton scattering events, making them more challenging to shield
effectively. As a result, as the energy of gamma-rays increases, the attenuating
properties of materials decrease [42]. At low energies, the composite containing
BaWOs (100 phr) as a dopant exhibits a mass attenuation coefficient (p/p) twice that
of the composite with BaWO4 (10 phr) dopant. However, as the energy level
increases, this difference diminishes. At higher energy levels, the coefficients

become nearly equal for both composites.
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Figure 7.12 : Variation of the mass attenuation coefficient of the investigated
NR-BaWOQ4 composites in the continuous energy region.

The XCOM code employs pre-established elemental tables supplied by the program
developers and incorporates the elemental weights of the materials to compute the
mass attenuation coefficients (MAC) for suggested radiation shielding attenuators
[44]. These coefficients are measured in units of cm?/g. The program necessitates
inputting the desired radiation energy without the requirement to specify the density

or thickness of the considered material.
7.4.3 Half-Value Layer (HVL) and Tenth-Value Layer (TVL)

The study also examines the values of Half-Value Layer (HVL), and Tenth-Value
Layer (TVL), as they serve as useful indicators of a material's gamma radiation
shielding capacity. These parameters are dependent on gamma radiation energy, as
shown in the calculations. At higher photon energies, HVL and TVL values
increase. This variation can be attributed to the prevalence of distinct photon

interaction processes in various energy regions, as discussed previously concerning
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mass attenuation coefficients. It is worth noting that lower HVL values are preferred
for exceptional gamma-ray shielding materials, as they increase the likelihood of
photon interaction with the material [33]. Figure 7.13 demonstrates the dependence

of HVL values on photon energy for all samples.

When photon energy is increased to 3 MeV, its values significantly increase.
Following that, as the energy is increased up to 10 MeV, the HVL slowly grows.
Beyond this energy,10 MeV, HVL behaves in a consistent manner. At a maximum
photon energy of 15 MeV, the HVL of all samples increases by nearly 1000 times.
Therefore, samples with low density have the greatest HVL value, and vice versa, as
high-energy photons will be absorbed by thick sample layers. Otherwise, a sample
with a high density has a better chance of absorbing photons than others. TVL as a
function of Photon energy provides instant feedback on the size or thickness of the
specimen, which can block up to 90% of input photons. The same tendency of HVL
is shown in Figure 7.13,7.14,7.15 and 7.15 where the variance of HVL and TVL

with density is very small in all energy ranges.

I 662 keV [ 1173 keV [ 1333 keV

Half Value Layer (cm)

NR NRBW10 NRBW20 NRBW40 NRBW80 NRBW100
Sample

Figure 7.13: The experimental HVL value of the NR composites for 662 keV,
1173 keV, and 1333 keV gamma rays.
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Figure 7.15: The experimental HVL value of the NR composites for 662 keV,
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1173 keV, and 1333 keV gamma rays
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Figure 7.16. Tenth value layer (TVL) as a function of photon energy and
BaWOus-content of the samples.

7.4.4 Mean Free Path (MFP)

The Mean Free Path (MFP) can be effortlessly determined by inverting the total
linear attenuation coefficient, which represents the average distance between two
consecutive photon interactions with the material, leading to a decrease in the
intensity of the initial photon beam by a factor of 1/E. Concerning the values of
MFP, TVL, and HVL, at any given energy, an increase in the amount of BaWO4
microparticles results in a higher mass attenuation coefficient for the composites,
while the MFP, HVL, and TVL values decrease. Furthermore, the results suggest
that as the photon energy increases, the shielding performance of the produced
samples decreases, which aligns with the expected outcome. Figure 7.17 illustrates

the results of the mean free path for NR-BaWO4 composites.
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Figure 7.17: The experimental MFP value of the NR composites for 662 keV,
1173 keV, and 1333 keV gamma rays
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Figure 7.18: Mean free path (MFP) as a function of photon energy and
BaWOus-content of the samples.
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7.4.5 Atomic Cross-Section (ACS) and Electronic Cross-Section (ECS)

The values of atomic cross section (ACS) and electronic cross section (ECS) for a
particular radiation-shielding material offer a concise representation of the
probability of radiation interactions per atom or electron within each unit of volume.
Similar variations in ACS and ECS behavior have been observed in the present
study. Compared to BaWO4 (10 phr) composite, ACS and ECS values for BaWO4
(100 phr) material are higher. From the data, it can be inferred that the increase in
BaWOs content throughout the energy range directly corresponds to the cross-
sections, reducing the incident photon energy for all the examined samples. The
photoelectric and pair production effect is dominant in low and high energy regions,
respectively, in high A samples, while the Compton effect is dominant and energy
independent. Figure. 7.19 and 7.20 illustrate the integrated ACS (Atomic Cross-
Section) and ECS (Electronic Cross-Section) values, respectively. The higher the
number of atoms and electrons in unit volume of a substance, the larger will be the
corresponding ACS and ECS of that substance. In terms of radiation shielding,
materials with high ACS and ECS are superior. Figures 7.19 and 7.20 indicate that
ACS and ECS behave similarly across the whole energy range. ACS and ECS
depend on the chemical makeup of the material and the incident photon energy (Epn),
which explains the similarities between the behavior of ACS and ECS. The
examination of these figures also shows that the sample NRBW100 yields the
highest ACS and ECS values, whereas the NRBW10 sample yields the lowest.

Furthermore, as Epp rises, these values drop.
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Figure 7.19: Atomic cross section (ACS) as a function of photon energy and
BaWOus-content of the samples.

1.4x10%° —@— NRBWO0

’g —3—NRBW10
K= 20 —2—NRBW20
&~ 1.2x10%° 4 —@— NRBW40

g 1 —@— NRBWS0
= 1.0x10% —— NRBW100

) ]

2

S 8.0x10% +

(2] .

@ 21

8 6.0x10™ 1

1

S ]

L 4.0x10% -

c

2 -

©  2.0x107" S

K |

w

0.0 -

1E-3 0.01 0.1 1 10 100
Photon Energy (in MeV)
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298



Result and Discussion

7.4.6 Effective atomic number (Zefr) and Effective electron density (Nefr)

The atomic cross section depends on the fifth power of atomic number Z of the
medium and this relation is valid for gamma-ray energies of few hundreds of keV.
Also, the linear attenuation coefficient is N (atomic density) times the atomic cross
section. As the atomic density increases with the weight percentage of BaWO4
(below the threshold Ilimit), linear attenuation coefficient also increases
correspondingly. As expected, both Zes and Nesr demonstrate a similar pattern,
indicating a decrease with the rise in gamma radiation energy across all samples, as
depicted in Figures 7.21 and Figure 7.22, respectively. Furthermore, there was a
significant difference in Zefr values for BaWO4 (10 phr) and BaWO4 (100 phr), with
the values increasing in the sequence of BaWO4 (10 phr) < BaWO4 (20 phr) <
BaWO4 (40 phr) < BaWO4 (80 phr) <BaWO4 (100 phr).
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Figure 7.21: Effective atomic number (Zefr) as a function of photon energy and
BaWOus-content of the samples (computational study).

Based on the effective atomic number (Zefr) and effective electron density (Nefr),

BaWO4 (100 phr) exhibits superior radiation attenuation properties. It was observed
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that Z.sr increases with the rising concentration of BaWO4 and decreases as photon
energies increase, following the same trend as pum. This behaviour can be attributed
to the higher atomic number of BaWO4, which influences the probability of
interaction between photons and electrons within the material. The variation of the
Z.tr for the studied samples in the energy range 0.015-20 MeV is revealed in Figure
7.21, where Zeff's value decreases as photon energy rises at lower energies; but at
intermediate energies, Zeff is nearly constant; and at higher energies, Z.sr rises
slightly. For NRBW-10, NRBW-20, NRBW-40, NRBW-80 and NRBW-100, the
Zesrvalues at 0.015 MeV are 47.43, 55.91, 61.10, 62.69, and 65.01, respectively. At
15 MeV, the Zefr values are 19.99, 27.59, 33.76, 37.99, and 42.60, respectively for
NRBW-10, NRBW-20, NRBW-40, NRBW-80 and NRBW-100. This means that
gamma rays have a higher chance of interacting with the BaWO4 in NR sample and

a lower chance of penetrating it.
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Figure 7.22: Effective electron density (Neff) as a function of photon energy and
BaWOu4-content of the samples.

The effective electron density (Nefr) denotes the quantity of electrons per unit mass
present in a material [45]. As the atomic number of elements increases, the electron

density of materials significantly decreases [46]. Hence, materials composed of
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heavy atoms tend to have lower Nesr values, making this parameter unsuitable as a
direct shielding indicator. Nevertheless, it does provide valuable characterization of
materials within a specific class. Figures 7.22 displays the changes in Nesr values
concerning photon energy. The results indicate that the composites exhibit
approximately 2.67 x 10?3 electrons per unit mass. This finding supports the earlier
explanation that materials comprising elements with higher atomic numbers tend to
have lower electron densities. Furthermore, the expanded Nerr graph reveals an
inverse relationship between the decreasing order of Nesr values for any energy of

the composite and the order of MAC, LAC, and Zcfr values [46].
7.4.7 Built-up Factors

According to the geometric progression fitting method, determining the B values
that describe the photon scattering properties of materials requires knowledge of the
R, Zeq, and G-P fitting coefficients. In this study, these parameters were computed
using the G-P fitting method, and the outcomes are presented in Tables 7.7 and 7.8
for the BaWO4 (10 phr) and BaWO4 (100 phr) samples, respectively. The effective
buildup factor (EBF) and effective attenuation buildup factor (EABF) were
determined using the five-parameter geometric progression (G-P) fitting method.
This analysis covered penetration depths up to 40 mean free paths (mfp) and

spanned energies ranging from 0.015 MeV to 15 MeV[47].

Table 7.7 Geometrical progression (G-P) based parameters of energy
absorption build-up factor (EABF) and exposure build-up factor (EBF) for the
BaWOQ4 (10 phr)-blended NR composite at various photon energy values
ranging from 0.015 to 15 MeV (computational).

