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Foreword

(Source: Department of Atomic Energy)

India is one of the fastest growing nations in theworld and requires significant growth
to fulfil the demand in energy, food, health care and industry. Towards this, nuclear
and radiation technologies stand as shining beacons. And as a means of enabling a
detailed understanding on these burgeoning technologies, I introduce this Handbook
on Radiation Environment with great pleasure. This handbook is indeed a timely and
well-thought-out exploration into the fascinating domain of radiation that influences
our everyday lives and is poised to shape the future of energy sustainability.

I understand the pivotal role that nuclear energy and radiation technologies play in
our quest for a clean, efficient and sustainable power source. The global resurgence of
interest in nuclear and radiation technologies highlights the importance of a nuanced
understanding of radiation and its implications. This handbook, meticulously crafted
by experts in the field, not only provides a comprehensive overview but also invites
us to re-evaluate our existing paradigms.

Volume I of this handbook navigates through the sources, applications and policies
of radiation, encompassing everything from the ubiquity of radiation to the evolution
of radiation protection policies. This volume serves as a foundational resource for
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both experts and enthusiasts, offering insights into the dynamic and interconnected
world of radiation. On the other hand, Volume II of the handbook delves into the
specifics of external and internal dosimetry. From the fundamentals of ionizing radia-
tion to monitoring strategies and advanced techniques like Monte Carlo simulations,
this volume provides a comprehensive guide for professionals in the field. For those
of us engaged in the domain of atomic energy, this handbook serves as a valuable
resource, offering insights that transcend traditional disciplinary boundaries. It is
a testament to the collaborative efforts of scientists, researchers and policymakers
who strive to strike a delicate balance between harnessing the benefits of ionizing
radiation and safeguarding the well-being of our environment and its inhabitants.

As we stand at the crossroads of scientific innovation and responsible energy
management, I wish for this handbook to serve as a guiding beacon. I commend
the Editor and the authors for their dedication and vision in compiling this invalu-
able resource. May it inspire and inform, creating a collective understanding that
empowers us to navigate the complexities of the radiation environment with wisdom
and foresight.

Mumbai, India Dr. Ajit Kumar Mohanty
Chairman, Atomic Energy Commission

Secretary, Department of Atomic Energy



Preface

Ionizing radiation comprises subatomic particles or electromagnetic waves
possessing sufficient energy to ionize atoms or molecules by extracting electrons.
This distinctive capability, combined with the naturally occurring and artificially
generated nature of such radiations, opens up intriguing possibilities for the peaceful
utilization of ionizing radiation. Its applications span awide spectrum, encompassing
activities such as improving cropproduction, purifyingwaste, treating cancer, delving
into the nucleus’s core, and harnessing energy through nuclear fission. However, the
advantages of ionizing radiationmust be judiciously evaluated in light of its potential
hazards. Whether utilized for beneficial purposes or to comprehend associated risks,
each application necessitates precise dose measurements, a field known as radiation
dosimetry. Volume II: Dose Measurements of the Handbook on Radiation Environ-
ment aims to provide assistance to experts, policymakers, and interested readers
in cultivating a comprehensive understanding of ionizing radiation dosimetry. This
volume complements the preceding Volume I: Sources, Applications, and Policies.

To ensure a coherent narrative, Volume II has been organized into two
parts—External Dosimetry and Internal Dosimetry—distinguishing between
external and internal exposure scenarios. Part I, External Dosimetry, commences
with Chapter “Ionizing Radiation Measurements”, providing a general introduction
to radiation dosimetry and establishing the context for subsequent chapters. Chapters
“Radiation Processes, Radiation Quantities, and Units” to “Monitoring of External
Neutron Exposures” then offer a succinct grasp of the fundamentals, encompassing
the interaction of ionizing radiation with matter, various dosimetric quantities,
metrology, the biological effects arising from such interactions, and themonitoring of
external gamma, beta, and neutron exposures. The section then progresses to provide
a detailed exploration of various environments in external dosimetry. Specific envi-
ronments are addressed in subsequent chapters, starting with Chapter “Radiation
Environment in Nuclear Fuel Cycle Facilities”, which examines the radiation envi-
ronment in nuclear fuel cycle facilities. Chapters “Radiation Environment in Indus-
trial and Research Facilities” and “Radiation Environment in Particle Accelerator
Facilities” then delve into the radiation landscape in industrial and research facilities,
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x Preface

as well as particle accelerator facilities, respectively. Chapter “Radiation Environ-
ment in Medical Facilities” intricately explores the radiation environment in medical
facilities, discussing nuclear medicine radiation dose assessment and occupational
and patient doses in medical facilities. In Chapter “Role of Bayesian Inference
in TLD-Based Personnel Monitoring”, the exploration of advanced subjects like the
application of Bayesian inference in personnel monitoring using TLD showcases the
incorporation of cutting-edge technologies into radiation safety protocols. Chapters
“Retrospective Dosimetry” and “Biological Retrospective Dosimetry” subsequently
introduce captivating areas of retrospective and biological retrospective dosimetry,
offering insights into comprehending accidental exposures.

Part II, titled Internal Dosimetry, commences with Chapter “Introduction
to Internal Dosimetry”, providing an introduction to Internal Dosimetry and estab-
lishing the groundwork for comprehending the subsequent chapters. In Chapter
“Biokinetic Models of Radionuclides”, an in-depth exploration of the biokinetics
of radionuclides unfolds, delving into the physiological processes that govern the
movement of radioactivematerials within the body. Chapter “Monte Carlo in Internal
Dosimetry” introduces the integration of sophisticated simulations, such as Monte
Carlo techniques, to enhance our understanding of radiation distribution within
biological tissues. The significance of precision is further underscored in Chapter
“Internal Dose Evaluation, Quality Assurance and Uncertainty Analysis”, which
delves into dose evaluation, quality assurance, and uncertainty analysis—integral
components ensuring the accuracy of internal dosimetric assessments. Chapters
“Direct Monitoring Method to Detect Internal Radioactive Contamination” and
“In-Vitro Monitoring Techniques” meticulously explore in-vivo and in-vitro moni-
toring techniques, respectively, providing a detailed examination of the methods
employed to measure internal radiation exposure. Chapter “Radon Inhalation Dose
Monitoring” narrows its focus to radon inhalation dose monitoring, addressing a
specific internal exposure scenario with unique considerations. The application of
liquid scintillation counting in internal dosimetry is extensively covered in Chapter
“Liquid Scintillation Based In-Vitro Analysis of Various Radionuclides in Bioassay
Samples”. Chapter “Radiation Dose Assessment in Nuclear Medicine” offers a
comprehensive overview of the challenges and considerations associated with dose
measurements in nuclear medicine followed by an exploration of internal measure-
ment techniques during off-normal conditions in Chapter “Internal Radioactive
ContaminationMonitoringDuringOff-Normal Situations”, both reflecting the adapt-
ability of dosimetric practices in various situations. Finally, Chapter “Decorporation
of Radionuclides” delves into the intricate process of decorporation of radionu-
clides, emphasizing the importance of mitigating internal radiation exposure through
targeted interventions.

Together, these chapters strive to provide readers with a comprehensive grasp of
ionizing radiation dosimetry spanning a wide array of exposure scenarios. Positioned
as an advanced volume relative to Volume I, the primary audience is targeted towards
radiation safety practitioners and experts. Nevertheless, my aim is to make these
sophisticated concepts accessible, with the hope that this volume will also engage
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university students, researchers, and individuals with a general interest in radiation
measurements.

In my capacity as the Director of the Health, Safety and Environment Group at
Bhabha Atomic Research Centre, I am acutely aware of the significant responsi-
bility involved in accurately measuring doses across diverse exposure environments
to ensure the safety of practitioners and users. This awareness prompted the creation
of this volume, serving as a comprehensive platform for individuals involved in
ionizing radiation dosemeasurements. The preparation of this volumewas a substan-
tial undertaking, given the rapidly advancing research in crucial chapter topics and
the challenge of condensing decades of knowledge into a concise format. I extend
my heartfelt gratitude to all the chapter authors for their expertise, cooperation, and
dedication, as their contributionswere integral to the success of this endeavor. Special
appreciation goes to Dr. T. Palani Selvam, Hemant Patni, and Anirudh Chandra for
their tireless efforts in coordinating the technical reviews of all chapters, ensuring
their meaningful contribution to the overarching narrative.

Mumbai, Maharashtra, India
February 2024

Dinesh Kumar Aswal
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Ionizing Radiation Measurements

Dinesh Kumar Aswal and Anirudh Chandra

1 Introduction

Ionizing radiation as a phenomenon includes energetic particles and electromag-
netic waves and holds a unique position in various sectors. Ionizing radiations are
characterized by their ability to dislodge electrons from atoms and are comprised
of X-rays, gamma rays, alpha, beta particles, etc. This form of energy is harnessed
across diverse applications, ranging frommedical diagnostics and cancer treatment to
industrial processes and nuclear power generation. Inmedical contexts, ionizing radi-
ation is instrumental in diagnostic imaging, such as X-ray radiography and computed
tomography (CT) scans, providing invaluable insights into the human body’s internal
structures. Moreover, radiation therapy utilizes controlled doses to combat cancer
cells. These crucial applications demand precise measurements to ensure effective
treatmentwhileminimizing exposure to healthy tissues. Industrial applications, espe-
cially in manufacturing and non-destructive testing, leverage ionizing radiation for
material inspection and quality control. In nuclear power plants, ionizing radiation
is inherent, driving the need for meticulous measurements to monitor and manage
potential risks associated with nuclear processes.

Given its diverse applications, measuring ionizing radiation is important for safe-
guarding public health [1], occupational safety [2], process control, and environ-
mental well-being [3]. Occupational environments, medical facilities, and public
spaces are equipped with radiation detection instruments to quantify and mitigate
potential risks of excessive ionizing radiation. These instruments range fromGeiger-
Mueller counters and scintillation detectors to advanced solid-state detectors, each
tailored to specific applications. However, ionizing radiation measurements pose
inherent challenges. Calibration drift, detector inefficiencies, and environmental
factors can impact measurement accuracy. The diverse types of ionizing radiation
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2 D. K. Aswal and A. Chandra

require specialized detectors, and discriminating between various radiation sources
can be difficult. Moreover, the dynamic nature of radiation fields and the poten-
tial for high radiation doses in certain environments means that robust and reliable
measurement systems are needed.

Emerging innovations in ionizing radiation measurements seek to address these
challenges. Artificial intelligence (AI) is making significant strides in enhancing the
accuracy and efficiency of measurements. Machine learning algorithms can analyze
complex radiation data patterns, improving the ability to differentiate between back-
ground radiation and potential hazards. Additionally, advancements in sensor tech-
nologies, such as solid-state detectors with enhanced sensitivity and durability,
contribute to more reliable measurements in various settings. Furthermore, minia-
turization and portability are becoming key trends in radiation measurement devices
[4], enabling real-timemonitoring in diverse environments.Wireless connectivity and
remote data access allow operators to monitor radiation levels remotely, improving
safety protocols and response capabilities [5].

This introductory chapter aims to provide the reader with a gist of ionizing radi-
ation measurements to enable a broader understanding of the rest of the volume.
Section 2 discusses the importance of measuring ionizing radiation. Sections 3 and
4 briefly discuss the means and ways of measuring radiation, while Sects. 5, 6, and
7 discuss its various domain applications, challenges, and emerging technologies.

2 Importance of Measuring Ionizing Radiation

Accurate and precise measurements of any physical quantities are indispensable
across various domain applications. They form the bedrock of scientific research,
industrial processes, healthcare, environmental monitoring, technology, and safety
compliance. The importance of measurements can be understood by looking at the
consequences of improper measurements. For example, the Mars Climate Orbiter,
a NASA spacecraft, was designed to study the Martian atmosphere. However, a
navigation error occurred due to a mix-up between metric and imperial units in the
software and inaccurate measurements of thrust led to the spacecraft burning up in
the Martian atmosphere instead of entering orbit, resulting in a mission failure and
a loss of $125 million [6].

In scientific research, reliable data and experimental validity hinge on precise
measurements, ensuring the integrity of findings and supporting hypotheses. Indus-
tries rely on accurate measurements for quality control, process optimization, and
compliance with regulatory standards, contributing to product consistency and effi-
ciency. In healthcare, precise measurements are crucial for diagnostic accuracy
and proper drug dosages, impacting patient care outcomes. Environmental sciences
leverage accurate measurements for resource management, climate research, and
conservation efforts. Navigation systems, communication technologies, and safety
regulations all demand accurate measurements for optimal performance and compli-
ance. Ultimately, accurate and precise measurements are foundational in advancing
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Fig. 1 Accuracy and precision in measuring ionizing radiation have implications on the protection
of occupational workers, members of the public, the environment, and the nation

knowledge, innovation, and safeguarding the well-being of individuals and the envi-
ronment. And these considerations directly apply to nuclear technology as well (as
illustrated in Fig. 1).

In the occupational setting,workers in ionizing radiation industries such as nuclear
power, healthcare, and research laboratories may be exposed to ionizing radiation as
part of their daily activities. Accurate measurement of radiation levels is essential
to assess and monitor the radiation dose received by these workers, ensuring that
it remains within permissible limits established by regulatory authorities. Regular
monitoring helps identify potential overexposure and allows for prompt corrective
actions to minimize health risks. Additionally, it enables the optimization of radia-
tion protectionmeasures, ensuring that workers are adequately shielded and that their
exposure is kept as low as reasonably achievable (ALARA) [7]. Precise measure-
ments also help monitor the process such as neutron flux in the core of a reactor and
dose delivery to target materials and patients [8].

Protecting the public from ionizing radiation is another concern, particularly in
the vicinity of nuclear facilities, medical facilities, and areas with elevated sources
of radiation. Continuous monitoring of radiation levels in these areas helps to assess
potential risks and implement necessary protective measures. For instance, in the
event of a nuclear accident or a medical radiation incident, real-time measurements
guide emergency response efforts [9], allowing for the timely evacuation of affected
areas and the provision of appropriate medical care.

Environmental protection is another crucial aspect of ionizing radiation measure-
ment. Activities such as mining, nuclear testing, and nuclear accidents can lead to the
release of radioactive substances into the environment. Monitoring radiation levels
in air, water, soil, and biota is essential to assess the impact on ecosystems and
human health [3]. Long-term environmental monitoring provides valuable data for
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understanding the behavior of radionuclides in different environmental compart-
ments, helping remediation efforts [10], and ensuring sustainable environmental
management.

Fromanational security perspective, themeasurement of ionizing radiationplays a
vital role in detecting and responding to potential threats. Illicit trafficking of radioac-
tive materials, nuclear terrorism, and the testing of nuclear weapons are significant
concerns for national security. Radiation detection and measurement technologies
are essential components of border security and nuclear non-proliferation efforts
as well [11]. Continuous monitoring helps identify abnormal radiation signatures,
facilitating the early detection of illicit activities and enhancing the ability to respond
swiftly to mitigate potential risks. In a wider context, the ramifications for workers,
public, and environment arising from the accurate, precise, and timelymeasurements
in ionizing radiation applications extend to ensuring safety and optimizing processes,
thereby enabling national progress.

3 Measurement Units

But to understand ionizing radiation and its effects, one must use appropriate units of
measurement. The choice of units depends on the physical quantity being measured
and the domain application. Incidentally, a variety of diverse, yet interconnected
radiation measurement units are used in all ionizing radiation applications. Figure 2
shows a subset of these measurement scenarios, including the fuel cycle of nuclear
power production as well as non-power industries. In this section, we present some
simple and general information about typical measurement units encountered in
ionizing radiation measurements.

In the international scientific community, radiation measurement predominantly
adheres to the System Internationale (SI), a standardized system derived from the
metric system. Nevertheless, certain countries, for example, the United States,
continue to utilize the conventional system of measurement, adding a layer of
complexity to any discussion surrounding radiation quantification. In this section,
we try to include both the systems of measurement for the sake of completion.

Different aspects of ionizing radiation necessitate distinct units of measure.When
gauging the radiation emitted by a radioactive material, scientists turn to the conven-
tional unit curie (Ci) or the SI unit becquerel (Bq). The curie, paying homage to
the pioneering scientist Marie Curie, expresses the amount of radioactive material
(and therefore amount of emitted radiation), while the becquerel (named after Henri
Becquerel) provides a modern, standardized counterpart and is related to the curie
as 1 Ci = 3.7 × 1010 Bq. To put these units in context, a laboratory scale check
source contains a few micro curie (µCi) of radioactive material, in the treatment of
thyroid cancer approximately a few milli curie (mCi) of radioactive iodine is used
and during the Chernobyl power plant accident, approximately a few million curie
(MCi) of radioactive cesium were released into the environment [12].
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Fig. 2 Illustrating domain applications where a variety of measurement units are used. The choice
of unit depends on the context, such as the use of counts per second for radiation detection, Becquerel
per m2 for radioactivity measurement on surfaces, Sievert per hour for dose rate measurements,
Gray for dose measurements, etc.

Besides quantifying the amount of radiation vis-à-vis radioactivity, the amount
of radiation traveling through the air is also quantified through a quantity called as
exposure. This is applicable only to gamma radiation and X-rays and is typically
measured by several radiation monitoring instruments used for radiation surveys.
The SI unit for this quantity is Col/kg and its older/conventional units are roentgen
(R) or roentgen per hour (R/h) (again, named after a famous physicist, Wilhelm
Roentgen).

To measure the effects of these radiations on matter, a different set of quantities
are used. Beginning with the absorbed dose or the amount of energy deposited by
ionizing radiation in any matter, (concrete block or human tissue, it does not matter).
This quantity is measured by the conventional unit rad or the SI unit gray (Gy) (in
honor of the English physicist Louis Harold Gray). The rad, once the standard unit,
has now been superseded by the Gy, with 1 Gy equivalent to 100 rad. As individuals
are exposed to radiation, energy is deposited in their body tissues, making accurate
measurement critical in assessing potential health impacts.

Moving beyond the absorbed dose, scientists evaluate the biological risk of
ionizing radiation, which signifies the likelihood of individuals suffering health
effects from radiation exposure. The conventional unit for this assessment is rem, or
the SI unit sievert (Sv) (named after the famed medical physicist Rolf Sievert). The
rem has been replaced by the Sv, where 1 Sv is equivalent to 100 rem, representing
a standardized measure in the international scientific community.

Here two types of quantities use the same SI units of Sv, depending on their
purpose. These quantities are defined for the purpose of administering protection
against radiation exposure and hence they are termed as protection quantities [13].
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The first is the equivalent dose (H), which is simply the absorbed dose multiplied
by a weighting factor called as the radiation weighting factor (wR). This quantity
accounts for differences in the ionization potential of different radiations to capture
their inherent differences in hazard. This does not account for radio-sensitivities of
different human tissues/organs and is typically defined for individual organs/tissues.
But to ascertain biological risk, i.e., harm to the human body, scientists use another
quantity called as the effective or whole-body dose (E). This is simply the weighted
sum of the equivalent dose to the various tissues and organs in the human body,
weighted by a quantity that reflects their radio-sensitivity. This quantity is called the
tissue weighting factor (wT ).

Together, the equivalent dose and effective dose reflect the human impact of
ionizing radiation and are the basis for several regulatory limits [7] designed to admin-
istratively restrict radiation exposure in several domain applications. For example,
humans receive an average annual effective dose of 2.4mSv from naturally occurring
radioactive material [14], whereas the annual effective dose limit applied tomembers
of the public due to radiation technologies is 1 mSv, over and above the natural dose
[15].

However, these protection quantities are difficult to measure operationally. They
are only inferred and not technically measured. Therefore, another set of quanti-
ties that are operationally measurable and relate to the protection quantities are the
personal dose equivalent (Hp) and ambient dose equivalent (H*), [13] which also
use the same SI units, i.e., Sv. These quantities are very good approximations of
the protection quantities and are related to them through conversion functions and
theoretical models. Suffice to say that commercial radiation measuring instruments
typically represent the measured dose or dose rate in these quantities.

In conclusion, the measurement of emitted radiation, dose, and biological risk
indicates a rather complex process of trying to assess the impact of ionizing radia-
tion. In fact, the transition from conventional to SI units mirrors the global effort
to standardize measurements and facilitate seamless communication as well as
understanding within the scientific and industrial community.

4 Measurement Techniques

The detection andmeasurement of nuclear radiation requires specialized instruments
due to the invisible nature of these radiations. Human perception falls short in sensing
their presence. Historically, ionizing radiation detection has always been intertwined
with the evolution of scientific understanding and technological advancements. The
fundamental principles guiding the measurement of these radiations revolve around
the deployment of radiosensitive detectors and the subsequent recording of radiation-
induced effects. Ionizing radiation induces electrical charges in neutral atoms or
molecules and the distinction between direct ionizing effects of charged-particle
radiation (such as alpha and beta) and the indirect effects of neutral radiation (such
as neutron, gamma, and X-rays) lays the foundation for detection principles.
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4.1 A Brief History

The journey began with Wilhelm Conrad Rontgen’s discovery of X-rays in 1895,
leading to the invention of the first medical X-ray photograph in December of the
same year. Rontgen’s work laid the groundwork for the emergence of radiation
detectors, and in 1901, he was awarded the Nobel Prize in Physics for this ground-
breaking discovery. Henri Becquerel’s experiments in 1896 marked the serendipi-
tous discovery of radioactivity, unveiling the emission of invisible rays from uranium
compounds. Marie and Pierre Curie, in collaboration with Becquerel, furthered the
field by introducing the concept of radioactivity and discovering radium and polo-
nium. Madame Curie coined the term ‘radioactivity’, and their contributions earned
them the Nobel Prize in Physics in 1903.

The early twentieth century saw the development of various detection instru-
ments. The gold-leaf electroscope, thermoluminescence phenomenon, and photo-
graphic plates were employed to detect radiation effects. Rutherford’s work on alpha,
beta, and gamma rays, along with the invention of the spinthariscope by Crookes in
1903, allowed for the detection of individual radiation events. The cloud chamber,
introduced by C.T.R. Wilson in 1911, provided a visual representation of particle
tracks. The subsequent decades witnessed the rise of gas-filled detectors, including
the Geiger-Muller counter in the late 1920s. These detectors enabled more efficient
and practical measurement of radiation.

Photographic emulsions, scintillation detectors, and ionization chambers became
integral components of radiation detection during the mid-twentieth century. The
advent of semiconductor detectors, such as silicon and germanium, in the late 1950s
and early 1960s, marked a significant advancement, offering improved sensitivity
and compact design. The evolution continuedwith the development of neutron detec-
tors, activation detectors, and scintillation materials like thallium-activated sodium
iodide crystals. The introduction of thermoluminescent dosimeters (TLD) in the
1940s and the Cherenkov detector in 1937 broadened the scope of radiation detec-
tion applications. As technology progressed, amplifier circuits, photomultipliers, and
transistor-based circuits replaced vacuum-tube circuits in the mid-twentieth century.
The transition to microprocessor-based instruments in the 1960s further enhanced
the capabilities of radiation detectors, enabling higher counting rates and portability.

4.2 Principles of Measurement

At the core of radiationmonitoringdevices lies a radiosensitive detector, a key compo-
nent that reacts to ionizing radiation [16]. These detectors are designed to register
various physical effects triggered by radiation exposure, ultimately allowing for the
measurement of radiation intensity. Detection heavily relies on devices sensitive to
these physical or chemical impacts of radiation, involving ionization in gases, ioniza-
tion and excitation in specific solids, chemical alterations, and neutron activation.
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One prominent effect harnessed in these devices is ionization. As radiation passes
through a medium, it liberates charged particles, creating ion-pairs. These ion-pairs,
indicative of the radiation’s presence, can be collected to generate an electrical signal.
The magnitude of this signal corresponds directly to the intensity of the radiation,
forming the basis for quantifying its impact.

In ionizing radiation detection, the response mechanism of detectors is diverse.
Some detectors manifest their reaction by emitting light pulses in response to radia-
tion exposure—examples include scintillation detectors such as crystals (ex: NaI(Tl),
CsI(Tl)), plastics (ex: anthracene), or organic liquid (ex: 2,5-diphenyloxazole). By
meticulously counting these light pulses, the intensity of the radiation can be gauged.
This method provides a dynamic and real-time assessment, capturing the imme-
diate impact of ionizing radiation on the detector. Conversely, certain detectors are
designed to store the effects of ionizing radiation over an extended period, defer-
ring the assessment until a later time—examples include dosimeters such as ther-
moluminescent dosimeters (TLDs) and optically stimulated dosimeters (OSLDs).
This delayed response enables a retrospective examination of radiation exposure,
offering a unique perspective on long-term effects. These detectors, often employed
in scenarios requiring cumulative radiation data, contribute to an understanding of
radiation impact over time. Fundamentally, all these radiation monitoring devices
share a common thread—they respond to the energy deposited in them by ionizing
radiation. The energy transfer from radiation to the detector becomes the measurable
parameter, offering a tangible and quantifiable basis for assessing radiation levels.

Radiation detection instruments rely on three primary detector types [8, 16]: Gas-
Filled Detectors, Scintillators, and Solid-State detectors, each tailored for specific
purposes. Figure 3 shows the basic working principles of these three types of
detectors.

4.3 Gas-Filled Detectors

The most common type of detector is a gas-filled radiation detector which works
on the principle that as the radiation passes through air or specific gas, ionization
occurs in air or molecules. The ion-pairs produced are collected and measured as
currents or pulses. There are three types of Gas-filled detectors, simply depending
on the amount of voltage bias applied.

Ionization Chambers

These operate at low voltage, measuring absorbed dose over time. They excel
in high-energy gamma ray detection without dead time issues but lack radiation
discrimination for spectroscopy. Ion chambers find applications in survey meters
and laboratories for reference standards.
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Fig. 3 Schematic of working principles of a Gas-filled detectors, b Scintillation detectors, and
c Semiconductor detectors

Proportional Counters

Operating at a higher voltage, they drift ions toward the detector anode, undergoing
gas amplification for proportional pulse strength. Ideal for spectroscopy applications,
proportional counters are sensitive and effective for alpha and beta detection, serving
as contamination screening detectors.

Geiger-Mueller Tubes (G-M Tubes)

Operating at high voltage, G-M tubes function as simple counting devices. Dead
time challenges at higher exposure rates are managed through quenching, either
electronically or chemically. While valuable for count rates and dose rates, they
exhibit dead time lag, addressed through calibration or algorithmic corrections.

4.4 Scintillation Detectors

These detectors rely on materials exhibiting scintillation when exposed to radiation.
Photon interaction results in flashes of light, enabling sensitive and specific spectro-
scopic profiling of radioactive materials. Coupled with photomultiplier tubes, scintil-
lation detectors offer high sensitivity and are crucial in radiation security applications,
distinguishing between natural, medical, and potentially hazardous sources.
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4.5 Solid-State Detectors

Utilizing semiconductor materials like silicon, solid-state detectors operate simi-
larly to ion chambers but on a smaller scale and lower voltage. Comprising n-
type and p-type layers, they form a depletion zone where radiation induces re-
ionization, producing electronic pulses for measurement. Solid-state detectors boast
quick response times and durability against high radiation, making them ideal for
electronic dosimetry in intense radiation environments.

5 Application Domains

Ionizing radiation detection has applications wherever radiation is used. The purpose
of detectionmayvary, such asmonitoring to ensure the safety ofworkers, or to inspect
a process, or ensure optimisation of dose delivery, etc.More discussion on application
domains is given below and illustrated in Fig. 4.

5.1 In Industry and Medicine

In industry, the monitoring of radiation levels is essential for ensuring occupational
safety, regulatory compliance, and the prevention of potential hazards. Industries
such as nuclear power generation, medical diagnostics and treatment, and industrial
radiography heavily rely on sophisticated radiation detection systems.

In nuclear power generation (Fig. 4a), radiation detectors are integral compo-
nents of safety measures. Continuous surveillance of radiation levels within nuclear
reactors helps in the early detection of abnormalities, allowing for prompt interven-
tion to prevent potential incidents. These detectors contribute to the maintenance of
operational integrity and the protection of both workers and the surrounding envi-
ronment. Measurements also play a role in ensuring the health safety of workers in
the form of individual and area monitoring programs. Furthermore, in the decom-
missioning phase of nuclear facilities, radiation detection aids in the assessment of
radioactive contamination, facilitating the safe dismantling and disposal of nuclear
infrastructure.

The medical field (Fig. 4b), particularly diagnostic imaging and radiation therapy,
benefits significantly from precise radiation detection. In diagnostic procedures, such
as X-rays, computed tomography (CT) scans, and positron emission tomography
(PET) scans, detectors ensure accurate imaging while minimizing radiation expo-
sure to patients. Radiation therapy, used in the treatment of cancer, relies on sophisti-
cated detectors to precisely deliver therapeutic doses to targeted tissues, maximizing
treatment efficacy while minimizing damage to healthy cells.
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Industrial radiography (Fig. 4c), a non-destructive testing technique widely used
in manufacturing and construction, depends on radiation detection for flaw detection
and quality control in materials. By utilizing radiation sources to inspect the internal
structures of objects, such as welds and pipelines, industrial radiography ensures
the integrity and reliability of critical components. This application is particularly
prevalent in sectors like aerospace, oil and gas, and construction, where the detection
of structural imperfections is vital for maintaining safety standards.

5.2 In the Environment

Radiation detection is also important in environmental applications, contributing
significantly to monitoring and safeguarding ecosystems from the potential impacts
of ionizing radiation. Natural and anthropogenic sources can introduce radioactive
materials into the environment, necessitating vigilant surveillance to assess their
levels and mitigate associated risks. Monitoring radiation in air, water, and soil helps
identify potential contamination hotspots, enabling prompt interventions to protect
both environmental health and public safety.

In environmental research, radiation detection plays a role in studying the impact
of nuclear activities, such as nuclear power plants or historical nuclear events, on
ecosystems. This data aids scientists in understanding the long-term effects of radi-
ation exposure on flora and fauna, guiding conservation efforts, and ensuring the
sustainable management of biodiversity. Additionally, radiation detection is instru-
mental in overseeing nuclear waste disposal sites, preventing unauthorized access,
and assessing the effectiveness of containment measures.

Furthermore, in the aftermathof environmental disasters, such as nuclear accidents
or radiological incidents, radiation detection becomes indispensable for assessing
contamination levels and guiding cleanup efforts. For example, the international
network of The International Monitoring System (IMS) of the Comprehensive Test
Ban Treaty Organization (CTBTO) monitors radiation to detect potential nuclear
explosions [17]. In India, the country-wide network of the Indian Environmental
Radiation Monitoring Network (IERMON) of radiation detectors ensures vigilance
to any unwarranted event involving ionizing radiations [18]. Rapid and accurate
detection allows authorities to implement timely measures to mitigate the spread
of radioactive materials, minimizing the ecological impact and facilitating the
restoration of affected areas.

In essence, radiation detection in environmental applications acts as a vital tool
in the ongoing commitment to preserving the delicate balance of ecosystems and
safeguarding the planet’s biodiversity.
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6 Challenges in Radiation Detection

Like any other measurement instrument, radiation detectors often face issues of
calibration and maintenance. The calibration of radiation detectors is of the utmost
importance in any domain application. Here we present some important calibration
and maintenance challenges with respect to the nuclear industry [19].

• Inappropriate Calibration Frequency Extension: In many instances in the
nuclear industry, calibration frequencies for certain detector types are often
extended without considering degradation and failure mechanisms, jeopardizing
monitor reliability. This is in part a systemic problem as well as one of negligence.
Possible solutions include implementing stringent calibration practices, empha-
sizing proper training for maintenance workers and adherence to recommended
frequencies, and preventing unknowing degradation.

• Expertise Drain in Radiation Detection:Adecline in radiation detection experts
contributes to improper handling, calibration, and maintenance of monitors,
demanding a remedy to ensure knowledgeable oversight. Solutions include rein-
stating expert oversight in the calibration and maintenance process and providing
relevant training to maintenance personnel on radiation detection principles.

• Technological Obsolescence: Aging equipment and the non-existence of radia-
tion detector suppliers pose challenges, leading to complexities and substantial
replacement costs. Solutions include exploring technology upgrades and consid-
ering electronic retrofits and detector substitutions, to extend the lifetime of
monitors without the need for complete replacements. Conducting independent
assessments to evaluate system health and identifying suitable upgrades is also
important.

In nuclear medicine, challenges are associated with both therapy and diagnos-
tics. The challenges in radiation therapy technologies [20] involve implementing
advanced techniques like small field dosimetry (SRS/SBRT), imaging dosimetry,
and 4D dosimetry for moving targets. Small field dosimetry faces issues due to
partial volume effects, requiring 3D dosimeters for accurate measurement. Intensity-
modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT)
demand high-resolution 3D dosimetry to handle dynamic changes and sophisticated
mechanical movements. Imaging dosimetry introduces concerns about increased
imaging volume and potential complications, necessitating accurate measurement
of imaging dose. 4D dosimetry for moving targets is challenging due to non-
uniform tissue and deformable organs, requiring precise 3D and high-resolution
measurements.

In diagnostics, the progression of single photon emission computed tomography
(SPECT) and positron emission tomography (PET) depends on overcoming distinct
challenges in detector design and electronics [21]. Energy resolution in PET, a critical
factor influencing image quality, demands innovative materials like cerium bromide
(CeBr3) or a shift to direct conversion detectors such as cadmium zinc telluride
(CZT) or thallium bromide (TlBr). Concurrently, intensive research targets timing
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resolution enhancement, vital for signal-to-noise improvement and the implemen-
tation of time-of-flight PET. This involves novel configurations like side readouts,
meta scintillators, and leveraging Cherenkov light emission, complemented by signal
processing methods like convolutional neural networks (CNN). Spatial resolution,
impacted by acollinearity and positron range, poses another challenge. Overcoming
this necessitates tackling the inherent limitations of PET detectors, exploring unique
configurations like layered scintillators, and addressing spatial constraints related to
monolithic scintillators.

7 Emerging Technologies—AI

Radiation detection and measurement has a rich history that extends back several
decades and development in this field follows technological developments of the
time. At present, Artificial Intelligence andMachine Learning (AI/ML) are the latest
emerging technologies and here we discuss some ways in which AI can play a role
in ionizing radiation detection, measurement, and applications [22]. Though this is
a dynamically evolving technology, here we have attempted to capture the flavor of
AI-driven improvements in nuclear medicine and radiation protection in the nuclear
industry, and it is by no means an exhaustive exploration.

Among the several domain applications of radiation measurement, one can argue
that AI has made early contributions to nuclear medicine than industrial applica-
tions. Some of the early applications of AI in nuclear medicine included enhancing
image quality, quantification accuracy, and precision. AI utilizes imaging data for
disease diagnosis, prognosis, lesion classification, and imaging physics. In particular,
radiomics has seen this emergence, where high-dimensional features are extracted
using convolutional neural networks (CNNs) [23]. This aids in diagnosis, treatment
monitoring, and correlation analyseswith histopathologyor genemutations.Machine
learning (ML)methods like naive Bayes and support vector machines have long been
employed, but deep learning (DL) technologies, such as CNNs and artificial neural
networks, are known for their superior performance.

In radiopharmaceutical therapies (RPT), AI-driven theranostic drug discovery
explores molecular parameters for optimal outcomes [24]. Precision dosimetry,
essential for assessing energy deposition in tissues, benefits from AI-based image
reconstruction, reducing scanning time and enhancing quantification accuracy.
Predictive dosimetry and digital twins allow personalized RPTs, predicting absorbed
doses and optimizing therapies. AI also impacts clinical workflow by increasing effi-
ciency in patient scheduling, predictive device maintenance, quality control moni-
toring, and real-time device performance evaluation. Triage of urgent findings and
automation of time-consuming tasks contribute to faster report turnaround times,
ensuring safer and more reliable nuclear medicine practices.

The learnings from and applications of AI in nuclear medicine have in a way
contributed to its emergence in industrial applications as well. AI does hold a signifi-
cant potential in enhancing radiation detection and measurement, offering improved
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efficiency, accuracy, and automation in various aspects of radiation protection in the
nuclear industry. Here are several ways in which AI can be applied in this field:

• Automated Data Analysis: AI algorithms can process and analyze vast amounts
of radiation data more efficiently than traditional methods [25]. They can identify
patterns, anomalies, or trends in radiation levels [26], aiding in the early detection
of potential issues.

• Image Recognition for Contamination: AI-powered image recognition systems
can be employed to identify and locate radioactive contamination. This is partic-
ularly useful in facilities handling radioactive materials where visual inspection
may not be sufficient.

• Real-time Monitoring and Alerts: AI algorithms can continuously monitor radi-
ation levels in real time. If abnormal readings are detected, automated alerts can be
generated, allowing for prompt response and intervention to minimize potential
hazards.

• Spectroscopy and Isotope Identification: AI can assist in the analysis of spec-
troscopic data, helping to identify specific isotopes and differentiate between
various types of radiation. This capability [27] is valuable in scenarios where
distinguishing between different radiation sources is crucial.

• Dosimetry and Exposure Assessment: AI can enhance the accuracy of dose
calculations and exposure assessments [28, 29]. Machine learning models can
predict radiation doses based on various factors, aiding in risk assessment and
management.

• Predictive Maintenance: AI algorithms can predict equipment failures or issues
in radiation detection devices, allowing for proactive maintenance. This predic-
tive maintenance approach ensures that detection systems are operational when
needed, reducing the risk of undetected radiation exposure.

• Robotic Systems for Remote Monitoring: AI-powered robots equipped with
radiation detectors can be deployed in hazardous environments for remote moni-
toring [30]. These robots can navigate and collect data autonomously, reducing
the need for human presence in potentially dangerous areas.

• Data Integration and Decision Support: AI can integrate data from multiple
sources [5], including weather conditions, facility status, and historical radiation
data. This holistic approach enables better decision support for managing and
mitigating radiation risks.

8 Conclusion

Human inability to physically perceive ionizing radiation means that the field of
ionizing radiation measurements is an important element across diverse domains.
Accurate, precise, and timely measurement supports scientific research, industrial
processes, healthcare, environmentalmonitoring, technology, and safety compliance.
Industries, particularly nuclear power generation, medical diagnostics, and industrial
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radiography, rely on accurate measurements for safety, quality control, and regula-
tory compliance. In healthcare, precise measurements are paramount for diagnostic
accuracy and personalized treatment. Environmental monitoring uses measurements
for resource management, climate research, and conservation efforts. The protection
of occupational workers, the public, and the environment from ionizing radiation
necessitates accurate measurements to assess and monitor radiation exposure. And
in the path toward radiation detection development, right from Röntgen’s discovery
of X-rays to the development of gas-filled detectors, scintillators, and solid-state
detectors, the continuous advancement of technology in this field has enabled better
detectors and techniques to evolve. Principles of measurement, based on ionization
effects, indicate that diverse mechanisms are often employed by detectors to register
the presence of ionizing radiation. And when it comes to quantifying these measured
values, a variety of different, yet interrelated units are employed. The transition from
conventional to SI units also shows the global effort to standardize measurements. In
conclusion, accurate and precise ionizing radiation measurements are foundational
in advancing knowledge, ensuring safety, and optimizing processes across various
domains while also shaping a safer, more informed, and technologically advanced
future.
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1 Brief History of Radioactivity

The last five years of the nineteenth century opened up an unprecedented era of
scientific discovery that re-evaluated the classical theory that governed physics. On
20th January, 1896, Professor Henri Becquerel attended a lecture by Henri Poincaré
on the X-rays discovered by Wilhelm Röntgen. Inspired by this lecture, Becquerel
started performing experiments with a fluorescent material, which happened to be
potassium-uranyl sulfate. By the end of 1896, he published several articles on his
investigations on the ‘Becquerel rays’ which indicated that the rays were released
from the uranium present in his crystals and their intensity did not noticeably reduce
even after several months. Later on, in 1898 Marie Curie and her husband Pierre
Curie, who were very much intrigued by the findings of Professor Henri Becquerel,
discovered two naturally occurring, strongly radioactive elements, radium and polo-
nium. Marie Curie referred to this phenomenon as ‘Radioactivity’ which was earlier
named as ‘Becquerel rays’ or ‘Uranic rays’.

All these accomplishments paved the way for a new era of science and tech-
nology such as the discovery of neutrons by James Chadwick in 1932 and artificial
radioactivity by Irene Curie and F. Joliot in 1934. Ernest Rutherford, while working
at McGill University in Montreal, discovered that the erstwhile Becquerel rays were
composed of two different components which he named as alpha and beta. It was
found that a thin paper was able to stop alpha particles whereas beta rays could pass
through the paper but could be stopped by sheets of metal. In 1900, Paul Villard
discovered a third, even more penetrating, component of the radiation which was
named as gamma rays.

Since then, many natural and artificially produced radionuclides have found
several peaceful applications in medicine, agriculture, environment, industry, and
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electricity generation. This widespread use, though beneficial, also necessitates strin-
gent regulations and therefore the precise monitoring of radiation dose received by
the individuals, to enforce these regulations. To develop a basic understanding on
radiation dose and its measurements as well as being an introduction to this volume,
this chapter provides an overview of several radioactive processes such as decay by
alpha, beta, gamma emission, internal conversion, electron capture, and spontaneous
neutron fission, in addition to the various radiation quantities and their units.

To begin with, first we have to understand what is ‘Radioactivity’. Radioactivity
is the process of spontaneous emission of electromagnetic and/or nuclear particle
radiation by the decay and transformation of unstable atomic nuclei. Through this
process, the unstable atoms rearrange themselves to achieve stability via one or
more successive decays. At present, there are about 3000 radionuclides and 237
stable nuclides. The guiding principles which define the stability of atoms and their
decay are governed by:

(a) The neutron/proton (n/p) ratio within the nucleus.
(b) The mass–energy relationship of parent, progeny, and the emitted particles.

It is observed that stable nuclei contain a certain combination of proton andneutron
numbers and they fall into a band which is referred to as the valley of stability. In
either direction of the valley, lie the unstable nuclei. Now the question is why the n/p
ratio is crucial for nuclear stability. The answer lies in the balance between ‘Nuclear
Force’ among the nucleons (depends roughly on the nuclear volume and is a very
strong and short-range force) and the repulsive ‘Coulomb Force’ between the protons
in the nucleus.

Inside the nucleus, the n-p interaction is slightly stronger than the n–n or p-p
reaction. Nuclei with equal numbers of neutrons and protons are more stable since
the number of n-p interactions ismaximized. Thus, it is seen that inmany stable nuclei
of lowmass number, the numbers of neutrons and protons are equal or approximately
so.

The plot, similar to the nuclide chart (Fig. 1), indicates the stable nuclei in black,
whereas the neutron-rich nuclei and proton-rich nuclei lie above and below the zigzag
line, respectively. The plot shows that for stable nuclei of lighter elements, there are
approximately equal numbers of protons and neutrons, i.e., n = Z, e.g., 42He2,

10
5 B5,

12
6 C6, 147 N7, 168 O8, etc. For a heavier stable nucleus, the number of neutrons is more
than the protons. In such a nucleus, the coulomb repulsion between the protons is
large and extra neutrons are needed to supply additional binding energy to hold the
nucleus together. Lead (208Pb) is the heaviest stable isotope, which has 82 protons and
126 neutrons. For Caesium-137 (55 protons and 82 neutrons), the ratio of neutrons
to protons is 1.49, and for Uranium-238 (92 protons and 146 neutrons), the neutron
to proton ratio is 1.59, making them unstable.
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Fig. 1 Numbers of neutrons and protons in stable nuclei. The stable nuclides are indicated in black
and the unstable nuclides are residing on either side of it. Data source National Nuclear Data
Center, Brookhaven National Laboratory, Evaluated Nuclear Structure Data File (ENSDF), chart
of nuclides [1])

2 Radioactive Decay

Nowthatwe are familiarwith the underlying reasonwhyanuclide behaves as radioac-
tive, the next question is what happens when a radioactive nuclide decays. The term
‘radioactive decay’ indicates the spontaneous conversion of one radioisotope into
one or more different isotopes (known as ‘decay products’ or ‘daughter products’),
accompanied by the emission in the form of alpha–beta or photons (Gamma radiation
or X-rays). Radioactive half-life, T1/2, is the time required for half of the radioactive
atoms present to decay. For example, if N0 is the number of radioactive atoms present
initially at time t = 0, then the number of radioactive atoms present at a given time
t, N (t), is given by

N (t) = N0e
−λt (1)

where λ is the decay constant which has a unit of s−1. When t = T1/2, N (t) =
N0/2, Equation (1) becomes

N0

2
= N0e

−λT1/2 (2)
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T1/2 = ln 2

λ
(3)

Depending upon the type of radionuclide, T1/2 may vary from a few seconds to
billions of years.

The study of radioactivity and production aswell as the separation of radioisotopes
has led to many important discoveries in the field of atomic and nuclear physics and
has offered societal benefits. The nuclear structure has been unveiled as a result of
‘Nuclear Spectroscopy’which dealswith the study of nuclear energy levels. The basis
of all these studies is the identification and quantification of radioactivity. Therefore,
it is essential to understand the types of decay, decay kinetics, and measurements
of the radioactive emissions. In the following section, we will briefly describe these
concepts.

2.1 Types of Radioactive Decay

As discussed previously, radioactive nuclides emit alpha or beta particles or gamma
rays to reach a stable configuration. These subatomic particles (alpha and beta) and
electromagnetic waves (gamma and x-rays) are referred to as ionizing radiation as
they have adequate energy to ionize atoms or molecules by removing the electrons
from the shell. An overview of these ionizing radiations is given below.

2.1.1 Alpha Particle Emission

Usually heavy nuclei such as Uranium, Thorium, and Radium and artificially
produced nuclei such as Plutonium, Neptunium, Americium, and so forth decay
by the emission of alpha particles. Alpha particle is a nucleus of a helium atom
which contains two protons and two neutrons. In alpha decay, the atomic number Z
of the parent nucleus decreases by two and the mass number A by 4. An example of
alpha decay is given below

226
92 Ra → 222

86 Rn + 4
2He + Q (4)

The energy released (Q value) in the above nuclear transformation is 4.87 MeV,
which is shared by the alpha particle and radon nucleus. An alpha decay sometimes
can be followed by a beta particle or gamma-ray emission or both. The alpha particles
are mono-energetic in nature and their range in matter is very short (of the order of
10–7 m) and is approximately 0.03 mm in the body tissue.
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2.1.2 β−(Electron) Decay

To attain stability, a neutron-rich nucleus decays by emission of β− particle (electron)
alongwith an antineutrino (ν) (an elementary subatomic particle having infinitesimal
mass and no electric charge). In this case, the neutron converts into a proton and thus
the unstable atom gains a more stable n/p ratio. For such kind of process to be
energetically possible, the energy release or Q value must be positive. The negative
beta particle thus can be emitted with variable energy from zero up to Q. The energy
difference between the Q value and the β− particle energy is carried away by ν.
During beta decay, if the daughter nucleus is in the excited state, gamma emission is
possible with an energy equal to the difference between the excited state and ground
state of the daughter nucleus. After the β−decay, the atomic number Z of the daughter
nuclide increases by one whereas the mass number A remains the same. An example
of beta decay is given below

99
42Mo → 99m

43 Tc + β− + v + Q (5)

Q value in the above nuclear transformation is 1.357 MeV.

2.1.3 β + (Positron) Decay

Positron is a positively charged particle denoted by β+. It has the same mass as an
electron but an opposite charge. In positron emission (or decay), a proton in the
parent nucleus decays into a neutron emitting a neutrino and a positron. In β+ decay,
the atomic number Z of the daughter nuclide decreases by one whereas the mass
number remains the same. Similar to β− decay, in β+ decay, the positron can have
a continuous energy ranging from 0 to Q whereas neutrino (ν) possesses an energy
equivalent to the energy difference between theQ value and β+ energy. In this process,
the conversion of a proton into a neutron leads to the creation of a mass equivalent
of two electrons (each with 0.511 MeV). Hence, β+emission is possible when the
energy difference between the parent and daughter nuclides is equal to or greater
than 1.02 MeV. An example of this type of decay is given below

64
29Cu → 64

28Ni + β+ + ν + Q (6)

with a Q value of 1.674 MeV.

2.1.4 Electron Capture

In the electron capture process, a parent nucleus captures one of its orbital electrons
(usually from the k-shell; hence sometimes it is called K-capture) and combines with
a proton yielding a neutron which stays inside the nucleus and a neutrino is emitted.
An example of this process is given below
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57
27Co + β− → 57

26Fe + ν + Q (7)

with a Q value of 0.836 MeV.
After capturing an electron from the K-shell, a vacancy is created and it is then

filled by the transition of electron from upper orbitals (e.g., L-shell or M-shell). The
energy difference between these shells generates characteristic X-rays. The daughter
nuclei produced via electron capture can be either in ground state or excited state. If
it is in the excited state, a gamma ray is released during the de-excitation process.

2.1.5 Gamma-Ray Emission

When a radionuclide undergoes alpha or beta decay, the nucleus of the resultant
radionuclide is generally left in an excited energy state which is unstable. The excited
nucleus either goes to the ground state directly or in steps to the lower energy states
through the emission of gamma radiation. A nuclide in an excited energy state is
referred to as a nuclear isomer. The energy, Eγ , of a gamma ray may be described as
the difference in energy states of the nuclear isomers:

Eγ = hυ = E1 − E2 (8)

where hυ is the energy of the electromagnetic radiation and E1 and E2 are the energy
levels of the nuclear isomers. Thus, the energies of gamma rays are discrete in nature.

2.1.6 Internal Conversion

The common de-excitation mechanism of an excited nucleus is via the emission of
a gamma ray having energy equivalent to the energy difference between excited and
ground states. Another mechanism of de-excitation is via internal conversion. In this
process, the nuclear excitation energy (Eex) is transferred directly to one of the orbital
electrons. Since this energy is more than its binding energy (Eb) at that orbital, the
electron gets ejected from its orbit with an energy (Ee) equivalent to

Ee = Eex − Eb (9)

The energy Ee being a discrete fixed value, the conversion electrons are mono-
energetic in nature. Hence, they appear as line spectra superimposed on the contin-
uous beta-particle spectra of the radionuclide. After electron ejection, a vacancy is
created in that shell, and as a result, characteristicX-raysmay be emitted if an electron
from the upper shell fills that vacancy. There is also another competingmechanism in
which the energy of a characteristic X-ray is transferred to a nearby electron which
is then ejected from the atom. This electron emission process is known as Auger
electron emission. An example of internal conversion is the decay of 137Cs which
is transformed to 137mBa (94.7%) (which is an excited metastable state of 137Ba)
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via beta emission. Out of this 94.7%, with a probability of 85.1%, the excited state
returns to the ground state by emitting a gamma having energy 661.57 keV, while
the rest 9.6% returns to stability through internal conversion.

2.1.7 Spontaneous Fission

In spontaneousfission, anunstable heavynucleus breaks up into two lighter fragments
known as fission fragments, and also more than one neutron on an average is emitted
simultaneously. Spontaneous fission is observable in elementswithmass numberA=
230 or above. An example of spontaneous fission is 252Cf (T 1/2 = 2.65 years) which
is used as a neutron source. It decays primarily through alpha emission (96.91%
probability); thus, the remaining 252Cf decay process occurs via spontaneous fission
with a probability of 3.09% which results in emission of an average number of 3.7
neutrons per fission.

A summary of different types of radioactivity decay phenomena discussed above
is summarized in Table 1.

Table 1 Summary of different types of radioactivity decay

Mode of decay Reaction Description

Alpha (α) A
Z X → A−4

Z−2Y + α Proton-rich nuclides emit alpha particle, which is
helium nucleus having two protons and two neutrons

Beta–negative
(β−)

A
Z X →
A
Z+1Y + β− + ν

In neutron-rich nuclides, neutron decays to proton and
emits negatively charged beta particles. Anti-Neutrino
is also emitted in the reaction in order to conserve
energy and momentum

Beta–positive
(β+)

A
Z X →
A
Z−1Y + β+ + ν

In proton-rich nuclides, proton decays to neutron and
emits positively charged beta particles along with a
neutrino

Electron capture A
Z X + β− →
A
Z−1Y

∗ + ν

An orbital electron is ‘captured’ by the nucleus and it
combines with a proton yielding a neutron. The neutron
stays inside the nucleus and a neutrino is emitted.
Characteristic X-rays along with gamma emission take
place

Gamma A
Z X

∗ → A
Z X + γ An excited nucleus emits gamma photon to reach to the

ground state

Isomeric
transition

A
Z X

m → A
Z X + γ It occurs in the long-lived metastable states (isomers)

of parent nuclei

Internal
conversion

A
Z X

∗ →
[
A
Z X

]+ + β−
An excited nucleus ejects electron instead of gamma
emission

Spontaneous
fission

A
Z X → YH +YL + n In this process, the heavy parent nucleus splits into

lighter fragments and also several neutrons are emitted
simultaneously
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3 Radiological Quantities and Units

As we are now familiar with the radioactive decay processes, let us discuss how
radiation is measured. The parameters associated with such field measurements are
known as physical quantities. Depending on how and where they are measured, there
are several physical quantities, e.g., exposure, fluence, Kerma, absorbed dose, etc.,
and these parameters are described [2] in these subsequent sections.

3.1 Activity

The activity, A, of a radionuclide is measured as a product of the decay constant (λ)
and the number of nuclei, N, thus

A = Nλ (10)

Radioactive decay is a statistical process in which the mean (or average) number
of spontaneous nuclear transformations per unit time interval is defined in terms of
one Bq, which is also known as one disintegration per second. 1 Ci (curie) = 3.7 ×
1010 Bq corresponds to 1 g of 226Ra which has an activity of 3.7 × 1010 Bq.

3.2 Exposure

The ionizing power of electromagnetic radiation in air is known as exposure, X (SI
unit = C/kg (Coulomb/kg)). It is the quotient of dQ by dm, where dQ is the absolute
value of the total charge of the ions of one sign produced in air when all the electrons
and positrons liberated or created by photons in air ofmass dm are completely stopped
in air, thus

X = dQ

dm
(11)

The ionization produced by auger electron is included in the dQ term; however,
the ionization due to photons emitted by radiative processes (i.e., Bremsstrahlung
and fluorescence photons) is not to be included in dQ. The special name of the unit
is Roentgen (R). 1 R = 2.58 × 10–4 C kg−1.
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3.3 Exposure Rate

The exposure rate Ẋ is the quotient of dX by dt, where dX is the increment of exposure
in the time interval dt, thus,

Ẋ = dX

dt
(12)

The SI unit is C kg−1 s−1. Exposure rate is used for the description of x-rays and
gamma radiation in the unit of R h−1.

3.4 Fluence

Fluence,Φ, is the quotient of dN by da, where dN is the number of particles incident
on a sphere of cross-sectional area da, thus,

	 = dN

da
(13)

The unit of Fluence is m−2. Fluence is independent of the direction distribution
of the particles entering the sphere. In radiation transport calculations, Fluence is
frequently expressed in terms of the length of particle trajectories. Fluence 	 is then
given by

	 = dl

dV
(14)

where dl is the sum of the particle trajectories in the volume dV.

3.5 Fluence Rate

The fluence rate (Φ f ) is the quotient of dΦ by dt, where dΦ is the increment of the
fluence in the time interval dt. Its unit is m−2 s−1.

3.6 Flux

The flux (Nf ) is the quotient of dNf by dt, where dNf is the increment of the particle
number in the time interval dt, thus
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N f = dN f

dt
(15)

Its unit is s−1.

3.7 Kerma

The Kerma, K, is the quotient of dEtr by dm, where dEtr is the sum of initial kinetic
energies of all charged particles liberated by uncharged particles in a mass dm of
material, thus,

K = dEtr

dm
(16)

The SI unit of Kerma is J kg−1. The special name of the unit is Gray (Gy). The
quantity dEtr includes the kinetic energy of the Auger electrons.

For a Fluence, Φ, of uncharged particles of energy, E, the Kerma, K, in a specific
material is given by

K = 	E
μtr

ρ
(17)

μtr

ρ
is the mass energy transfer coefficient of the material for these particles.

Equality of absorbed dose and Kerma is approached to the degree that charged
particle equilibrium exists, that radiative losses are negligible, and that the energy
of the uncharged particles is large compared to the binding energy of the released
charged particles. Charged particle equilibrium exists at a point if the distribution of
the charged particle radiancewith respect to energy is constant within distances equal
to the maximum charged particle range. Under the conditions of charged particle
equilibrium, the numerical value of collision Kerma at a point of interest equals the
value of absorbed dose.

3.8 Absorbed Dose

In radiation biology, clinical radiology, and radiological protection, the absorbed
dose, D, is the basic physical dose quantity, and it is used for all types of ionizing
radiation and any irradiation geometry. It is defined as the quotient of dε by dm,
where dε is the mean energy imparted to matter of mass dm by ionizing radiation,
thus

D = dε

dm
(18)
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The SI unit of the absorbed dose is J kg−1 and its special name is Gray (Gy).

3.9 Absorbed Dose Rate

Absorbed dose rate Ḋ is the quotient of dD by dt, where dD is the increment of
absorbed dose in the time interval dt. Thus

D =
dD

dt
(19)

The SI unit is J kg−1 s−1. The special name of the unit is Gray per second (Gy
s−1).

4 Quantities Used in Radiological Protection

Dosimetric quantities are required to assess radiation exposures of humans and other
organisms in a quantitative way and establish principles of radiological protec-
tion, particularly the principle of dose limitation and optimisation of protection.
The International Commission on Radiological Protection (ICRP) and the Interna-
tional Commission on Radiation Units and Measurement (ICRU) have developed
different quantities for use in radiological protection. The hierarchy of quantities can
be described by primary limiting quantities (also called as protection quantities) and
operational quantities for monitoring of external exposure. The protection quantities
are not measurable in the exposed individual. Therefore, operational quantities have
been defined by ICRU for use in radiological protection. The operational quantities
provide a conservative estimate of the protection quantities in almost all practical
situations of occupational exposure. Further, the operational quantities can be real-
ized in laboratory conditions which make them suitable for calibration and dose
assessment using a monitoring system.

4.1 Limiting Quantities (Protection Quantities)

In 1977, the ICRP Report 26 [3] introduced the organ (or tissue) dose equivalent,HT,
and the effective dose equivalent, HE. These parameters take into account the effect
of tissue response due to the interaction of different types of radiation with different
tissues and organs in the human body. In subsequent publications (ICRP Report 60
[4] and ICRP Report 103 [5]), some important modifications of these parameters are
introduced. The present system of quantities is summarized below.
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Table 2 Radiation weighting factor for different radiations

Radiation type Radiation weighting factor, WR

Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, heavy ions 20

Neutrons A continuous curve as a function of neutron
energy

The data are reproduced from ICRP Report 103 [5]

4.1.1 Equivalent Dose in an Organ or Tissue

The absorbed dose at a point is generally the fundamental dose quantity which is a
physical measurable quantity. However, in radiation protection, the mean dose in an
organ DT is used as the basic protection quantity which correlates to the exposure
risk. The equivalent dose in an organ or tissue T is defined by

HT =
∑

R

wRDT,R (20)

where DT,R is the mean organ dose deposited in the organ or tissue T by radiation
of type R. The radiation weighting factor wR characterizes the relative biological
effectiveness of the specific radiation R for induction of stochastic effects at low
doses relative to photons. Thus, wR is chosen as 1 for photons. For other radiations,
the values of wR are given in Table 2. A continuous function of energy is used in the
case of radiation weighting factors for neutrons (Fig. 2). These factors have replaced
the mean quality factors used in the concept of organ dose equivalent of ICRP 26
[3]. The unit of equivalent dose is J kg−1 and has the special name Sievert (Sv).

4.1.2 Effective Dose

The effective dose, E, is the weighted sum of organ equivalent doses:
E = ∑

T
wT

∑

R
wRDT,R = ∑

T
wT HT with

∑

T
wT = 1.

wherewT is tissue weighting factor for tissue T.wT values are chosen to represent
the contributions of individual tissues and organs to the overall radiation detriment
due to stochastic effects. Table 3 shows the wT values for various organs and tissues
adopted by ICRP 103 [5]. The sum is performed over all organs and tissues of the
human body considered in the definition of E. The unit of effective dose is the same
as the equivalent dose, i.e., Sv.
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Fig. 2 Radiation weighting factor for neutron [5]

Table 3 Tissue weighting factor wT for different organs and tissues

Tissue Weighting factor (wT )
∑

wT

Bone-marrow (red), colon, lung, stomach, breast, remainder
tissuesa

0.12 0.72

Gonads 0.08 0.08

Bladder, esophagus, liver, thyroid 0.04 0.16

Bone surface, brain, salivary glands, skin 0.01 0.04

The data are reproduced from ICRP report 103 [5]
a RemainderTissues (14 in total):Adrenals, Extra thoracic (ET) region,Gall bladder,Heart,Kidneys,
Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate, Small intestine, Spleen, Thymus,
Uterus/cervix

4.2 Operational Quantities

4.2.1 Dose Equivalent and Quality Factor

Theprotectionquantities definedby ICRPare notmeasurable in practice; hence, these
quantities cannot be used directly in radiation monitoring. To meet this requirement,
the operational quantities defined by ICRU are intended to provide a reasonable
estimate of the protection quantities due to external radiation exposure of the human
body under most irradiation conditions [6–9]. The parameter dose equivalent, H,
has been used in this context which is defined at a point in tissue as the product of
absorbed dose (D) and quality factor (Q). Q is defined as a function of unrestricted
linear energy transfer, L∞ (often denoted as L or LET), of charged particles in water
[10].

Quality factor function Q (L) is given by the following equation [5]:
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Q (L) = 1 for L < 10 keV/μm.
Q (L) = 0.32 L − 2.2 for 10 ≤ L ≤ 100 keV/μm.
Q (L) = 300/

√
L for L > 100 keV/μm.

The quality factor Q at a point in tissue is given by

Q = 1

D

∞∫
0
Q(L)DLdL

where D is the absorbed dose at that point, DL is the distribution of D in L at the
point of interest. This function is most important for neutrons because various types
of secondary charged particles are produced in tissue.

Now the choice of different operational quantities depends on the type of task in
radiological protection. For example, area monitoring is carried out for controlling
the radiation in workplaces, and individual monitoring is required for controlling
and limiting the individual exposures. For these two tasks, ICRU has defined two
separate operational quantities since the monitoring process for these two types is
different. In the case of area monitoring, measurements are done by area monitors
(fixed/portable) in free air medium, whereas individual monitoring is carried out by
personal dosimeters that are worn on the body. The presence of the body strongly
influences the radiation field seen by the personal dosimeter since the radiation will
be absorbed as well as backscattered by the body. Thus, in a given situation, the
radiation field measured by area monitors will be different from the dose recorded
in personal dosimeters. A brief summary of these parameters is given below.

4.2.2 Operational Quantities for Area Monitoring

The operational quantities for area monitoring are defined based on a dose equivalent
value at a point in the ICRU sphere. It is a sphere of 30 cm diameter made of
tissue-equivalent material, ICRU (soft) tissue with a density of 1 g cm−3. The mass
composition of the ICRU tissue is 76.2% oxygen, 11.1% carbon, 10.1% hydrogen,
and 2.6% nitrogen [9]. Although such material is difficult to fabricate for practical
use, it simulates the tissue compositions for theoretical calculations of absorbed
dose/dose equivalent in the human body. In most cases, the ICRU sphere adequately
approximates the human body taking into consideration of scattering and attenuation
of the radiation field.

In general, the operational quantities are defined as a point function, i.e., their
values depend on the radiation field at a point. However, the human body is exposed
to a broad radiation field, and the dose at a point on the human body will comprise of
total dose due to different components of the radiation field at that point. To correlate
with human body exposure, the concepts of ‘expanded’ field and ‘expanded and
aligned’ fields are introduced and the value of the operational quantity is given by
the dose at a point at a fixed depth in the ICRU sphere.

Expanded field is a hypothetical radiation field in which spectral and angular
fluence has the same value at all the points in the ICRU sphere equal to the value
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Fig. 3 Diagram of a an expanded and b an oriented radiation field

in the actual field at the point of interest. Expanded and aligned field is obtained
if all radiations in the expanded field are aligned in one direction. Thus, it is the
uniform, unidirectional field that has the same spectral fluence distribution as in the
expanded field (see Fig. 3). Based on these two auxiliary concepts, two quantities
namely Ambient Dose Equivalent, H*(10), and Directional Dose Equivalent, H’ (d,
Ω), are introduced.

A. Ambient Dose Equivalent, H*(10)

The ambient dose equivalent, H*(10), at a point in a radiation field, is the dose
equivalent that would be produced by the corresponding expanded and aligned field
in the ICRU sphere at a depth of 10mm on the radius vector opposing the direction of
the aligned field [9]. For area monitoring, ambient dose equivalent, H*(10), is used
for assessing effective dose.

B. Directional Dose Equivalent, H’ (d, Ω)

The directional dose equivalent, H’ (d, Ω), at a point in a radiation field, is the
dose equivalent that would be produced by the corresponding expanded field in the
ICRU sphere at a depth, d, on a radius in a specified direction Ω [9]. For weakly
penetrating radiation d = 0.07 mm, H’ (d, Ω) is then written H’ (0.07, Ω) and is
used to assess the equivalent dose to skin, hands, and feet.

4.2.3 Operational Quantities for Individual Monitoring

Individual monitoring for external exposure is usually performed with dosemeters
worn on the body, and for this purpose, the operational quantity personal dose
equivalent, Hp (d), has been introduced.
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Table 4 List of operational quantities used for individual monitoring

Assessment parameter Operational quantity used Recommended depth d (mm) [9]

Effective dose Hp (10) 10

Equivalent dose to the skin, and
to the hands and feet

Hp (0.07) 0.07

Monitoring the dose to the lens
of the eye

Hp (3) 3

A. The Personal Dose equivalent, Hp (d)

The personal dose equivalent, Hp (d), is the dose equivalent in ICRU (soft) tissue
at an appropriate depth, d, below a specified point on the human body [9]. The
specified point is usually given by the position where the individual dosimeter is
worn. Such examples are given in Table 4.