Energy EABF EBF
(MeV) A b c d Xk a b c d Xk
0.015 0.197 | 1.023 | 0.408 | -0.091 | 11.592 | 0.254 | 1.024 | 0.356 | -0.173 | 12.496
0.02 0.184 | 1.047 | 0.421 | -0.104 | 16.162 | 0.178 | 1.047 | 0.428 | -0.097 | 16.253
0.03 0.219 | 1.141 | 0.390 | -0.123 | 13.874 | 0.213 | 1.141 | 0.394 | -0.115 | 14.406
0.04 0.212 | 1.209 | 0.400 | -0.117 | 14.489 | 0.212 | 1.205 | 0.401 | -0.119 | 14.560
0.05 0.206 | 1.352 | 0.426 | -0.119 | 14.362 | 0.199 | 1.327 | 0.439 | -0.113 | 14.270
0.06 0.165 1.513 | 0.503 | -0.091 | 15.337 | 0.169 | 1.447 | 0.505 | -0.095 | 14.351
0.08 0.170 | 1.496 | 0.493 | -0.095 | 15.398 | 0.165 | 1.383 | 0.511 | -0.091 | 14.429
0.1 0.156 | 1.770 | 0.541 | -0.095 | 15.273 | 0.130 | 1.493 | 0.600 | -0.073 | 14.163
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0.15 0.139 | 2.518 | 0.618 | -0.111 | 14.806 | 0.073 | 1.707 | 0.767 | -0.045 | 14.070

0.2 0.079 | 2.897 | 0.793 | -0.071 | 13.116 | 0.033 | 1.845] 0.915 | -0.033 | 13.219

0.3 0.017 | 3.009 | 1.007 | -0.039 | 12.550 | -0.006 | 1.947 | 1.078 | -0.019 | 12.017

0.4 -0.011 | 2.811 | 1.125 | -0.026 | 11.890 | -0.023 | 1.957 | 1.166 | -0.014 | 11.025

0.5 -0.027 | 2.619 | 1.190 | -0.016 | 10.965 | -0.034 | 1.937 | 1.213 | -0.009 | 9.162

0.6 -0.032 | 2482 | 1.211 | -0.013 | 10.544 | -0.037 | 1.913 | 1.229 | -0.009 | 8.395

0.8 -0.035 | 2.272 | 1.221 | -0.013 | 8.627 |-0.037]1.867 | 1.228 | -0.012 | 7.336

1 -0.040 | 2.129 | 1.225 | -0.002 | 10.673 | -0.038 | 1.824 | 1.218 | -0.003 | 11.249

1.5 -0.044 | 1.937 | 1.214 | 0.014 | 15.535 | -0.042 | 1.784 | 1.207 | 0.012 | 15.804

2 -0.034 | 1.836 | 1.158 | 0.010 | 14.703 | -0.032 | 1.778 | 1.154 | 0.009 | 15.074
3 -0.009 | 1.706 | 1.050 | -0.001 | 10.914 | -0.011 | 1.686 | 1.056 | 0.001 | 10.653
4 0.008 | 1.616 | 0984 | -0.011 | 13.115 | 0.006 | 1.610 | 0.992 | -0.008 | 14.681
5 0.019 | 1.546 | 0945 | -0.014 | 12.860 | 0.016 | 1.541 | 0.953 | -0.018 | 14.957
6 0.026 | 1.489 | 0.921 | -0.027 | 15.655 | 0.029 | 1.498 | 0.915 | -0.024 | 12.887
8 0.032 | 1.397 | 0.900 | -0.021 | 12.300 | 0.033 | 1.410 | 0.898 | -0.023 | 13.041
10 0.038 | 1.337 | 0.883 | -0.028 | 13.917 | 0.041 | 1.352 | 0.874 | -0.030 | 13.525
15 0.042 | 1.240 | 0.873 | -0.034 | 14.733 | 0.058 | 1.264 | 0.831 | -0.049 | 14.648
Table 7.8 Geometrical progression (G-P) based parameters of energy
absorption build-up factor (EABF) and exposure build-up factor (EBF) for the
BaWO4(100 phr)-blended NR composite at various photon energy values
ranging from 0.015 to 15 MeV (computational).
Energy EABF EBF
(MeV) a b ¢ d Xk a b c d Xk

0.015 0.220 |1.008 | 0.412| -0.150 | 11.283 | 0.307 | 1.009 | 0.373 | -0.227 | 9.115

0.02 0.249 |1.017 10367 | -0.181 | 11.467 | 0.193 | 1.016 | 0.432 | -0.100 | 10.905

0.03 0.240 | 1.050 | 0.354 | -0.155 | 13.977| 0.219 |1.051 | 0372 | -0.157 | 14.969

0.04 0.242 | 1.056 | 0.338 | -0.149 | 15.214 | 0.247 | 1.056 | 0.335 | -0.116 | 11.962

0.05 0.243 | 1.093 | 0.347 | -0.137 | 13.867 | 0.236 | 1.089 | 0.361 | -0.137 | 13.615

0.06 0.240 | 1.143 | 0.355| -0.144 | 14.611 | 0.223 | 1.128 | 0.383 | -0.125 | 13.839

0.08 0474 |1.285]0.169 | -0.199 | 14.138 | 0.607 | 1.529 | 0.148 | -0.215 | 14.280

0.1 0.286 |1.234]0.314| -0.151 | 14.993 | 0.263 | 1.186 | 0.344 | -0.142 | 13.780

0.15 0.278 | 1.527]0.339 | -0.157 | 14.030 | 0.165 |1.274 | 0.512 | -0.086 | 14.369

0.2 0.306 |2.300|0.329 | -0.192 |13.994| 0.166 | 1.488 | 0.534 | -0.095 | 14.249

0.3 0.159 |2.384]0.559 | -0.098 | 14.059 | 0.080 | 1.588 | 0.733 | -0.043 | 14.489

0.4 0.110 |2.642]0.703 | -0.089 | 13.907 | 0.040 | 1.696 | 0.882 | -0.034 | 14.177

0.5 0.073 |2.650 | 0.813 | -0.067 | 13.896 | 0.020 | 1.751 | 0.963 | -0.025 | 14.293

0.6 0.053 |2.608 | 0.872 | -0.056 | 13.755| 0.007 |1.770 | 1.009 | -0.019 | 13.954

0.8 0.031 |2.472 10946 | -0.043 | 13.654 | -0.005 |1.779 | 1.058 | -0.014 | 14.034
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1 0.019 |2.345]0.982| -0.035 |13.539| -0.010 | 1.762 | 1.078 | -0.012 | 13.430
1.5 -0.013 | 1.942 | 1.099 | -0.014 |12.875| -0.031 | 1.636 | 1.164 | 0.002 | 8.394
2 -0.014 | 1.838 | 1.099 | -0.009 | 10.263 | -0.021 | 1.675 | 1.122 | -0.004 | 9.703
3 -0.001 | 1.685 | 1.041 | -0.015 | 12.240 | -0.008 | 1.632 | 1.064 | -0.010 | 12.515
4 0.016 |1.584 0981 | -0.026 |12.508 | 0.007 |1.570 | 1.012 | -0.017 | 12.217
5 0.021 | 1.498 | 0.963 | -0.032 | 14.577 | 0.015 | 1.508 | 0.983 | -0.023 | 13.209
6 0.028 | 1.431]0.945| -0.036 | 12.875| 0.023 | 1.461 | 0.960 | -0.029 | 13.316
8 0.033 | 1.335]0.932| -0.033 | 12.137 | 0.033 | 1.382 | 0.932 | -0.038 | 13.457
10 0.046 | 1.282]0.899| -0.048 | 13.899 | 0.038 | 1.318 | 0.923 | -0.042 | 13.481
15 0.035 | 1.176 | 0.943 | -0.039 | 14.483 | 0.064 | 1.235| 0.868 | -0.065 | 13.738

Table 7.9 and 7.10 provides the values of Z¢q and R values for BaWO4 blended
natural polymer composite at specific photon energies from 0.015 MeV to 15 MeV.
When gamma rays traverse through a material, they undergo various interactions,
including scattering and absorption. This can lead to an increase in radiation
intensity beyond what would be expected from simple exponential attenuation. The
buildup factor becomes crucial in accounting for these multiple interactions. It
acknowledges that gamma-ray attenuation is not solely dependent on the material's
linear attenuation coefficient () but also on the distance travelled by the gamma
rays within the material. By considering the effects of multiple scattering and re-
absorption of gamma rays, the buildup factor provides a more accurate
representation of the radiation field. For evaluating the build-up factor two important
parameters used are the equivalent atomic number Z.sr and R. Figures 7.23 and 7.24
are the plots showing the variation of the computationally obtained Zeq with

incident photon energy in the range 0.015-15 MeV.
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Table 7.9: Equivalent atomic numbers Zeq of the BaWO4 blended natural
rubber composites at various photon energy values ranging from 0.015 to 15
MeV (computational).

Equivalent atomic numbers Zeq

Energy | Pure | NRBW- | NRBW- | NRBW- | NRBW- | NRBW-
(MeV) | NR 10 20 40 80 100
0.015 | 11.67 13.85 15.61 17.03 18.09 19.52

0.02 | 12.02 14.36 16.20 17.67 18.76 20.16
0.03 12.47 14.99 16.94 18.49 19.61 21.04
004 | 12.75 17.31 20.14 22.29 24.59 26.32
0.05 | 12.95 17.78 20.69 22.89 25.26 27.02
006 | 13.10 18.13 21.12 23.36 25.75 27.53
008 | 13.31 23.47 28.50 32.31 34.93 37.88
0.1 13.45 24.15 29.31 33.18 35.83 38.80
0.15 | 13.68 25.21 30.57 34.54 37.19 40.20
0.2 13.82 25.88 31.34 35.37 38.04 41.05
0.3 13.99 26.70 32.27 36.37 39.01 42.04
0.4 14.08 27.20 32.84 36.98 39.61 42.63
0.5 14.12 27.52 33.21 37.35 40.00 43.02
0.6 14.15 27.74 33.45 37.60 40.24 43.27
0.8 14.17 27.94 33.67 37.84 40.49 43.51
1 14.19 28.02 33.77 37.96 40.59 43.63
1.5 8.96 21.42 28.47 33.50 36.70 40.29
2 791 13.32 18.59 23.38 27.13 31.41
3 7.69 10.74 13.93 17.07 19.84 23.29
4 7.63 10.20 12.90 15.57 17.99 21.02
5 7.61 9.96 12.47 14.93 17.19 20.04
6 7.59 9.83 12.22 14.55 16.72 19.45
8 7.58 9.69 11.96 14.16 16.23 18.84
10 7.57 9.62 11.83 13.98 16.00 18.55
15 7.55 9.57 11.73 13.83 15.82 18.33
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Table 7.10: R parameter values of the BaWO4 doped polymer composites for
various energy values ranging from 0.015 to 15 MeV.

R parameter

Energy | Pure | NRBW- | NRBW- | NRBW- | NRBW- | NRBW-
(MeV) | NR 10 20 40 80 100
0.015 | 0.024 0.013 0.009 0.007 0.006 0.004

0.02 | 0.055 0.031 0.021 0.016 0.013 0.010
003 | 0.163 0.093 0.063 0.048 0.040 0.032
004 | 0314 0.135 0.086 0.063 0.046 0.037
005 | 0.469 0.224 0.146 0.109 0.081 0.066
0.06 | 0.601 0.321 0.219 0.166 0.126 0.103
0.08 | 0.777 0.318 0.195 0.138 0.111 0.088
0.1 0.869 0.451 0.298 0.219 0.179 0.145
0.15 | 0.954 0.695 0.540 0.436 0.376 0.318
0.2 0.979 0.823 0.704 0.610 0.551 0.486
0.3 0.993 0.924 0.862 0.804 0.762 0.712
0.4 0.996 0.959 0.922 0.886 0.859 0.824
0.5 0.998 0.974 0.949 0.925 0.906 0.882
0.6 0.998 0.981 0.964 0.946 0.932 0.914
0.8 0.999 0.989 0.978 0.967 0.959 0.947
1 0.999 0.992 0.985 0.977 0.971 0.962
1.5 0.998 0.992 0.987 0.981 0.977 0.971
2 0.990 0.984 0.977 0.970 0.964 0.956
3 0.967 0.954 0.941 0.929 0.918 0.904
4 0.937 0.918 0.899 0.881 0.865 0.845
5 0.905 0.880 0.855 0.832 0.811 0.787
6 0.872 0.841 0.811 0.784 0.760 0.732
8 0.807 0.768 0.731 0.698 0.669 0.637
10 0.747 0.702 0.660 0.623 0.593 0.558
15 0.623 0.570 0.524 0.485 0.454 0.420
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Figure 7.25 (a-f) shows the variation of the build-up factor EABF values with
incident photon energy for BaWOs-blended natural rubber composites (a-NRBWO,
b-NRBW10, c-NRBW20, d-NRBW40, e-NRBW80, f-NRBW100), corresponding to
the MFP values of 1, 2, 4, §,10,15, 20 and 40 between 0.015 and 15 MeV energies

as similar to previous studies [44], [48].
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Figure 7.25. Variation of build-up factor EABF with incident photon energy for
BaWOus-blended natural rubber composites, corresponding to the MFP values
of 1,2, 4, 8,10,15, 20 and 40 (computational).