Since Hp (d) values are defined for a person, in the existing radiation field, their
values vary from one person to another and depend also on the location of the body
where the dosimeter is worn. It is also important to wear the personal dosimeter at a
position on the body that is representative of body exposure. With such precaution,
an operational quantity can provide a conservative estimate of the relevant protection
quantity.

5 Summary

• Activity of radioactive source is expressed in Bq, the SI unit is Ci.
• 1 Ci (curie) = 3.7 × 1010 Bq.
• 1 Bq = 1 disintegration/s.
• Proton-rich nuclides emit alpha particles, the atomic number (Z) of the parent

nuclides is reduced by two and the mass number (A) by 4.
• A neutron-rich nucleus decays by a β- particle (electron) emission along with an

antineutrino.
• In β+ decay, neutrinos and positrons are emitted.
• In the Electron capture process, a parent nucleus captures one of its orbital elec-

trons and combineswith a proton yielding a neutronwhich stays inside the nucleus
and a neutrino is emitted.

• An excited nucleus generated via any decay scheme can emit gamma radiation.
• In the internal conversion process, the energy of the excited nucleus is given to

an orbital electron.
• Exposure is expressed in C kg−1 or R.
• Protection quantities developed by ICRP are organ absorbed dose, organ equiva-

lent dose, and effective dose.
• Absorbed dose is expressed in J kg−1 or Gy.
• Equivalent dose and Effective dose are expressed in Sv.
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• Radiation weighting factor, tissue weighting factor, and Quality factor have no
units.

• Operational quantities developed by ICRU are ambient dose equivalent, direc-
tional dose equivalent, and personal dose equivalent.

• The unit of operational quantities is J kg−1 or Sv.
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Ionizing Radiation Metrology

Sunil K. Singh, D. B. Kulkarni, and Meghnath Sen

1 Introduction

Metrology is the activity which deals with the science of measurement. It establishes
a common understanding of measurement units to ensure that measurements are
stable, comparable, accurate, and have a stated level of uncertainty. It has fundamental
importance in areas like national/international trade, health, industry, safety, envi-
ronmental monitoring, food safety, regulatory, law enforcement, and other sectors.
Metrologygives sureness tomeasurement results so that society can enjoy the benefits
of the applications with maximum reliability.

Themetrological measurement results are linked to its national standard (primary/
reference measurement standards) through a documented unbroken chain of cali-
brations, each contributing to the measurement uncertainty. The responsibility of
maintaining these measurement standards and their dissemination lies with the orga-
nizations recognized by the government of that country and are termed as theNational
Metrology Institute (NMI) or Designated Institute (DI) of that country. Therefore,
the NMI/DIs of a country have the responsibility to develop, establish, maintain,
and upgrade various measurement standards and to disseminate them by means of
providing the traceable calibration of measurements in the country.

NMI/DI also establish degree of equivalence with other NMIs/DIs through partic-
ipation in international intercomparisons coordinated by one of the NMI/DI. In
general, a country has only one NMI which has the capability in all areas but if they
do not have the capability in a particular area, the same responsibility is designated to
other institute(s) having the capability to develop, establish, maintain, and upgrade
various measurement standards in that particular field/area. In India, the Council of
Scientific and Industrial Research (CSIR)—National Physical Laboratory (NPL) is
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the NMI catering to all metrological areas except Ionizing Radiation, for which the
responsibility is designated to Bhabha Atomic Research Centre (BARC) as the DI
for Ionizing Radiation (IR).

Along similar lines, the responsibility of establishing and maintaining interna-
tional measurement standards and their dissemination lies with the International
Bureau of Weights and Measures (BIPM) [1] which is an international organiza-
tion established by the Metre Convention. BIPM is also an organization through
which its Member States act together on matters related to measurement science and
measurement standards. The activities of BIPM are supervised by the International
Committee for Weights and Measures (CIPM) which in turn reports to the General
Conference onWeights andMeasures (CGPM). The structure of the globalmetrology
system concerning ionizing radiation metrology, standards used, their details, and
linkagewith each other is presented in detail, later in this chapter. This chapter partic-
ularly addresses Ionizing Radiation as the area of metrology; however, other fields
of measurement or metrology are also correlated in a suitable manner.

2 Evolution of Metrology

Measurement is a process of quantification of a phenomenon, in terms of assigning
it a numerical value along with a physical unit. Every measurement requires the defi-
nition of the measurand, i.e. the quantity which is to be measured. The development
of the initial system of measurement took place by referring to human body parts
(human morphology) of prominent personnel as names of measurand units. For the
purpose of measuring length, historically, body parts like hands, foot, fingers, etc.
are often referred, corresponding to the length of that part of the body. This system
has some discrepancies as different persons in different parts of the country or world
have different lengths of the referred body part leading to non-uniform measure-
ment system. Thus, with the growth of industry and expansion of trade, there was a
growing need for synchronization of weights and measures amongst various coun-
tries. This led to the adoption of standards of measurement by assessment with
standards adopted from nature instead of human morphology. One of the first such
standards taken from nature was the metre, which was demarcated, in a decree by the
French National Assembly, as being equal to the ten millionth part of one quarter of
the terrestrial meridian but quantified by measurements taken between Dunkerque
and Barcelona. Therefore, once the base unit of length is defined, the definition of
other resulting units of measure like the square metre (for area) and the cubic metre
(for volume) becomes easy. This also led to the definition of kilogram, as the weight
of a defined volume of readily purified water.
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Concerning this, in 1795, France introduced a decimal metric system via the
law ‘On weights and measures’ which brought about a key change in the day-to-
day life of the common people, promptly allowing the calculation of length, areas,
volumes, density, etc. Thereafter, the first standard of distance and mass, i.e. metre
and kilogram were established, and against this, all other future copies of standards
were compared. Other countries too started following a similar system.

Therefore, with time, a need was felt to establish an international structure to
ensure comparability and conformity between the measurement systems of various
economies, which in turn brought international communities together. With multiple
discussions and deliberation, a diplomatic treaty was signed in Paris on 20th May
1875 between countries which is recognized as the Metre Convention. This treaty of
Metre Convention further led to the formation of various international organizations
like the General Conference on Weights and Measures (CGPM), the International
Committee for Weights and Measures (CIPM) along with the Bureau International
des Poids et Mesures (BIPM), through which its Member States act together on
matters related to measurement science and measurement standards. The signing of
the Metre Convention, i.e. the date of 20th May is designated as World Metrology
Day and is celebrated annually by the metrological community.

With time, trade between economies increased manifold, demanding a consis-
tent measurement methodology with proper product quality, acceptable across all
trading partners. This necessitated an open, transparent, and wide-ranging measure-
ment scheme that was capable of providing information on the degree of equivalence
of measurement services offered by a nation, which was to be considered as a tech-
nical basis concerning international trade, business, and relevant regulatory activities.
To address this growing need for an accepted and coordinated worldwide activity,
CIPM came up with a draft Resolution in the year 1995, which was adopted in 1999
by CGPM as CIPM Mutual Recognition Arrangement (CIPM-MRA). CIPM-MRA
laid down certain conditions for establishing the degree of equivalence between
national measurement standards maintained by NMIs and made an arrangement for
the recognition of calibration certificates issued by them.

3 Role of CIPM-MRA in Metrology

The CIPM Mutual Recognition Arrangement [2] is the framework through which
National Metrology Institutes (NMIs) demonstrate the international equivalence of
their measurement standards and the calibration and measurement certificates they
issue.

The main mechanisms through which the CIPM-MRA achieves these objectives
are as follows:

• International comparisons of measurements, known as key comparisons.
• Regional comparisons of measurements, known as regional key comparisons.
• Supplementary comparisons.
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• Open peer-review of the participants calibration and measurement capabilities,
based mainly on the results of comparisons.

• Reviewed implementation of the participants quality management systems and
demonstration of competence.

The outcomes of the Arrangement are the internationally recognized (peer-
reviewed and approved) Calibration and Measurement Capabilities (CMCs) of the
participating institutes. The recognized CMCs and supporting technical data are
made publicly available in a database maintained by BIPM. This database is termed
as Key Comparison Database of BIPM (KCDB). The CIPM-MRA is an impor-
tant tool for helping NMIs/Designated Institutes (DIs), in the development of their
country’s quality of measurements pertaining to industry, health, environment, and
science.

4 Global Metrology Structure: Current Status

Quality infrastructure consists of the following components—a system of metrology
standards, body issuing standards, and an accreditation system. Roles, responsi-
bilities, relevance, and interrelation of these bodies in the system are explained
below.

4.1 Metrology

There are various international organizations which are involved in establishing and
maintaining calibration and measurement capabilities. These organizations include
CGPM, CIPM, Consultative Committees (CC), Working Groups, BIPM, JCRB,
RMO, IAEA SSDL Network, and KCDB.

4.1.1 CGPM: General Conference on Weights and Measures

The CGPM is an intergovernmental organization formed primarily due to Metre
Convention and is responsible for the International System (SI) of units. It has the
responsibility of ensuring that the SI is widely disseminated and, if necessary, modify
it so that it reflects the latest advancements in science and technology. It provides
a forum for the diplomatic representatives of the member states. It is a supreme
authority consisting of delegates from all the member states which have the respon-
sibility to elect CIPM, approve major CIPM decisions, allocate funds to BIPM,
promote SI Units, supervise the systems of measurement, and approve new technical
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definitions considering the expert recommendations of CIPM. Usually, it meets once
in 4 years. India became aMember ofCGPMby signing the treaty (Metre convention)
in 1957 with CSIR-NPL as its NMI.

4.1.2 CIPM: International Committee for Weights and Measures

CIPM is an advisory committee of experts/metrologists of high standing with eigh-
teen persons as its members, each from a different nation. The primary task of CIPM
is to disseminate the uniformity in measurement units, worldwide, by directly acting
or through CGPM by submitting appropriate proposals. It also acts as the super-
visory body for the BIPM which meets annually. Considering different fields of
measurements, CIPM has set up many consultative committees (CC) to get technical
assistance in its routine work. It also discusses the reports presented by respective
Consultative Committees.

4.1.3 Consultative Committees (CC)

Considering the large number of measurement quantities of day-to-day interest,
CIPM has formed various Consultative Committees, within the ambit of the Inter-
national System of Units (SI). Each committee provides a platform where NMIs
and DIs of various nations can meet and discuss the jointly identified measure-
ment challenges, identify, and plan relevant research topics and approve the degrees
of equivalence in calibration and measurement capabilities. Consultative Commit-
tees are technical committees set up by CIPM, in each area of metrology, to assist
it scientifically in its work. CIPM has formed ten such committees in which the
Consultative Committee of Ionizing Radiation (CCRI) is one of the Consultative
Committee covering the metrological area concerning ionizing radiation. Similarly,
other Consultative Committees are for length, mass, time & frequency, thermometry,
units, etc. with their acronyms as CCL, CCM, CCTF, CCT, CCU, etc., respectively.

The establishment of CCRI took place in 1958 due to increased applications of
ionizing radiation (e.g. radiation therapy by using Co-60-based exposure devices
and linear accelerators, individual monitoring of doses for occupational workers of
nuclear power plant, etc.) in public, necessitating measurement standards. Even now,
the role of CCRIs continues to be crucial in formulating international equivalence of
measurement standards in the field of ionizing radiation and identifying new issues
that require collective redressal. Each committee has a president who is usually a
CIPM member. Consultative Committee membership is reserved only for the NMI/
DIs of its Member States.

The roles and responsibilities of Consultative Committees, in their respective
metrological fields, are described on their dedicated webpages managed by BIPM.
These Consultative Committees are also tasked with the responsibility of planning
the key comparisons and their successful execution alongwith confirming the validity
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of the intercomparison results [3]. These responsibilities are within the framework
of the CIPM-MRA, and it includes the following:

(a) the identification of the key comparisons in their respective fields;
(b) initiation, organization, and execution of the identified key comparisons, with

the collaboration of the BIPM, at decided intervals;
(c) reviewing the CIPM key comparison results and determination of key compar-

ison reference values (KCRV) and the degrees of equivalence in accordance
with the proposals of the relevant working groups;

(d) approval of the final CIPM key comparison report for its publication in the
BIPM database (KCDB);

(e) examination and confirmation of Regional Metrology Organization (details
in the coming sections) key and supplementary comparison results and its
incorporation in the BIPM database (KCDB);

(f) examination and confirmation of bilateral key comparison results for its entry
into the BIPM database (KCDB).

4.1.4 BIPM: International Bureau of Weights and Measures

BIPM is an international/intergovernmental organization, which acts as a central
body through which the scientific community of its member states discuss and act
together on any relevant matter related to science and measurement standards. It was
created on 20 May 1875, as an outcome of the Metre Convention, a treaty initially
signed by 17 nations. Since 1969, the site where BIPM is located (i.e. Parc de Saint-
Cloud, at Sèvres, in the suburbs south-west of Paris) has been considered as an
international territory, and the BIPM is accorded with all the rights and privileges
of an intergovernmental organization. To support the activities of CGPM and CIPM,
BIPM also acts as a secretariat which provides an appropriate platform for meetings
and other laboratory facilities supportingmetrology. BIPMworks under the authority
of CGPM and the supervision of CIPM. It coordinates international key comparisons
of national measurement standards with other NMIs/DIs and directly disseminates
SI units by means of providing traceable calibration services. Therefore, BIPM has
also established and is maintaining appropriate measurement/reference standards
for its use as the basis of international key comparisons. Regular meeting reports of
the CGPM, the CIPM, and all the appointed Consultative Committees are compiled
and published by the BIPM. Inter-relation between all the above-listed international
agencies dealing with metrology is shown in Fig. 1.

4.1.5 National Metrology Institute/Designated Institute (NMI /DI)

BIPM being an international organization, establishes and maintains appropriate
measurement standards. Scientifically, it coordinates with its member economies
having similar metrological status. Thus, the government of a member state desig-
nates one institute as ametrology institute that represents and coordinates with BIPM
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Fig. 1 Inter-relation between international agencies dealing with metrology

in the field of metrology. Such institutes are termed as National Metrology Institutes
(NMIs). However, NMIs may not cover all the areas of metrology and thus NMI
designates other capable institutes as metrology institutes in that area of metrology.
Such designated metrology institutes are termed as Designated Institutes (DIs) for
that metrological area. NMI and DIs do not have any overlapping areas of metrology.
In an economy, there is only one NMI whereas there can be multiple DIs. In India,
CSIR-NPL, New Delhi, is the NMI whereas BARC, Mumbai, is the DI for ionizing
radiation metrology. NMI/DI of an economy/country is designated by the govern-
ment of that economy which is globally recognized for its metrological activities and
forms a part of the internationalmetrology system. Themeasurement standardsmain-
tained by NMI/DIs are recognized as national measurement standards which facili-
tates the recognition of its measurement capabilities. NMI/DIs of an economy have
the responsibility of developing, establishing, andmaintaining nationalmeasurement
standards and disseminating the international System of Units (the SI) nationally by
means of providing traceable calibrations. The calibration and measurement trace-
ability (unbroken chain) are a vertical concept (downwards and upwards respectively)
as depicted in Fig. 2.

4.1.6 Regional Metrology Organizations (RMOs)

Given the large number of countries in the world, it may not be possible for BIPM to
coordinate with each and every NMI/DI of its member nation. Therefore, to facili-
tate better coordination between its member NMIs/DIs, CIPM-MRA has recognized
various regional associations of NMIs/DIs termed as Regional Metrology Organiza-
tions (RMOs). Currently, there are six RMOs namely APMP (Asia PacificMetrology
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Fig. 2 Calibration and unbroken chain of measurement traceability

Programme), AFRIMETS (Intra-AfricaMetrology System), COOMET (Euro-Asian
Cooperation of National Metrological Institutions), EURAMET (European Associa-
tion ofNationalMetrology Institutes), GULFMET (GulfAssociation forMetrology),
and SIM (Inter-AmericanMetrology System) that are recognized in the international
system of metrology. India comes under APMP and is one of its founding members.
These RMOs cover a wide range of activities within their region, as described on
their respective websites. However, their key responsibility, within the CIPM-MRA
framework, are defined by CIPM in CIPM-MRA-P-12 document [3]. RMOs are
responsible for the following:

(a) making proposals to the Consultative Committees on the requirement/choice of
key comparisons;

(b) carrying out the RMO key comparisons, described in the Technical Supplement
to the Arrangement, corresponding to the CIPM key comparisons;

(c) participation in the JCRB (another agency as described in the coming sections);
(d) carrying out supplementary comparisons to support mutual confidence in the

validity of calibration and measurement certificates issued by participating
NMIs/DIs.
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The Structure of these RMOs is also in line with the CIPM structure. Therefore,
similar to consultative committees formed by CIPM, RMOs too have their own tech-
nical committees (TCs). For example, considering ionizing radiation, the technical
committee in the APMP is TCRI (Technical committee for ionizing radiation).

4.1.7 Joint Committee of the Regional Metrology Organizations
and the BIPM (JCRB)

Coordination of inter-RMO activities is seen by a joint committee between various
RMOs and the BIPM, termed as Joint Committee of the Regional metrology orga-
nizations and the BIPM (JCRB). The JCRB operates as per CIPM-MRA [3] and
accommodates the representatives from all the recognized RMOs. The committee is
chaired by the BIPM Director, with support from its Executive Secretary. JCRB is
mainly tasked with the responsibility to

(a) coordinate various activities amongst recognized RMOs for establishing confi-
dence needed for the recognition of NMI/DI-issued calibration certificates and
measurement results,

(b) review requests from RMOs related to CIPM-MRA, and
(c) make policy suggestions to the RMOs and to the CIPM.

The detailed terms of reference of the JCRB are also described in the CIPM-MRA
document, CIPM-MRA-P-12.

The graphical interrelationship between the various stakeholders of metrology
structure is presented in Fig. 3.

4.1.8 The IAEA/WHO Network of Secondary Standards Dosimetry
Laboratories (SSDL)

After Second World War, the use of ionizing radiation in industry, medicine, and
scientific research increased many fold, which necessitated the need for reliable radi-
ation dosimetric results between various users. At that time, most of the countries
were not getting traceability in measurements due to the unavailability of relevant
primary standards in their country or not having a good relationship with countries
maintaining such primary standards. Therefore, a group of experts met in Geneva
in November 1968, in coordination and collaboration between World Health Orga-
nization and IAEA, and discussed various ways of improving ionizing radiation
dosimetry results especially for its application in the field of radiotherapy and radi-
ation protection at a worldwide scale [4, 5]. In the meeting, the group recognized
the urgent need for improving dosimetry in radiation medicine especially for its
branches like X-ray diagnosis, radiotherapy, and nuclear medicine, even in its non-
medical applications like radiation protection. As a result, in 1976, IAEA/WHO
SSDL Network was established by IAEA in collaboration with WHO, to ensure the
traceability of measurements, mainly for the countries that were not members of
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Fig. 3 Interrelationship between the various stakeholders of metrology structure

the Metre Convention or had no access to primary standard dosimetry laboratory,
PSDLs [5]. Therefore, many countries joined this network of SSDL for getting better
traceability.

The competent authority of the nation, that joins the SSDL network, designates
one of its capable laboratory/organizations as SSDL which undertakes the duties of
providingmeasurement traceable to SI units. The standards,maintained bySSDL, are
directly or indirectly traceable to one of the primary standards maintained by NMI or
DI or BIPM. If the SSDL has no access to such a standard, then the intermediate step
of IAEA calibrations is used to get the required traceability to the primary standard.
The IAEA maintains a calibration laboratory, which acts as a central laboratory,
and provides reference irradiations, comparison programmes, and dosimetry audit
services to its Member States to maintain the confidence in the dosimetry standards
concerning the areas of radiation medicine and radiation protection. In general, a
SSDLmaintains a secondary standards dosimeter. The SSDLNetwork is tasked with
the responsibility to provide and maintain the links between the various end users
of radiation dosimeters, SSDLs, and the international measurement system. The
link between the international measurement system for radiation dosimetry through
IAEA SSDL network is shown in Fig. 4. Apart from this, the network also provides
a forum to its member SSDLs in which they can regularly perform comparisons for
strengthening the confidence in the ionizing radiation dosimetry consistently.

In the CIPM-MRA framework, IAEA is one of the first few signatories which has
published its CMCs in the KCDB after a rigorous peer-review carried out by all the
RMOs with JCRBs endorsement. India became a member of this network at the time
of its formation, i.e. in the year 1976 itself.
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Fig. 4 Traceability to the international measurement system for radiation dosimetry through IAEA
SSDL network [5]

4.1.9 Key Comparison Database of BIPM (KCDB)

KCDB is a freely available web resource [6], maintained by BIPM, which hosts the
details of its member state NMIs/DIs, their internationally peer-reviewed/recognized
Calibration and Measurement Capabilities (CMCs), and the results of intercom-
parisons supporting their CMCs. Therefore, KCDB provides a reliable quantitative
database to worldwide users giving access to the comparability of national metro-
logical services with a technical basis required for international trade, commerce,
and regulatory affairs.

5 Ionizing Radiation Metrology and Measurement
Standards

Accurate measurement of radiological quantities is needed in every country where
ionizing radiation is used. Countries either maintain a national measurement stan-
dard for relevant quantities or make necessary arrangements for ready access to
such standards established andmaintained in another country. National measurement
standards for a given quantity are recognized in a regulatory form by the competent
authorities. Such standards are traceable to the International System of Units (SI)
and may be either a primary standard maintained at an NMI or a secondary standard
that is traceable to a primary standard [5]. The Metrology of ionizing radiation can
be broadly categorized into three categories a) measurement of dose (kerma, dose,
dose equivalent, etc.), b) measurement of intensity (fluence, emission rate, etc.), and
c) measurement of radioactivity (disintegration per second).

The international system of units defines three derived SI units i.e. Gy (Gray),
Sv (Sievert), and Bq (Becquerel) that is used to measure/quantify ionizing radiation.
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Unit Gy (i.e. Joule/Kg) is used to measure dose to the medium whereas Sv measures
dose to the human body along with the risk associated with that dose. Internationally,
ionizing radiation-related activities are distributed in three sections of CCRI namely
CCRI Section I (Dosimetry): X- and gamma rays, charged particles; CCRI Section
II (Radioactivity measurement): Measurement of radionuclides; and CCRI Section
III (Neutron): Neutron measurements.

5.1 Dosimetry: X-rays, Gamma Rays, and Charged Particles

In general, two physical quantities are used to quantify the amount of radiation in
external dosimetry: kerma/rate and absorbed dose/rate [7]. Based on kerma, other
quantities that are covered under this category (Dosimetry) of ionizing radiation
measurement are ambient dose equivalent/rate, directional dose equivalent/rate, and
personal dose equivalent/rate. This section of Ionizing radiation, i.e. Dosimetry deals
with the application of ionizing radiation in scientific research (material characteriza-
tion), medicine (for diagnostic radiology and treatment of cancer), radiation protec-
tion (occupational workers and public), and radiation processing (application of high
doses of ionizing radiation to modify biological, physical, and chemical properties
of the irradiated matter). In medicine (concerning radiotherapy and brachytherapy),
accurate dosimetry is of utmost importance for the effectiveness of cancer treatment.
Similarly, accuracy is also important for dosimetry of occupational workers, patients
undergoing diagnostics, and in the field of radiation processing (like blood irradia-
tion, sterilization of health care products, processing of food & agriculture products,
etc.). Sources of ionizing radiation that are primarily covered under this section are
X-rays (0–50 kV and 50–300 kV, Mega Volts), beta radiation, electrons, photons
from radionuclide sources (60Co, 137Cs, 192Ir, 125I, etc.), protons, heavy ions, etc. A
few of the primary standards that are used for the realization of external dosimetric
quantities for different kinds of radiation beams are described below.

In general, a primary standard is an instrument of the highest metrological quality,
for a given physical quantity, that permits determination of a unit of the quantity
without reference to other standards of the same quantity [8].

5.1.1 Dosimetry in kilovoltage X-rays (Air kerma)

In medicine, the desirable quantity is absorbed dose to water, Dw, but the realization
of this quantity in kilovoltage X-rays (up to 300 kV) is through the measurement of
air kerma, Ka, using free air ionization chamber (FAIC) (Fig. 5).

FAIC is a device which directly realizes air kerma. It allows the entrance of radia-
tion from the diaphragm whose aperture area is known, and the signal is collected at
the collecting plate of known length (in the beam direction). Therefore, the projection
of the aperture area on the collecting plate (shaded area near point p’ in Fig. 5), inside
the larger volume, defines the volume of air whose direct photon interaction with
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Fig. 5 Schematic of a typical free air ionization chamber. [9]

air is accounted for in the definition of measured air kerma. If the plate separation
(signal and high voltage plate) is such that generated secondary electrons, within the
interaction volume, do not reach the chamber walls, then the chamber is considered
as ‘wall-less’. Once this condition is satisfied, then the air kerma rate at the entry
point (the diaphragm) is determined by the equation,

K̇a = I

ma

(
wa

/
e
)

(1 − g)

∏

i

ki (1)

where

I = the ionization current measured by electrometer;

ma = the mass of air in the defined volume (shaded area near point p’ in Fig. 5);

Wa = the average energy required to create one ion pair in the dry air;

e = the charge of one electron;

g = the correction for adjusting radiative losses.
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5.1.2 Air kerma from Radionuclide-Based Photon Beams (Cobalt-60/
Cs-137/Ir-192 Gamma Rays)

It is not feasible to use Free air ionization chambers at energies above 300 keV as
the required plate separations will be very high and it will not be possible to apply
appropriate voltage to get near 100% collection of the charges generated during
interaction. Therefore, cavity ionization chambers (of various shapes and sizes) are
used to realize air kerma and in turn directly can also be used to realize absorbed
dose to water. For cavity ionization chambers, graphite is the obvious choice of
wall material due to its radiation interaction coefficients similar to that of dry air
(and also to water) [8]. The use of a cavity ionization chamber, in comparison to
a free air ionization chamber, is more complex for realizing air kerma/rate as the
mean ionization current, I, per unit mass of air, ma, measured is closely related to
the mean absorbed dose rate to the air of the cavity. This ionization current is due
to the interaction of radiation in the graphite wall. The wall-generated electrons
deposit their energy in air cavity giving rise to the absorbed dose rate in the air
cavity. Therefore, this absorbed dose rate in the air cavity is dependent on the ratio of
mean mass stopping powers of carbon and air, sc,a and the ratio of mean mass energy
absorption coefficients (μen/ρ)a,c. Thus, the equation for estimation of the air kerma
rate, using an air-filled cavity ionization chamber, is given as

K̇a = I

ma

Wa

e

(
μen

/
ρ

)

a,c

(1 − g)
Sc,a

∏

i

ki (2)

The correction factors ki includes mainly.

(a) correction factor kwall: it corrects for attenuation and scattering of photons in
the chamber wall,

(b) axial non-uniformity factor kan (sometimes replaced by the point source non-
uniformity factor kpn): it corrects for the sensitivity of the chamber response to
the divergence of the beam, etc.

A design of a typical cylindrical graphite ionization chamber is shown in Fig. 6.

5.1.3 Dosimetry for Absorbed Dose to Water

For 60Co gamma rays and other higher energy photons (Mega Volts x-rays), the
primary standards for absorbed dose to water are basically the same. Two prominent
equipment that are used as primary standards are.

(a) Cavity ionization chambers
(b) Calorimetry (mostly water or graphite based).
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Fig. 6 Typical cylindrical graphite ionization chamber [10]

For 60Co gamma rays, small volume cavity ionization chambers are used to deter-
mine the absorbed dose towater by placing them inside awater phantom (bymeans of
waterproof sleaves). Thereafter a perturbation correction is applied, which accounts
for the perturbation due to the presence of the ionization chamber inside the water
phantom. The absorbed dose rate to water under this scenario is evaluated using the
equation

Ḋw = I

ma

Wa

e
�w,c

(
μen

/
ρ

)

w,c
βw,cSc,a

∏

i

ki (3)

where �w,c is the photon fluence ratios for water and graphite whereas βw,c is the
ratio of absorbed dose rate to collision kerma rate ratio.

Experimental work alongwith theoretical evaluation is essential for the evaluation
of this perturbation correctionwhich allows for its accurate determination [11]. Based
on this approach, the BIPM maintains its standard for absorbed dose to water.

Apart from the cavity ionization chamber, the most widely used technique for
estimating the absorbed dose to water is based on the technique of calorimetry. Here,
the concept of conversion of absorbed dose from the radiation field to heat is applied.
When ionizing radiation interacts with the medium, most of the energies transferred
to the medium (during interaction) are converted to heat. If the absorbed energy is
completely converted into heat, then the absorbed dose,Dm (Gy or J/Kg), to material
m is given by

Dm = Cm .�T .�ki (4)
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where

Cm is the specific heat capacity of the material (J.Kg−1.K−1),

�T is the measured temperature rise (K), and

ki is the correction factor.
The material-specific quantity, specific heat capacity, can be measured without

referring it to a standard of absorbed dose/rate. Therefore, the measured absorbed
dose by this technique is directly traceable to the SI unit of temperature. These
calorimeters can be made using any material, but graphite and water are most widely
used for this purpose.

Water being a liquid, its construction is highly challenging. However,
several Primary Standard Dosimetry Laboratories (PSDLs) have established water
calorimeter as their primary standard for absorbed dose to water [8]. On the
other hand, many PSDLs also use graphite as a construction medium due to its
easy handling and having its radiation interaction characteristics similar to water.
However, this requires a conversion from absorbed dose to water from absorbed
dose to graphite. The estimated uncertainty of the measured absorbed dose to water
using both graphite and water calorimetry remains the same. A typical photograph
of graphite and water calorimeter is shown in Figs. 7, 8, and 9.

5.1.4 Megavoltage X-rays and Electrons

For Megavoltage X-rays and high-energy electrons, calorimetry (as discussed in
Sect. 5.1.3) is widely used for estimating absorbed dose to water.

5.1.5 Calibration Laboratories

Primary standards are sophisticated instruments/methods and cannot be used for day-
to-day calibrations. Therefore, day-to-day calibration of radiation monitors (dosime-
ters, survey meters, pockets dosimeters, area gamma monitors, etc.) are carried out
by calibration laboratories, having sufficient infrastructure, against their secondary
or working standards which are calibrated against a primary standard. The infrastruc-
ture required for establishing a calibration laboratory includes a dedicated roomwith
adequate shielding complying with regulatory norms, a secondary standard ioniza-
tion chamber, a linear distancing system, a laser aligning system, a measuring scale,
instruments to measure environmental conditions like temperature, pressure, and
humidity, etc. Such facilities are, in general, separated from areas where other activi-
ties are carried out. Access to these areas is restricted and should have administrative
control. Variations of temperature and humidity of the ambient air play an important
role in such laboratories; therefore, the rooms where reference standard instrument
calibration equipment and user dosimeters are stored and calibrations are carried out
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Fig. 7 Graphite calorimeter of ARPANSA [12]

should be air conditioned to minimize such effects. Even the environment condi-
tions (temperature, pressure, humidity) of such facilities are regularly monitored and
recorded. Calibrations should not be carried out when the ambient environmental
conditions are beyond the requirement as it may jeopardize the calibration result.
Each laboratory defines and documents the limits of these environmental conditions
within which they perform the calibrations [8].

Formost of the calibration activities related toXandgamma radiation, a secondary
standard ionization chamber (cylindrical or spherical) of appropriate dimension is
calibrated against the primary standards of air kerma and absorbed dose to water and
is used for day-to-day services. Cavity chambers of various make and models are
available in the market. A typical example of cylindrical and spherical chambers is
shown in Fig. 10.
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Fig. 8 Water calorimeter (LNHB) [13]

For absolute and relative electron beam dosimetry, parallel plate ionization cham-
bers (Fig. 11) are designed and used for electron energies above 2MeV formeasuring
the quantity absorbed dose to water.

5.2 Radioactivity Measurement: Measurement
of Radionuclides

Radionuclides are widely used in many medical, industrial, and research applica-
tions. In medical applications, they are used for diagnostics, therapy, etc. whereas
in research applications they are used as tracers, carbon dating, calibration of spec-
trometers, etc. Mostly the information related to radionuclides for such applications
is given in the form of activity (Bq) or emission rate (particles/s).
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Fig. 9 Schematic drawing of the sealed water calorimeter and portable graphite calorimeter [14,
15]



58 S. K. Singh et al.

Fig. 10 a Farmer-type
chamber (radiotherapy),
b exradin chambers of
various sizes

(a) 

(b) 

5.2.1 Activity Measurements: Absolute/Primary Standards

The absolute or direct methods involve measurements of activity using only count
rates. Hence it involves only standard of time and is never based on any other radioac-
tivity standard. Themethods of absolute activity measurements are coincidence tech-
nique, anti-coincidence technique [17–23], CIEMAT/NSIT efficiency tracing tech-
nique [24–26], Triple to Double Coincidence ratio (TDCR) [27–29], internal gas
counting, etc. Each method has its advantages and disadvantages and can be used in
specific conditions. The coincidence counting is the most powerful technique and is
employed by most of the international metrology institutes.