Also, Figure 7.26 (a-f) shows the variation of the build-up factor EBF values with
incident photon energy for BaWOs-blended natural rubber composites (a-NRBWO,
b-NRBW10, c-NRBW20, d-NRBW40, e-NRBW80, f-NRBW100), corresponding to
the MFP values of 1, 2, 4, 8,10,15, 20 and 40. Figure 7.26 shows that EBF-values at
40 mfp indicate a peak at 0.8 MeV for BaWO4 (10 phr) (87.19), at 1 MeV BaWO4
(20 phr) (62.19), 1.5 MeV for BaWO4 (40 phr) (56.02) and at 2.0 MeV BaWO4 (80
phr) (52.69). BaWOs4 (10 phr) has the highest EBF-EABF values in the medium

energies in all penetration-depths.
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Figure 7.26. Variation of build-up factor EABF with incident photon energy for
BaWOu4-blended natural rubber composites, corresponding to the MFP values
of 1,2, 4, 8,10,15, 20 and 40 (computational).

The EBF and EABF values have a modest start but show rapid increments with
increasing photon energy. Different energy regions, including low, medium, and
high levels, are conventionally employed to classify energy levels, with each region
having its dominant interactions and effects. In the low-energy region, the
photoelectric effect predominates, resulting in an inverse relationship with E*>. The
selected composite samples efficiently absorb a large number of low-energy
photons, preventing them from reaching outside the source. In the intermediate
energy region, Compton scattering becomes the primary interaction process, leading
to elevated EBF and EABF values for all the composites. The EBF values of all
materials in the Compton scattering region demonstrate an increase in the Gaussian
pattern. The significant EBF and EABF values do not solely originate from the mean
free path (MFP) but are influenced by various scattering processes. In the high-

energy region, the pair production process becomes predominant, causing a decline
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in EBF and EABF values with increasing incident photon energy. Among the
samples, BaWQ4-100 exhibits the highest Z¢q value and the lowest EBF and EABF
values. Furthermore, Figures 7.25 and 7.26 demonstrate an inverse relationship
between EBF, EABF, and Zeq, wherein lower Zeq values correspond to larger EBF
and EABF values. This indicates that NRBW-100 is a more effective gamma-ray
shielding composite than NRBW-10. For instance, NRBW-10, which has the lowest
Zeq among the samples, exhibits the highest values of EABF and EBF at various

energy levels.

The most significant EABF and EBF values are observed in the medium energy
zone, corresponding to the Compton scattering region. Additionally, at 40 MFP, the
build-up factors reached their highest levels. Figure 7.25 illustrates that the EABF
values at 40 MFP exhibit a peak at 0.5 MeV for BaWO4 (10 phr) (178.12), at 0.8
MeV for BaWO4 (20 phr) (90.16), at 1.5 MeV for BaWO4 (40 phr) (75.31) and at
2.0 MeV for BaWOys (80 phr) (69.2).

Figure 7.26 shows that EBF-values at 40 mfp indicate a peak at 0.8 MeV for BaWO4
(10 phr) (87.19), at 1 MeV for BaWO4 (20 phr) (62.19), at 1.5 MeV for BaWO4 (40
phr) (56.02) and at 2.0 MeV for BaWO4 (80 phr) (52.69). BaWO4 (10 phr) has the
highest EBF-EABF values in the medium energies at all penetration-depths.

It was observed that there is an increase in the gaussian form in the EBF values of
all materials in the Compton scattering region. This situation indicates that the build-
up effects are much higher in the intermediate energy region. Additionally, in the
transition to the energy region where the pair production event is predominant, the
build-up factor tends to decrease again with increasing photon energy and become
almost independent of the chemical composition of the materials in the high-energy

region.

7.5 Effective Conductivity (Cef) and Fast neutron removal cross-section

(FNRCS)

Figure. 7.27 illustrates the alterations in the effective conductivity (Cesr) values of

the materials analysed in this study across the energy range from 0.015 to 20 MeV.

309



Result and Discussion

When photons interact with a material, they induce excitation in the electrons,
converting them into free electrons. The fluctuations in the number of these unbound
electrons impact the material's electrical conductivity. Materials whose electrical
conductivity is influenced by photon density and energy may display modified
shielding characteristics. Therefore, understanding this parameter is crucial in
assessing how a material behaves in different nuclear applications. The changes of
Cetr values of the materials examined in this study depending on the photon energy

are shown in Figures. 7.27.
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Figure 7.27. Conductivity Cesr as a function of photon energy and BaWOu4-
content of the samples.

The photons coming on the material stimulate the electrons in the materials and
convert them into free electrons. The increase or decrease in the number of these un-
bonded electrons changes the electrical conductivity of the materials. The material
whose electrical conductivity varies according to the photon density and energy can
change the shielding characteristic. For this reason, it is very important to know this
parameter, which shows how a material maintains its characteristics according to the

place of use in nuclear applications. The changes of Cesr values of the materials
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examined in this study depending on the photon energy are shown in Figures. 7.27.

Figure 7.27 shows in the very low energy range, Cefr decreases slightly as the energy
values increase. Notably, NRBW-100 consistently exhibited the highest Cefr values
at each measured photon energy. Despite the fact that Cerr and Negr are directly
related, Cesr values vary with energy differently than Nesr due to the varied densities
of the examined substances. This finding was previously researched for different
alloys [46]. The generation of free electrons is pronounced in the region dominated
by photoelectric absorption. In this range, photons have lower energy and longer
wavelengths, which increases the likelihood of interactions with electrons in the
target material. Because of the increased likelihood, more photons are absorbed by
electrons, resulting in more free electrons values. The conductivity of the examined
materials are virtually independent of the photon energy in the Compton scattering
region. Figure 7.28 clearly shows that Xr increases as the density of the composites
rises. To evaluate the appropriateness of a material for radiation-shielding purposes,

it is crucial to comprehend its capacity to capture high-speed and thermal neutrons.
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Figure 7.28: Fast neutron removal cross-sections of the investigated sample.
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Hence, in the last stage of this study, the fast neutron removal cross-section
(FNRCS) values of the examined materials were computed, and the outcomes are
illustrated in Figure 7.28. Among the composites, NRBW-100 exhibited the highest
YR (cm™) value, while NRBW-10 composite showed the lowest. The findings reveal
that incorporating higher amounts of BaWO4 in the natural rubber results in a
significant improvement in the overall reduction of gamma-rays, in line with the
observed increase in density. This suggests that the inclusion of BaWOs is an
effective method that can be utilized in natural rubber, making it a suitable material

for enhancing gamma-ray absorption in relevant situations.
7.6 Conclusion

The room-temperature vulcanization method was successfully employed to produce
flexible composites comprising natural rubber (NR), and varying percentages of
Tungsten oxide (BaWOQ4). Increasing the concentration of BaWQj4 resulted in higher
values for the mass attenuation coefficients (lm), effective atomic number (Zesr), and
effective electron densities (Nefr) of the NR composites. Conversely, these values
decreased with the rise in photon energy. The experimental measurements showed
good agreement with theoretical calculations from XCOM and simulation results
using the Phy-X/PSD software. The main evaluated quantities are, linear attenuation
coefficient, mass attenuation coefficient, half-value layer, mean-free path, effective
atomic number, effective electron density, equivalent atomic number and build-up
factor. The developed composites possess several advantageous characteristics, such
as lightweight, ease of processing, non-toxicity, flexibility, and good dispersion
properties. Because of these characteristics, they can effectively serve as gamma-ray
shielding materials. The composite material is suitable for various applications,
including both mobile and stationary radiation shielding purposes. Additionally, it
can be used in scenarios where flexible radiation shielding, such as gloves, aprons,

shoes, and coats is necessary to protect workers from radiation exposure.
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modified with micro sized Bi»O3 and WOj.

Abstract: This study examines the effects of micro Bi2O3 and WO3 on the gamma-
ray shielding properties of epoxy wall paints, both theoretically and empirically. The
mass attenuation coefficients were compared with predictions from the WinXCOM
and Phy-X/PSD programs, showing excellent agreement. Results indicate that
Bi>O3 (20%) wall paint composites effectively reduce photons, suggesting a novel
gamma shielding absorber with reduced lead content.




Result and Discussion

8.1 Introduction

Gamma radiation shielding makes use of the absorption and attenuation principles.
In general, the shielding materials must meet fundamental characteristics such as
high density and atomic number, ease of heat dissipation, availability in needed
thickness, shielding permanence, multi-use possibilities, and obtainability [1]. Lead-
based shielding is widely used because it provides high atomic number, high density
and provides shielding with the highest absorption and attenuation [2], [3]. On the
other hand, lead shielding is heavy and in general rigid material, making it
inconvenient. Sometimes furthermore, due to its toxicity, it can cause both health
and environmental problems [4]. As a result of these, efforts are being made to
develop shielding materials (devoid of lead) that could eventually be used to swap
lead in radiation shielding. [3]-[5]. Many studies on non-lead composites for
shielding with reinforcement particles of high atomic numbers such as silicon oxide
(S10,), iron oxide (Fe304), Tungsten oxide (WO3), and Bismuth oxide (Bi2O3) have
been published[6]-[11].

In this study, we devised a gamma shielding material out of epoxy wall paint (WP)
mixed with Bismuth and Tungsten oxides. Wall paints have been found to retain
properties such as thermal and chemical stability, a high melting point, resistance to
abrasion and scratch resistance, durability, flexibility, ease of cleaning, economy,
light weight and non-toxicity[12]. These characteristics make wall paint suitable for
use as a shielding material. Photons from gamma and X-ray radiation will scatter
before being absorbed by the photoelectric effect. As a result, improved attenuation
performance is supposed to be achieved with the effective chemical composition and
suitable weight fraction, and also heavy density compound radiation shielding

material [13].

Bismuth (Bi, Z = 83) is a transition metal with one of the least thermally
conductive nuclei known. Bi,03 is the most important commercial chemical derived
from Bismuth[3]. Tungsten (W, Z = 74) is a rare metal found almost entirely in
nature as compounds with other elements. Because of its environmental friendliness,

ease of fabrication, and low cost, WOs3 has sparked widespread concern.
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Furthermore, the mechanical properties of WO3 are enhanced due to its unique
structure, such as its high valence and field strength of W*° [10], [14]. Much recent
research has focused on the utilisation of micro and nanosized Bi,O3 and WOs
granules as radiation shielding materials that are environmentally amicable in the

fields of glasses, cementitious materials, alloys, and polymers [3], [10], [15]-[17].

The goal of this study is to properly examine the effects of micro BiO3 and WO3 on
the gamma-ray shielding properties of newly designed epoxy wall paint samples

were studied both theoretically and empirically.

8.2 Fabrication of the samples and determination of their intrinsic

characteristics.

To develop the composites used in this study, commercial wall paint made of epoxy
resin, was used as the polymer matrix and Bi2O3 and WOs3 (99% purity, less than 50
um size and density 8.9 and 7.16 gm/cm?, respectively) microparticles were used as
radiation shield filler materials. Here, the commercial epoxy wall paint and then the
particles granules were weighed, carefully before mechanically mixed at the desired
weight percentage (0%, 5%, 10%, 15%, and 20%). Subsequently the mixture was
moulded in the form of a rectangular shape with a dimension of 8x8x 2.5 cm. This
process leads to the polymerization reaction. After that the samples were were
annealed at 60°C in the oven for 24 hours. Later the relative percentage of basic

components in the composite’s samples determined by FESEM-EDAX analysis.

In this study, our purpose was to investigate the two epoxy samples to investigate
radiation shielding abilities as a function of chemical composition and oxide
configuration to identify the sample with the most effective radiation shielding
properties. Table 8.1 shows the results of summarising the chemical compositions
and densities of each sample. Density of each sample was determined by
corresponding mass and volume values. Subsequently the mole percentage
compositoion of different elements in the sample swere determined by EDAX
analysis. As shown in Figure 8.2, samples of wall paint containing varying amounts
of Bismuth and Tungsten oxide were prepared and scanned with a scanning electron

microscope (FESEM) to measure particle uniformity and dispersion in the matrix.
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Prior to the addition of Bi203; and WO3, normal paint samples exhibit a crumbly
morphology. Following integration, these particles are spread on the paint-

corresponding surface of these flakes.

Vol 4
> o A
/ : Y ) b
LLTASA V.

| WP+20%WO;
LIS Pk

WP+20%WO;

Figure. 8.1: FESEM images of composite with of Bismuth and Tungsten oxides.

Table 8.1 The fabricated samples' nominal compositions and codes.

Density Composition (mol%)
Sample -

p(g/em’) | Si0, TiO, | CaO | ZnO | Bi,O; | WO;
WP (Pure) 1.673 20.94 6.75 48.81 24.43 - -

WPBI1 (WP+5% Bi,03) 2.161 19.95 5.84 47.71 21.84 5.01 -

WPB2 (WP+10% Bi,03) 2.321 19.63 5.37 44.52 21.37 10.02

WPB3 (WP+15% Bi,03) 2.621 19.01 5.02 4231 20.32 15.02

WPB4 (WP+20% Bi,03) 2.934 18.92 4.82 40.83 19.35 20.01 -

WPW1 (WP+5% WO3) 2.378 20.02 6.35 45.71 22.76 - 5.01
WPW2 (WP+10% WO3) 2.684 19.47 5.66 42 .81 22.66 10.02
WPW3 (WP+15% WO3) 2.821 19.09 4.07 40.35 21.68 15.02
WPW4 (WP+20% WO3) 3.097 18.68 3.98 39.35 20.58 - 20.01
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8.3. Gamma-ray attenuation in samples.

It is necessary to determine a shielding material's shielding and attenuation aspects
in order for it to successfully protect ionising radiations [18]. The radiation shielding
characteristics of the prepared samples, such as linear and mass attenuation
coefficients, atomic-electronic cross-sections, mean free path, half-value layer, and
effective atomic number, of the samples were determined, and validated using
theoretical calculations. From the calculated linear attenuation coefficients, other
shielding parameters were evaluated experimentally at the gamma-ray photon
energies of 0.511 MeV (**Na), 0.662 MeV (*’Cs), 1.173 MeV and 1.333 MeV
(®°Co). For measuring the intensity of radiation, a Nal(TI) detector (3”x3"") with an
energy resolution of 13% at 662 keV was linked to a multichannel analyser (MCA).
The geometry of a narrow beam setup was used to test the linear attenuation
coefficient, pu (as shown in Figure 8.1). Using specific data collection software, the
pulse-height spectrum of Nal (TI) scintillator was collected and computed the area
beneath the photopeaks. for each sample and each energy, the detector was exposed
for four hours. This was repeated for five times. The statistical error was estimated

to be 5%.

« 10cm >

Lead Block
Lead Block
3 mm Nal(Tly

Seintillation | PMT —»

Detectar
Lead Block w
‘ Lead Block

Radiation
Source

MWWV

MAESTRO-32 softwarc

P
WP - Bi,0 /WO,
composite
{2.5 em thickness)

Figure 8.2. Schematic design of radiation shielding experimental setup.
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8.3.1. Theoretical prediction of gamma-ray attenuation in samples.

When developing new shielding materials, all photon attenuation parameters must
be determined in the continuous energy range or at specific energies [19]. To
calculate the shielding parameters in this investigation, we used the online photon
shielding and dosimetry Shielding and Dosimetry (Phy-X/PSD) software. This
software can calculate eighteen photon attenuation parameters at any energy value
[19]-[21]. In this work, Phy-X/PSD data library was utilized to theoeretical
prediction of the radiation shielding characteristics of selected systems [8], [20]. The
LACs were calculated experimentally and by extracting and interpolating photo
atomic data at various discrete photon energy by using the Phy-X/PSD values. Then
were compared. The user merely needs to enter the material's chemical composition,
density, and energy values, and the software will calculate the photon attenuation

parameters [1], [20].
8.3.2 Gamma-ray shielding properties.

Using the attenuation setup described in this section, the property of pure wall paint
(WP) and WP with various concentrations of micro Bi2O3; and WO3 to attenuate
radiation was achieved experimentally. Following the setup of the -ray spectrometer,
the gamma-ray spectra for background radiations was collected for 14400 seconds
(four hours). The distance between the y-ray source and detector was maintained
constant at 15 cm during recording gamma-ray spectra. Gamma-ray sources were
collimated using a 0.8 cm diameter lead collimator. First, the '3’Cs -ray spectra were
obtained without any composite. Figure 8.3 depicts this spectrum. Gamma-ray

spectra were acquired in the same manner for different energy sources.
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Figure 8.3: Energy spectra of gamma rays obtained from '*’Cs source, which
attenuated by composites in different concentrations.

8.3.3 Linear attenuation coefficient.

The linear attenuation coefficient is a critical property studied for gamma-ray
absorption. It defines how well a material can absorb gamma rays by indicating the
material's ability to reduce the intensity of incident photons as they pass through it
[26]. The estimated linear attenuation coefficient (LAC) was validated by comparing
the measurement results to those acquired by Phy-X/PSD, as shown in Table 8.2.

The linear attenuation coefficient p was derived from the slope of the linear
relationship between In (I/To) and sample thickness x. It represents the product of the
number of atoms per cubic centimeter of the shielding material and the probability
of photons being scattered or absorbed by the nucleus or electrons within an atom of
the shielding material. A higher p value indicates better shielding performance of the

materials.
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Table 8.2: Theoretically (Phy-X/PSD) computed LAC (cm™) of the samples
with the experimental values recorded at various y-ray photon energies.

Energy (0.511 MeV) Energy (0.662 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 0.1425 0.1412 Pure WP 0.1258 0.1275
WPBI1 0.1928 0.1869 WPB1 0.1755 0.1597
WPB2 0.2163 0.2177 WPB2 0.1931 0.1913
WPB3 0.2548 0.2603 WPB3 0.2228 0.2257
WPB4 0.2908 0.2887 WPB4 0.2535 0.2558
WPW1 0.2143 0.2055 WPWI1 0.1888 0.2059
WPW2 0.2453 0.2391 WPW2 0.2185 0.2142
WPW3 0.2604 0.2590 WPW3 0.2344 0.2316
WPW4 0.2893 0.2852 WPW4 0.2608 0.2620
Energy (1.173 MeV) Energy (1.333 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 0.0934 0.0939 Pure WP 0.0900 0.0877
WPBI1 0.1223 0.1223 WPBI1 0.1154 0.1147
WPB2 0.1325 0.1333 WPB2 0.1253 0.1256
WPB3 0.1523 0.1552 WPB3 0.1436 0.1447
WPB4 0.1743 0.1796 WPB4 0.1617 0.1646
WPWI1 0.1334 0.1384 WPWI1 0.1253 0.1322
WPW2 0.1508 0.1508 WPW2 0.1423 0.1425
WPW3 0.1588 0.1602 WPW3 0.1504 0.1526
WPW4 0.1747 0.1762 WPW4 0.1685 0.1666

However, the linear attenuation coefficient describes in more detail the fraction of
attenuated monoenergetic incoming photon with all the possible interactions
including photoelectric effect, and Compton scattering, whether it was completely
absorbed by the electrons on the atom’s orbit, or half absorbed with the remainder
being distributed. Figures 8.4 and 8.5 depict the change in the experimental LAC of

the composite of BioO3 and WO3 content as a function of gamma-ray photon energy.

Compared with the Bi,O3 incorparated samples WO3 incorparated samples have
little more attenuation capability. Figures 8.6 and 8.7 depict the change in the linear
attenuation coefficient of the composite of Bi,O3 and WO3 content as a function of

various gamma-ray photon energy.
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Figure 8.4: The Experimental values of LAC as a function of photon energy for
wall paint reinforced with micro WQOs.
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Figure 8.5: The Experimental values of LAC as a function of photon energy for
wall paint reinforced with micro Bi20s.
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8.3.4 Mass attenuation coefficient.

The estimated mass attenuation coefficient (MAC) was validated by comparing the
measurement results to those acquired by Phy-X/PSD, as shown in Table 8.3 and
Figures 8.8 and 8.9.

Table 8.3: Examination of the theoretically (Phy-X/PSD) computed MAC of the
samples with the experimental values recorded at various y-
ray photon energies.