A. Coincidence counting Technique:

Coincidence counting is an absolute technique for activity measurement of
radionuclides and has been used for over 60 years [17–23]. Coincidence technique
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Fig. 11 Plane parallel ionization chamber for reference high-energy electron dosimetry [16]

with its variants allows one to measure the activity of the majority of radionuclides
directly, without having to assume any particular value for source and detector effi-
ciencies, decay scheme parameters, or branching ratios. All radionuclides that decay
by simultaneously releasing two or more radiations in quick succession (prompt
emission), such β-γ, α-γ, electron capture-γ, γ –γ, and γ-x, can be directly standard-
ized by this technique. For simple two-stage beta-gamma decay of a source with a
true disintegration rate (N0) and beta and gamma detection efficiencies (εβ, εγ ), the
count rates for β (Nβ), γ (Nγ ), and coincidence (Nc) would be

Nβ = N0εβ

Nγ = N0εγ

Nc = N0 εβεγ

The value of N0 is then simply

NβNγ

Nc
= N0εβN0εγ

N0εβεγ

= N0 (5)

Here no knowledge of detector efficiencies is required, but these can be calculated
as

εβ = Nc

Nγ

(6)
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εγ = Nc

Nβ

(7)

These simplified equations are useful only for radionuclides with beta-gamma
emission having a simple decay scheme. There is another assumption that each
detector should be sensitive to only one type of radiation. In reality, these conditions
cannot be achieved and some modifications to the equations shown above have to be
done. Such a method is called Efficiency Extrapolation Technique (EET) [17–19].

B. Efficiency Extrapolation technique:

In coincidence measurements, one of the detectors (usually the beta detector) or
both the detectors are not sensitive to only a single type of radiation. Hence basic
expression for the count rates in the beta detector requiredmodification to include the
gamma sensitivity of the beta detector for gamma photons and conversion electrons.
The activity can be calculated using the equation

NβNγ

Nc
= N0

[
1 +

(
1 − εβ

εβ

)(
αεce + εβγ

1 + α

)]
(8)

where

α is the conversion coefficient,

εce is beta detector efficiency for conversion electrons, and

εβγ is beta detector efficiency for gamma rays.
The above equation represents a straight line and N0 reduces to NβNγ /Nc when

beta efficiency (εβ) approaches unity.
The method cannot be used directly for pure beta emitters as there is no prompt

coincidence emission of two or more particles. In that case, Efficiency Tracing
Technique (ETT) is used.

C. Efficiency Tracing Technique:

When dealing with radionuclides that emit a single type of radiation or those
whose excited state has a long half-life, such as 137Cs with 133 s for a 662 keV level
of 137mBa, the efficiency extrapolation technique cannot be used directly. Nonethe-
less, the activity of the beta emitter can be ascertained using the efficiency tracing
technique (ETT) which is the variation of the coincidence technique, if a mixture
consisting of a pure beta ray emitter and a suitable radionuclide that emits concurrent
beta and gamma rays is created [3–5]. If we denote the pure beta emitter as Traced
nuclide and beta-gamma emitting radionuclide as Tracer nuclide then Nβ(Traced)/
M(Traced) is a function of [1 − ε(Tracer)]. The activity concentration of Traced nuclide
is obtained by plotting Nβ(Traced)/M(Traced) versus [1 − ε(Tracer)] and extrapolating it
to zero, where Nβ(Traced) is the count rate due to traced nuclide in the beta channel,
M(Traced) is the mass of traced nuclide in the source, and ε(Tracer)is the detection
efficiency of the tracer.
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The count rate measured in the beta channel is due to both traced nuclide and
tracer nuclide. The count rate due to traced nuclide only is calculated by subtracting
the count rate due to tracer nuclide betas from the total count rate. The count rate due
to tracer nuclide betas is calculated by multiplying the already known activity of the
tracer by the beta counting efficiency of the tracer (ε(Tracer)). Traced nuclide count
rate is divided by the mass of traced nuclide added in the source, decay corrected to
reference date, and then plotted versus [1− ε(Tracer)]. Thus, the coincidence technique
can be used for standardization of pure beta emitters with the use of beta-gamma
emitting tracer nuclide by Efficiency Tracing Technique.

The 4π β-γ coincidence method is the most effective and popular primary stan-
dardization method for measuring radioactivity. Worldwide three types of 4π β-
γ coincidence systems are widely used for primary standardization of radioactive
solutions of various radionuclides. These are a 4π gas flow proportional counter-
based system (Fig. 12), a liquid scintillator-based system (Fig. 13), and a plastic
scintillator-based coincidence system (Fig. 14).

CIEMAT/NIST efficiency tracing technique and Triple to Double Coincidence
Ratio (TDCR) are also the primary methods for standardization of radionuclides and
are also used in RSS.

D. Secondary Standards for activity measurement:

The primary standards provide the most accurate measurements with the lowest
uncertainties but these are cumbersome, time-consuming, and available in limited
quantities. Hence, primary standards are not used for routine measurements and
calibration. For routine calibration, secondary standards which are directly calibrated
against the primary standards are used. Some of the secondary standards used for
radioactivity measurements are as follows:

Fig. 12 Block diagram of proportional counter-based 4π β(PC)-γ coincidence counting system
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Fig. 13 Schematic of 4π β(LS)-γ coincidence counting system

(1) Re-entrant type 4π Gamma ion chamber.
(2) HPGe gamma spectrometers.

The photographs of the secondary standards are shown in Figs. 15 and 16.

5.2.2 Emission Rate Measurement

In radiation protection surveillance programmes, surface contamination monitors
are widely employed to estimate surface activity levels accurately and assess related
risks. Large area beta reference sources are frequently used to calibrate surface
contamination monitors in terms of surface emission rates [30, 31]. Hence it is
very important to know the particle emission rates from large area reference sources
accurately [32, 33].
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Fig. 14 3-D model of a 4π β(PS)-γ coincidence counting system

Thewidely accepted gas flowmulti-wire proportional counter (MWPC) is utilized
tomeasure the surface emission rate. Standard laboratoriesworldwide are the primary
users and establish the MWPC as a primary standard for measuring the surface
emission rates of large area alpha and beta sources. The schematic of the large
area windowless 2π gas flow multi-wire proportional counting system is shown
in Fig. 17a. Similarly, the 4π proportional counter of the Proportional counter-
based 4πβ(PC)-γ coincidence counting system is used for smaller point sources
of beta emitting radionuclides. The photograph of 4π proportional counter of the
Proportional counter-based 4πβ(PC)-γ coincidence counting system is shown in
Fig. 17b.
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Fig. 15 4π-γ ion chamber for activity measurements of gamma emitting radionuclides

Fig. 16 HPGe gamma spectrometer for activity measurements of gamma emitting radionuclides
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(a) 

(b) 

Fig. 17 a Large area multi-wire window less proportional counting system (for large area sources)
and b 4π Proportional counter of 4πβ(PC)-γ coincidence counting system (for point sources) for
emission rate measurements
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This type of counter has the advantage of introducing the radioactive sample
directly into the detector’s sensitive volume. With no entrance window between the
radioactive source and the counter’s sensitive volume, there is no loss of detection
efficiency, and all particles emitted from the source surface into the measurement
volume are detected [34].

5.3 Neutron Measurements

Neutrons are encountered and utilized in diverse fields such as nuclear power plants,
research reactors, cancer treatments using BNCT (Boron Neutron Capture Therapy),
neutron physics experiments, cement industries, industrial radiography, imaging,
calibration of neutron measuring instruments, etc. The accurate measurement of
neutron exposure is based on the use of various types of neutron standards pertaining
to different quantities viz. neutron yield/source strength (Q, n/s), fluence (Ф, n/cm2)/
, fluence rate (Ф˙, n/cm2/s), absorbed dose rate to tissue (D, Gy/h), etc. in accordance
with the latest Calibration and Measurement Capability (CMC) rules governed by
CCRI/BIPM [35]. Other monitoring quantities such as Ambient and Personnel dose
equivalent rates [H*(10) andHp(10), Sv/h] are evaluated on the basis of the knowledge
of neutron fluence rate.

For the measurement of neutron source yield (Q), the MnSO4 bath system is
used as the Primary standard for laboratory sources whereas for mono-energetic
fast neutrons viz. D-T interaction produced 14.57 MeV neutrons, Proton Recoil
Telescope (PRT) is used as a primary standard. For day-to-day use, Precision Long
Counter (PLC) is used as the secondary standard for the determination of neutron
yield for commonly available radionuclide neutron sources which is traceable to the
MnSO4 bath system. The laboratory neutron sources standardized usingMnSO4 bath
system or PLC are then used for day-to-day R&D activities, testing and calibration
of neutron monitoring devices. Standard Thermal Assembly in Graphite (STAG)
facility is used as the primary standard for thermal neutron fluence rate whose output
is standardized using gold foil activation technique. Neutron fluence from Thermal/
fast neutron field is also characterized by means of foil activation technique (primary
method), using foils of different materials. Brief details of the primary and secondary
standard systems described in this section are presented below.

5.3.1 MnSO4 Bath System

MnSO4 bath system is established as the primary standard towards the quantification
of source yield (Q) of mainly standard neutron sources used by the majority of the
NMIs. The system typically consists of a spherical tank of about 1-m diameter filled
with saturated MnSO4. H2O aqueous solution and a gamma spectrometry system
having NaI(Tl) detector. Apart from that, a motor and other piping systems remain
there for circulation of the solutions between themain spherical tank and the shielded
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Fig. 18 Pictorial diagram of a typical MnSO4 bath facility

re-entrant chamber (above which the detector is placed) which has been pictorially
depicted in Fig. 18. During neutron yield measurement, the sealed neutron source
is placed inside a metallic tube which places the source exactly at the centre of the
tank. Fast neutrons emitted by the source get moderated by elastic collision with
constituent elements of the solution (mainly H atoms) resulting in the generation of
thermal neutrons. A fraction (f) of these neutrons are absorbed by the 55Mn isotope
resulting in the formation of 56Mn as shown below:

55
25Mn + 1

0n → 56
25Mn → 56

26Fe + β− + γ (9)

The fraction of neutrons absorbed is given by the following equation:

f = NMnσMn

NMnσMn + NSσS + NOσO + NHσH
(10)

where σMn = σo

(
1 + G

�
r s

)
; G refers to self-shielding; and ‘r’ and ‘s’ are spec-

tral index and resonance integral, respectively. Also, NMn, NS, NO, and NH are the
respective concentrations of manganese, Sulphur, oxygen, and hydrogen per cm3 in
the solution and σMn (13.2 b), σS (0.52 b), σO (0.0002 b), and σH (0.33 b) are the
respective capture cross section of these elements for thermal neutrons. Considering
the negligible value of σO and NMn = NS, the above equation may be written as

1

f
= 1 + σS

σMn
+ NHσH

NMnσMn
(11)

On keeping the source inside the tank for at least about ten half-lives of 56Mn (2.58
h), the radioactive equilibrium is reached. The energy of the most probable emitted
photon from 56Mn isotope is 846 keV with an abundance of 98.9%. The count rate
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due to the decay of 56Mn is then measured and correlated to the neutron yield using
the efficiency of the MnSO4 bath system with the following final equation:

Q = C

ε

(
1 + NSσS

NMnσMn
+ NHσH

NMnσMn

)(
1

(1 − L)(1 − S)(1 − F)

)
(12)

where ‘ε’ is the efficiency of the entire MnSO4 bath system which is estimated
separately using a known amount of activeMnSO4 solution, standardized using 4πβ-
γ coincidence system [36–38]. L, S, and F are the leakage, source self-absorption,
and fast neutron absorption correction factors, respectively. The system in general
has the capability to measure the neutron yield from about 104 to 107 (n/s) within an
uncertainty of ±3% (k = 2).

5.3.2 Proton Recoil Telescope

For the measurement of the neutron yield of mono-energetic fast neutrons viz., D-
T interaction produced 14.57 MeV neutrons, the Proton Recoil Telescope (PRT)
is used as a primary standard. It consists of a polyethylene radiator (C2H4)n and a
charge particle detector viz. semiconductor detector or CsI(Tl) scintillation detector
in an optimized geometrical arrangement kept inside a vacuum chamber made of
aluminium. The typical arrangement pictorial view is shown in Fig. 19. The system
works based on the principle of elastic collision of fast neutrons with the thin radiator
resulting in the generation of recoil protonswhich after travelling through the vacuum
are detected in the CsI (Tl) detector placed at a particular solid angle with respect to
the radiator. Based upon the n-p double differential scattering cross section data from
ENDF- VII, the efficiency (counts/neutron/steradian) of the system is analytically
calculated for the specific mono-energetic neutrons [39, 40]. The neutron yield of
the source is determined by using the efficiency. The system is mainly used for the
measurement of the yield of 14.57 MeV neutrons produced from the accelerator-
based D-T (2H-3H) neutron generator.

5.3.3 Precision Long Counter (PLC)

It is the secondary standard for the measurement of yield laboratory neutron sources,
traceable to the MnSO4 bath system. In general, it consists of a BF3/3He propor-
tional counter which is kept at the centre of an optimized cylindrical moderating
assembly made of High-Density Polyethylene (HDP). One annular absorber layer
made up of 5% boron-loaded polythene is kept in between two concentric HDP
cylindrical moderators. The thickness, length, and positions of different inner and
outer moderators are optimized in such a way that their efficiency (counts/n/cm2)
becomes independent of neutron energy for a certain range [41]. It is a unidirectional
system. The schematic layout of a typical De Pangher type long counter is given
in Fig. 20. The standard works based on the moderation of fast neutrons by elastic
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Fig. 19 Pictorial depiction of proton recoil telescope

collision with themoderating assembly to the thermal region which is detected by the
thermal neutron detector giving output signal. The system is capable of calibrating
commonly available neutron sources viz. 241Am-Be, 241Am-B, and 252Cf at a lesser
time in comparison with the MnSO4 bath system and also sources of any shape/
design.

The governing equation for the determination of neutron yield of sources is as
follows:

Q = 4πK

∈ f A
(13)

where Q is the neutron source yield (n/s) and f A is the anisotropy factor of the source
under calibrations. For standard design of the ISO-8529-1 recommended sources, the
values are given whereas the same for other sources having any specific design may
need to be evaluated previously. K is the response factor (cps.cm2) or source-detector
characteristic constant which can be obtained from the following equations:

[Ct (r) − Ci (r)]Fa(r) = K

(r + r0)
2 (14)

where Ct(r) and Ci(r) are the measured total and in-scatter count rates for a distance
‘r’ in between the centre of the source to the front surface of the PLC. These are
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Fig. 20 Schematic layout of typical De Pangher type precision long counter

measured at the same distances in the absence and presence of the ISO-8529-2
recommended shadow cone, respectively [42]. Fa(r) is the air out-scatter correction
factor as mathematically given as follows:

Fa(r) = expr (15)

where is the average cross section for air consideringN andO as themain elements
whose values are given in ISO-8529-2 and r the distance between the surface of PLC
front surface and centre of the source. ‘r0’ is the effective centre (distance from the
inner surface of PLC to the inside of detector where it behaves as a point detector)
which is obtained from the empirical equations for the PLC. In general, ‘r0’ is a
function of neutron energy and increases as the neutron energy increases.

It is worth mentioning that, both MnSO4 bath system and PLC are typically in-
house standards due to their heavy weight and bulky nature. However, in order to
provide traceability in terms of neutron yield based on the request of other calibration
laboratories, NMIs/DIs do develop light weight secondary standards which play an
important role towards onsite calibrations of both poly-energetic as well as mono-
energetic neutron sources [43, 44].
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5.3.4 Standard Thermal Assembly in Graphite (STAG) Facility

It is a primary standard facility for the thermal neutron fluence rate. It consists of
six 241Am-Be sources placed inside a cubical assembly entirely made of graphite
blocks. The entire outer surface is covered by the cadmium layer (~1 mm thick)
in order to absorb the thermal neutrons. Fast neutrons emitted by the source get
moderated by a graphite moderator which in turn produces thermal neutrons. In order
to get a better uniformity of thermal neutron fluence rate, the sources have been in
staggered positions. For practical applications, different side ports as well as central
cavities [~4 cm × 4 cm × 15 cm] are kept where the exact thermal neutron fluence
rates are determined by foil activation methods. The pictorial depiction of a typical
STAG facility is shown in Fig. 21. The removable central channel is mainly used
for irradiation of different solid-state detectors/dosimeters for different applications.
In the same way, the thermal neutron fluence rates at the side ports are used for the
calibration of all kinds of thermal neutron sensitive gas filled detectors which are
used in nuclear reactors. Being the highest standard thermal neutron fluence rate, the
degree of equivalence is established through international intercomparison using the
foil activation technique as discussed in detail subsequently [45, 46].

Fig. 21 Pictorial depiction of a typical STAG facility
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5.3.5 Thermal/Fast Neutron Field Characterizations: Foil Activation
Technique

Determination of thermal or fast neutron fields at various installations such as reac-
tors, accelerators, and also from a source housing facility mainly in terms of fluence
rate is an extremely important and challenging task. The foil activation technique is
one of the most widely used techniques by almost all NMIs to accomplish the same.
Both thermal and fast neutron fluence rateswith high accuracy can bemeasured using
this method. The basic principle is as follows: Highly pure and thin (specifically
for thermal neutron measurement) metallic foils with sufficient neutron activation
cross section are irradiated in the respective neutron fields for the required time to
get nearly saturation activity in the inactive foil. The induced radioactivity is then
measured by preferably using the 4πβ-γ coincidence counter or HpGe detector and
the neutron fluence rate is estimated from the activity with respect to the following
general equation:

�̇ =
A
(
1 − 1

RCd

)

Nσ
(
1 − e−λtirr

)
e−λtd

(16)

where �̇: thermal neutron fluence rate, A: measured radioactivity, N: Number of
inactive atoms, σ : Activation cross section for thermal neutron, tirr: Irradiation time,
td : Decay time, λ: Decay constant of respective radioactive atom, and RCd: Cadmium
ratio. RCd is a very important factor which allows one to correct for the estimation
of pure thermal neutron fluence rate. For thermal neutrons various foils viz. 197Au
(n, γ) 198Au, 115In (n, γ) 116In, 55Mn (n, γ) 56Mn, etc. are used whereas for fast
neutrons 115In (n, n’) 115Inm, 63/65Cu (n, 2n) 62/64Cu, and 58Ni (n, p) 58Co foils are
used, respectively. Due to low activation cross sections of the foils used for fast
neutron measurements, relatively thick foils are used along with longer irradiation
times (~typically about 24 h) to get sufficient activity. For further details of the type
of foils, their isotopic abundance, cross section, and type decay schemes, readers
may refer [47]. It is important to mention here that it is a passive method and also
based on cumulative exposure, therefore, cannot provide any sudden change of rate
in fluence rate. However, the biggest advantage of the technique is that it can be used
for the measurement of pulsed neutron fields and the measurements can be done
at high temperature and pressure conditions, due to its small size and capability to
withstand these extreme conditions.

5.3.6 Calibration Services of Neutron Monitoring Instruments

All the nuclear installations such as reactors and accelerators dealing with neutrons
possess various neutron monitoring instruments such as fluxmeters, neutron rem
counters, and electronic pocket dosimeterswhoseperiodic calibrations aremandatory
in terms of fluence rate, ambient and personnel dose equivalent rates, respectively.
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NMIs/DIs do provide the calibration services of these instruments using various ISO-
8529-1 (2021) recommended reference neutron sources viz. 241Am-Be and 252Cf. As
per the latest CMS rules, all calibrations are traceable with respect to fluence rate
fluence rate (�̇) only. However, the total fluence rates consist of primary as well as
scattered neutrons. The % scattered contribution (due to the interaction of primary
neutrons in the walls, floor, ceilings, etc.) is measured by using an ISO-8529-2
recommended shadow cone and the PLC.

6 Conclusion

The applications of ionizing radiation dosimetry and neutron measurements span
scientific research, medicine, radiation protection, and radiation processing, with
radionuclide metrology finding extensive use in nuclear medicine and radiation
protection. This chapter highlighted the utmost significance of accurate and reli-
able measurements in such diverse domains. The evolution of measurement stan-
dards from human morphology to nature-based standards was discussed, reflecting a
continuous process for precision. The globalization of trade prompted the establish-
ment of international organizations under the ‘Metre Convention’, including CGPM,
CIPM, and BIPM. The demand for quality products within a comparable system
led to the formulation of the ‘Mutual Recognition Arrangement’ (CIPM-MRA) by
CIPM, facilitating the recognition of calibration certificates across economies.

Within the field of metrology, economies are represented by their Metrology
Institutes (NMI and DI), entrusted with the responsibility of maintaining national
standards, providing traceable calibration, and collaborating with international orga-
nizations. Focusing specifically on ionizing radiation metrology, the formation
of the Consultative Committee for Ionizing Radiation (CCRI) by CIPM high-
lights the intricate divisions in dosimetry, radionuclide measurements, and neutron
measurements.

The chapter attempted to shed light on the pivotal role of primary measurement
standards, primarily maintained by BIPM and NMIs/DIs of various countries, in
ensuring the accurate realization of measurements. A brief overview of key primary
standards in dosimetry, radionuclide measurements, and neutron measurements
further emphasized the intricate calibration processes involved. For countrieswithout
primary standards, the maintenance of secondary standards calibrated against estab-
lished primary standards ensures a harmonized approach to measurement accuracy
on a global scale.

Overall, this chapter underscored the collaborative efforts and international frame-
works essential for advancing ionizing radiation metrology and maintaining the
integrity of measurement standards across diverse applications.
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Interaction of Ionizing Radiation
with Matter

T. Palani Selvam, Vandana Shrivastava, and S. Chinnaesakki

1 Introduction

Radiation is classified into twomain categories:Nonionizing and Ionizing, depending
on its ability to ionize matter. The ionization potential of atoms, i.e. the minimum
energy required for ionizing an atom, ranges from a few eV for alkali elements to
24.6 eV for helium (noble gas). Figure 1 shows the flow chart on the classification
of radiation.

Ionization of any matter depends on the energy of incident radiation and the
ionisation potential of the matter. Ionizing radiation can ionize matter directly as its
energy is higher than the ionisation potential of the matter. Non-ionizing radiation
cannot ionize matter as its energy is lower than the ionization potential of the matter.
Ionizing radiation can be categorised into two categories:

(a) Directly ionizing radiation (charged particles) electrons, positrons, protons,
Pions (negative π mesons), alpha particles, heavy ions (12C, 14N, or 20Ne)

(b) Indirectly ionizing radiation (neutral particles) photons (x-rays, gamma rays),
neutrons

The energy transfer mechanism of ionizing radiation plays a vital role in its detec-
tion and measurement. Hence, understanding its interaction with matter is important
in radiation dosimetry. Depending upon the type of radiation the interactions may
be with either nuclei or orbital electrons of the medium or both. In general, ioniza-
tion or excitation is the primary mechanism resulting from the interaction. Type of
interaction and its probability depend upon the radiation type, energy and medium.
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Fig. 1 Classification of radiation

Energy deposition to the medium by directly ionizing radiation is due to direct
coulomb interactions between the incident direct ionizing charged particle and
orbital electrons of atoms in the medium. Whereas for indirectly ionizing radia-
tion (photons or neutrons) it is a two-step process: (a) firstly it releases a charged
particle (photons release electrons or positrons, neutrons release protons or heavier
ions) in the medium, and (b) these released charged particles deposit energy through
coulomb interactions with orbital electrons of the atoms in the medium.

2 Interaction of Charged Particles with Matter

Charged particles are classified as below:

(a) Light charged particles (Examples: electrons and positrons)
(b) Heavy charged particles (Examples: proton, deuteron, Triton, 3He, α particle,

etc.)
(c) Heavier charged particles are nuclei of heavier atoms (Examples: 2C, 14N, 20Ne,

etc.)

A heavy or light charged particle has an associated coulomb electric force field
and interacts with the orbital electrons of the absorber. This interaction process is
called inelastic collision. During this inelastic collision, the charged particle transfers
some amount of its kinetic energy to the orbital electrons. As a result of each such
collision, the atomic electrons experience a transition to an excited state (excitation)
or to an unbound state (ionisation).
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Fig. 2 Variation of relativistic velocity (β) and mass ratio (m/m0) with kinetic energy of electron

The maximum energy transferred by a charged particle to an orbital electron in
a single collision depends on the type of the charged particle and the velocity v
with which it travels. For example, a classical particle travels with a velocity ν � c
whereas a relativistic particle travels with a velocity v ~ c. When a charged particle of
rest mass m0 travels with a velocity of light c, its mass ‘m’ increases as given below:

m(v) = m0√
1 − β2

= γ m0 (1)

where β = v/c; γ = 1/
√
1 − β2; γ = m(v)/m0.

Figures 2, 3 and 4 present an increase of relativistic velocity (β) and mass ratio
((m/m0)) with kinetic energy of electron, proton and helium ion, respectively. Note
that even 10 keV electron has a velocity of about 20% of the velocity of light. At this
energy, mass of electron is higher by 2% as compared to its rest mass. For proton to
attain 20% of velocity of light, the kinetic energy is about 20 MeV. When the kinetic
energy proton is about 1 GeV, its mass increases by a factor of about 2 whereas for
helium ion the mass attains a factor of 2 when the kinetic energy is about 3.75 GeV.
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Fig. 3 Variation of relativistic velocity (β) and mass ratio (m/m0) with kinetic energy of proton

Fig. 4 Variation of relativistic velocity (β) and mass ratio (m/m0) with kinetic energy of helium
ion
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2.1 Maximum Energy Transfer in a Single Collision

A classical heavy charged particle (v � c) of rest mass M having an initial kinetic
energy Ei can transfer a maximum kinetic energy �Emax to an orbital electron of
mass me as per the following relation:

�Emax = 4Mme

(M + me)
2 Ei (2)

In the case of heavy charged particles (example: protons and heavy ions), M +
me ≈ M .

�Emax = 4me

M
Ei (3)

For protons (M = 1836 me), �Emax = 0.0022Ei which implies that an incident
proton with velocity in the classical range can transfer a maximum of 0.22% of its
initial kinetic energy to orbital electron per collision.

Using Ei = 1
2M v2 in Eq. (3) gives

�Emax = 2mev
2 (4)

This equation indicates that a classical heavy charged particle transfers two times
of its initial velocity to the target electron, i.e. kinetic energy of the electron is
1
2me(2v)2 = 2mev

2.
When the velocity of the incident heavy charged particle gets relativistic (β ∼ 1):

�Emax = 2mec
2

(
β2

1 − β2

) [
1 + 2(me/M)

(
1 − β2

)−1/2 + me/M)2
]−1

(5)

Note that for the relativistic heavy charged particles, the factor in the square
bracket of Eq. (5) affects the maximum energy transferred to the orbital electron
only by 0.23% at 1 GeV proton. At 1 GeV alpha particle, the factor affects only
0.03%. Hence, Eq. (5) can be rewritten as:

�Emax = 2mec
2

(
β2

1 − β2

)
(6)

Table 1 presents maximum kinetic energy �Emax that can be transferred to a
stationary target electron in a single collision by the incident proton and helium
ion. In classical domain (Eq. (3)) there is a linear relationship between the kinetic
energy of heavy charged particle �Emax per collision. Whereas as the kinetic energy
approaches relativistic, �Emax per collision is higher when using the relativistic
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relationship (Eq. 6) as compared to classical approximation (Eq. 4). For example,
the difference is about 5% at 100MeV proton and 14% at 1000MeV helium ion (see
Table 1).

Figure 5 and 6 present maximum kinetic energy transferred to the target electron
in a single collision �Emax/collision . (keV/collision) for proton and helium ion,
respectively, using the classical (Eq. (4)) and relativistic (Eq. (6)) relationships.

Note that when the incident charged particle is a positron, then by substituting
M = me in Eq. (3) gives �Emax = Ei which means it can transfer its entire energy

Table 1 Maximum energy transferred to a stationary target electron per collision (in keV/collision)
by the incident proton and helium ion

Kinetic
energy
(keV)

Proton Helium ion

Relativistic
velocity

Classical
relationship
(Eq. 4)

Relativistic
Relationship
(Eq. 6)

Relativistic
velocity

Classical
relationship
(Eq. 4)

Relativistic
Relationship
(Eq. 6)

102 0.0146 0.22 0.22 0.0073 0.0548 0.0548

103 0.0461 2.20 2.20 0.0232 0.5483 0.5483

104 0.1448 21.8 21.9 0.0731 5.48 5.49

105 0.4282 218 229 0.2271 54.83 55.57

106 0.8750 2178 3340 0.6151 548 622

107 0.9926 2.18 × 104 1.38 × 105 0.9624 5483 12,840

The values are given using the classical and relativistic relationships

Fig. 5 Maximum kinetic energy transferred to target electron �Emax in a single collision (keV/
collision) by the incident proton of kinetic energy Ei
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Fig. 6 Maximum kinetic energy transferred to target electron �Emax. in a single collision (keV/
collision) by the incident helium ion of kinetic energy Ei .

to the orbital electron. Whereas in the case of incident electron, only half of its initial
kinetic energy is transferred to the orbital electron Emax = Ei/2, as the incident
electron and the outgoing electron are indistinguishable after collision. This also
implies that whichever electron carries higher energy will be treated as the primary
electron. The above maximum energy transfer mechanism for incident electron or
positron is applicable for both classical and relativistic cases.

3 Interaction of Light Charged Particles with Nucleus

Light charged particles (electrons and positrons) undergo the following interactions
with the nucleus of the target material [1]:

(a) Elastic collision: In this collision, the incident particle deflects from its orig-
inal direction after the collision by transferring fraction of its energy to the
nucleus (energy transfer is negligible as the mass of the electron is negligible
as compared to the nucleus). The incident electron does not radiate, nor does it
excite the nucleus. The incident electron loses only the kinetic energy required
for conservation of momentum between the incident electron and the nucleus.

(b) Nuclear reaction: A relativistic electron can undergo nuclear reaction when
striking the nucleus with an emission of neutron or proton.

(c) Inelastic collision: In this Coulomb interaction bremsstrahlung photons are
emitted when energetic electrons or positrons incident on the nucleus.
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4 Interaction of Heavy Charged Particles with Nucleus

Heavy charged particles undergo the following interactions with the nucleus of the
target material [1]:

(a) Elastic collision: In this collision, the incident particle deflects from its orig-
inal direction after the collision by transferring a fraction of its energy to the
nucleus (energy transfer is negligible when the nucleus is heavy). The incident
heavy charged particle loses only the kinetic energy required for conservation of
momentum between the incident electron and the nucleus. Example: Rutherford
scattering of a particle with nucleus of gold.

(b) Inelastic collision: In this interaction, the nucleus is left in an excited state. The
excited nucleus comes to ground state with an emission of gamma photon. This
is called nuclear excitation. A

Z X (α, α)AZ X
∗ ⇒ A

Z X
∗ → A

Z X + γ

(c) Nuclear reaction: The heavy charged particle collides with a nucleus resulting
in production of two other particles.

Examples: When deuteron (d) bombards 14N results in production of proton (p)
and 15N.

14
7 N(d, p)157 N;
When alpha particle (α) bombards 239Pu results in production of neutron (n) and

242Cm.
239Pu (α,n) 242Cm
When proton (p) bombards18O results in production of neutron (n) and 18F
18O (p,n) 18F
In this case, 18F further decays with β+ emission.

5 Stopping Power of Light Charged Particles

Stopping power is defined as gradual energy loss of charged particle when it travels
through an absorbing medium. The stopping powers of light charged particles are
categorized into two classes:

(a) Collision stopping power: It occurswhen a charged particle interactswith orbital
electrons of the absorber and transfers energy to the orbital electrons. Both heavy
and light charged particles experience this type of interaction.

(b) Radiative stopping power: It occurs when a light charged particle interacts with
nuclei of an absorber. In this interaction, light charged particles lose a significant
fraction of its initial kinetic energy. This process is known as bremsstrahlung
interaction.