Mass Attenuation Coefficient (MAC) p/p (cm?/g)

Energy (0.511 MeV) Energy (0.662 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 0.0852 0.0844 Pure WP 0.0752 0.762
WPBI1 0.0892 0.0865 WPBI1 0.0812 0.0739
WPB2 0.0932 0.0938 WPB?2 0.0832 0.0824
WPB3 0.0972 0.0993 WPB3 0.0850 0.0861
WPB4 0.0991 0.0984 WPB4 0.0864 0.0872
WPW1 0.0901 0.0864 WPW1 0.0794 0.0866
WPW2 0.0914 0.0891 WPW2 0.0814 0.0798
WPW3 0.0920 0.0918 WPW3 0.0831 0.0821
WPW4 0.0934 0.0921 WPW4 0.0842 0.0846
Energy (1.173 MeV) Energy (1.333 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 0.0558 0.0561 Pure WP 0.0538 0.0524
WPB1 0.0566 0.0566 WPBI 0.0534 0.0531
WPB2 0.0571 0.0574 WPB2 0.0540 0.0541
WPB3 0.0581 0.0592 WPB3 0.0548 0.0552
WPB4 0.0594 0.0612 WPB4 0.0551 0.0561
WPW1 0.0561 0.0582 WPWI 0.0527 0.0556
WPW2 0.0562 0.0562 WPW2 0.0530 0.0531
WPW3 0.0563 0.0568 WPW3 0.0533 0.0541
WPW4 0.0564 0.0569 WPW4 0.0544 0.0538

Depending on photon intensities, theoretical and experimental data were found to be
very consistent. Figures 8.6 and 8.7 depict the change in the experimental values of
the mass attenuation coefficient of the composite of BioO3 and WO3 content as a
function of various gamma-ray photon energy. The mass attenuation coefficient of

the samples grew gradually with increasing metal oxide concentrations at decreasing
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photon energy. However, when photon energy increases, the samples' mass
attenuation coefficient becomes basically saturated and irrespective of filler
percentage variation. As per the fundamental premise, photon contact with matter
causes the photoelectric effect and Compton scattering, both influence the ability of
materials to attenuate gamma rays [2]. Especially, the rate of p/p change has a clear

and good association with the specified surface area BioO3 and WO3 particles with

less energy (0.1 MeV).
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Figure 8.8: The Experimental values of MAC as a function of photon energy for
wall paint reinforced with micro WOs.

Figures 8.10 and 8.11 depict the change in the mass attenuation coefficient of the
composite of Bi2O3; and WOs3 content as a function of various gamma-ray photon

energy for the range of 0.01MeV to 20 MeV.

329



Result and Discussion

MAC, pip (cm?/g)

0.14

0.12

0.10

Pure WP

N 0.511 MeV [l 0.662 MeV [l 1.173 MeV [ 1.333 MeV

WPB1 WPB4

WPB2

WPB3

Sample code

Figure 8.9: The Experimental values of MAC as a function of photon energy for
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Figure 8.10: The MAC as a function of photon energy for wall paint reinforced

with micro WOs.
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Figure 8.11: The MAC as a function of photon energy for wall paint reinforced
with micro Bi203s.

It steadily weakens as the gamma-ray energy increases from 0.511 to 1.333 MeV.
That is, at lower gamma-ray energies, the physical properties of composites are
more likely to occur. As a result, the surface effects of these filler structures are
expected to increase the likelthood of gamma-ray collisions with extranuclear
electrons of matter, particularly if photoelectric processes are conceivable. It causes
an improvement in the gamma-ray capture cross section [2], [3]. In general, the
likelihood of a photoelectric effect is related to Z3/E*, where Z is the atomic number
of the absorbing element and E is the photon energy. At high gamma-ray energies,
Compton scattering dominates (such as 0.551 MeV). At high energies, materials
attenuate gamma-rays via Compton scattering a few times, and
through the photoelectric effect, the weaker energy scattered photons are finally abs

orbed [2], [14], [22].

As an outcome, low energy gamma-rays can be absorbed directly by the
photoelectric effect, whereas High energy gamma-rays have more extensive photon
interactions with materials and are therefore harder to prevent. When a result, as

gamma-ray energy increases, so do sample attenuating properties [2]. Table 8.4
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shows the comparison of mass attenuation coefficient of some composites that are

previously reported at 0.662 MeV energy of the '*’Cs with the present study.

Table 8.4: Comparison of the mass attenuation coefficients between the
different shields of gamma-rays at 0.662 MeV(!¥7Cs)

No | Samples ]()ge/lclrsrllgi (E;Iné/(,:g) Reference
1 | Lead 11.35 0.0952 [23]
2 | Lead Glass System 3.34-591 | 0.0764-0.1061 [11]
3 | Nickel-Silver Alloy 8.67-8.73 0.073-0.072 [24]
4 | NR+Bi,0; - 0.083-0.096 [25]
5 | Hematite-serpentine concrete+puWO3 - 0.0834 [10]
6 Hgmatite—serpentine concrete+ [ i 0.0838 [10]
B1203
7 | PbO-B20;-P,0s5 Glass+ uWOs 5.24-6.17 | 0.0887-0.0889 [14]
8 | White cement+ pBi>O; 1.48-2.97 | 0.0779-0.0833 [17]
9 | Wallpaint+Bi,O3 and WO; 1.67-3.09 | 0.0753-0.0864 | Present study

In earlier studies, materials like lead (11.35 g/cm®) demonstrated excellent gamma-
ray shielding due to their high density and atomic number, though their heavy
weight and toxicity limited practicality. Alternatives such as lead glass systems
(3.34-5.91 g/cm?®) offered moderate density and transparency, while nickel-silver
alloys (8.67-8.73 g/cm?®) provided good mechanical properties with slightly lower
shielding efficiency. Composite materials like hematite-serpentine concrete with
uWOs or uBi2Os additives showed effective gamma-ray attenuation, though they
were primarily suited for large-scale, rigid applications. The present study
introduces wall paint with Bi2Os and WOs additives (1.67-3.09 g/cm?), offering
comparable shielding efficiency with the added benefits of being lightweight,
flexible, and easily applicable on various surfaces. Compared to traditional
materials, the wall paint composite combines practical advantages with strong
shielding capabilities. With a mass attenuation coefficient (MAC) ranging from
0.0753 to 0.0864 cm?/g, it rivals composites like ptWOs- and puBi.Os-based concretes
while addressing issues of weight, cost, and versatility. Unlike lead, which is heavy,
costly, and requires careful handling due to toxicity, the paint is inexpensive, inert,

and simple to manufacture. Its flexibility makes it ideal for retrofitting, temporary
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installations, and environments where rigid materials are impractical, establishing it

as a promising alternative for effective radiation shielding.
8.3.5 Half-Value Layer (HVL)

Effective shielding parameters such as HVL (cm), MFP (cm), Zetr and Negr of the
samples are theoretically calculated shielding using Phy-X/PSD program codes and
compared with experimental results obtained at various gamma-ray photon energies,
respectively. Table 8.5 shows the experimental as well as theoretical values of HVL
as a function of photon energy for wall paint composites of 5% to 20% micro Bi203

as well as micro WOs.

Table 8.5: Theoretically (Phy-X/PSD) computed HVL (cm) of the samples with
the experimental values recorded at various y-ray photon energies.

Half Value Layer, HVL (cm)

Energy (0.511 MeV) Energy (0.662 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 4.86 491 Pure WP 5.51 5.44

WPB1 3.60 3.71 WPBI 3.95 4.34
WPB2 3.20 3.18 WPB2 3.59 3.62
WPB3 2.72 2.66 WPB3 3.11 3.07
WPB4 2.38 2.40 WPB4 2.73 2.71
WPW1 3.23 3.37 WPW1 3.67 3.37
WPW2 2.82 2.90 WPW2 3.17 3.24
WPW3 2.66 2.68 WPW3 2.96 2.99
WPW4 2.40 2.43 WPW4 2.66 2.64

Energy (1.173 MeV) Energy (1.333 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 7.42 7.38 Pure WP 7.70 7.91

WPB1 5.67 5.67 WPBI 6.01 6.04
WPB2 5.23 5.20 WPB2 5.53 5.52
WPB3 4.55 4.47 WPB3 4.82 4.79
WPB4 3.98 3.86 WPB4 4.29 4.21
WPW1 5.19 5.01 WPW1 5.53 5.24
WPW2 4.59 4.59 WPW2 4.87 4.86
WPW3 4.36 4.32 WPW3 4.61 4.54
WPW4 3.97 3.93 WPW4 4.11 4.16
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Figure 8.12 shows the theoretical HVL values of (in the energy range 0.01 to 20
MeV) wall paint samples reinforced with both micro sized BioO3 and WOs.

The demonstrated agreement between experimental and theoretical shielding
capabilities strongly supports the developed materials' radiation protection capability
[18]. Because the 5%-WOs of wall paint sample has the highest HVL, we must use a
large amount of micro WO3 to minimize the sample's dimension. For example, a
thickness of 4.013 cm from 20% WO3 of wall paint sample is needed to attenuate
photons with an energy of 662 keV, whereas 20% Bi203 requires just 2.832 cm. This
finding has implications for the design of lead-free radiation shielding composites
that are extensible. Thinner, more flexible materials with higher shielding properties

can thus replace thicker shielding materials [25].

@

. Expt (WPB1) === Theory (WPB1)
74 @ Expt(WPB4) ==Theory (WPB4)
Expt (WPW1) = Theory (WPW1)
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Figure 8.12: The experimental and theoretical values of HVL as a function of
photon energy for wall paint reinforced with micro Bi2O3 and WOs.
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8.3.6 Mean Free Path (MFP)

The mean free path (MFP) is the average distance travelled by a moving particle
(such as an atom, molecule, or photon) between subsequent collisions [14]. From
Table 8.6 and Figure 8.13 it is clear that, the MFP values rise as photon energy

Increases.

Table 8.6: Theoretically (Phy-X/PSD) computed MFP (cm) of the samples with
the experimental values recorded at various y-ray photon energies.

Mean Free Path, MFP (cm)
Energy (0.511 MeV) Energy (0.662 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 7.02 7.08 Pure WP 7.95 7.84
WPBI1 5.19 5.35 WPB1 5.70 6.26
WPB2 4.62 4.59 WPB2 5.18 5.23
WPB3 3.92 3.84 WPB3 4.49 4.43
WPB4 3.44 3.46 WPB4 3.94 3.91
WPW1 4.67 4.87 WPW1 5.30 4.86
WPW2 4.08 4.18 WPW2 4.58 4.67
WPW3 3.84 3.86 WPW3 4.27 4.32
WPW4 3.46 3.51 WPW4 3.83 3.82
Energy (1.173 MeV) Energy (1.333 MeV)
Sample Expt Theo. Sample Expt Theo.
Pure WP 10.71 10.65 Pure WP 11.11 11.40
WPBI 8.18 8.18 WPBI 8.67 8.72
WPB2 7.55 7.51 WPB2 7.98 7.96
WPB3 6.57 6.44 WPB3 6.96 6.91
WPB4 5.74 5.57 WPB4 6.18 6.08
WPW1 7.50 7.23 WPW1 7.98 7.56
WPW2 6.63 6.63 WPW2 7.03 7.02
WPW3 6.30 6.24 WPW3 6.65 6.55
WPW4 5.72 5.68 WPW4 5.93 6.00

In the photon energy range 0.01-0.3MeV, the MFP values are exceptionally low
(less than one cm). In the energy range of 0.3-6 MeV, the values of MFP in all
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samples increases slower than that in the lower energy range. In the higher energy
range of photon (E > 10 MeV), the mean free path values are not impacted by
photon energy [14].
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Figure 8.13: MFP as a function of photon energy for wall paint reinforced with
micro Bi2O3 and WOs.