Stopping power of a charged particle has a significant role in radiation dosimetry. It
depends on the mass (M), charge (q), velocity (v) and kinetic energy (Ek) of charged
particle aswell as on the density (ρ) and atomic number (Z) of the absorbingmedium.
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Fig. 7 Diagram depicting
interaction of an electron
with an atom. In the figure
“a” denotes the atomic radius
and “b” the impact parameter

When electrons are incident on an absorber, they lose energy through coulomb
interactions with nuclei and orbital electrons of the absorber atoms (Fig. 7). The
interactions are categorised into three categories that depend on the classical impact
parameter b, which is defined as the perpendicular distance between the electron
direction before the interaction and the atomic nucleus, compared to the classical
atomic radius a:

i. For b � a, the charged particle will undergo a soft collision (Coulomb force
interaction with orbital electron) with the whole atom and orbital electrons will
receive a small amount of energy from the incident electron.

ii. For b ≈ a, the charged particle will undergo a hard collision (Coulomb force
interaction with orbital electron) with an orbital electron and it will receive a
significant fraction of the electron’s kinetic energy.

iii. For b � a, the charged particle undergoes a radiative collision with the atomic
nucleus (Coulomb force interaction with external nuclear field) and the emitted
bremsstrahlung photon energy may range from zero to Ek of charge particle.
Note that only the electrons and positrons undergo radiative collision.

When a charged particle travels in a medium, it undergoes multiple columbic
interactions before it loses its complete energy. In each elastic or inelastic collision,
the charged particle’s trajectory gets altered. In this interaction, the particle’s kinetic
energy is transferred to themedium (collision loss) or to photons (radiative loss). The
rate of energy loss per unit of path length by a charged particle in a medium is called
the linear stopping power (dE/dx), which has the unit of MeV/cm. Linear stopping
power, divided by the density ρ (g/cm3) of the absorbing medium, is referred as
mass stopping power (S/ρ) = (1/ρ)(dE/dx). The unit of mass stopping power is
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MeV-cm2/g. The total mass stopping power (S/ρ)tot for a charged particle of kinetic
energy EK moving into an absorber of atomic number Z is the sum of the collision
(S/ρ)coll and radiative (S/ρ)rad stopping powers.

5.1 Collision Stopping Power of Electrons and Positrons

Mass-collision stopping powers (S/ρ)coll of electrons or positrons are almost
identical and are derived in ICRU Report 37 [2]. The final expression is given below:

(S/ρ)col = 2πr2e NA

(
mec2

β2

)(
Z

A

)[
ln

T 2

I 2
+ ln(1 + τ/2) + F±(τ ) − δ

]
(7)

For electrons:

F−(τ ) = (
1 − β2)[1 + τ 2/8 − (2τ + 1) ln 2

]
(8)

For positrons:

F+(τ ) = 2 ln 2 − (
β2/12

)[
23 + 14/(τ + 2) + 10/(τ + 2)2 + 4/(τ + 2)3

]
(9)

where

T Kinetic energy of electron or positron
Z Atomic number of the absorber
A Atomic mass of the absorber
mec2 Rest mass energy of electron
τ T/mec2 is the kinetic energy of electron/positron in units of electron rest

mass energy
I Mean excitation energy of the medium
δ Density effect correction
β = v/c Velocity of electron in units of velocity of light
NA Avogadro number
re Classical radius of electron

The main factors that affect (S/ρ)col are:

1
β2 This is the initial behavior of ionization loss, i.e. as the velocity of the electron

increases stopping power decreases
Z
A Represents electron density of the medium. For absorbers having higher

electron density, stopping power will be higher
F± At relativistic energies this term results in increase in stopping power
δ Decreases the stopping power due to polarization of medium by the electric

field of incident particle.
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5.2 Radiative Stopping Power of Electrons

Energy loss by electrons through radiation (bremsstrahlung) is distributed among
secondary photons. The secondary photons can have energies from zero to the initial
energy of the primary particle. The collision loss mechanism prevails more when the
electron energy is low whereas bremsstrahlung process becomes significant at high
energies. The definition of mass-radiative stopping power (S/ρ)rad is given by:

(S/ρ)rad = NA

A

T∫
0
k
dσrad

dk
dk (10)

where dσrad
dk is the differential radiative cross section that emits a photon energy k due

to the electron interaction with the nuclear Coulomb field.

dσrad = σ0BZ
2

(
T + mec2

T

)
dk

k
cm2/nucleus (11)

T Total energy of electron (kinetic energy + rest mass energy).
Z Atomic number of the absorber

σ0 = 1
137

(
e2

mec2

)2 = 0.58 mb/nucleus

B in Eq. (11) is a slowly varying function of Z and T, of the order of magnitude
of 10. At high energies, the electron loses large fraction of energy in the production
of high-energy photons that again, may interact in the medium. Eventually, radiation
losses can no longer compete with collision losses, and the energy of the primary
electron is dissipated in excitation and ionization of the atoms.

For non-relativistic electrons

σrad = 16

3
αr2e Z

2 (12)

For highly relativistic case:

σrad = 8αr2e Z
2

[
ln

(
T

mec2
− 1

16

)]
(13)

For extremely relativistic case:

σrad = 4αr2e Z
2

[
ln

(
183

Z1/3
+ 1

8

)]
(14)

where
α = e2

4πεo

1
�c = 1

137 (fine structure constant); �c = h
2π c ≈ 200 (MeV fm).

Thus, the expression for (S/ρ)rad is written as
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(S/ρ)rad = NA

A
σradT (15)

For electrons, the total stopping power is sum of collision and radiation stopping
powers.

(S/ρ)tot = (S/ρ)col + (S/ρ)rad (16)

Figure 8a, b show collision and total stopping powers (collision + radiative) of
air and water for electrons as a function of kinetic energy of electron, respectively.
These data are based on ESTAR [3]. The stopping power decreases initially with
increasing energy due to 1/β2 term (Eq. 7). Note that at relativistic energies, the
collision stopping power increases due to the relativistic term in Eq. (7). As the
energy of the electron increases there will be a contribution to stopping power due
to radiative collisions. Hence, the total stopping power is higher than the collision
stopping power for energy above 1 MeV and the difference increases as the energy
increases. For example, the difference is about 1%, 1.5% and 2% at 10, 50 and
100 MeV respectively.

5.3 Comparison of Collision and Radiative Losses
for Electrons

Bremsstrahlung yield is in proportion to Z2 and linearly increases with electron
energy. Whereas the collision stopping powers for high-energy electrons show a
logarithmic increase with energy and linearly increases with Z/A. Bremsstrahlung
becomes a dominant mechanism of energy loss at high energies. Therefore, as energy
of electron increases, contributions of collision loss and radiative loss changes. At
particular energy, the two losses are equal. This energy is called electron critical
energy Tc.

The critical energy is approximated by Berger et al. [4]):

Tc = 800

Z + 1.2
(MeV) (17)

For tungsten Tc is about 10.6 MeV.

6 Radiation Length

The distance over which the kinetic energy of the incident electron is reduced by a
factor of (1/e) due to only radiation loss is known as radiation length and is denoted
by X0 and expressed in units of g/cm2. As per the definition X0 is based on energy
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Fig. 8 Total and collision stopping power for electrons shown as a function of kinetic energy of
electron: a air and b water. Data are taken from ESTAR [3]

loss due to radiation, derivation of expression for X0 for an initial total energy of
electron (T) utilizes the expression of mass-radiative stopping power of electrons
corresponding to extremely relativistic case (Kenneth and Walter 1972) [5]:

(
S

ρ

)

rad

= 4α
NA

A
r2e Z

2

[
ln

(
183

Z1/3
+ 1

8

)]
T (18)
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Note that at the extremely relativistic case, one can assume T = Ek +mec2 ≈ Ek .
Equation (18) can rewritten as

(
S

ρ

)

rad

= − 1

ρ

dE

dx
= k Ek (19)

where

k = 4α
NA

A
r2e Z

2

[
ln

(
183

Z1/3
+ 1

8

)]
(20)

Here k is the constant for a given absorber whose atomic number is Z.
Equation (19) can be rewritten as

dE

Ek
= dE

E
= −k dx (21)

Here Ek is written as E and ρ dx as dx for convenience. Note by this approach dx
has the units of g/cm2.

Integrating Eq. (21) gives

ln E = −k x + C (22)

When x = 0; C = ln E(0).
At depth x in the medium kinetic energy of electron is E(x), i.e. (x) < E(0);

E(0) implies kinetic energy electron at x = 0 which is the initial kinetic energy of
the electron.

Substituting C = ln E(0) in Eq. (22) gives

ln

[
E(x)

E(0)

]
= −kx (23)

Equation (23) is written as:

E(x)

E(0)
= e−kx (24)

As per the definition of radiation length

E(x)

E(0)
= 1

e
(25)

e−kx = 1

e
(26)

This means x = 1; or x = 1
k = X0x = 1

k = X0
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1

X0
= NA

A
4αr2e Z

2

[
ln

(
183

Z1/3
+ 1

8

)]
(27)

X0 =
{
NA

A
4αr2e Z

2

[
ln

(
183

Z1/3
+ 1

8

)]}−1

(28)

Note that in the energy region where the concept of radiation length is valid, i.e.
energy loss is primarily due to radiative processes, 1/X0 is proportional to Z2 (or
X0 is inversely proportional to Z2) and is independent of kinetic energy of electron.
When the effect of atomic electrons and a correction for the Born approximation [6]
is included:

X0 =
{

1 + 0.12
(
Z
82

)2

NA
A 4αr2e Z(Z + 1)2

[
ln

(
183
Z1/3 + 1

8

)]

}

(29)

7 Range and Path Length

A charged particle such as an electron interacts with orbital electrons or with the
nucleus of the medium that it encounters. The path of the electron is curved in nature
due to extensive multiple scattering. The actual path followed by an electron in its
travel through matter gives rise to the concept of pathlength, while the thickness of
the material that the electron can just penetrate, gives rise to the concept of range.
The distance the electron travels before being stopped is called the range. The term is
not precise because, for stochastic reasons, not every electron starting with the same
energy travels the same distance before stopping. As electrons slow, they experience
deflections along the paths and statistical fluctuations in energy loss. Deflection of
electrons is mostly due to elastic scattering with the nuclei of the absorber. Paths are
not straight and for a group of particles all starting with the same energy, there are
fluctuations in the total path length traveled.

Most of these interactions result in transfer of little fractions of the initial kinetic
energy of the particle. This implies that the particle loses its kinetic energy gradually
and continuously. This process is known as the Continuous Slowing Down Approx-
imation (CSDA). The path length is the total distance traveled by an electron along
its actual trajectory until the electron comes to rest, whatever may be its direction.
The projected path range is the sum of individual path lengths projected onto the
incident beam direction. The CSDA range of an electron with initial kinetic energy
E0 is obtained by integrating the reciprocal of the total stopping power (S(E)/ρ)tot:

RCSDA = E0∫
0

dE

(S(E)/ρ)tot
(30)
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Note that the CSDA range is a calculated quantity which represents the mean
pathlength along the trajectory of electron, and not the depth of penetration in a
defined direction.

Because of multiple scattering of electrons, there is a considerable difference
in the values of pathlength and range. The difference is particularly pronounced in
the case of low energy electrons and high Z materials. Figure 9 shows the typical
electron track in amedium. The electronwith an initial kinetic energyE0 loses energy
continuously in the medium. It produces secondary electrons which have sufficient
energy, Eδ , to form its own track. These electrons are known as δ-electrons. The
incident electron also produces bremsstrahlung photon of energy Eγ in the field of
nucleus. Eventually, the electron comes to rest after losing its entire energy. The
shortest distance traveled by the electron is known as range, R. Total curved path
traveled by the electron is known as pathlength (see Fig. 9). Thus, s > R, always. The
typical energy loss for a therapy electron beam, averaged over its entire range R, is
about 2 MeV/cm in water and water-like tissues. Thus, a 2 MeV electron has a range
of 1 cm in water.

Fig. 9 Electron with an initial energy of E0 traverses in a medium. Due to extensive multiple
scattering, the pathlength is zigzag. On its track, the electron produces a secondary electron of
kinetic energy Eδ and a bremsstrahlung photon of energy Eγ . The electron eventually stops after
losing its entire energy. The dark thick blue line suggests that the electron loses energy continuously
through ionization and secondary electrons thus produced are not able to form their own track as
they are absorbed. R is the range of electron
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8 Stopping Power of Heavy Charged Particle

8.1 Collision Stopping Power of Heavy Charged Particle

For a classical heavy charged particle (β � 1) of charge (ze) traveling through an
absorber of atomic numberZ and atomicweightA, themass-collision stopping power
is given by Podgorsak [1]:

(
S

ρ

)

col

=
(
ze2

)2
NA

4πε20mev2

(
Z

A

)
ln

[√
2mev2

I

]

(31)

where the symbols have usual meaning.
For non-realistic quantum–mechanical case [1]:

(
S

ρ

)

col

=
(
ze2

)2
NA

4πε20

(
1

mev2

)(
Z

A

)
ln

[
2mev

2

I

]
(32)

For realistic quantum–mechanical case [1]:

(
S

ρ

)

col

=
(
ze2

)2
NA

4πε20

(
1

mev2

)(
Z

A

)[
ln

2mev
2

I
+ ln β2 − ln

(
1 − β2

) + β2

]
(33)

By including the K-shell correction CK /Z and the polarization correction δ

into Bethe’s relativistic quantum–mechanical expression results in the following
relationship for the mass-collision stopping power for heavy charged particles [1]:

(
S

ρ

)

col
=

(
ze2

)2
NA

4πε20

(
1

mev2

)(
Z

A

)[
ln

2mev
2

I
+ ln β2 − ln

(
1 − β2

)
+ β2 + Ck/Z − δ

]

(34)

In Eq. (34), the following processes lower the collision stopping power:

(a) CK /Z accounts for non-participation of bound K-shell electrons in the ioniza-
tion loss process which results in lowering the ionization loss. It is effective
only at low kinetic energies of the charged particle.

(b) Polarization (density effect) correction δ which is applicable only to condensed
media such as solids and liquids. A charged particle’s traversal in condensed
media results in the dipole distortion of the atoms near the track of the charged
particle which weakens the Coulomb force field that would be experienced by
the distant atoms. This phenomenon decreases its participation in the ionization
loss process and results lowering of collision stopping power. Note that the
polarization correction does not apply for gases, because in gases, the atoms
are sparsely distributed. Density correction is also negligible for heavy charged
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particles at energies of interest in medical physics, but is significant for light
charged particles such as electrons and positrons [1].

The expression for mass-collision stopping power (S/ρ)col of heavy charged
particle does not depend on mass of the particle. It depends on:

(a) atomic number Z and atomic mass A of the absorber in the form of (Z/A)
(b) mean ionization-excitation potential I of the absorber in the form of (−ln I)
(c) particle velocity v: (S/ρ)col initially increases with velocity at non-relativistic

velocity region, reaches a maximum value, then decreases as 1/v2, reaches a
broad minimum (kinetic energy is around 3Mabsc2; where Mabs is rest mass of
the absorber) and slowly increases as the velocity approaches velocity of light
c (due to the relativistic term ln β2 − ln

(
1 − β2

) + β2).

The kinetic energy of the heavy charged particle at which (S/ρ)col attains a
maximum value can be obtained by differentiating the non-relativistic equation for
(S/ρ)col with respect to kinetic energy of the heavy charged particle and setting it to
zero. Thus, the kinetic energy of heavy charged particle at which (S/ρ)col attains a
maximum value is given by Podgorsak [1]:

(Ek)max =
(
M I

4me

)
e (35)

where M is the rest mass of the heavy charged particle, I is the mean ionization
potential of the absorber, is rest mass of electron and e = 2.78. By using = Mp A,
where Mp the mass of proton and A atomic mass number of the absorber, and setting
Mp/me ≈ 2000 and e ≈ 3 [1]:

(Ek)max = 1500AI (36)

Figure 10 presents mass-collision stopping power in water versus kinetic energy
proton. These data are based on PSTAR [7]. In the low energy region mass-collision
stopping power increases initially with energy and reaches amaximum value at about
100 keV. This trend is due to the reduced charge effect of the incident particle. There-
after, it decreases due to 1/v2 effect. At higher energy (above 1 GeV), it gradually
increases with kinetic energy due to relativistic effect.

8.2 Nuclear Stopping Power of Heavy Charged Particles

When a heavy charged particle travels in a medium, it will also lose energy by means
of elastic collision with atomic nuclei. After this elastic collision, the nucleus recoils
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Fig. 10 Variation of mass-collision stopping power in water with kinetic energy proton. Data are
taken from PSTAR [7]

and the recoil energy of the nucleus can be derived from the kinematics. Energy lost
per unit path length due to this mechanism is called mass nuclear stopping power of
heavy charged particles. Consider a heavy charged particle of mass M moving with
kinetic energy E undergoes an elastic collision with the target nucleus of the atom
of mass Mt . After the collision, the target nucleus scatters through an angle θ with
respect to the incident direction of the heavy charged particle. The nuclear stopping
power is expressed as [8]:

(
S

ρ

)

nuc

= 2πNA

A

π∫
0

dσel

d
W (θ, E) sin θdθ (37)

where
W (θ, E) is the recoil energy of the target nucleus which depends on scattering

angle θ and E. W (θ, T ) is given by:

W (θ, E) = 4M Mt

(M + Mt )
2 E sin2

θ

2
(38)

The Rutherford cross section for elastic scattering for a high-energy region is
described by:

dσel

d
= NAZ2z2r2e

4A

mec2

pcβ

1

sin4(θ/2)
(MeV2 cm−1 sr−1) (39)
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where

z is charge of the incident heavy charged particle

p is relativistic momentum of the heavy charged particle and is given by

p = 1

c

√(
E + Mc2

)2 − (
Mc2

)2
(40)

As the radiative stopping power for heavy charged particles is negligible, the total
stopping power is given by:

(
S

ρ

)

tot

=
(
S

ρ

)

col

+
(
S

ρ

)

nuc

(41)

Figure 11 presents nuclear stopping power of protons versus kinetic energy of
protons for lead and water. This plot is based on PSTAR [7].

Fig. 11 Nuclear mass stopping power of protons versus kinetic energy of protons for lead and
water. Data are based on PSTAR [7]
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9 Scaling Relationships for Mass-Collision Stopping Power

Case 1: Same charged particle with same velocity v moving in two different media,
i.e. medium m1 and medium m2. Electron densities of m1 and m2 are (Z/A)m1

and
(Z/A)m2

, respectively. The mass-collision stopping powers the charged particle for
m1 and m2 are (S/ρ)m1

and (S/ρ)m2
, respectively.

The mass-collision stopping powers of Medium 1 and Medium 2 are related by:

(S/ρ)m1

(S/ρ)m2

= (Z/A)m1

(Z/A)m2

(42)

Assume m1 and m2 represent water and air, respectively. For water and air, the
values of Z/A are 0.555 and 0.599, respectively. Hence, for any charged particle for a
given velocity v themass-collision stopping power of water will be about 11% higher
than that of air considering that corrections for density mean ionization potential of
water and air are negligible.

Case 2: Two different charged particles (say alpha particle and proton) of charges
z1 and z2 (suffix on z represents particle type) both moving with the same velocity v

in the same medium. The mass-collision stopping powers of these two charged parti-
cles are represented by (S/ρ)1 and (S/ρ)2, respectively (suffix on (S/ρ) represents
particle type).

As the velocity and medium are the same, the ratio of mass-collision stopping
powers will only depend on charges of the particles. Hence, we have the following
relationships:

(S/ρ)1 ∝ z21; (S/ρ)2 ∝ z22.
The mass-collision stopping powers of the two charged particles are related by:

(S/ρ)1

(S/ρ)2
= z21

z22
(43)

z1 = 2 for alpha particle and z2 = 1 for proton.
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(S/ρ)1

(S/ρ)2
= 22

12
= 4 (44)

Thus, mass-collision stopping power of an alpha particle is four times higher than
that of proton (or electron) when they travel with the same velocity while themedium
is same.

Case 3: Same as Case 2, but particle of charge z1 travels inmediumm1 and particle
of charge z2 travels in medium m2, while the velocity v of the two charged particle
is same. Suffix on (S/ρ) represents particle type.

(S/ρ)1

(S/ρ)2
=

(
z21
z22

)
(Z/A)m1

(Z/A)m2

(45)

Case 4: Same as Case 2, but two different charged particles of charges z1 and z2 are
traveling with velocity v1 and v2, respectively. Suffix on (S/ρ) represents particle
type.

(S/ρ)1

(S/ρ)2
= z21

z22

v2
2

v2
1

(46)

Case 5: Same as Case 4, but two different media.(S/ρ)
m1
1 and (S/ρ)

m2
2 are mass-

collision stopping powers of charged particle of charge z1 formediumm1 and charged
particle of charge z2 for medium m2, respectively.

(S/ρ)
m1
1

(S/ρ)
m2
2

= z21
z22

v2
2

v2
1

(Z/A)m1

(Z/A)m2

(47)
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10 Scaling Relationships for Range of Charged Particles

Case 1: Two similar charged particles traveling in two different media, i.e. m1 and
m2. Assume the particle has the same velocity in both m1 and m2. Mass densities of
m1 and m2 are ρm1 and ρm2 , respectively. The electron densities of m1 and m2 are
(Z/A)m1

and (Z/A)m2
, respectively.

Ranges of the charged particle in the two media are given by:

R1 ∝ 1

(Z/A)m1

1

ρm1
(48)

R2 ∝ 1

(Z/A)m2

1

ρm2
(49)

R1

R2
= (Z/A)m2

(Z/A)m1

ρm2

ρm1
(50)

For varieties of materials Z
A ≈ 1

2
Hence, it is reasonable to write

R1

R2
≈ ρm2

ρm1

(51)

Case 2: Two different charged particles (say alpha particle and proton) of charges
z1 and z2 (suffix on z represents particle type) both moving with the same velocity v

in the same medium. The mass-collision stopping powers of these two charged parti-
cles are represented by (S/ρ)1 and (S/ρ)2, respectively (suffix on (S/ρ) represents
particle type).

We know that Range R (in cm) of a charged particle whose initial kinetic energy
E0 and velocity β0 is given by:

R = 0∫
E0

dE

− dE
dx

(52)
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R ∝ 1

− dE
dx

(53)

Therefore

R ∝ 1

z2
; R ∝ 1

(Z/A)
; R ∝ 1

ρ
as − dE

dx
∝ ρ; R ∝ β2.

Kinetic energy of the charged particle E is given by a relativistic relationship

E = (γ − 1)M0c
2 (54)

where M0 is the rest mass of the charged particle and γ = 1√
1−β2

.

Differentiating Eq. (54) with respect to β gives:

dE = − M0c2√(
1 − β2

)3/2
2βdβ (55)

R =
0∫

E0

dE

− dE
dx

(56)

R = 1

(Z/A)

1

ρ

1

z2

β0∫

0

β2

ln
{

2mec2β2

I(1−β2)

}
− β2

M0c
2 βdβ
(
1 − β2

)3/2 (57)

Thus in general

R → f [M, z, (Z/A), ρ, β] (58)

R ∝ 1

(Z/A)

1

ρ

1

z2
M0F(β0, I ) (59)

where I is mean ionization potential.
For charged particle of charge z1 and rest mass M1:

R1 ∝ 1

(Z/A)

1

ρ

1

z21
M1 (60)

For charged particle of charge z2 and rest mass M2:

R2 ∝ 1

(Z/A)

1

ρ

1

z22
M2 (61)
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For two different particles of charges z1 and z2 traveling with the same velocity in a
given medium, R1/R2 is given by:

R1

R2
= M1

M2

z22
z21

(62)

11 Čeronkov Radiation

It is known that:

(a) A charged particle radiates energy in free space in the form of photon radiation
only if accelerated or decelerated

(b) A charged particle in rectilinear uniform velocity motion in free space does not
lose its kinetic energy in the form of photon radiation

However, if a charged particle moves with uniform rectilinear motion through a
transparent dielectric material, part of its kinetic energy is radiated in the form of
electromagnetic radiation. This happens when the velocity of the charged particle v

exceeds phase velocity of light in a particular medium cn:

v � cn = c

n
(63)

where n is the index of light in the particular medium and c is the velocity of light
in vacuum. This phenomenon of emission of light in the visible region is known as
Čeronkov radiation. Čeronkov radiation is bluish in color

The principle of emission of Čeronkov radiation is shown in Fig. 12. A charged
particle of velocity v travels fromA toC and�t is the time taken to cover this distance
AC (= v�t) [8]. The electromagnetic radiation emitted from A reaches C in time
�t . So AB = (cn/�t). Note that the wavefronts propagate slower than the particle
itself, therefore the radiation will always be confined to a cone behind the particle
[9]. The radiation moves outward perpendicular to the walls of the cone, at an angle
θ relative to the direction of the particle. This angle is fixed by the cone’s geometry
which can be obtained by comparing the distance traveled by the wavefronts and
particle [9]. As the light wave is emitted in a conical fashion with a polar angel of θ

which satisfies [8]:

Cosθ = AB

AC
= (cn/t)

v�t
= (c/n)�t

βc�t
= 1

βn
< 1 (64)

The emission of Čeronkov radiation involves a large number of atoms of the
dielectric medium which are polarized by the fast charged particles moving with
uniformvelocity through themedium [1]. The orbital electrons of the polarized atoms
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Fig. 12 Illustration of emission of Čeronkov radiation [9]

are accelerated by the fields of the charged particle and emit radiation coherently
when v � cn = c/n. Thus, the emission of these light photons does not come
directly from the charged particle.

Some features of Čeronkov radiation are described below [1]:

(a) Čeronkov radiation is emitted along the surface of a forward directed cone
centered on the charged particle direction of motion. The cone is specified as:

Cos θcer = cn
v

= c

nv
= 1

βn
(65)

where θcer is theČeronkov angle defined as the angle between the direction of motion
of charged particle and the envelope of the cone.

(b) Equation (65) suggests that for a given charged particle and dielectric medium
there is a threshold velocity vth below which emission of Čeronkov radiation is
not possible.

vth = c

n
; βthc = c

n
;βth = 1

n
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• When v > vth Čeronkov radiation is emitted with Čeronkov angle θcer
• When v < vth Čeronkov is radiation not emitted
• For water, n = 1.33; vth = c

n = c
1.33 = 0.75 c. This velocity threshold corresponds

to energy threshold of Čeronkov radiation

(Ek)th = mec2(√
1 − β2

th

) = n × 0.511√
n2 − 1

= 0.775 MeV (66)

(c) Total energy appearing as Čeronkov radiation is negligible when compared to
the total energy loss by a charged particle through collision and radiative losses.
For example, electrons lose about 2MeV/(g/cm2) in water through collision and
radiative losses and only about 400 keV/(g/cm2) through Čeronkov losses.

(d) Equation (65) shows that a maximum angle of emission (θcer)max =
arccos(1/n). For relativistic electrons (β → 1) in water (n = 1.33), (θcer)max =
41.2◦

(e) Frequencies ofČeronkov radiation appear in the high frequency region of visible
light of electromagnetic spectrum, but do not extend to the x-ray region because
for x-rays n < 1.

12 Interaction of Photons with Matter

For x and gamma photons, in terms of energy loss, there are three important processes
such as photoelectric effect, Compton effect and pair production.

12.1 Thompson Scattering

The scattering of photons by free electrons is known as Thomson scattering. Such
scattering is possible when the incident photon energy is small, i.e. hν � mec2.
The differential Thomson electronic cross section per unit solid angle [mb/(electron-
steradian)] is given by:

(
dσe

d

)

Th

== r2e
2

(
1 + cos2 θ

)
(67)

Here θ is angle of scattering (θ = 0◦ to π). Figure 13 shows the plot of
( dσe
d

)
Th versus

θ .The plot shows that at θ = π/2, the value of
( dσe
d

)
Th = 39.8mb/(electron-steradian)

at θ = 0 and θ = π , the values is 79.5 mb/(electron-steradian).
The differential Thomson electronic cross section per unit polar angle, i.e. fraction

of incident energy scattered into a cone of angle between θ and θ + dθ is given by:
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Fig. 13 Plot of differential Thomson electronic cross section per unit solid angle versus polar angle.
Figure adapted from [2]

(
dσe

dθ

)

Th

=
(
dσe

d

)

Th

d

dθ
= 2π sin θ

r2e
2

(
1 + cos2 θ

)2 = πr2e sin θ
(
1 + cos2 θ

)

(68)

Figure 14 presents
( dσe
dθ

)
Th

versus θ . The figure shows that
( dσe
dθ

)
Th

= 0 at θ = 0
and = 180◦, reaches maxima at θ = 55◦ and θ = 125◦ and attains a minimum at
θ = 90◦.

The total Thomson electronic cross section is obtained by integrating Eq. (67)
overall scattering angles

(θ = 0◦ to π):

σe,Th =
∫ (

dσe

d

)

Th

d = 2π

π∫

0

(
dσe

d

)

Th

sin θdθ = 2πr2e

π∫

0

(
1 + cos2 θ

)
dθ

(69)

σe,Th = 8π

3
r2e = 0.665 b (70)

Note that this is an important relation and does not contain any photon energy
term, thus the value σe,Th = 0.665 b is independent of photon energy.

The total atomic Thomson cross section is given by:

σa,Th = Z σe,Th (71)
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Fig. 14 Plot of differential Thomson electronic cross section per unit polar angle versus polar
angle. Figure adapted from [2]

Thus, σ a,Th linearly depends on atomic number Z of the absorber. For incident
photon energy larger than the binding energy of electron EB but smaller than mec2,
i.e. EB � hν � mec2, Eq. (67) is valid. However, at larger θ and larger photon
energies, i.e. hν → mec2, Thomson coherent scatteringwith free electron diminishes
in favor of incoherent Compton scattering.

12.2 Rayleigh Scattering

Rayleigh scattering is a process in which the incident photons are scattered by the
bound atomic electrons of the absorber. In this process, the atom is neither excited
nor ionized. The atom as a whole absorbs the momentum transferred by the photons.
The incident photon is then scattered through an angle θ (Fig. 15). As the energy of
recoil atom is very small, there is no change in the energy of incident photon after
Rayleigh scattering. The scattering angles are relatively small because the recoil
atom does not produce atomic excitation or ionization and the bound electrons of the
absorber revert to their original state.

The differential Rayleigh atomic cross section per unit solid angle in terms of
Thomson electronic scattering cross section

( dσe
d

)
Th is given by:
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Fig. 15 Pictorial representation of Rayleigh scattering. The incoming photon undergoes a collision
with the atomic electron which transfers negligible energy to the atom. The photon is deviated from
its original direction without losing energy

(
dσa

d

)

R

=
(
dσe

d

)

Th

[F(x, z)]2 = r2e
2

(
1 + cos2 θ

)
[F(x, z)]2 (72)

where( dσe
d

)
Th is Thomson electronic scattering cross section [barn/(electron-steradian].

[F(x, z)] is atomic form factorwhich depends on atomic number Z of the absorber
and momentum transfer variable x = sin(θ/2)/λ; with λ being the wavelength of
incident photon.

The differential Rayleigh atomic cross section per unit polar angle [barn/(atom-
radian)] is given by:

(
dσa

dθ

)

R

=
(
dσa

d

)

R

d

dθ
=

(
dσe

d

)

Th

2π sin θ [F(x, z)]2

= πr2e sin θ
(
1 + cos2 θ

)
[F(x, z)]2 (73)

12.3 Photoelectric Effect

Photoelectric effect is predominant with low energy photons and high atomic number
of the absorber. In this process, the photon interacts with an absorber atom and gets
absorbed completely. The incoming photon disappears and as a result, an electron
(photoelectron) is ejected from one of the bound shells of the atom (Fig. 16). The
most probable origin of the photoelectron is the most tightly bound or K-shell of the
atom. The photon energy hν0, the kinetic energy of the photoelectron Epe are related
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Fig. 16 Schematic diagramof photoelectric effect. The incident photonwith energy hν0 is absorbed
and knocks out the K-shell electron having binding energy EB . The ejected photoelectron moves
with a kinetic energy of Epe = hν0 − EB

by:

Epe = hυ0 − EB (74)

Here, EB is the binding energy of the photoelectron usually the K-shell.
On ejection of an electron from a shell, a vacancy is created in the atom which

results in the atom to become excited. There are two probable phenomena by which
an excited atom gets equilibrium: (a) ejection of mono-energetic Auger electrons
from the atom by redistributing excess energy to the available electrons or (b) an
electron from another higher energy shell would fall into the vacancy created and
as associated characteristic X-ray is emitted. The emitted X-ray may again undergo
photoelectric absorption process and produce the X-ray. This process may continue
until all the energy of photon is absorbed. To conserve momentum in this process,
the recoiling atom retains a very small amount of energy upon ejection of an electron
which is generally ignored for all practical purposes.

The probability of photoelectric absorption per atom, τ with photon energy E and
atomic number of absorber Z is approximated as

τ ∼= c × Zn

E3.5
(75)

Depending upon the value of E the exponent n varies between 4 and 5.
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12.4 Compton Scattering

In Compton Scattering, the incident photon with initial energy hν0 and momentum
hν0/c interacts with an orbital electron which is either at rest or loosely bound. After
the collision, the incident photon is scattered through an angle θ with a reduction in
energy (hν ′) and momentum (hν ′/c). The orbital electron scatters through an angle
ϕ with kinetic energy Ee and momentum pe (Fig. 17). Depending upon angle of
scattering of photon, the orbital electron may receive kinetic energy from zero to a
large fraction of energy of photon. The Compton scattering process is illustrated in
Fig. 17.