8.3.7 Effective atomic number (Z.ff) and Effective electron density (Nesr)

The composites' effective atomic number (Z.tr) was estimated. It was discovered that
Zsr grows with rising Bi2O3 concentration and decreases with increasing photon
energies, following the same trend as pm, owing to greater atomic number increasing
of Bi2Os; having an impact on the probability of photon energy interaction with
electron in matter [25]. Nonetheless, Zeff's results are in good accord with the
theoretical values. It is seen that the increase of density by adding Bi,O3; and WO3
into the wall paint composite has an effect on the Nefr value. The Nefr increases in
value as Bi203 increases, implying that the composite has more immersive electrons
per unit mass. Furthermore, the Nesr results exhibit similarities with um and Zetr.

When photon energy is increased, the trend shows that declines dramatically [25].
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Effective atomic number, Z
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Figure 8.14: Zeir as a function of photon energy for wall paint reinforced with
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Figure 8.15: Netr as a function of photon energy for wall paint reinforced with

micro Bi2O3 and WOs.
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8.3.8 Built-up Factors

To evaluate build-up factors, the equivalent atomic number (Zeq) must first be

computed. It is computed by employing logarithmic interpolation to interpolate the

R values with the R values of adjacent elements. Table 8.7 serves the determined

equivalent atomic number (Z¢q) for the sampled, displaying the composite material's

attributes in terms of equivalent element.

Table 8.7: Equivalent atomic numbers (Zeq) of the composites for numerous
gamma-ray energy levels ranging between 0.015 to 15 MeV
(by Phy-X/PSD software).

Ener Pure
(Me\%gl WP WPW1 | WPW2 | WPW3 | WPW4 | WPB1 | WPB2 | WPB3 | WPB4
0.015 | 19.80 | 20.75 21.90 22.76 23.33 20.62 | 21.97 | 22.81 | 23.14
0.02 20.05 | 21.06 22.21 23.09 23.71 21.61 | 23.47 | 2479 | 25.58
0.03 20.39 | 21.44 22.62 23.55 24.23 22.06 | 24.02 | 2543 | 26.32
0.04 20.58 | 21.69 22.90 23.87 24.59 22.38 | 24.40 | 25.86 | 26.77
0.05 20.71 | 21.88 23.11 24.12 24 .88 22.61 | 24.69 | 26.21 | 27.20
0.1 21.05 | 27.67 23.30 24.33 37.92 2985 | 2493 | 2649 | 42.38
0.15 21.21 | 28.51 31.30 34.55 39.22 31.05 | 2532 | 26.96 | 44.13
03 21.38 | 29.75 31.99 35.32 40.99 32.80 | 35.32 | 39.38 | 46.55
0.4 21.44 | 30.18 33.06 36.52 41.58 3341 | 36.79 | 41.02 | 47.34
0.5 21.47 | 30.46 33.73 37.28 41.98 33.83 | 37.75 | 42.07 | 47.88
0.6 21.49 | 30.64 34.58 38.20 42.22 3411 | 38.91 | 43.33 | 48.24
0.8 21.51 | 30.82 35.11 38.77 42.48 3438 | 39.64 | 44.11 | 48.63
1 21.52 | 30.90 35.45 39.14 42.59 3450 | 40.12 | 44.62 | 48.78
1.5 19.47 | 27.52 35.67 39.38 39.88 30.99 | 40.44 | 4497 | 46.27
2 1796 | 22.40 35.89 39.62 33.31 24.60 | 40.80 | 4532 | 39.31
3 17.41 | 19.95 35.99 39.73 27.26 2092 | 4094 | 4549 | 31.06
4 17.28 | 19.35 32.87 36.85 25.52 20.04 | 37.89 | 42.79 | 28.37
5 17.21 | 19.09 26.84 30.45 24.74 19.66 | 30.90 | 35.78 | 27.18
6 17.17 | 18.94 22.88 25.34 24.28 19.44 | 25.13 | 28.57 | 26.50
8 17.12 | 18.78 21.87 23.95 23.79 19.23 | 23.56 | 26.40 | 25.80
10 17.10 | 18.70 2143 23.34 23.57 19.12 | 22.89 | 2546 | 2547
15 17.07 | 18.64 21.17 22.97 23.40 19.03 | 22.51 | 2492 | 25.23

It should be highlighted that the Zeq must be between the lowest and highest atomic
number of the material[27]. Figure 8.16 and 8.17 shows EBF values for Bi,O3 and
WOs3 doped composites (5% wt. and 20% wt.) with photon energies of 1, 2, 5, 10, 20
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and 40 mfp. The five parameters were calculated by using G-P fitting method and
the results obtained are tabulated in Tables 8.8 and 8.9 for WPB4 and WPW4
samples respectively.

Table 8.8 G-P energy absorption and exposure build-up factor parameters of
the WPB4 for various energy values ranging from 0.015 to 15 MeV.

Energy EABF EBF

(MeV) a b c d Xk a b c d Xk

0.015 | -034 | 1.01 | 1.21 | 0.27 | 7.08 | -0.35 | 1.01 | 1.21 | 0.27 | 6.11

0.02 0.32 | 1.01 | 0.26 | -0.30 | 18.05 | 0.62 | 1.01 | 0.13 | -0.63 | 11.37

0.03 0.25 | 1.02 | 033 | -0.19 | 16.78 | 0.19 | 1.03 | 0.37 | -0.24 | 24.56

0.04 0.23 | 1.05 | 036 | -0.20 | 18.79 | 0.24 | 1.05 | 0.33 | -0.11 | 12.83

0.05 0.24 | 1.09 | 035 | -0.14 | 13.55 | 0.24 | 1.08 | 0.36 | -0.14 | 13.38

0.06 024 | 1.14 | 035 | -0.15 | 14.59 | 0.23 | 1.12 | 0.38 | -0.13 | 13.75

0.08 021 | 1.26 | 0.40 | -0.12 | 14.51 | 0.19 | 1.20 | 0.45 | -0.11 | 14.06

0.1 0.37 | 1.21 | 0.23 | -0.19 | 13.75 | 0.34 | 1.19 | 0.27 | -0.17 | 13.75

0.15 034 | 1.44 | 0.27 | -0.19 | 14.02 | 0.21 | 1.23 | 0.43 | -0.11 | 14.26

0.2 0.32 1196 | 0.30 | -0.19 | 13.98 | 0.17 | 1.37 | 0.51 | -0.10 | 14.45

0.3 0.19 | 2.08 | 0.49 | -0.11 | 13.91 | 0.10 | 1.47 | 0.68 | -0.05 | 14.32

0.4 0.14 | 2.37 | 0.62 | -0.10 | 13.88 | 0.06 | 1.58 | 0.81 | -0.04 | 14.15

0.5 0.10 | 2.43 |1 0.73 | -0.08 | 13.88 | 0.04 | 1.64 | 0.89 | -0.03 | 14.11

0.6 0.08 | 2.44 | 0.79 | -0.07 | 13.73 | 0.02 | 1.67 | 0.95 | -0.02 | 14.01

0.8 0.05 | 2.37 | 0.88 | -0.05 | 13.63 | 0.01 | 1.70 | 1.01 | -0.02 | 14.08

1 0.04 | 2.27 1092 | -0.04 | 13.50 | 0.00 | 1.69 | 1.03 | -0.02 | 13.43

1.5 0.00 | 1.93 | 1.06 | -0.02 | 13.59 | -0.02 | 1.59 | 1.14 | 0.00 | 11.58

0.00 | 1.85 | 1.06 | -0.02 | 12.63 | -0.02 | 1.61 | 1.13 | -0.01 | 12.16

0.01 | 1.69 | 1.02 | -0.03 | 12.52 | 0.00 | 1.60 | 1.06 | -0.02 | 12.38

0.02 | 1.46 | 099 | -0.04 | 14.15 | 0.01 | 1.48 | 1.01 | -0.03 | 13.22

0.02 | 1.39 | 098 | -0.04 | 1431 | 0.02 | 1.43 | 0.99 | -0.04 | 13.30

2
3
4 0.01 | 1.54 | 1.01 | -0.03 | 14.06 | 0.01 | 1.54 | 1.02 | -0.03 | 12.93
5
6
8

0.03 | 1.30 | 0.96 | -0.05 | 14.01 | 0.03 | 1.35 | 0.97 | -0.05 | 13.61

10 0.04 | 1.23 1 0.96 | -0.05 | 14.28 | 0.04 | 1.30 | 0.95 | -0.06 | 13.96

15 0.05 | 1.15 | 0.95 | -0.05 | 14.64 | 0.05 | 1.20 | 0.96 | -0.06 | 14.38
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Table 8.9 G-P energy absorption and exposure build-up factor parameters of
the WPW4 for various energy values ranging from 0.015 to 15 MeV.

Energy EABF EBF
MeV) | a [ b | ¢ | d | Xk | a | b | ¢ | d | Xk

0.015 [-0331.01|1.20| 026 | 7.14 |-034|1.01 | 1.20 | 0.27 | 6.14

0.02 | 0.30 | 1.01]0.29 |-0.26 | 16.01 | 0.48 | 1.01 | 0.23 | -0.45 | 11.23

0.03 |025]103]033|-0.18|17.44| 0.20 | 1.03|0.37|-0.27 | 25.11

0.04 | 0.24 | 1.07 | 034 |-0.13 | 13.91 | 0.25 | 1.07 | 0.34 | -0.12 | 12.09

0.05 024 |1.121035|-0.14 | 14.37| 0.23 | 1.12 | 0.37 | -0.13 | 14.03

0.06 | 022 |1.19]038|-0.13|14.71 | 0.21 | 1.17 | 0.41 | -0.11 | 14.18

0.08 | 046 | 128 0.18 | -0.19 | 14.15| 0.58 | 1.51 | 0.16 | -0.21 | 14.26

0.1 0.28 | 1.24 1033 |-0.15]| 1526 | 0.26 | 1.19 | 0.35 | -0.14 | 13.79

0.15 0.27 | 1.56 | 0.35 | -0.16 | 14.00 | 0.16 | 1.29 | 0.52 | -0.08 | 14.35

0.2 0.30 [2.32(035|-0.19|13.96 | 0.16 | 1.50 | 0.55 | -0.09 | 14.21

0.3 0.15 [ 2.41 1 0.58 | -0.09 | 13.99 | 0.08 | 1.60 | 0.75 | -0.04 | 14.39

0.4 0.10 | 2.68 { 0.72 | -0.09 | 13.89 | 0.04 | 1.71 | 0.89 | -0.03 | 14.14

0.5 0.07 | 2.69 | 0.83 | -0.06 | 13.90 | 0.02 | 1.77 | 0.98 | -0.02 | 14.32

0.6 0.05 [2.64 {089 |-0.05|13.76 | 0.01 | 1.79 | 1.02 | -0.02 | 13.94

0.8 0.03 2491096 |-0.04 | 13.66 | -0.01 | 1.79 | 1.07 | -0.01 | 14.03

1 0.02 |2.36 {099 |-0.03 | 13.54|-0.01 | 1.77 | 1.09 | -0.01 | 13.43

1.5 -0.01 | 1.94 | 1.10 | -0.01 | 12.83 | -0.03 | 1.64 | 1.16 | 0.00 | 8.49

-0.01 | 1.84 | 1.09 | -0.01 | 10.96 | -0.02 | 1.66 | 1.12 | 0.00 | 10.42

0.00 | 1.68 | 1.04 | -0.02 | 12.34 | 0.00 | 1.62 | 1.06 | -0.01 | 12.12

0.02 | 1.48 {097 |-0.04 | 14.19 | 0.01 | 1.49|1.01 | -0.03 | 13.13

0.02 | 1.40 {097 | -0.04 | 14.09 | 0.02 | 1.45|0.98 | -0.03 | 13.34

2
3
4 0.01 | 1.56 | 1.00 | -0.03 | 13.95| 0.01 | 1.55 | 1.03 | -0.02 | 12.93
5
6
8