Using the following three relativistic relationships for conservation of total energy
and momentum an expression for hν ′ and Ee can be derived.

hν ′ = hν0

1 + α(1 − cos θ)
(76)

where α = hν0/mec2

Kinetic energy of Compton electron Ee is given by:

Ee = hν0 − hν ′ (77)

Fig. 17 Illustration of Compton scattering. The photon with initial energy hν0 and momentum
hν0/c moving in x direction undergoes a scattering with an orbital electron. After the collision, the
photon scatters through an angle θ with energy of hν′ and momentum hν′/c. The electron recoils
through an angle ϕ with kinetic energy of Ee and momentum pe
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Ee = αhν0(1 − cos θ)

1 + α(1 − cos θ)
(78)

At θ = 0◦, hν ′ = hν0 (there is no energy loss) and the kinetic energy of Compton
electron Ee = 0.

At θ = π , (1 − cos θ) = 2.

hν ′ = hν0

1 + 2α
(79)

Ee = 2αhν0

[1 + 2α]
(80)

Following are the important inferences that can bemade fromCompton scattering:

(a) When θ = 0◦, the energy of the scattered photon hν ′ = hν0, independent of
hν0 and the kinetic energy of Compton electron Ee = 0.

(b) When θ = π , (1 − cos θ) = 2; hν ′ = hν0
1+2α ; Ee = 2αhν0

[1+2α]

(c) The maximum fractional energy transferred to the electron is given by (Ee)max
hν0

=
2α

1+2α
(d) When the scattering angle θ is larger than the scattered photon energy cannot

exceed
(e) 0.511 MeV whatever may be the energy of incident photon.

Table 2 presents kinetic energy transferred to the orbital electron as a function of
photon energy for the angle of scattering θ = π . As the energy of photon increases
from 0.025 to 50 MeV, the percentage maximum energy transferred to electron
increases from 9 to 99.7%.

12.5 Pair Production

When the incident photon energy E = hν0 is above twice the rest of the mass
energy of electron, i.e. 2mec2 = 1.022 MeV, it produces an electron–positron pair
upon interaction with the nuclear field of an absorbing medium and the photon gets
absorbed completely (Fig. 18). The condition required for the effect to take place is
that the energy, charge and momentummust be conserved. This effect is not possible
in free space even if hν0 > 2mec2 because in free space energy and charge only can
be conserved not the linear momentum. Therefore, to conserve the linear momentum,
it only occurs in the coulomb field of either atomic nucleus or orbital electron so that
a suitable fraction of the momentum carried by the photon is taken up by them. The
kinetic energy of the electron (Ee− ) and positron (Ee+) pair produced will be the
difference between the energy of the incoming photon and the energy equivalent of
two electron masses (2mec2 = 1.022MeV). The probability of pair production in the
field of nucleus σPP with photon energy Eγ and atomic number of absorber Z can
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Table 2 Scattered photon energy,maximumenergy transferred to electron andmaximum fractional
energy transferred to electron by Compton scattering process when angle of scattering θ = π

Photon energy,
hν0(MeV)

α hν′
(MeV)

(Ee)max(MeV) (Ee)max
hν0

0.025 0.049 0.023 0.002 0.089

0.05 0.098 0.042 0.008 0.164

0.100 0.196 0.072 0.028 0.280

0.250 0.489 0.126 0.124 0.495

0.500 0.978 0.169 0.331 0.662

1 1.957 0.203 0.796 0.796

2 3.914 0.227 1.773 0.887

5 9.785 0.243 4.757 0.951

10 19.569 0.249 9.751 0.975

20 39.139 0.252 19.748 0.987

50 97.847 0.254 49.746 0.995

100 195.695 0.255 99.745 0.997

be approximated as σPP ∝ Z2 ln
(
Eγ

)
. Pair production can also occur in the field

of electron. However, the threshold energy of photon for this to happen is 4mec2 =
2.044 MeV.

Fig. 18 Depiction of pair production in the field of nucleus of an absorbing medium
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The electron–positron pair formed in the pair production process loses their energy
in their usual way, i.e. through collisional and radiative losses. The positron annihi-
lates with an electron at the end of its track. As a result, two 0.511 MeV gamma ray
photons will be produced and emitted in opposite directions.

12.6 Photonuclear Reactions

Photonuclear reaction or photodisintegration is the process in which the photon is
absorbed by the nucleus and nucleons are ejected from nucleus. The probability of
a photonuclear reaction is much smaller in comparison with a photoelectric effect,
Compton scattering, and pair creation. However, this reaction is important from the
viewpoint of radiation protection because neutrons are also ejected from the nucleus.
In addition, the residual nucleus after the reaction frequently becomes radioactive.
Photonuclear reactions occur when the incident photon energy is greater than the
threshold energy of the photonuclear reaction. The photodisintegration process can
lead to the production of: (a) neutrons (γ ,n), (γ ,2n), (γ , 3n), (b) protons (γ ,p), (c)
alpha particles (γ ,α), (d) tritium (γ,t), (e) 3He (γ,3He), and (f) combination of these
(γ ,np), (γ ,nα). Thresholds are unique to each element and are calculated from the
Q-value of the photonuclear reaction. Table 3 presents threshold energies (in MeV)
for various photonuclear production of elements. These data are taken from IAEA
handbook [10].

13 Interaction of Neutrons with Matter

13.1 Classification of Neutrons

In terms of their kinetic energy En , neutrons are classified into several categories
(Podgorsak [1]):

(a) Ultracold neutrons (En < 2 × 10−7 eV)
(b) Very cold neutrons (2 × 10−7 eV ≤ En ≤ 5 × 10−5 eV)
(c) Cold neutrons (5 × 10−5 eV ≤ En ≤ 0.025 eV)
(d) Thermal neutrons (Ek ≈ 0.025 eV)
(e) Epithermal neutrons (1 eV < En < 1 keV)
(f) Intermediate neutrons (1 keV < En < 0.1 MeV)
(g) Fast neutrons (En > 0.1 MeV)

Note that the velocities of an ultracold neutron (Ek = 2 × 10–7 eV), thermal
neutron (Ek = 0.025 eV) and fast neutron (Ek = 2.5 MeV) are ~ 6 m/s (v/c ≈ 2 ×
10−8), ~ 2200 m/s (v/c ≈ 7 × 10−6) and ~ 1.4 × 107 m/s (v/c ≈ 0.05), respectively
[1].
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Table 3 Photonuclear threshold energies of different target materials (IAEA [10])

Photodisintegration
with target material

Photonuclear threshold Energies (MeV)

(γ,
n +
2α)

(γ,n) (γ,p) (γ,t) (γ,3He) (γ,α) (γ,2n) (γ,np) (γ,2p) (γ,3n)

γ + 2H – 2.22 – – – – – – – –

γ + 9Be 1.67 – 16.89 17.69 21.18 – 20.56 18.92 29.34 31.24

γ + 12C – 18.72 15.96 27.37 26.28 7.37 31.84 27.41 27.19 53.13

γ + 14N – 10.55 7.55 22.74 20.74 11.61 30.62 12.50 25.08 46.24

γ + 16O – 15.66 12.13 25.03 22.79 7.16 28.89 22.96 22.34 52.06

γ + 23Na – 12.42 8.79 17.43 24.45 10.47 23.49 19.16 24.06 40.59

γ + 24Mg – 16.53 11.69 26.69 23.13 9.31 29.68 24.11 20.48 49.06

γ + 27Al – 13.06 8.27 18.21 23.71 10.09 24.42 19.36 22.41 41.36

γ + 28Si – 17.18 11.58 27.53 23.23 9.98 30.49 24.64 19.86 49.53

γ + 32S – 15.04 8.86 24.01 19.05 6.95 28.10 21.18 16.16 47.07

γ + 35Cl – 12.65 6.37 17.95 19.64 7.00 24.15 17.79 17.25 39.90

γ + 52Cr – 12.04 10.50 22.41 21.79 9.35 21.30 21.56 18.57 34.30

γ + 56Fe – 11.20 10.18 20.87 20.25 7.61 20.50 20.41 18.25 33.87

γ + 58Ni – 12.22 8.17 21.15 17.68 6.40 22.47 19.55 14.20 39.11

γ + 59Co 10.45 7.36 16.57 20.25 6.94 19.03 17.41 19.32 30.40

γ + 63Cu – 10.85 6.12 16.06 18.86 5.78 19.74 16.72 17.26 31.46

γ + 88Sr – 11.11 10.61 20.70 21.37 7.91 19.54 20.53 19.23 31.03

γ + 90Zr – 11.97 8.36 20.71 18.83 6.68 21.29 19.84 15.43 33.64

γ + 93Nb – 8.83 6.04 13.39 15.65 1.93 16.71 14.68 15.44 28.77

γ + 107Ag – 9.54 5.79 13.96 16.39 2.81 17.47 15.35 15.14 27.51

γ + 114Cd – 9.04 10.27 16.75 18.92 4.10 15.58 18.76 18.27 24.98

γ + 120Sn – 9.11 10.66 17.11 19.62 4.81 15.59 19.23 18.97 24.92

γ + 120Sb – 9.24 5.78 12.89 17.29 3.07 16.26 14.88 16.44 25.81

γ + 127I – 9.14 6.20 13.41 16.29 2.18 16.28 15.32 15.30 25.83

γ + 133Cs – 8.99 6.08 13.15 16.12 2.00 16.15 15.02 15.21 25.45

γ + 141Pr – 9.40 5.23 13.40 14.43 1.32 17.32 14.41 13.37 27.10

γ + 159Tb – 8.13 6.13 11.95 14.38 0.14 14.91 14.07 14.65 23.65

γ + 165Ho – 7.99 6.22 11.67 14.16 −0.14 14.66 13.88 14.79 23.07

γ + 181Ta – 7.58 5.94 10.95 13.04 −1.53 14.22 13.33 13.91 22.13

γ + 184W – 7.41 7.70 12.22 13.22 −1.66 13.60 14.63 14.23 21.67

γ + 197Au – 8.07 5.78 11.33 13.56 −0.95 14.71 13.70 14.04 23.08

γ + 208Pb – 7.37 8.01 12.88 14.39 −0.52 14.11 14.85 15.38 22.19

γ + 209Bi – 7.46 3.80 9.42 10.94 −3.14 14.35 11.17 11.81 22.44

γ + 232Th – 6.44 7.75 10.41 12.15 −4.08 11.56 13.31 13.25 18.35

γ + 238U – 6.15 7.62 9.97 11.88 −4.27 11.28 13.39 13.01 17.82
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13.2 Neutron Interactions with Nuclei of Absorber

The neutrons interact with the nuclei of the absorber by the following processes:
(a) Elastic scattering, (b) Inelastic scattering, (c) Non-elastic scattering, (d)

Neutron capture, (e) Spallation, and (f) fission.

13.2.1 Elastic Scattering

In elastic scattering, a neutron of mass mn with kinetic energy En collides with a
nucleus of mass M . After the collision, the nucleus recoils with an angle φ with
respect to the initial direction of neutron. The kinetic energy transferred to the target
nucleus of mass M is given by:

�En = 4mnM

(mn + M)2
EnCos

2φ (81)

Maximum kinetic energy transferred to the target nucleus during a head-on
collision (φ = 0) is given by:

(�En)max = 4mnM

(mn + M)2
En (82)

The kinetic energy of the scattered neutron after a head-on collision is given by:

E ′
n = En − (�En)max = En − 4mnM

(mn + M)2
En

= En

(
1 − 4mnM

(mn + M)2

)
= En

[
(mn − M)

(mn + M)

]2

If the target is a proton, i.e. mn ≈ mp = M , E ′
n = 0 which implies the incident

neutron can transfer its full energy to the proton in a head-on collision. Table 4
provides fractional kinetic energy that will be transferred to different target elements.
Also included in the table is fractional kinetic energy retained by scattered neutron.

The average kinetic energy transferred to the recoil nucleus in a single collision
is given by

(�En)avg = 4mnM

(mn + M)2
1

2
En = 2mnM

(mn + M)2
En (83)

When the neutron interacts with hydrogen nucleus (i.e. a proton with mass mp),
then M = mn ≈ mp. In this scenario, it will transfer on an average of 50% of its
initial En to the proton in a head-on collision [see Eq. (83)]. In a head-on collision,
the maximum transferable energy to the proton equals to the initial neutron energy
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Table 4 Maximum fractional energy transferred to target nucleus by a neutron of kinetic energy En

in a single elastic collision with the target nucleus (�En)max/En , fractional energy carried by the

scattered neutron E ′
n/En in a head-on collision with target nucleus and average energy transferred

to the target nucleus 2mn M/(mn + M)2

Target nucleus (�En)max/En En ′/En 2mn M/(mn + M)2

1
1H 1.000 0 0.500
2
1H 0.899 0.101 0.444
4
2He 0.640 0.360 0.320
9
4Be 0.360 0.640 0.180
12
6 C 0.284 0.716 0.142
16
8 O 0.221 0.779 0.111
56
26Fe 0.069 0.931 0.034
118
50 Sn 0.033 0.967 0.017
238
92 U 0.017 0.983 0.008

En [see Eq. (82)]. The recoil proton then transfers its kinetic energy through coulomb
interactions with the nuclei and orbital electrons in the medium. When M >> mn ,
the energy transfer from the neutron to the medium is less efficient (see Eq. (82)).

Following may be noted in elastic scattering of neutrons:

(a) Conservation of total kinetic energy
(b) Conservation of momentum
(c) Recoiling particle receives energy lost by the neutron
(d) Head-on collision leads to maximum energy transfer
(e) Elastic scatter cross sections depend on energy and material.

13.2.2 Inelastic Scattering

In inelastic scattering, the target nucleus first absorbs the incident neutron and then
re-emits it in a different direction with a lower energy. In this process, the nucleus
becomes excited and achieves stability by emitting high-energy gamma rays. This
process is illustrated by the following relationship:

1
0n + A

Z X → A+1
Z Y∗ → A

Z X
∗ + 1

0n → A
Z X + 1

0n + γ

A
Z X is the stable target nucleus, A+1

Z Y∗ is the unstable compound nucleus,
A
Z X

∗ is the excited target nucleus.
Thus in the case of inelastic scattering, neutron is absorbed and then re-emitted

and the nucleus absorbs some energy internally and is left in an excited state.
Example: 14N(n, n’)14N; Eγ = ~ 10 MeV.
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13.2.3 Non-elastic Scattering

Differs from inelastic scattering in that a secondary particle that is not a neutron is
emitted after the capture of the initial neutron.

Example: 12C(n, α)9Be; Eγ = 1.75 MeV.

13.2.4 Neutron Capture

Neutron capture occurswhen an incident thermal neutron is interactingwith a nucleus
which results in the emission of a proton or gamma ray. There are two very important
reactions that are relevant in tissue: 14N(n, p)14C and 1H(n, γ )2H whereas 113Cd(n,
γ )114Cd is important in shielding against thermal neutrons. If 1 mm thick cadmium
plate is used it will absorb essentially all incident thermal neutrons less than 0.5 eV,
but readily transmits neutrons having energies above 0.5 eV. A broad resonance with
a peak at 0.178 eV is observed when the neutron capture cross section is plotted
as a function of neutron kinetic energy. For natural Cd (12% abundance of 113Cd),
neutron capture cross section is 7800 b at resonance peak energy whereas it is ~ 64×
103 b for pure 113Cd. The stable target bombardment with neutrons is often carried
out in a nuclear reactor to produce a radioactive isotope for industrial or medical
purposes.

Thus neutron capture:

(a) is same as inelastic scattering, but by definition, neutron capture occurs only at
low neutron energies (thermal energy range is < 0.025 eV)

(b) leads to the disappearance of the neutron
(c) accounts for a significant fraction of the energy transferred to tissue by neutrons

in the low energy ranges.

Examples:

14
7 N(n, p)146 C + Q(0.626MeV), Ep = 0.58MeV(kinetic energy of proton)

1
1H(n, γ )21H + Q(2.22MeV), Eγ = 2.22MeV

10
5 B + 1

0n → 7
3Li + 4

2He + Q(2.3 keV)

6
3Li + 1

0n → 3
1H + 4

2He + Q(4.8 MeV)

3
2He + 1

0n → 3
1H + 1

1p + Q(0.765MeV)

The dose to tissue from thermal neutrons is due to the hydrogen capture reaction
and the gamma emitted in this reaction is fairly energetic. The tissue dose depends
on the volume of tissue irradiated.
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13.2.5 Spallation

In this process, the nucleus captures the incident fast neutron and splits into fragments
and it is important at higher neutron energies (in excess of 100 MeV). The cross
sections are higher at 400–500 MeV. The tissue receives a dose maximum due to the
several neutrons and de-excitation gamma rays, which are emitted.

When an incident fast neutron penetrates the nucleus and is captured by it then the
nucleus energy increases sufficiently that leads to the disintegration of nucleus into
many small residual components (such as α particles and protons p). This process is
known as spallation.

Example: 10n + 16
8 O → 342α + 211 p + 310n

The energy released in the spallation process is carried away generally by heavier
fragments that deposit their energy in the absorber locally.

13.2.6 Fission Induced by Neutron Bombardment

Fission process occurs when thermal neutron is bombarded on high atomic number
nuclei. In this process, the product nuclei of lower atomic numbers along with more
than one fast neutron are produced and a huge amount of energy is also released.
Materials that undergo fission directly are called fissile or fissionable materials and
the most important fissionable materials are listed below:

235U (0.7% of natural uranium).
239Pu produced from 238U.
233U produced from 232Th.
238U and 232Th do not undergo fission themselves and are called fertile because

it can be converted as fissionable nuclides upon irradiation with fast neutrons in a
nuclear reactor.

The fissionable nuclides undergo fission and break into nuclides with low atomic
numbers and are calledfission fragments. Thefission fragments are generally radioac-
tive and subsequently undergo radioactive decay. A general equation for fission of
235U by thermal neutrons is as follows:

1
0n + 235

92 U → 236
92 U → b

a X + c
dY + f 10n

where the incident thermal neutron is absorbed by a nucleus (23592 U ) a compound
nucleus 236

92 U is formed which is unstable. To get the stability it undergoes fission
and produces generally two unstable nuclei of smaller atomic number and atomic
mass number (a + d = 92 and b + c + f = 236, where f is the number of fast
neutrons produced by the fission process). In this process, a huge amount of energy
is released; on an average about 200 MeV energy per fission of 235

92 U is released and
on an average, 2.5 new neutrons per fission are also produced.
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Examples for fission:

1
0n + 235

92 U → 236
92 U → 147

57 La + 87
35Br + 210n + Q

1
0n + 235

92 U → 236
92 U → 144

56 Ba + 89
36Br + 310n + Q

1
0n + 235

92 U → 236
92 U → 133

51 Sb + 99
41Nb + 410n + Q

1
0n + 235

92 U → 236
92 U → 140

54 Xe + 94
38Sr + 210n + Q

where Q = 195 MeV.

14 Summary

(a) Photons and neutrons are classified as indirectly ionizing radiations.
(b) Charged particles are classified as directly ionizing radiations.
(c) In photoelectric effect, entire energy of photon is transferred to the bound

electron. Photoelectric effect is predominant when the incident photon energy
is smaller and the atomic number of the medium is high.

(d) In Compton scattering fraction of photon energy is transferred to the orbital
electrons.

(e) Threshold energy for pair production is 1.02MeV. In pair production, electron–
positron pair is created.

(f) Electron with 10 keV kinetic energy has 20% of velocity of light. Whereas
proton with 20 MeV kinetic energy and helium ion with 80 MeV will travel
with 20% of velocity of light.

(g) In a head-on collision:

• Electronwill transfer only half of its initial kinetic energy to a target electron
in a single collision. Because of same charge, the electron that carries the
highest energy after the collision is identified as primary.

• Positron will transfer its full kinetic energy to a target electron in a single
collision.

(h) Electrons and positrons lose kinetic energy through ionization and
bremsstrahlung production.

(i) Total stopping power of light charged particles (electrons/positrons) is the sum
of collision stopping power and radiative stopping power. Nuclear stopping
power is not applicable to light charged particles.

(j) Total stopping power of heavy charged particles is the sum of collision stopping
power and nuclear stopping power. Heavy charged particles do not lose energy
through radiative process.
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(k) For heavy charged particles with a velocity above 40% of the velocity of light,
it is important to use relativistic relationship for calculating maximum energy
transfer to the target electron in a single collision.

(l) Main influencing factors of stopping power of charged particle are electron
density of the medium in which it traverses and the velocity of the charged
particle.

(m) The path length of an electron is the total distance traveled along its actual
trajectory until it comes to rest, whatever may be its direction.

(n) CSDA range is a calculated quantity which represents the mean path length
along the trajectory of electron, and not the depth of penetration in a defined
direction.

(o) Radiation length is the distance over which the kinetic energy of the incident
electron is reduced by a factor of (1/e) due to only radiation loss.

(p) A charged particle radiates energy in free space in the form of photon radiation
only if accelerated or decelerated.

(q) A charged particle in rectilinear uniform velocity motion in free space does not
lose its kinetic energy in the form of photon radiation.

(r) When the velocity of the charged particle exceeds phase velocity of light in a
transparent dielectric material, part of its kinetic energy is radiated in the form
of Čeronkov radiation.

(s) Elastic scattering of neutrons with atomic nuclei leads to maximum energy
transfer to the target nuclei in a head-on collision.
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Biological Effects of Radiation

Nagesh Bhat, Usha Yadav, and Rajesh K. Chaurasia

1 Introduction

Cells are considered as fundamental units of life of all living organisms and the
human system has nearly 1014 cells of different types. Constituents of a cell can be
visualized as different organelles, viz., nucleus, cytoplasm enclosed in an envelope
called the cell membrane. The nucleus in a cell is an information center that contains
Deoxyribonucleic Acid (DNA) and histone proteins arranged in a structured manner
called chromosomes. DNA molecules are the genetic material of the cell and are
the most important targets for the induction of radiation damage in cells, either by
radiation or by any other mutagens including those that exist in nature as well as
those due to many lifestyle factors.

The tissues in an organ or system are made up of different types of cells. In
some tissues, cells may continuously divide, undergo a series of modifications and
maturation processes (differentiation) and then give rise to cells which are functional
in nature, while in other tissues the division may be regulated or may not divide at
all. Examples of organs with constituent cells having faster division rates are bone
marrow, epithelial cells, epidermis, crypt cells lining the intestines, etc. Cells lining
the intestines are also dividing in nature in order to dynamically maintain the food-
body barrier. Reproductory systems in males and females are also known to contain
dividing cells—Spermatogonia and oocytes cells in testis and ovaries divide and yield
matured sperm cells ova. In some organs, cells divide very slowly as in kidney, liver,
connective tissues, etc. Some tissues such asmuscle and nerve cells are differentiated.
These slowor non-dividing cells are generally known for their functional capabilities.
Besides the type of cells that constitute the tissues, some tissues are considered vital
such as lungs, heart, kidney, liver, brain and many glandular systems while few
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peripheral organs such as limbs may not play vital roles for the survival although
they may be indispensable for day to day activities. For radiation damage, these
vital organs/systems, which may be also sensitive, are considered as target organs/
systems.

2 Dependence of Biological Damage on Mode of Exposures

Induction of damage and its progression by radiation can be visualized on the basis
of damage and the chronology of events. Some initial processes, such as physical
and chemical processes, are extremely fast, leading to primary lesions, deposition
of additional energy and creation of an unstable environment and reactivity. These
effectsmay eventually translate into biological effectswith longer time scales. Devel-
opment of primary lesions into biological steps involves many complex biophysical,
biochemical and biological interactions. During these processes, cells can sense the
damage, react to them through repair processes or may even undergo death.

Changes in macromolecules, their functional impairment in cells or complete
inactivation can further hamper the function of cells. Since these processes involve
the action of life of cells, it is safe to assume that cells are interacting with radiation
damage rather than radiation interactingwith cells.With the reversal of process steps,
interaction processes become very slow leading to very large time scales, extending
to years to decades for the final manifestation of clinically observable biological
effects. The events are listed in Table 1 chronologically, with their relevance from
various fields of studies.

2.1 External Exposure

The understanding of external exposure is fairly simple. External exposures can
happen due to isotopes that are present outside the body at a distance. Radiation
emitted by such isotopes can penetrate the tissues and deliver doses. Highly pene-
trating radiation such as gamma and high energy X-rays can deliver a dose to whole
body while less penetrating ones can deliver a dose to skin and extremities. Densely
ionizing radiation such as alpha particles may not pose any threat from external
exposure as they can be easily be stopped by biologically inactive layers of skin or
even the air when the sources are at a distance.

2.2 Internal Exposure

Inhalation or ingestion of radioisotopes can lead to internal exposure to cells. Volatile
isotopes such as radioactive iodine, tritium in either gas form or water vapors and
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Table 1 Radiation interactions and time scales

Phase Events and processes Time scale (s) Modifying factors

Physical Energy absorption, ionizations and
excitation

10–18–10–15 Dose distribution, let,
dose rate

Physico
chemical

Rearrangement of excited ionized
molecules, formation of diffusible
radicals such as Ho, OHo, e-aq

10–15–10–8 Oxygen effect,
properties of media,
aqueous or dry
conditions, frozen
condition, temperature
of media

Chemical Formation of primary lesions,
bioradicals, molecular alterations,
indirect actions, long lived lesions
in macromolecules, fixed damages
to macromolecules

10–8–10–3 Radioprotectors,
radiosensitizers

Bio-chemical Enzymatic reactions, recognition
of lesions, activation of repair
processes, fixation of damage
through repair pathways,
observable DNA aberrations

10–3–104 Repair inhibitors, energy
metabolism

Cellular level Cell death, cell loss, division
kinetics, mutations, observable
chromosomal aberrations

104–107 Modifiers of cellular
repairs

Systemic
(multicel-lular
organisms)

Immune reactions, functional
damages, adoptive responses,
carcinogenesis, hereditary effects,
aging, death

108–1010 Tissue regeneration,
infections, medical
management,
rehabilitation

many other isotopes as part of aerosols may get internalized by inhalation. Isotopes
like 3H as part of moisture, if comes in direct contact, can lead to direct absorption
through pores of skin. Specific isotopes may have a tendency to get accumulated in
particular tissues.

To safeguard radiation workers, radionuclide specific limits for intake are defined.
These units are based on the ability of radionuclides to deliver dose per unit activity of
intake, their biological hazard. These hazard values are indicated in terms of annual
limit of intake (ALI) values. One ALI of intake, through any route or combined
routes such as inhalation, ingestion or through the skin absorption in a year by the
reference man is estimated to result in a committed dose equivalent corresponding
to the allowed annual dose limit (20 mSv).

Assessment of internal exposures is done by internal dosimetry methods. Whole
body gamma counting for photon emitting isotopes, urine blood and other body
fluids by liquid scintillation method, contamination detection by swipe samples and
many more such methods are adopted for assessment of internal exposures. The
latter technique is highly sensitive and can measure very low levels of exposure
which are relevant for regulatory measures. In the work environment, it is possible to
restrict inhalation doses by constant monitoring and control. For mitigation of such
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air borne volatile radionuclides, proper ventilation, handling devices such as fume
hoods, glove boxes and personnel protective gears are used. External contamination
can be monitored/detected by contamination monitors.

Biologically incorporated radionuclides pose a stronger risk as they are difficult
to biologically eliminate from the tissues. To accelerate the removal, many inter-
ventional measures known as decontamination and decorporation methods are used
based on biochemistry of the particular radionuclide.

3 Radiation Effects at Sub-Cellular Levels

DNA being the information bank of life in a cell, is considered as the most radiosen-
sitive molecule. Damage induction in cells can be either by direct ionization in
the DNA molecules or through indirect mechanism through the production of radi-
olytic products of water such as free radicals and reactive oxygen species. This can
trigger a chain of chemical events with biomolecules leading to structural changes
of these critical molecules and may lead to observable biological outcome. There
are numerous possibilities of DNA damage by radiation. However, cells are well-
equipped to address such damages very effectively. In fact, most of these damages
are repairable and do not pose any threat to either the function or life of the cells.
Nonetheless, with non-zero probability, sometimes cells may end up introducing
some errors when the damages involved are very serious in nature. In particular,
double strand breaks (DSB) and cluster damages, which are typically found in radi-
ation exposures, are known to pose such challenges to cells. An estimate shows,
1 Gy of gamma irradiation can yield about 30–40 DSBs, about 1000 single strand
breaks (SSB) and equal number of base damages. Although DSBs are considered
as serious in nature, more than 98–99% of these are properly repaired leading to
complete normalcy of life of cell. Besides SSB and DSB, numerous other effects
involving crosslinking of various non-DNA molecules with DNA are possible [1].
Various types of damage are visually represented in Fig. 1. Nonetheless, cells can
easily address such minor damages through effective repair pathways.

4 Effects at Cellular Level

Cell being the basic fundamental and live functional unit in an organ or tissue may
see deleterious effects upon damage to its constituting molecules. Macromolecules
like proteins, lipids and carbohydrates have high turnover rates in cells and can be
recreated by cells when damaged. They are synthesized, activated or degraded as per
the need. There are certain cells where structural proteins last for years to decades
and damage to these may result in tissue damage such as collagen, elastin of muscles
and connective tissues and crystalline proteins of eye lenses. DNA is thought to
be the most important target as it holds all the information for cells survival and
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Fig. 1 Different types of DNA damages caused by chemical or radiation as mutagen

reproduction. DNA is synthesized once and stays there lifelong in the cells. The after
effect of molecular damage can be of multiple types (Fig. 2). If cells are able to repair
the damage the repair it does not lead to any effect on the cell functionality. Cells
with mis-repaired DNA damage may acquire mutations or structural chromosomal
aberrations leading to altered cell function (cell modification) or cell death.

While small amount of cell death at low doses < 1Gy acute does not lead to signif-
icant differences in the organ function, considerable cell killings after a threshold
dose results in deterministic type of health effect. Threshold dose for different cell/
tissue kinds can be different as per their sensitivity to radiation. Hence, there are
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Fig. 2 Cellular effects after radiation exposure include cell transformation and cell death. There
are additional effects such as cell division delay and arrest and cell senescence

different thresholds for different organ systems. For mutations, they are rare proba-
bilistic events. Majority of DNA in our cells is non-coding, hence the alteration in
these sequences will not pose a risk of mutation in the cells. However, once arisen,
mutations have the ability to pass on from one generation to next generation of the
cell. If the cell is a germ cell then the mutation can be passed on to the progeny of
the individual with mutation. Mutations in genes controlling the cell division may
lead to uncontrolled cell growth, i.e., tumor/cancer. Cancer and genetic effects are
mutation probability dependent effects, hence stochastic in nature. Radiation has also
been observed to accelerate cell senescence (loss of function with age). Differenti-
ated cells such as neurons and muscle cells do not divide and hence may live and
keep functioning for years with unrepaired or mis-repaired damage before showing
symptoms of aging. Long-termdeterministic effects on tissues such as cardiovascular
damage usually appear due to accelerated cell senescence.

5 Factors Modifying the Damage at Molecular/Cellular
Levels

5.1 Dose and Dose Rate Effect

Cell death occurs as a direct function of radiation dose. It follows a linear quadratic
radiation response for acute low linear energy transfer (LET) radiation exposures.
Same radiation dosemay be delivered in different time durations resulting in different
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Fig. 3 Radiation response
of cell death with acute and
chronic radiations

levels of biological effects which is termed as dose rate effect. Dose rate effects, espe-
cially for exposure with X-rays, gamma rays like radiations are distinctly observed.
With such low LET radiations, the ionization is sparsely distributed and hence, single
track rarely creates lethal damage. This is because at low doses and/or low dose rates
(0.2 Gy and/or 0.5 Gy/h) damages are separated by space or time giving very less
chance of mis-repair to the cell. However, with acute high doses (few Grays in few
minutes)multiple tracks create ionizations together and result in increasedmis-repair
of the molecules which leads to lethal effect on a cell. Hence, chronic exposures are
relatively less lethal compared to acute exposures (Fig. 3). Similarly, protracted
exposures (several grays in several hours to days) are less damaging than acute but
more than chronic. Animal model experiments have shown that the total induction of
mutation is much lower, at least by a factor of two when dose and dose rates are low.
Hence, while calculating risk for chronic exposure induced risk for long-term effects,
a dose and dose rate effectiveness factor (DDREF) of two is applied to reduce the
risk by half of what occurs in acute exposures.

5.2 Quality of Radiation

Same dose of different radiation may produce different levels of effect. It depends on
the LET capacity of the radiation. High LET radiations such as alpha and neutrons are
more effective in cell killing compared to low LET radiations like gamma and x-rays.
High LET radiations such as neutrons and alpha produce linear radiation response for
cellular effects while Low LET radiations have lower response but linear quadratic
in nature (Fig. 4a). This is because majority of the lethal damages in case of low
LET radiations are formed by interaction of two track events for which probability
increases exponentially with dose. Whereas, high LET radiation tracks are dense
enough to create lethal damages with single track events and hence effectiveness
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Fig. 4 Effect of LET on biological effectiveness a linear versus quadratic radiation response of high
and lowLET radiations respectively,b correlation betweenLET and relative biological effectiveness
of radiations

increases linearly with dose. In case of low LET radiations if dose or dose rates are
small enough to minimize interaction of two or more tracks the response becomes
linear, whereas there is small to no effect of dose rate in case of high LET radiation.

Relative biological effectiveness (RBE) of a radiation is ameasure of effectiveness
with respect to gamma radiation. It is measured as the ratio of doses required by
Co-60 Gamma radiation to the test radiation to produce the same effect. RBE of
radiations increases with increasing LET up to ~ 100 keV/µm followed by reduction
in RBE due to overkill (Fig. 4b). Cell death fraction increases with high LET causing
higher ionizations, however, excess energy transfer than required to kill a cell will
not increase the outcome much further and this is termed as overkill effect. It is also
found that, at 100 keV/µm, the approximate gap between two different ionizations
is same as the diameter of a DNA molecule. Hence, more effective to create DNA
double strand breaks and the most lethal DNA damage [1].

5.3 Cell/Tissue Sensitivity

Different tissue types vary in their radio-sensitivities. Bergonie and Tribondeau law
of radio sensitivity predicts three features responsible for the radiation sensitivity, (i)
mitotic rate or cell division rate (ii) mitotic future or inherent ability to divide upon
demand and (iii) differentiation status, i.e., primitive stem cells or differentiated func-
tional cells [2]. It states that dividing cells are more radio sensitive in comparison to
non-dividing cells and stem cells are more sensitive compared to fully differentiated
cells. The most radiosensitive, dividing subset of cells in human body include; bone
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M>G2>G1>S 

Fig. 5 Cell division phases and decreasing order of their radio-sensitivities

marrow stem cells, GI tract stem cells, lung epithelium, etc. whereas fully differen-
tiated, non-dividing cells are represented by nerve cells, muscle cells and bone cells.
Among the dividing cells, those in M phase are most sensitive whereas cells in S
phase are most radioresistant. This is attributed to differential expression of DNA
repair proteins during these phases. Radio-sensitivity of different stages is depicted
in (Fig. 5).

5.4 Presence or Absence of Radiation Modifier

Certain chemicals can enhance or reduce the effectiveness of radiation. Agents which
reduce the effect of radiation are known as radioprotector and the oneswhich enhance
the effect are known as radiosensitizers. Radioprotectors can reduce the damage by
scavenging radiation induced free radicals and reactive oxygen species. Some agents
can enhance cell survival by enhancing the expression of pro-survival genes and
antioxidant enzymes. There are several plant extracts reported towork as radioprotec-
tors in-vitro experiments. Amifostine is one approved drug used for radiation protec-
tion of normal tissues during radiotherapy of cancers. Radiosensitizers, enhance free
radical formation, or impair DNA repair. Gemcitabine, 5 bromo uracil, Cisplatin,
Docetaxel, etc. are well known radiosensitizers used in radiotherapy. Oxygen is also
known as the most potent radiosensitizers. Tumor cells in the hypoxic region are
2–3 times resistant to radiation than the well oxygenated cells. Radiosensitizers or
radioprotectors used in therapy have a differential effect on normal and tumor cells.
Both types of agents are chosen such that they have the best normal cell protection
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Fig. 6 Survival fraction of cells with increasing radiation dose. Curves 1, 2 and 3 represent typic
curve without any modifier, with a radioprotector and with a radiosensitizer respectively. Radiation
effectiveness changes in the presence of a modifier. To produce certain effect, it requires higher
(D1) or lower dose in the presence of protector or a sensitizer respectively

and highest tumor cell sensitization for radiation. Figure 6 demonstrates how radi-
ation response for cell survival is enhanced in the presence of a radioprotector and
reduced in the presence of a radiosensitizer.

6 Classification of Radiation Effects

Based on the mechanism of damage induction, effects can be broadly classified
into two categories; tissue reactions and stochastic effects. Tissue reactions are also
known as deterministic effects. At cellular level, two major types of effects, i.e.,
either cell death or cell modification. All the tissues are dynamically maintained
and hence, death of small percentage of cells which are killed go unnoticed by
tissues and recovery takes place without any clinical expressions. Hence, when the
fraction of cells killed in a tissue is not very significant, those tissues do not show
any clinically observable symptoms. However, when fraction of cells killed becomes
very significant, it can lead to functional impairment as well as the expression of
stress in the form of clinically observable symptoms. These symptoms are known as
tissue reactions or deterministic effects. These effects cannot occur at smaller doses.
The doses at which such symptoms start appearing are known as threshold doses.



Biological Effects of Radiation 129

Threshold doses for a given deterministic effect depend on the sensitivity of the
tissue. With increasing dose beyond threshold doses, the severity of effect is bound
to increase.

Examples for deterministic effects are; NVD syndrome or radiation sickness,
Haematopoietic or bone marrow syndrome, gastrointestinal (GI) syndrome and
central nervous system (CNS) syndrome. In addition, individual organs can show
functional impairments—Lungs exposure can lead to pneumonitis; Large eye lens
exposure can lead to radiation induced cataract; Temporary and permanent sterility
can be observed in both males and females due to gonadal exposures; Skin erythema,
skin burns, blister formation and necrosis can occur due to skin exposure.

Deterministic effects appear within few days to weeks in most cases. The mani-
festation of symptoms depends on organs involved, their functions and also the
sensitivity of cells they are made up of.

Non-lethal genetic alterations such as point mutations and translocations are
considered asmutations at cellular level. Suchmutationsmaynot lead to cell death but
may lead to changes in genetic pool. Such changes in genetic information on somatic
cells are thought to be responsible for effects such as radiation induced carcinogen-
esis. If mutations occur in germ cells, possible consequences are heritable effects in
the progeny generations. Induction of mutation is stochastic in nature. Most of the
mutations are harmless in nature and eventually lead to inactive cells which may get
eliminated over time. Induction of such stochastic effects by radiation is a very rare
event at cellular levels. At low doses (< 200 mSv), there is no conclusive human data
to demonstrate the carcinogenesis risk. For heritable risk, even at high doses, there
is no conclusive data though extensive epidemiological studies were conducted over
several decades with high dose exposed populations such as Atomic Bomb Survivor
(ABS) cohort, people living in high background areas and also low dose exposed
cohort such as radiation workers. Though stochastic effects are considered as key
factors while defining dose limits, human evidence for the same at low doses is not
available. All the risk estimates are based on past acute high dose exposures.

7 High Dose Effects—Tissue Reactions

7.1 NVD Syndrome

Severe acute exposures to doses exceeding 1 Gy, whole body, can result in symp-
toms of sickness known as radiation sickness. Typical symptoms of sickness are;
nausea, vomiting and diarrhea. Besides, minor symptoms such as fatigue, fever,
apathy, shock, agitation, ataxia, agitation and ileus can set in too. These are prodromal
manifestations and are known to originate from brain as part of defense mechanism
after sensing the damage in body and hence are also known as neuro-vegetative
syndrome referring to a combination of responses from nervous system and body.
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Table 2 Prognostic expectation of symptoms at different dose levels [3]

Symptom Dose
(Gy)

Suggested actions

Nausea but no vomiting < 1 Outpatient with 5-weeks surveillance period

Vomiting in 2–3 h after
exposure

1–2 Surveillance in a site hospital (or outpatient for 3 weeks
followed by hospitalization, if necessary)

Vomiting in 1–2 h after
exposure

2–4 Hospitalization in a haematological or surgical (burns)
department of a site hospital

Vomiting earlier than 1 h
after exposure and/or
other severe symptoms

> 4 Hospitalization in a well-equipped haematological or
surgical department of a site hospital OR transfer to a
specialized hospital for handling radiation injuries

In the past, such symptoms were effectively used as a prognostic indicator of radi-
ation exposures when a large number of individuals were exposed for the purpose
of medical triage. Table 2 is a prognostic expectation of symptoms at different dose
levels.

A Triage Score − “T” is assigned as follows:

T = (N/L) + E

Where E = 0 if no emesis, E = 2 if emesis.
In a normal healthy human population, N /L ratio from a complete blood count

(CBC) with differential has been found to be approximately 2.1. A value exceeding
3.7 is usually called for medical attention.

7.2 Haematopoietic Syndrome

Ensemble of blood forming organs composed of white pulp of spleen, lymphatic
tissues; lymph nodes and thymus is known as haematopoietic system. This system is
biologically very active, producing all blood cells such as leukocytes, i.e., lympho-
cytes and monocytes, red blood cells, granulocytes and platelets. Majority of these
cells are produced in red bone marrow. Though not dividing, lymphocytes are highly
radiosensitive cells. About 2–3 Gy of acute exposure can kill 50–75% of lympho-
cytes in about 4–7 days [4]. Majority of lymphocytes are in lymph circulation while
only about 2–3% are in peripheral blood. Torso region of the human with flat bone
and the ends of long bones is known to contain majority of bone marrow. Recovery
from bone marrow depletion is possible with specialized medical care. Stem cell
migration and repopulation are known to help regeneration of bone marrow up to
8–10 Gy. Doses beyond 20–30 Gy not only impair the regeneration process but are
also known to fail the stem cell migration. Such exposures also may be the cause of
failed stem cell transplants due to stromal injury.
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Reduced leucocytes can lead to compromised immune system leading to vulner-
ability to infection. Besides, reduced platelet counts can lead to internal hemorrhage
and further loss of blood cells. Tissue hypoxia can result due to acute depletion of
red blood cells. Fever, anorexia, anaemia, breathlessness, fatigue and chills can be
symptomatic observations. Systemic infection can also lead to multiple organ fail-
ures in due course during 3–8 weeks after exposure. In the dose range of 3–5 Gy,
50% fatality is observed in a time span of 1–2 months among individuals exposed.
These observations were when no medical intervention was possible. This dose is
also known as LD50(60) referring to 50% fatality in 60 days [5]. With medical inter-
ventions and support, it is possible to drastically reduce the fatality. Administration
of bonemarrow colony stimulants or colony growth factors (CGFs) can help regener-
ation of bone marrow. Antibiotics, aseptic conditions, reverse isolation and medical
care help to avoid external infection and further support the recovery.

7.3 Gastrointestinal Tract Damage

Digestive system or gastrointestinal (GI) tract has a food-body barrier. The barrier
is dynamic in nature. Small intestine is the most sensitive in GI for tissue reactions.
Resistance is progressive in the order; mouth, pharynx, stomach, colon, rectum and
oesophagus. Epithelial cell layer of intestine gets replaced with a span of 3–6 days.
When the replacement is hampered, functional as well as structural damage can
be observed within the same span of time. Crypt of lieberkuhn, which are stem
cells, and hence show higher radiation sensitivity, show severe functional impair-
ment upon exposure to 5 Gy. Symptoms associated with GI damage are anorexia,
nausea, vomiting and diarrhea. Usually, GI damagewithwhole body doses exceeding
8 Gy is considered fatal with death occurring within the second week after expo-
sure. Electrolyte imbalance, dehydration, systemic infection leading to sepsis, loss
of food absorption capacity, structural damage to villi and circulatory collapse.
Recovery may be possible if the exposure is limited only to GI as in internal expo-
sure. Systemic exposure can lead to further complications and immune-suppressed
conditions leading to sepsis.

7.4 Damage to Nervous System and Vasculatory Tissues

Vasculatory and nervous systems are classical examples of ensemble of high resistant
tissues. However, these tissues pose extremely dangerous situations if damaged.
World-wide, there are very few examples where exposures relevant to CNS damage
have occurred. Doses in the range of exceeding 15–25 Gy, prodromal syndromes like
agitation, apathy, convulsions, ataxia and coma can appear within few hours. Such
exposures usually result in death in a span of hours to about two to three days. Severe
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headache within 3–4 h followed by drifting coma can occur. In most cases leading
to CNS damage, lethality occurred within 100 h post-exposure.

Such exposures are of high relevance in radiation therapy when such systems are
involved in the field of treatment. Radiotherapy has shown that CNS can tolerate a
dose of 55 Gy delivered over a period of 5–6 weeks. Doses beyond 70 Gy, even when
fractionated can cause severe necrosis in the brain.

7.5 Damage to Individual Organs

Besides vital tissues, peripheral organs or tissues play a major role in radiation
protection. In particular, skin, limbs (hands and feet) and lens of the eye need special
attention as these organs are likely to be exposed more to radiation while performing
certain specialized tasks such as source fabrication, handling of open isotopes and
many interventional radiology procedures. Typically, these organs are least sensitive
and are assigned minimal or no tissue weighting factors. These tissue weighting
factors are based on stochastic effects. If we account for exclusive exposures to these
peripheral organs, there are possibilities of exceeding threshold doses of deterministic
effects. To avoid such serious exposures, separate limits are imposed on these organs.
In therapeutic applications, certain vital organs need to be taken care due to their
sensitivity towards deterministic effects. Both early effects such as clinical symptoms
and late effects such as fibrosis and functional impairment are the limiting factors
leading to early and late normal tissue complications respectively.

7.6 Peripheral Limbs and Skin

Basal layer of epidermis, which is rich in epithelial cells is the most radiosensitive.
The layer is at a depth of 70–120 µm. Less penetrating high LET radiation such as
α and very low energy protons cannot penetrate the upper inactive layer and hence,
do not pose much risk or damage when exposed. Peripheral limbs, i.e., hands and
feet are likely to come in contact with intense radiation while working due to contact
exposures. Skin from other body parts also can get high doses during occupation due
to localized contaminations. In particular, β emitters can deliver large doses to skin
if such sources come in contact with skin. Many encapsulated sources, which use
high density steel as encapsulation material, emit a lot of secondary electrons from
their sources. Such sources if held by bare hands, can not only deliver large doses
due to secondary electrons but also due to intense primary gamma rays. Intensity of
radiation increases with inverse of square of the distance (inverse square law) due
to isotropic emission and solid angles involved. Doses exceeding 3 Gy can result in
transient erythema.
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The redness due to transient erythema appears within a few hours and disappears
in a day or two. Temporary depilation or loss of hair can be observed in the dose
range of 3–5 Gy. Depilation generally occurs during 14–18 days post-exposure [6].

Exposure to X-ray doses up to 6–8 Gy results in fixed erythema. It is usually
considered as deep tissue damage. Fixed erythema will get manifested in 2–3 weeks
after exposure. For high LET radiation, threshold doses aremuch lesser. For example,
for fast neutrons, it is 2 Gy.

At higher doses exceeding 5 Gy, falling off of the top layers of skin leading to
exposed dermis is seen, which is known as dry desquamation. Dose range of 15–
20 Gywill result in wet desquamation with symptoms of exudation of fluids from the
exposed dermis. 15–25Gywill lead to blisters formation in about 15–25 days. Above
25Gy can lead to necrosis in about 21 days. Skin can tolerate doses up to 60 Gywhen
delivered in fractions for therapeutic reasons. In radiotherapy, changing the direction
or rotating gantry treatment will also help to reduce skin dose by distributing the
dose to different areas of skin. For high energy therapeutic X-rays, skin sparing can
happen due to lesser skin dose due to build up effect leading to higher doses at deeper
depths [7–9].

Late effects on skin such as atrophy of skin, loss of elasticity, non-functioning of
sweat glands, permanent epilation resulting from total destruction of hair follicles and
extensive dermal fibrosis are some of the limiting factors. Such effects are common
when larger dose per fraction are delivered.

7.7 Reproductory System

Till recent past, too much importance was given to gonadal exposures due to incom-
plete information on heritable effects. With present knowledge, heritable effects are
of least importance. Deterministic effects such as temporary and permanent sterility
can be observed. In males, the spermatogonia cells which divide and mature to form
sperms in the testis are considered the most radiosensitive cells as they are the least
differentiated cells. Threshold dose for temporary sterility is 0.15 Gy. However, this
effect is not considered as a serious effect as no morbidity is involved. Permanent
sterility can be observed in the dose range of 5–6 Gy. Maturing oocytes in females
are the most radiosensitive germ cells. Number of oocytes are fixed in females at
the time of birth. With the increase in age, the dose required to observe sterility
decreases. Temporary sterility lasting for a few months can be observed at a dose of
1 Gy in females. In both males and females, both temporary and permanent sterility
are important only in therapeutic procedures where reproductory systems are likely
to receive large dose.
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7.8 Eye Lens

Eye is a sensory organ, constitutes many highly sensitive as well as highly resistant
tissues to radiation damage. Cornea and conjunctiva are known to be sensitive to
radiation exposure. Retina and the optic nerve are quite radio resistant as observed in
patients undergoing therapeutic procedures. Anterior epithelial cells which possess
the proliferation ability through the lifetime are very sensitive. When these cells are
damaged, it can lead to cell derbies and breakdownproductswhich eventuallymigrate
into posterior pole of eye lens. Typical morphology of cataract due to radiation expo-
sure differs from that of naturally occurring cataract due to this reason. Since causal
relation is established, though the effectmay not appear in every individual, this effect
is still classified under deterministic effects. Recent information shows 1% incidence
of cataractwhen lifetime equivalent dose to eye lens is 1 Sv.New recommendations of
dose limits to eye lens, i.e., 20 mSv/year are based on this threshold dose distributed
over 50 years of occupation. It is also noteworthy that simple protective devices
such as lead glass protective screen and goggles reduce the eye lens doses by several
order, which are easily achievable. Besides, cataract can be surgically correctable and
hence, cannot be considered as highly morbid. Highly skilled radiation workers such
as interventional radiologists performing cardiac procedures, orthopedic surgeons
and fluoroscopy technicians are the ones who are prone to high doses to eye lens.

7.9 Vital Tissues

Many vital tissues such as lungs, heart, kidney and endocrine glandular systems can
also show serious damage when exposed to large doses. However, such damages are
of relevance in therapeutic procedures when in the field of treatment. Acute 10 Gy
lung dose can result in acute radiation pneumonitis known as ARP-inflammation
leading to 50% mortality. Fibrosis of alveolar walls leading to impaired oxygen
exchange and loss of fine vasculature are examples of late effects among patients
exposed to lung doses. Such damages can make the lungs predisposed to infec-
tions and pneumonias. Among glandular systems, thyroid glands are relatively more
radiosensitive. Also, glands in children show higher sensitivity compared to adults.

8 In-Utero Effects of Radiation

Effects of radiation due to exposure during embryonic or fetal stage are termed as
in-utero effect. It is not being transferred from the parent to the embryo/child hence
different from the genetic or hereditary effect. Further, the effect depends mostly on
gestational age and the absorbed dose to the fetus. Embryonic development can be
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Table 3 Threshold dose required for mental retardation and lethal effect to the embryo [10, 11]

Age (days) Threshold for lethal effects (mGy) Threshold for malformations (mGy)

1 100 No effect

14 250 –

18 500 250

20 > 500 250

50 > 1000 500

divided into three stages, pre-implantation stage 0–10 days up to 8 weeks embry-
onic stage and 9–38 weeks fetal period. Major organogenesis takes place during the
embryonic stage and some during fetal stage. By 6-week embryo has heartbeat and
little limbs too. Major part of brain development takes place between 8 and 15 weeks
but extends from 3 to 25 weeks. By 8 weeks the embryo looks like a tiny human it
is now to be called as fetus. Effects of radiation during pre-implantation stage are
lethal effects ‘all or none’. Embryo contains only few cells which are not specialized.
If only few killed-remaining pluripotent cells replace the cells loss within few cell
divisions and if too many cells are damaged, the embryo is resorbed. In the organo-
genesis stage, if significant dose is absorbed, it may result in major developmental
abnormalities in the fetus and resulting baby. These include mental retardation and
organ malformations in addition to lethal effects. 8–15-week developmental period
is highly sensitive for radiation induced reduction in intelligence quotient Further,
the fetal stage is relatively resistant compared to younger embryonic stage and has
higher threshold for lethal effects and malformations. A threshold dose required for
mental retardation and lethal effect to the embryo is given in Table 3.

9 Stochastic Effects of Radiation

Cancer and hereditary diseases are well known examples of stochastic effects of
radiation. These effects are induced by the induction of mutation in some crucial
genes (e.g. cell cycle regulator genes, etc.) of the cells. Radiation is known to induce
mutation in the genome, randomly. Unfortunately, if mutation happens to one or few
sets of these crucial genes, itmay lead to the transformationof a normal cell to a cancer
cell. One or a few transformed cells may cause the development of cancer. Majority
of damaged DNA gets repaired hence transformation is a rare phenomenon. Further,
majority of transformed cells are being targeted by immune cells and eliminated from
the body. Transformed cells escape from immune system, persist for longer periods
(years to decades) in dormant conditions (latency period) and may develop tumor,
later. Latency period for the appearance of cancer is in decades except for leukemia
(3–5 yearss). Due to the involvement of these uncertainties, stochastic effects are
probabilistic in nature.
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It is observed that stochastic effect increases linearly with the increasing dose,
in the higher dose range (above 100 mSv, based on human data of atomic bomb
survivors, as shown in Fig. 7. Human data is not conclusive in the lower dose range,
below100mSv. In the lower dose range (i.e., below100mSv), it is very challenging to
epidemiologically detect/quantify stochastic effects of radiation (cancer and hered-
itary diseases), due to high background levels and inherent variations within the
population caused by various carcinogens/mutagens (cigarette smoking, pesticides,
etc.), which are commonly used by the common public in the society. Correlation of
stochastic effect with the dose, below 100 mSv is not clear. Still, it is an open area of
research/investigation. For the sake of radiation protection in such lower dose ranges,
ICRP has, defined standards, assuming, stochastic effects will appear linearly with
the increasing dose (ICRP-107, BEIR VII). This is known as Linear No Threshold
(LNT) hypothesis.

Probability of occurrence of stochastic effect increases with the increasing dose,
though severity of effect (cancer and hereditary disease) is independent of the dose
(don’t increase with the increasing dose). Severity of the stochastic effect depends
on latency period of that stochastic effect.

Certain key features for stochastic effects, to remember:

• Occurs due to cell transformation (mutation/chromosomal aberration, etc.)
• There is no threshold dose below which stochastic effect cannot occur (every

possible dose has a certain probability of inducing stochastic effect)

Fig. 7 Schematic illustration of incidence of effect (cancer and hereditary diseases) with the
increasing dose, linearly, following Linear No Threshold (LNT) hypothesis
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• Probabilistic in nature (occurs by chance in some individuals)
• Probability/risk or chance of occurrence increases with dose (chances of occur-

rence increase linearly with increasing dose)
• Severity of the effect is independent of dose
• E.g. Cancer and hereditary diseases.

Types of stochastic effects:

1. Somatic stochastic effect
2. Genetic or hereditary stochastic effect.

Somatic stochastic effect occurs due to mutation/transformation of somatic/
vegetative/body cells, like, lung cell, liver cell, kidney cell or any other body cell
expect germ cells (Fig. 8). Since transformation is there in the somatic cell, the effect
will occur in the body of the same individual in the same generation. Next generation
will not be affected.

Genetic or hereditary stochastic effect occurs due to mutation/transformation
in germ cells. Since germ cells contribute in the formation of next generations
(offspring), the effect will occur in the next generation. Current/existing generation
will not be affected [12].

Fig. 8 Schematic illustration of mechanism of radiation induced transformation of a normal cell
to the cancer cell and development/progression of cancer
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9.1 Radiation Induced Carcinogenesis

Over the decades, a major source of human data made available is derived from
atomic bomb survivors of Hiroshima and Nagasaki. About 100,000 enrolled ABS
cohort was followed up for decades to observe a possible increase in cancer induc-
tion compared to past data and prospective data of matched controls who are not
exposed. Besides, many patient data wherein large doses were involved, small scale
radiological incidents and industrial accidents involving radioactive sources have
also provided human data. Site specific information for tissues such as bone marrow,
breast, lungs, thyroid, etc. is derived to estimate detriment which eventually leads to
assignment of tissue weighing factor known as WT which is used in estimation of
equivalent dose.

Induction of cancer is a multi-step process. Increase in incidences were not
observed immediately after the exposures. The gap between exposure and expression
of excess risk is known as latent period. This will depend on the type of cancer too.
Leukaemia begin to appear within 3–5 years with most of them appearing between 5
and 7 years while some solid tumors show a latent period ranging from 10 years to in
excess of 30–40 years. Young children are known to be sensitive to radiation expo-
sure, in particular to acute lymphocytic leukemia as well as thyroid cancers. Certain
cancers are gender specific, females are found to be sensitive to breast carcinoma.
With the increase in age at exposure, risk decreases. Children have shown at least
2.5 times incidences of cancers compared to adults in the age range of 50–60 years.
Females always have a higher risk compared to males (due to breast and thyroid).

At low doses below 200 mSv, no concrete human data exists. Even at acute
exposures, no conclusive evidence were drawn. Exact shape of response to radiation
exposure at low doses is uncertain and not known. In the absence of robust data
on response at low doses, linear non-threshold type response models (LNT) with
correction for DDREF are adopted and this approach is known as LNT-DRF model.
As per International Commission of Radiological Protection (ICRP) estimations, the
suggested risk values with weighting for mortality, curability and relative length of
life lost, which account for the overall morbidity is 5.5% Sv−1 for general public and
4.1% Sv−1 for occupational workers. The estimated risks are lower for occupational
worker cohort due to age truncated nature, which excludes children.

9.2 Genetic Risk Estimation

There is no human evidence of radiation induced genetic effects. The initial fear
of heritable effects due to radiation exposure is proven to be unwarranted. In the
absence of human data, the risk evaluation is done by animal experiments through
mice model. Doubling dose projection model is used to estimate and project the risk
from mice model to human population.
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Risk = P × DD×MC× PRCF

Frommicemodels, doubling dose (DD) is estimated to be 1Gy,which doubled the
incidenceofmutation rate.P is the prevalence for the given set of loci of genes studied.
Genetic disorderswhich are observable inmice such as skeletal abnormalities, change
in color coat, shape of ear, etc., are evaluated. Since many disorders are recessive
and multigenic in nature, correction factor Mutation Component (MC) is introduced
which predicts the turn of events in population upon increased rate of induction
of mutation in these genes. Besides, radiation induced damages are usually serious
in nature, leading to incompatibility with live birth or progression of pregnancy
leading to terminations. Majority of natural terminations of pregnancies are due to
one or the other serious chromosomal anomalies which can be observed. However,
this selection is not strong in lower organisms such as mice. To account for this
Potential Recoverability Correction Factor (PRCF) is used. Despite these correction
factors, it appears that the overall risk estimates are conservative towards higher sides.
The estimates are 0.2 and 0.1% Sv−1 for general public and occupational workers.
The risk is lower for occupational workers due to higher fraction population in
non-reproductory age compared to public cohort.

9.3 Low Dose Effects

There is no human evidence of the effects of radiation at low doses below 200 mSv
of acute exposure and up to about 1000 mSv of chronic exposure. It is assumed that
at low doses, risks are similar to that of high doses [13]. The only information that
is systematically documented is from atomic bomb survivors’ studies. Even in these
studies, risk estimations below 200 mSv is not only inconclusive but also questioned
by the scientific community [14, 15]. Various factors such as uncertainties in dose
estimation, inter-individual response, lifestyle factors, sensitivity of studypopulation,
background incidence of cancer and age group matching of control population for
comparison have added the complications. Over the years, many confounders were
identified but could not be eliminated completely due to inherent complexities of
epidemiological data.

In the absence of human data, experimental evidence were gathered using cellular
and animal models. Nonetheless, the question of validation of these models used for
projecting the risk on human beings prevailed. It is known that experimental animal
models are prone to genetic instabilities, weaker natural selection and inherently
possess poor immune systems. It is also known that heritable abnormalities are more
pronounced in suchmodel systems upon exposure to challenges such as radiation and
mutagenic agents. In the past, estimation of genetic risk was grossly over estimated
owing to this fact and projected directly on human population leading to erroneous
conclusions.

Large uncertainties are expected out of both experimental and epidemiological
studies at low doses. Most of these observations are inconclusive due to statistical
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reasons. It is generally accepted by the guideline makers that if at all any countering
effects exist, it is all part of the observation in both experimental and epidemiolog-
ical studies, and hence, there is no need to emphasize on the same as it is likely
to undermine the importance of harmful risks. However, many epigenetic obser-
vations, reports on hormesis predicting possible beneficial effects of low levels of
radiation exposure, immune-modulations, adoptive response and bystander effects
have contributed and questioned the effects of radiation at low doses.

The biggest challenge of projecting the risk onto the study population in an
epidemiological study is to complete the task of lifetime risk estimates in the refer-
ence population, which will take several decades to conclude. Besides, inherent
variations within reference population, loss to follow up subjects, lack of matched
control or unexposed cohort, very low probability of incidences, large variation of
background and many such epidemiological parameters lead to the observations not
only inconclusive but also erroneous if not interpreted appropriately.

Currently, it is accepted that the risk estimates at low doses are done only for the
purpose of defining operational parameters such as dose limits and constraints. The
line of approach is always done in a conservative manner, which has led to many
unwarranted operational constraints, expenses, misconceptions and also undue fear.
The guidelines clearly suggest not to estimate individual risks due to such low doses,
and predict risks due to medical and diagnostic exposures.

9.4 Observations from High Background Area

There are many pockets of high background radiation areas around the world with
doses ranging from 5 mSv to as high as 100 mSv per year. Many of these belts are
well occupied, with generations who have lived there. Major fraction of the dose
is delivered by external origin and also through inhalation due to radon and thoron
progenies.Many countries have studied these populationswith a systematic approach
for establishing possible outcomes. The most important emphasis is to observe heri-
table effects and changes in cancer incidences among these. The studies have also
tried to mechanistically establish possible molecular and cytogenetic effects.

Some studies have indicated marginal changes in chromosomal aberrations while
most others have drawn null conclusions. No evidence of heritable effects is reported
in any of these populations, which is considered as a major outcome of these studies
as initially it was thought that radiation can have serious heritable effects. Later,
it was hypothesized that the serious nature of cellular level changes due to radia-
tion damage, which is not viable with progression of the cell cycle and likely early
termination is responsible for such results. A correction factor for Potential Recov-
erability Correction Factor (PRCF) is introduced to correct the risk estimations from
the doubling dose model.

No increase in cancer incidences was observed in these high background areas.
Many studies have explored mechanistic possibilities such as hormesis, adaptive
responses, bystander effects and low dose immune-modulations. The expected
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number of excess is within the statistical uncertainties and hence, all these models
are inconclusive.

10 Conclusion

Radiation effects on humans are trivial at low doses. No conclusive human data exists
below 200 mSv even from atomic bomb survivors. No human data is available for
genetic effects. Risk analysis of stochastic effects at lowdoses is only limited to define
dose limits. These risk figures should not be considered for risk estimation of low
doses. Information on observed effects is derived from past radiological incidents
and the largest cohort of atomic bombing survivors. Radiation has the ability to
render serious deleterious deterministic effects when exposed to high doses, acutely,
over medically significant doses, i.e., exceeding 1 Gy. Mechanistic knowledge on
biological effects of such high doses has helped to avoid, mitigate and manage such
incidents.
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Monitoring of External Gamma and Beta
Exposures

S. M. Pradhan, Munir S. Pathan, and T. Palani Selvam

1 Introduction

Individual exposure to external ionizing radiation occurs in almost all radiation facil-
ities involved in handling of radioactivity and radiations for various purposes. The
exceptions could be the facilities where weakly penetrating (non-penetrating) radi-
ation such as photons of less than a few keV, betas of less than 65 keV and alpha
radiations are only used. The external exposure also occurs in practices such as oper-
ation of jet aircraft (aviation industry), space flights (space exploration), operations
with and storage of materials not usually regarded as radioactive, but which contain
significant traces of natural radionuclides, etc. due to naturally occurring radioac-
tive materials (NORM). The weakly penetrating radiations mentioned above though
irrelevant for external exposure monitoring are very important for internal exposure
monitoring when open radionuclides enter the body through various routes. Three
broad classes of human exposure to ionizing radiation are occupational exposure,
medical exposure and public exposure. Exposure at work due to the activities carried
out to accomplish the work is treated as occupational exposure. Medical exposure
pertains to the exposure of patients as part of diagnosis or treatment. Public expo-
sure is defined to comprise all other exposures (other than occupational and medical
exposure). Dose limits are specified for control of occupational exposure and public
exposure. It is a legal requirement to demonstrate compliance with the dose limits.
Hence monitoring and assessment of doses to occupational workers and members of
public is carried out thereby ensuring radiological safety. The method of monitoring
is different for the two types of exposure. In case of external exposure, individual
occupational doses generally are measured directly by a dosimeter worn by the
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person during the course of work. Public exposures are assessed through indirect
measurements and calculations.