0.03 | 1.31 {0.95|-0.04 | 13.59| 0.03 | 1.36 | 0.97 | -0.04 | 13.62

10 0.04 | 1.251094 | -0.05| 14.17| 0.04 | 1.30 | 0.94 | -0.05 | 13.86

15 0.04 | 1.15{096 | -0.05 | 14.58 | 0.05 | 1.21 | 0.94 | -0.06 | 14.23

340



Result and Discussion

1000 1000
—Q—EBF at 1-MFP ==EBF at 1-MFP
—@—EBF at 2-MFP WPB4 —@—EBF at 2-MFP WPB3
—Q—EBF at 4-MFP ——EBF at 4-MFP
—a—EBF at 8-MFP ——EBF at 8-MFP
100 —9—EBF at 10.MFP 100 —@—EBFat10MFP
—Q—EBF at 20-MFP ——EBF at 20-MFP
" ~—EBF at 30-MFP —Q—EBF at 30-MFP
o —@—EBF at 40-MFP 5 =@—EBF at 40-MFP
w w
10 104
14 14
0.01 0.1 1 10 0.01 0.1 1 10
Energy (in MeV) Energy (in MeV)
1000 1000
—Q—EBF at 1-MFP —@—EBF at 1-MFP
=@—EBF at 2-MFP WPB2 —@—EBF at 2-MFP WPB1
—9—EBF at 4-MFP —0—EBF at 4-MFP
~0—EBF at 8-MFP —0—EBF at 8-MFP
100 —@—EBF at 10-MFP ~0—EBF at 10-MFP
1 —9—EBF at 20-MFP 1004 _g—EBF at 20-MFP
—0— EBF at 30-MFP ~@—EBF at 30-MFP
w —0—EBF at 40-MFP w —0—EBF at 40-MFP
w &
104 104
14 14
0.01 0.1 1 10 0.01 01 1 10
Energy (in MeV) Energy (in MeV)

Figure 8.16. Energy build-up factors (EBF) against photon energies at various
mean free paths of wall paint composites with 5% to 20% loading of Bi2Os.
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Figure 8.17. Energy build-up factors (EBF) against photon energies at various
mean free paths of wall paint composites with 5% to 20% loading of WO3.
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Figure 8.18. Energy absorption build-up factors (EABF) against photon
energies at various mean free paths of wall paint composites with 5% to 20%
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Figure 8.19: Energy absorption build-up factors (EABF) against photon
energies at various mean free paths of wall paint composites with 5% to 20%

loading of WO3
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The EBF and EABF values are relatively low, but quickly escalate as photon energy
grows. Increasing energy levels, as well as low, mid, and high-level energy zones,
are frequently used, each with a distinct predominant incident and effects [27].
Figure 16 and 17 shows that for WP with 20%WO3, EBF-values at 40 mfp imply
maximum at 0.5 MeV (99.8), 0.8 MeV (80.6), at 1.5 MeV for (84.4) and at 2.0 MeV
(68.7) but in the case of 5% of loading of WO3, EBF-values at 40 mfp reflect high
point at 0.5 MeV (233.1), at 0.8 MeV (183.2), at 1.5 MeV for (93.2) and at 2.0 MeV
(67.4). Like EABF, EBF-values maintaining the same trend and was shown in
Figures 8.18 and 8.19. WO3 (20%) has the finest EBF-EABF values in all

transmittances, medium energies are used.

In the weak energy domain, the photoelectric effect takes over as the primary
incident, arising an inversely proportional effect with E*°[27]. Since the selected
composite samples absorb the greatest number of low-energy photons, these photons
are not permitted to collect [27], [28]. In the intermediate energy area, Compton
scattering becomes dominating, resulting in high EBF and EABF values for all
selected composites[27]. Rather than the MFP, these high EBF and EABF values are
created by scattering mechanisms. The pair production process is dominant in the
high-energy domain, and the EBF and EABF values drop with incident photon
energy WO3 (5%) owns lowest Z¢q value and the most EBF and EABF values.
Moreover, Zeq is inversely correlated to EBF and EABF, with the lowest Zeq value
generating the highest EBF and EABF value. The highest EABF and EBF values are
found at varied levels in WOs3 (5 percent) (the sample's lowest Z¢q). Similarly, the
lowest EABF and EBF values occur at various levels in Bi>O3 (20 percent) (which is
the greatest Zeq in the sample). That is, Bi2O3 (20% with wall paint) is a better
gamma-ray shielding composite than WO3 (20 percent with wall paint). The medium
energy zone has the highest EABF and EBF scores (Compton scattering zone).
Furthermore, at 40 mfp, build-up factors were at their peak. Finally, for high Zq
composites, the maximum values of EABF and EBF move to higher energies. For
example, maximum EABF and EBF values occur at 0.5 MeV for WP+5 percent
WOs3 (lowest Zeq), while maximum EABF and EBF values occur at 0.8 MeV for
WP+20 percent WO3 (highest Zeq).
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8.3.9 Effective Conductivity (Ceff) and Fast neutron removal cross-section

(FNRCS)

Figure 8.20 illustrates the variation in effective conductivity (Cetr) across all paint
samples. There is a significant and rapid decrease observed as photon energy
increases, particularly in regions where the photoelectric effect dominates.
Conversely, at higher energy levels, Cer shows an increase. Despite these variations,
the WPB4 sample exhibited the highest Cefr values among all tested samples. Since
effective conductivity is related to electron density, an increase in electron density

also results in increased conductivity[26].
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Figure 8.20: The variability in effective conductivity (Cefr) in paint samples

For the current wall paint systems, the effective removal cross-section for fast
neutron (FRCS: Zr) was estimated mathematically and by using Ph-X program as

shown in Figure 8.21.
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Figure 8.21 The effective removal cross-section values of the fabricated wall
paint samples.

It has been established that neutron reactions increase with lighter elements and
decrease with higher neutron energies. Moreover, the probability of neutron
scattering increases progressively with the number of collisions within wall paint
samples. Therefore, it is crucial to assess the capability of new shielding materials to
retain neutron energy effectively. Despite the reduction of neutron attenuation
values reported with increasing Bi content, the Xr of all prepared glasses is better

than some standard materials such as water (0.102 cm '), graphite (0.077 cm'!) and

concrete (ordinary = 0.094 cm ! and serpentine = 0.097 cm'!) [29], [30].

8.4 Conclusion

Bi,03; and WO3 added epoxy wall paints were prepared and subjected for evaluating
gamma radiation shielding characteristics. To ensure that the experimental data was
consistent, the values of the acquired mass attenuation coefficients were contrasted
to those anticipated by the XCOM application, as well as the Phy-X/PSD program
for simulation (for the energy range of 0.010 MeV to 15 MeV). There is an excellent

concordance between the experimental results and theoretical (XCOM) and
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simulation calculations. The parameters investigated are the mass attenuation
coefficient, linear attenuation coefficient, HVL, MFP, Z.s, Nefr, EBF, and EABF.
The results demonstrate that the composites of fabricated materials are efficient at
photon reduction, with the foremost material being Bi2O3 (20 percent) wall paint-
metal oxide-based composite. The assessment of shielding parameters ranging from
0.015 to 15 MeV demonstrates that the attributes of MAC, LAC, Z.sr, and Negr rises
with the inclusion of Bi2O3/WO3 mol percent and decrease with energy. We propose
a novel absorber of gamma shielding, by reducing the quantity of lead in the micro-

compounds created as a result of the new material's ability to attenuate photons.
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CHAPTER 9
SUMMARY AND CONCLUSION

This PhD thesis, titled "Investigations on the Natural Radioactivity and Gamma
Attenuation Properties of Building Materials," aims to systematically evaluate the
levels of natural radioactivity in commonly used building materials and to assess
their gamma attenuation properties. By understanding these factors, we can better
mitigate potential radiological hazards and contribute to the development of safer
construction practices. This research not only adds to the existing body of
knowledge but also provides practical insights for the construction industry,

regulatory bodies, and public health agencies.

In this context, the study of natural radioactivity and gamma attenuation properties
of building materials is critically evaluated for ensuring the safety and sustainability
of construction practices. Building materials, often sourced from natural geological
formations, can contain varying levels of naturally occurring radionuclides such as
Uranium-238, Thorium-232, and Potassium-40. These radionuclides emit gamma
radiation, which can pose health risks to inhabitants if not adequately managed. In
addition, thesis proposed three different composites for gamma-ray shielding
applications belongs to rigid concrete based composite system, flexible natural

rubber-based system and epoxy-based wall paint for coating applications.

In order to understand natural radioactivity systematic approaches are adopted, three
important populated areas in Kerala, India selected for this study. The results
obtained from this study and major conclusions are drawn are described here. In
rock samples from the Thrissur-Palakkad highway region in Kerala has been
assessed. The average Raeq activity was found to be 301.57 Bg/kg, below the global
limit of 370 Bqg/kg, while the average absorbed dose rate of 138.14 nGy/h exceeded
the world average of 59 nGy/h. Other radiological hazard parameters such as
AEDout, Hext, Hint, Iy, and I, were below the recommended global limits, indicating a

radiologically safe environment. However, the average Excess Lifetime Cancer Risk
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(ELCR) of 0.68 x 107 exceeded the permissible limit of 0.29 x 1073, suggesting
some level of risk. Overall, the exposure to natural radionuclides in the studied rock

samples does not pose significant distress to the local population.

Gamma-ray spectrometry was used to measure the concentrations of 2*Ra, 232Th,
and *°K at 24 soil sampling sites along NH-66 in Kerala, spanning 78 km between
Kozhikode and Malappuram districts. The radionuclide activity concentrations in
urban soil followed the order *°K > 2%Th > 226Ra, with radiological hazard
parameters either equal to or below global averages. Multivariate statistical analysis
showed that natural radioactivity had a negligible impact on the soil's physico-

chemical properties.

In the Athirappilly region, the distribution, and origins of radioactive materials in
granitoid rocks were studied. The mean activity levels of 2*8U, ?**Th, and “°K were
54.74, 77.90, and 875.79 Bq/kg, respectively. These levels were below the
worldwide averages for Uranium and Thorium but higher for Potassium. The
radioactivity in these rocks primarily stems from Uranium, Thorium, and Potassium,
and construction materials derived from them are unlikely to pose significant health

risks.

Natural radioactivity in various geological formations arises from radionuclides like
2381, 232Th, and *°K. The radiogenic heat production, and heat flow in samples from
the Thrissur-Palakkad highway, NH-66 highway, and Athirappilly regions. Ground
radiometric data were collected for geothermal modeling purposes. The average
concentrations of ??°Ra, 2*?Th, and “°K were 4.80 ppm, 29.58 ppm, and 2.93%,
respectively. The RHP rates for the rocks were higher than the world average,
particularly in charnockite rocks. Sites along NH-66. The activity concentrations
were 39.88 Bq/kg for 22°Ra, 61.19 Bq/kg for **Th, and 815.51 Bq/kg for *°K, all
below global safety thresholds. The average elemental concentrations in basement
rocks were 3.53 ppm for 2*°Ra, 15.95 ppm for 2*2Th, and 2.61% for *°K, with RHP
rates above the world average. In Athirappilly, rock samples showed the average
elemental concentrations were 4.43 ppm for >*Ra, 19.30 ppm for >**Th, and 2.97%

for “°K, with RHP rates within the world average. The Thrissur-Palakkad highway
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region, with its higher RHP rates (3.34 pWm™) in charnockite rocks, shows
significant promise for geothermal energy. For the NH-66 region and Athirappilly
region, RHP rates (0.79 uWm > and 1.01 pWm > respectively) are within the Earth’s
crust average ranging between 0.8 and 1.2 uWm . These findings emphasize the
importance of continuous monitoring and exploration to harness geothermal energy

effectively.

Overall, the Kuthiran region had the highest activity concentrations, followed by
Athirappilly, both at the foothills of the Western Ghats. The study areas consist of
ancient rock units, including various gneisses and migmatites that have undergone

significant regional metamorphism.

In this thesis, a fruitful effort was done to synthesis and evaluated the radiation
shielding efficiency of various composites. Based on our motivation, synthesis are

done at different ways with cost effectively.

Initially, this study examined the impact of chemical modifications in standard
concrete using coconut shell powder, Perlite, Vermiculite, and Zirconium and
Neodymium oxides on gamma-ray absorption. Results showed that increasing
density with these additives significantly improved gamma-ray absorption. This
indicates that incorporating these fewer toxic additives effectively enhances
radiation protection properties, making the material suitable for applications
requiring increased radiation shielding. Gamma absorption parameters such as p,
wp, Zetr, and HVL were determined both theoretically and experimentally at photon
energies of 511, 662, 1173, and 1333 keV. The study calculated mass attenuation
coefficients using Phy-PSD software and compared them with Xcom results to
compute HVL, TVL, MFP, and Zcsr values. The presence of silicon, iron,
Aluminium, Zirconium, and Neodymium in concrete significantly influenced its
gamma shielding properties. Composites CSN20 and CSZ20, with higher
concentrations of Zirconium and Neodymium, showed superior w/p, Zets, and lower
EBF and EABF values. As photon energy increased, HVL, TVL, and MFP
quantities also increased, highlighting the contributions of silicon, Aluminium, and

iron. The CSC20 concrete sample had higher Xr values compared to CSP20,
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CSV20, and CSZ20. The outcomes indicate that the insertion of these additives
positively affects the photon shielding parameters of cement samples. It can be
concluded that those cement samples can be evaluated for further gamma protection

applications.

The room-temperature vulcanization method was successfully employed to produce
flexible composites comprising natural rubber (NR), BaWO4, and BaWO4 with
varying percentages of Tungsten oxide. Increasing the concentration of BaWO4
resulted in higher values for the mass attenuation coefficients (um), effective atomic
number (Zesr), and effective electron densities (Nerr) of the NR composites.
Conversely, these values decreased with the rise in photon energy within the range
of 103 keV to 1333 keV. The experimental measurements showed good agreement
with theoretical calculations from XCOM and simulation results using the Phy-
X/PSD software. The evaluation of the fabricated composites encompassed various
parameters, including mass attenuation coefficient, linear attenuation coefficient,
Half-Value Layer (HVL), Mean Free Path (MFP), effective atomic number (Zefr),
effective electron density (Nefr), Zeg, effective buildup factor (EBF), and effective
attenuation buildup factor (EABF). The developed composites possess several
advantageous characteristics, such as lightweight, ease of processing, non-toxicity,
flexibility, and good dispersion properties. Because of these characteristics, these
materials can effectively serve as gamma-ray shielding materials. The composite
material is suitable for various applications, including both mobile and stationary
radiation shielding purposes. Additionally, it can be used in scenarios where flexible
radiation shielding, such as gloves, shoes, and coats, is necessary to protect workers

from radiation exposure.

Our further efforts were to synthesis a epoxy wall paint composites based metal
oxide samples for shielding applications. Epoxy wall paints with added Bi,Os; and
WOs3 were prepared to evaluate their gamma radiation shielding properties. The
mass attenuation coefficients obtained experimentally were compared with
predictions from the XCOM application and Phy-X/PSD program simulations

(0.010 MeV to 15 MeV range), showing excellent agreement. Parameters such as
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mass attenuation coefficient, linear attenuation coefficient, HVL, MFP, Zesr, Nerr,
EBF, and EABF were examined. The results indicate that BioO3 (20 percent) wall
paint composites are highly effective at photon reduction. Shielding parameters
(0.015 to 15 MeV) showed that MAC, LAC, Zesr, and Negr increase with higher
Bi,03/WO3 content and decrease with energy. This suggests a novel gamma

shielding absorber, reducing the need for lead in these new materials.

Based on the data obtained in the second part of this study, Table 9.1 compares the
linear attenuation coefficients (LAC) and HVL of the different shields to determine

which one is the most effective at attenuating gamma rays at 0.662 MeV.

Table 9.1: Comparison of linear attenuation coefficients for different shields in

the present study of gamma rays at 0.662 MeV energy.

No Samples with code ]()ge/lcl:;g’ (Ic':l_(l:) I(_Ic:;l)‘
1 CSZ10 3.461 0.203 3.414
2 CSZ20 3.523 0.208 3.332
3 CSN10 3.612 0.209 3.316
4 CSN20 3.731 0.223 3.108
5 NRBWS80 3.342 0.293 2.365
6 NRBW100 3.418 0.306 2.265
7 WPB4 2.934 0.254 2.728
8 WPW4 3.097 0.261 2.655

NRBWI100 has the highest LAC value (0.306 cm™), making it the most effective
shield for attenuating gamma rays at 0.662 MeV. Also, NRBWS80, with LAC value
of 0.293 c¢cm™, is the second most effective shield. WPB4 and WPW4 also show
relatively high LAC values of 0.254 cm™ and 0.261 cm™, respectively. CSZ10 has
the lowest LAC value (0.203 cm™), indicating the least effectiveness among the
samples tested. In summary, while NRBW100 is the best in terms of LAC, WPB4

and WPW4 also provide strong performance with the advantage of being less dense.
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Summary and Conclusion

Consideration of the specific application requirements (cost, weight, mechanical
properties) will help in making the final decision on the best shielding material.

Epoxy-based coatings are identified and evaluated for their effectiveness in gamma
ray attenuation because of their unique combination of properties that make them
suitable for radiation shielding applications. Epoxy resins are versatile and can be
enhanced with additives like heavy metals or high atomic number materials (e.g.,
tungsten, bismuth) to improve gamma-ray attenuation by increasing density and
atomic number. They offer excellent adhesion, durability, and mechanical strength,
making them ideal for radiation shielding in environments like nuclear facilities and
aerospace. Unlike heavy materials like lead, epoxy coatings with high-density fillers
provide a lightweight, cost-effective alternative. They can also be safer and more
environmentally friendly. Advancements in nanotechnology further improve their
shielding performance using nano-sized fillers. By combining their inherent
properties with the ability to be tailored for specific attenuation requirements,
epoxy-based coatings are a promising material for radiation shielding in diverse

applications
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CHAPTER 10
RECOMMENDATIONS

Recommendations for Future Work

Expanded geographical and material scope: Conduct further investigations
across a broader geographic area and include a wider variety of building
materials. This would provide a more comprehensive understanding of the
regional variations in natural radioactivity in different climatic zones or

geological formations.

Longitudinal Studies and Monitoring: Conduct long duration studies to
monitor changes in natural radioactivity over time. This could involve
periodic sampling and analysis to assess any fluctuations in radiation levels
and their implications for long-term exposure risks. Long duration data
would contribute to establishing baseline values and detecting any trends or

anomalies.

Further studies have to be conducted at Pantheeramkavu, near Calicut, for
finding out the possible reasons for the enhanced radioactivity observed at

this sampling site.

Advanced Shielding Material Development: Focus on advancing the
development of novel gamma-ray shielding materials. Investigate innovative
compositions and manufacturing techniques that prioritize not only
effectiveness in radiation attenuation but also factors such as cost-
effectiveness, sustainability, and ease of application. Explore the integration
of nanotechnology or composite materials to enhance shielding capabilities.
Kerala, being the state producing the largest amount of natural rubber in our
country, there is ample scope for continuing research based on natural rubber

based shielding materials.



Recommendation

>

X2 Impact Assessments and Standards: Conduct studies to assess the impact of
natural radioactivity and gamma attenuation properties of wall paints on the
indoor air quality and occupant health in buildings. Establish or refine
standards and guidelines for safe levels of radiation exposure in houses and
other establishments. Collaborate with regulatory bodies and industry

stakeholders to implement these standards effectively.

> Interdisciplinary Approaches: Foster interdisciplinary collaborations between
radiation physicists, materials scientists, health professionals, and policy
makers. This collaborative approach would facilitate the integration of
diverse expertise and perspectives to address complex challenges related to

natural radioactivity and gamma attenuation in building materials.

> Public Awareness and Education: Increase public awareness and education
initiatives regarding the potential risks associated with natural radioactivity
in building materials. Develop educational programmes for architects,
engineers, construction professionals, and homeowners to promote informed
decision-making and the adoption of radiation-safe practices in building

design and maintenance.

By pursuing these avenues through further research and development, the field of
radioactivity, both natural and man-made, can be made more beneficial and fearless

to the future generations.
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APPENDIX

Table Al: Minimum detectable activities (MDA).

Nuclides (f:f{:gvy) (11;{1]/)1;
Mok 295.1 1.7
2 ra 186.1 0.3
o 727.3 1.5
2 583.0 0.8
s 609.3 0.5
*k 1460.7 1.3

Minimum detectable activity is calculated by using the equation,

1.645vVB

_ c
MDA = S etm (Bg/kg)

where BC is the counts on background.

Table A.2 Represents the energy sources with activity used for the gamma
attenuation measurements.

Table A2: Energy sources with activity.

£ Activit Relative
Nuclide nergy crvity Reference Date Error
(keV) (Bq) o
(%)
Cs-137 662 660 24 Aug, 2021 6
Co-60 1173 1460 24 Aug, 2021 10

Co-60 1333 1460 24 Aug, 2021 10



Figure A1 and A2 shows one of the spectrums produced from the samples from
Athirappilly and Kuthiran region.
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Figure Al: Gamma Energy Spectrum of rock sample from athirappilly (Under this

study)
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Figure A2: Gamma Energy Spectrum of rock sample from Kuthiran (Under this
study).