The radiations causing external exposure aremainly photons (gamma andX-rays),
beta and neutrons. The external exposure due to energetic particles such as protons,
muons and pions is not very common and is restricted to cosmic radiation and small
component of radiation field outside the shielding of high energy particle accelera-
tors. This chapter deals with the monitoring of external photon and beta exposures
along with associated general monitoring principles. The relevance of monitoring
of occupational exposure, different quantities used for radiation protection, calibra-
tion of personal dosimeters, design of monitoring program along with an example
of CaSO4:Dy based personnel monitoring system is described in the chapter. The
chapter ends with description of recent advances in the field of external radiation
personal dosimetry.

2 Relevance of Individual Dose Monitoring in Radiological
Protection

Ionizing radiation and radioactive materials have various beneficial uses, but some
processes, like nuclear power production, generate them as unwanted by-products.
Exposure to ionizing radiation can pose health risks. Therefore, there are both bene-
fits and risks associated with activities involving ionizing radiation. Radiological
protection aims to safeguard humans from the harmful effects of ionizing radiation
without overly restricting beneficial practices that involve radiation exposure. This
is done by preventing deterministic effects and minimizing the risk of stochastic
effects to an acceptable level. The system of radiological protection for proposed
and ongoing practices is based on three general principles [1–4]:

1. Principle of justification of practice
2. Principle of optimization of protection
3. Principle of dose limits.

The principle of justification requires that any activity involving radiation must
offer a clear benefit that outweighs the potential harm from radiation exposure. This
harm can manifest as radiation detriment which is reflected in both individual and
collective doses resulting from a practise. Optimization, the second principle, stresses
thatwithin justified practises, efforts should bemade tominimize individual radiation
doses, reduce the number of exposed individuals and prevent potential exposures.
These exposures are expected to be kept as low as reasonably achievable (ALARA)
with due consideration of economic and social factors in making decisions about
radiation protection levels. The third principle establishes dose limits for individ-
uals, setting clear boundaries for acceptable levels of exposure for both workers
and the public. International organizations like the ICRP and IAEA provide recom-
mendations on these limits, which are often adopted as legally binding standards by
national regulatory bodies. To ensure the continuation of such practises, it’s crucial to
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monitor individual doses from relevant exposure pathways accurately. This highlights
the importance of individual monitoring for external gamma and beta radiation.

The assessment and control of external and internal exposures is the primary
objective of the monitoring. This is done out by carrying out measurements in the
workplaces and associated areas for deriving information on the status of radiological
conditions including doses incurred. The level of protection which may be quantified
in terms of values of protection quantities can be achieved and demonstrated based
on the monitoring program. Satisfactory monitoring results provide reassurance of
the safety status. Further, monitoring data may be used for reviewing optimization
programmes.

Types of Monitoring

There are several ways in which monitoring programmes can be subdivided.
Depending on the subjects to be monitored, the program can be categorized into
the following two types.

1. Environmental/public
2. Occupational.

Environmental/public monitoring program: The objective of this program is
to protect public and environment due to operation of practices. The monitoring
program includes monitoring discharges from the practices, assessment of exposure
or potential exposure of population, and verifying adequacy of controls on discharges
from the practice.

Occupational monitoring program: Occupational monitoring program is directed
towards radiological protection of radiation workers and the workplaces. The moni-
toring program includes assessment exposure of workers, determination of status
of radiological conditions, evaluation and improvement of operating procedures,
provision of dose information in case of accidental exposures, etc.

The occupational monitoring program comprises two main components: work-
place monitoring and individual monitoring. Workplace monitoring involves
measurements taken within the working environment, while individual monitoring
entails measurements conducted on workers themselves or of radioactivity present
on their bodies, followed by the interpretation of these measurements. Workplace
monitoring can be divided into three categories: monitoring for external radiation, air
contamination and surface contamination. On the other hand, individual monitoring
can be subdivided into three categories as well: monitoring for external exposure,
internal exposure and skin contamination. This chapter covers individual monitoring
for external exposure in greater detail.
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3 Quantities Used in Radiological Protection and Their
Interrelationship

The quantities used in radiological protection are described in a separate chapter.
The three classes of the quantities are limiting quantities or protection quantities,
operational quantities and physical quantities. The protection (limiting) quantities
[1, 2, 4] are defined in an organ or tissue (Equivalent dose) and whole body (Effective
dose) and are used to specify the dose limits. The protection quantities are defined
for both external and internal radiation exposure of human body. As the protection
quantities are not practically measurable, operational quantities are defined by ICRU
[5–8] for assessment of the protection quantities. The operational quantities can
be realized in the laboratory and used for calibrating the measuring devices and
instruments. Formonitoring the external exposure, separate operational quantities are
specified for area monitoring [Ambient dose equivalent H*(d) and Directional dose
equivalent H ′(d, �)] and individual monitoring [Personal dose equivalent Hp(d)].

Protection quantities and operational quantities are connected to ‘basic physical
quantities’ widely used in radiationmetrology, particularly in dosimetry. These phys-
ical quantities are defined regardless of any specific aspect of radiological protec-
tion. They are directly measured through primary standards at national laboratories
and encompass neutron fluence, photon exposure (or air kerma), and absorbed dose
from beta radiation, among others. Additionally, these quantities are point-specific,
meaning they are defined at any locationwithin a radiation field. As previously noted,
protection quantities such as equivalent dose and effective dose cannot be directly
measured. Operational quantities, however, are formulated to offer a practical estima-
tion of the corresponding protection quantity in typical working scenarios. Ensuring
that the operational quantity (denoted as Hop) provides a conservative estimate of
the appropriate protection quantity (denoted as Hprot) is crucial. This verification
involves confirming that the ratio Hprot/Hop remains at or below unity. Hence, estab-
lishing a relationship between these two types of quantities becomes imperative.
When irradiation conditions are known, the values of both quantities can, in prin-
ciple, be calculated based on physical parameters such as particle fluence (φ), air
kerma free in air (Ka) and tissue absorbed dose (D) [7]. Figure 1 illustrates the inter-
connection among physical, protection and operational quantities, while Table 1 [9]
offers insights into the application of these quantities.

3.1 Conversion Coefficients for External Exposure

Conversion coefficients relate operational quantities and protection quantities to
physical quantities. These are calculated using radiation transport codes, and the
appropriate models or phantoms corresponding to the quantity. These coefficients
undergo cross-validation or comparison to ensure that operational quantities provide
conservative estimates of protection quantities. Furthermore, conversion coefficients
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Fig. 1 Relationship of quantities for radiological protection monitoring purposes (adapted from
[10] with permission from International Commission on Radiological Protection)

Table 1 Application of the protection quantities (ICRP 103 [4]) and the ICRU Report 39/51 [5, 8]
operational quantities (existing operational quantities)

Whole body Lens of the eye Local skin

Protection quantity Effective dose E Equivalent dose to the
lens of the eye HT lens

Equivalent dose to
local skin HT local
skin

Operational quantity

Area monitoring Ambient dose
equivalent H*(10)

Directional dose
equivalent H ′(3, �)

Directional dose
equivalent H′(0.07,
�)

Individual monitoring Personal dose
equivalent Hp(10)

Personal dose equivalent
Hp(3)

Personal dose
equivalent Hp(0.07)

enable the translation of operational quantities into practical applications, such as
calibrating dosimeters, assessing performance, conducting type testing and other
essential tasks related to dosimetry and survey instruments.

3.1.1 Conversion Coefficient for Protection Quantities

Conversion coefficients linking physical quantities to dose quantities within the
human body for external exposure to photons, neutrons or electrons have been
computed for monoenergetic radiation. These calculations have been carried out
through Monte Carlo simulations by various research groups employing geometri-
cally defined anthropomorphic phantoms, such as the hermaphrodite or ADAM and
EVA models [10–12]. An extensive dataset of evaluated coefficients for these three
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types of radiation was meticulously compiled by an international committee from
the ICRU/ICRP, subsequently published by the ICRP [10], and is now recommended
for general application.

In line with the 2007 recommendations of ICRP Publication 103, conversion coef-
ficients for protection quantities have been developed by the ICRP in their publica-
tion 116 (2010) [13]. These conversion coefficients are derived from mathematical
reference phantoms [14], representing both reference male and reference female
anatomies [15], across eight standard geometrical orientations of the incoming radi-
ation field. The reference computational models are constructed from computed
tomographic data of actual individuals, resulting in digital three-dimensional repre-
sentations of human anatomy. ICRP 116 includes conversion coefficients for a broad
spectrum of particle types and energies, encompassing those present in cosmic radi-
ation and particle accelerators, with energy ranges extending, in some instances, up
to 200 GeV.

3.1.2 Conversion Coefficient for Operational Quantities

As previously noted, conversion coefficients are indispensable for calibrating
measurement devices across various radiation types and quantities of interest. While
conversion coefficients for ambient and directional dose equivalents have been deter-
mined using the ICRU sphere phantom, those for personal dose equivalent quantities
are specified for the ICRU slab phantom [pertaining toHp(10) andHp(0.07)] as well
as wrist and finger phantoms [solely forHp(0.07). Evaluated and recommended data
for photons, neutrons and beta radiation can be found in ICRP 74 [10], ICRU 57
[16], and certain pertinent ISO/IEC standards [17, 18]. Additionally, the conversion
coefficients for Hp(3) calculated for the cylinder phantom of ICRU tissue [19] are
also outlined in the aforementioned ISO/IEC standards.

4 Calibration of Personal Dosimeters

Calibration is the process to establish the relationships between values indicated by
a measuring instrument/measuring system, and the corresponding known values of a
measurand under specified conditions [20, 21]. In other words, the indication given
by a radiation measuring instrument is quantitatively determined as a function of
values of the measurand under standard conditions during calibration. Depending on
the extent of information is required, the calibration procedure for personal dosimetry
system can be categorized into following two categories.

(a) Type tests: These tests are carried out to determine the characteristics of a partic-
ular type or model of a production instrument/dosimetry system. These involve
extensive testing over a wide range of the influence quantities such as energy,
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angle of incidence, dose or dose rate and radiation type, a variety of environ-
mental conditions. Specific performance requirements for radiation monitoring
equipment are specified in various national and international standards such as
the International Electrotechnical Commission (IEC).

(b) Routine calibration: This is carried out to determine a calibration factor for
routine application of the dosimeter and dosimetry system. Routine calibration
of personal dosimeters can be done free in air or on a PMMAphantom, and even
with a type of radiation different than that the system is intended to measure.
Such simplifications are justified when routine calibration method is finalized
during the type test of the dosimetry system. The correspondence between the
response of dosimeters per unit time (or exposure/air kerma) in the test (routine
calibration) field and the dosimeter response per unit Hp(d) under type test
conditions is established.

4.1 Quantities, Phantom and Radiation Beams
for Calibration of Personal Dosimeters

The personal dosimeters should be calibrated in terms of operational quantities for
individual monitoring of external exposure, i.e. the personal dose equivalent Hp(d)
with the recommended depth d = 10mm to estimate effective dose and d = 0.07 mm
to estimate equivalent dose to skin and d = 3mm for estimating dose to the lens of the
eye. Though the operational quantities for individualmonitoring are defined in human
body, their definition is extended to ICRU tissue phantoms [6] of appropriate shape
and size to provide an approximation of the absorption and backscatter conditions
of the human body. Three types of phantoms, all composed of ICRU soft tissue, are
recommended for calibration of whole-body dosimeters, wrist or ankle dosimeters
and finger dosimeters. These are a slab phantom to represent a human torso, a pillar
phantom for wrist or ankle dosimeters and a rod phantom for finger dosimeters. For
Hp(3) the proposed phantom is the cylinder phantom defined by Bordy et al. [19]
as a cylinder of 20 cm length and 20 cm diameter made of ICRU tissue. Conversion
coefficients relating the air kerma free in air with theHp(d) are published in literature
[10, 16, 17] for various phantoms, radiation beam qualities and angle of incidences.

ICRU tissue phantoms are not generally available for practical measurement due
to difficulty in fabrication of ICRU tissue material. To tide over the situation, ISO has
recommended surrogate practical phantoms for experimental measurements of the
response as a function of radiation energy and direction of radiation incidence and
calibrations of personal dosemeters. The different specified phantoms are the ISO
slab phantom for whole body dosemeters worn on the body, the ISO pillar phantom
for dosimeters worn on the wrist or the ankle, the ISO rod phantom for dosimeters
worn on the fingers and the cylinder phantom for the eye dosimeters (Fig. 2). The
ISO slab phantom is water filled hollow slab with PMMA walls (front wall 2.5 mm
thick, other walls 10 mm thick) and of outer dimensions 30 cm × 30 cm × 15 cm.
The ISO pillar phantom is a water filled hollow cylinder with PMMA walls and an



150 S. M. Pradhan et al.

Fig. 2 Phantoms used for calibration of personnel dosimeters (a ISO slab phantom, b ISO pillar
phantom, c ISO rod phantom and d cylinder phantom)

outer diameter of 73mm and a length of 300mm. The cylinder walls have a thickness
of 2.5 mm and the end faces of 10 mm. ISO rod phantom is a PMMA cylinder of
19 mm diameter and a length of 300 mm. The cylinder phantom is a water filled
hollow cylinder with PMMA walls and an outer diameter of 200 mm and a length
of 200 mm. The cylinder walls and the end faces have a thickness of 5 mm. These
ISO phantoms are designed to provide the same backscatter as phantoms made of
ICRU tissue. When these phantoms are employed as described above, no correction
factors are required to be applied to the reading of the instrument under test due to
possible differences in backscatter factor or properties between these phantoms and
those made of ICRU tissue.

In case of irradiation with reference radiations of a mean energy equal to or
above that of the radionuclide 137Cs, electron equilibrium may not be established at
the phantom surface where dosimeters are located. Hence, to establish the required
equilibrium, a solid PMMA slab of appropriate thickness and outer dimensions equal
to that of the phantom is positioned as close as possible in front of the dosimeters.
The influence of the PMMA plate on the photon field by scattering and attenuation is
taken into account by a correction factor kPMMA. The values of required thickness of
the PMMA slab and the correction factor kPMMA are specified in ISO standard [17].
When several personal dosemeters are irradiated simultaneously on the front face of
the slab phantom, radiation beam intensity reaching the interior of the phantom may
diminish considerably depending on the quality of incident radiation. Accordingly,
the amount of back scatter reaching the dosimeters from the phantom will also
get affected. In addition, possible non-uniformity of incident beam intensity across
phantom may cause uneven irradiation. Therefore, to minimize the above effects,
number of dosimeters for simultaneous irradiation are limited. This is achieved by
requiring that the dosimeters are located within a circle with a diameter, dF , given
by the approximate locus of the 98% isodose contour with respect to the dose in the
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centre of the phantom front face. The values of dF depend on the radiation quality
and they are given for every reference radiation in the above ISO standard.

Photon reference fields for calibration of personal dosimeters are described in ISO
standard ISO 4037-1 [22]. Four series of continuous reference filtered X radiation,
each series being characterized by the resolution of the spectrum are specified. The
four series are in order of increasing filtration:

(a) The high air kerma rate series: H-series;
(b) The wide-spectrum series:W-series;
(c) The narrow-spectrum series: N-series and
(d) The low air kerma rate series: L-series.

The convention for naming the reference filtered X radiation is that the letter L,
N,W or H indicating the radiation quality is followed by the generating potential in
kilo-electron-volt. Reference radiations produced by using radioactive sources are
denoted by the letter S combined with the chemical symbol of the radionuclide (Ex.
S-Cs, S-Co); reference radiations produced by nuclear reactions are denoted by the
letterR followed by the chemical symbol of the element of the target responsible (Ex.
R-C, R-F) for the emission of the radiation and fluorescence radiation are denoted by
the letter F combined with the chemical symbol of the element of the fluorescence
target responsible for the emission of the radiation (Ex. F-Sn, F-Cd).

Calibration of personal dosimeters in terms of Hp(d) for photon beams involves
three steps:

(a) Air kerma free in air (Kair) is measured in a reference field, using a reference
ionization chamber calibrated by a standards laboratory.

(b) Using the conversion coefficients specified in the ISO standard, Hp(d) is
obtained from Kair for the desired phantom.

(c) The dosimeter badge being calibrated is then placed at the calibration point
on a phantom and its reading M is determined. NHp = Hp(d)/M gives the
calibration factor in terms of the personal dose equivalent for the dosimeter
badge.

To calibrate personal dosimeters and determine their response as a function of
beta energy, ISO 6980 standard specifies the production, calibration and use of beta-
particle reference radiation fields for the calibration of dosemeters and dose rate
meters for protection purposes. The methods of production and characterization of
the reference radiation are described in ISO 6980-1 [23], determination of absorbed
dose rate to a reference depth of tissue from beta particle reference radiation fields
is provided in ISO 6980-2 [24] and ISO 6980-3 [25] describes procedures for the
calibration of dosemeters and dose rate meters.
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5 Design of Monitoring Program

Personnel (individual) monitoring is used to estimate doses received by workers
from external exposure in most of the circumstances. In situations where radiation
field remains almost constant or individual monitoring is difficult to perform, indi-
vidual doses may also be assessed from the results of workplace monitoring. In case
of systematic individual monitoring, each radiation worker is issued an integrating
personal dosimeter. The agency providing personnel monitoring service should be
approved by the regulatory body. The individual monitoring service should operate
under a quality management system (QMS) which is established as per the inter-
national standard such as ISO 17025 for testing and calibration laboratories. The
QMS should include several provisions that include general requirements on impar-
tiality of laboratory operation and confidentiality of information obtained or created,
laboratory structure requirements, resource requirements, process requirements and
management system requirements. Further, the service should evaluate and report
the personnel doses in terms of the operational quantities, personal dose equiva-
lent, Hp(d) with adequate accuracy for all relevant types of radiation. The opera-
tional quantities are still not implemented in some individual monitoring services.
In case of CaSO4:Dy based personnel monitoring system in India, individual doses
are presently reported in terms of whole-body dose and skin dose. These quantities
are being replaced with the internationally recommended personal dose equivalent,
Hp(d).

5.1 Who Should Be Monitored?

Generally, operating management of a radiation facility takes decision on providing
individual monitoring for a group of workers. Such decisions are reviewed by regula-
tory body. The above decisionmainly depends on factorswhich are technical in nature
or concerned more with industrial relations. Considerations of expected dose levels
vis-a-vis relevant dose limits, the likely variations in the dose, and the complexity of
the measurement and interpretation procedures are included to arrive at the decision.
Individual monitoring for external radiation being simple and cheaper is used for
all those who are occupationally exposed. In situations as that of air crew where
circumstances prevent the doses from exceeding an identified level or the circum-
stances where incurred doses are consistently low, the need of personnel monitoring
may not arise.

ICRP 75 recommends that groups in which the annual effective dose to some
individuals is liable to exceed a selected value between 5 and 10mSv should certainly
be monitored. Groups in which all members are likely to receive an annual effective
dose of less than 1 mSv will not need monitoring. The monitoring of intermediate
group is desirable. The values of dose relate to the doses liable to be received, not
those currently received.



Monitoring of External Gamma and Beta Exposures 153

5.2 Monitoring Period

The monitoring period or the period of deployment of the dosimeter is generally
decided based on the type of radiation facility, nature of radiation field whether
dynamic or almost uniform, the expected levels of incurred dose associated with the
work, any limitations of the dosimeters such as fading properties, detection limit of
the dosimetry system and any additional requirements by the regulatory body. Longer
monitoring period may hamper proper investigation of unusual exposures and timely
discovery of any abnormal exposure situations. In India, monitoring frequency of
monthly and quarterly are generally used for monitoring of external exposure.

5.3 Considerations for Use of Skin, Extremity and the Eye
Lens Personal Dosimeters

A single whole-body dosimeter worn on the trunk in the position of the highest expo-
sure at the surface of the trunk is suitable for monitoring of most of the radiation
fields encountered in occupational dosimetry. When lead apron is used in medical
uses of radiation, the whole-body dosimeter should be used under the lead apron. For
such applications studies also suggest use of two dosimeters one under protective
clothing and the other on unshielded part of the body to obtain better assessment
of effective dose. In case of non-homogeneous exposure conditions, the organs or
tissues such as the skin, extremities or lens of the eye are liable to receive signif-
icant exposures which may not be estimated adequately by whole body dosimeter.
Monitoring of the concerned organ/tissue by suitable dosimeters is required when
equivalent dose received is sizable fraction of the dose limit. Extremity dosimeters
are worn in positions that will measure the dose to the areas of the body expected
to receive the highest dose. If such position is not known in advance or it is imprac-
tical to wear at these locations, a correction factor is used to estimate the maximum
dose. The dosimeters to monitor dose to the lens of the eye are worn near to the eye
receiving maximum dose.

5.4 Issue of DRDs

Supplementary dosimeters of direct reading type (i.e. active dosimeters) are used for
controlling individual exposure on a day to day basis, or during a particular task.
Such dosimeters could be required when radiation field intensity may vary signifi-
cantly during the course of work. Most of DRDs are equipped with programmable
dose/dose rate alarms to alert the user. Further as the dose estimates are obtained
immediately, dose control is possible with the DRDs. With prior approval by the
regulatory body, active dosimeter can also be used as a replacement for the dosimeter
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of record (official dosimeter). For this the active dosimeter should be of a suitable
design and having appropriate performance characteristics for parameters such as
sensitivity, precision, reliability, linearity, energy and angular response, response to
pulsed radiation, electromagnetic interference, effect of environmental conditions.

5.5 Recording and Investigation Levels

The recording level and investigation level are used in the individual monitoring with
specific purpose. The recording level provides a level of effective (or equivalent) dose
above which a result from a monitoring programme is included in a dose record. The
requirement of recording level is to eliminate recording trivial doses fromdose record
as there is large uncertainty in dose and effect relationship at such dose levels. ICRP
[3] has recommended that the recording level for individual monitoring should be
derived from the duration of the monitoring period and an annual effective dose no
lower than 1 mSv or an annual equivalent dose of about 10% of the relevant dose
limit. In rare cases when external and internal exposures contribute significantly to
the total dose, lower recording levels for each component may be derived. In case of
individual monitoring for external exposure, generally the measured dose is usually
entered directly as a measure of the effective dose. This implies that the minimum
detection level (MDL) of the system is used as the recording level with results below
that level being deemed to be zero. When control dosimeters are used for estimation
of zero dose signals and contribution of background radiation exposure to eval-
uate personal dose from individual dosimeter, variations associated with the control
reading influences strongly the minimum detection level [26, 27]. For CaSO4:Dy
based TLD badge system, the MDL was found to depend on duration of monitoring
period [28]. Further, itwas observed thatMDLderived from freshly annealed dosime-
ters at laboratory generally does not represent the situation for service dosimeters.
Based on the statistical analysis of readings of control cards issued to institutions,
recording level 0.10mSv and 0.20mSv has been evaluated for monthly and quarterly
monitoring respectively for the above monitoring system.

Investigation level (IL) is defined as the level of measured quantity, above which
the cause or the implications of the result is examined. This is set by operating
management and applies for occupational exposure. IL initiates a review of the
protection arrangements and address how a particular value above the investigation
level was received. The purpose of the review of cases exceeding the investigation
limit is to learn from the experience gained and apply that experience to any future
operations of a similar nature. In Indian personnelmonitoring programme for external
exposure, whole body dose equal to or greater than 10 mSv and skin/extremity dose
equal to or greater than 250 mSv in a monitoring period is followed for regulatory
review of exposure cases.
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6 Accuracy Requirements and Periodic Performance
Evaluation of Individual Monitoring

The main objective of individual monitoring is to provide a reliable measurement of
the operational quantities Hp(d), for almost all practical exposure situations with a
prescribed overall accuracy. Accuracy requirements for monitoring individual expo-
sure given by ICRP in its publication ICRP75 are (i) 10%accuracy at 95%confidence
level (i.e. 1σ = 5%) formeasurement of radiation field in good laboratory conditions.
(ii) an uncertainty of a factor of 1.5 at the 95% confidence level in the estimation
of Effective Dose around the relevant dose limit due to photons in the workplace
radiation fields. (iii) The uncertainty factor greater than 1.5 in case of neutrons and
electrons. (iv) Greater uncertainties at low levels of effective doses for all quali-
ties of radiation. The uncertainties are specified for estimation of effective dose. As
Hp(d) is reasonable and adequate estimate of the corresponding protection quantities
(Effective dose and Equivalent dose), the above requirements are also applicable to
measurement ofHp(d), for doses below the relevant annual dose limit. Radiation field
in good laboratory conditions implies knowledge about radiation source, irradiation
geometry, irradiation time, environmental conditions, etc. Workplace radiation field
generally involve unknown energy spectrum and orientation of the radiation field.
Hence, the uncertainties in a measurement made with an individual dosemeter are
expected to be significantly greater for the workplace fields. Further, non-uniformity
and uncertain orientation of the radiation field relative to individual body lead to
errors in standard model based calculation of Effective dose.

It is important to verify that the performance of a personal dosimetry system
satisfies the ICRP accuracy requirement. The accuracy requirements concerning the
workplace fields have been converted into the form of Trumpet curve for practical
application. ISO 14146 (2018) [29] specifies criteria and the test procedures for
periodic evaluation of dosimetry services. The criteria of the standard are based on
the trumpet curve. The trumpet curve represents pictorially accuracy intervals as a
function of true dose. The response (ratios of measured dose to true dose) data of a
given performance test are plotted on the trumpet curve. 90% of the points should
lie within the limits of the curve for satisfactory performance. For photon radiation
with a mean energy of Eph > 10 keV and for beta radiation with a mean energy of
Ebeta > 0.2 meV, Upper limitHul and Lower limitH ll of the curve are given as under.

Hul = 1.67(1 + Ho

4Ho + Href
) (1)

Hll = 0.71(1 − 2Ho/1.33

Ho/1.33 + Href
) (2)

For photon radiation with a mean energy of Eph ≤ 10 keV, and for beta radiation
with a mean energy of Ebeta ≤ 0.2 meV, the above limits are as under.



156 S. M. Pradhan et al.

Hul = 2 (3)

Hll = 0.5(1 − 2Ho/1.5

Ho/1.5 + Href
) (4)

Ho is lower dose limit and H ref is conventional quantity value of the delivered dose.
The factors 0.71 and 1.67 are similar to the corresponding factors in ICRP 75, i.e.

1/1.5 = 0.67 and 1.5.
American National Standard—American National Standard for Dosimetry—

Personnel Dosimetry Performance—Criteria for Testing American ANSI/HPS
N13.11-2009 [30] provides amethod of performance evaluation of in terms of perfor-
mance quotients (Pi), i.e. relative difference between measured dose and true dose.
Bias (B) calculated as absolute value of average of Pi is added in quadrature with
Standard deviation (S) of Pi to obtain Tolerance level (L). Acceptance criteria are
expressed in terms ofL value. ThoughANSImethod is not directly based on the ICRP
approach, limits are expressed on total uncertainty in the measurement of personal
dose.

The performance limits on energy and angular response, coefficient of variation,
linearity, response to mixed radiation, fading, etc. specified in standards for type
testing of individual monitoring system such as IEC 62387 [18] are also intended to
satisfy the overall accuracy requirements.

7 Description of Indian Personnel Monitoring System
for X, Gamma and Beta Monitoring

In India, the centralized official Personnel Monitoring Service (PMS) was started in
1952 by Bhabha Atomic Research Centre (BARC) using the Film Badge. With the
indigenous development of CaSO4:Dy based TLD monitoring system, replacement
of Film Badge by TLD Badge was initiated in 1975 in a phased manner to monitor
doses from X, gamma and beta radiation. With this advent, decentralization of PMS
became feasible and the first outstation TLD Laboratory was set up by BARC at
TAPS, Tarapur in 1978. Subsequently TLDLaboratories were set up at the remaining
nuclear power stations to provide in-house PMS to radiation workers of NPCIL. TLD
and film badge services coexisted until 2003, after which film badge-based moni-
toring was phased down. To meet the largescale requirement of dosimetry system
and to disseminate technical know-how developed over the years, the technology to
manufacture TL Phosphor, TLD Cards and TLD Badge Reader was transferred to
Private Institutions. To cater to the increased demand for PMS, three Private Labo-
ratories were accredited by BARC to cover non-DAE Institutions. At present about
250,000 radiation workers from different radiation facilities in the country such as
DAE (Department of Atomic Energy) facilities, industry establishments, medical
hospitals and research institutions are being monitored.
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Fig. 3 Typical glow curve of CaSO4:Dy

7.1 TLD Personnel Monitoring System

7.1.1 TL Phosphor

TLD personnel dosimeter utilizes CaSO4:Dy TL phosphor as a radiation detector
[31]. The concentration of dopant Dy is optimized to 500 ppm in CaSO4 such that
a highly sensitive TL phosphor (i.e. approximately 30 times the sensitivity of LiF:
Mg, Ti) with negligible neutron sensitivity (3.8 mGy equivalent 60Co gamma-ray
response per 1010 thermal neutron/cm2) is achieved [32]. That makes the phosphor
effectively useful in external monitoring of X, gamma and beta radiation even in
presence of neutron radiation.

The phosphor has a primary TL glow peak at 220 °C (for CaSO4:Dy Teflon Disc,
TL peak is around 230 °C). Typical glow curve (GC) of CaSO4:Dy is shown in Fig. 3.
For both low and high LET (Linear Energy Transfer) radiations in the dose range of
concern in radiation protection, the TL response is linear, and the GC shape stays
stable.

7.1.2 TLD Card and TLD Badge

CaSO4:Dy exhibits energy-dependent response for photons owing to its effective
atomic number Zeff (15.3) higher than that of tissue. Therefore, multi-element
dosimeters based on this phosphor with appropriate filtration are designed to achieve
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compensation for energy dependent response. Such arrangement also helps in
approximate identification of type and energy of radiation. TLD card used in the
monitoring system consists of nickel platted aluminium plate/card (Fig. 4) in which
three Teflon TLD Discs (13.3 mm dia. and 0.8 mm thick) are clipped onto circular
holes (12 mm diameter). TLDDiscs are made by cold pressing homogenous mixture
of CaSO4:Dy phosphor and Polytetrafluoroethylene (PTFE) in weight ratio of 1:3
mixed at liquid nitrogen temperature. Subsequently the discs are subjected to heat
treatment at 400 °C to impart the strength and flexibility. The procedures have been
standardized to get a large number of TLD discs with sensitivity variation within ±
7%. PTFE is a poly-tetrafluoroethylene (fluoropolymer) that serves as a binder for
TLD discs. It also endures the temperatures required for TL reading and annealing
for repeated use, resulting in a durable and convenient dosimeter for field application.

A TLD Card enclosed in paper wrapper and sealed in polythene is inserted into
a plastic cassette/holder to make up the TLD Badge. The aluminium card has an
asymmetric ‘V ’ cut to ensure that it is oriented correctly in the TLD cassette. The
cassette has 3 filter regions corresponding to the 3 discs. Schematic of TLD card is
shown in Fig. 4, and TLD badge with filter arrangement is shown in Fig. 5.

The filter composition for the three discs is as follows:

(a) Disc D1: Sandwiched between a pair of 1.0 mm thick Al and 1.0 mm thick Cu
filters (0.6 mm Al in modified Cassette) (Copper filter nearer to the Disc),

(b) Disc D2 is sandwiched between two 1.6 mm thick (180 mg/cm2) plastic filters
and

(a) (b) (c)

Fig. 4 Schematic of TLD card, a TL element (disc), b TLD card without disc and c TLD card with
disc
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Fig. 5 TLD badge and filter arrangement (clip for fixing is not shown)

(c) Disc D3 is placed under a circular open window (identification paper wrapper
and polythene pouch amounts to 12–14 mg/cm2).

TLD Badges/Cassettes are divided into three categories: (a) chest badges, (b)
wrist badges and (c) head badges. Though all three types of TLD Badges have the
same dosimeter and design, they have different attachments (clip/strap) for wearing
purposes depending on their use.

7.1.3 TLD Badge Reader

The TLD Badge Reader is a very important component of the Personnel Monitoring
system. Readout of TLD cards is carried out in the badge reader to obtain dose
information. The Readers are designed to apply a pre-programmed heating cycle to
the TL dosimeter, detect the dosimeter’s instantaneous light (GC signal) and display
the total integrated light in µSv equivalent counts. In India, several versions of the
TLD Badge Reader have been used in the monitoring program. All these versions
rely on the reproducible, non-linear clamped heating profile to heat the dosimeter
discs and the integral method of TL measurement. The integral method has less
stringent requirements on heating rate compared to peak height determination for
TL measurement. Initially, manual TLD Badge Readers (model BR-3A) based on
contact heating were used for TLD readout. The semiautomatic TLD Badge Readers
(model TLDBR-7B) [33, 34] based on N2 Gas heating introduced during 1996–
97 are currently in use for Personnel Monitoring. Most of the constraints of the
manual Badge Reader have been overcome in the semiautomatic readers leading to
transformation of the personnel monitoring. The operation of the reader is software
controlled, and 50 TLD Cards are read in 100 min automatically.

The semiautomatic TLD Badge reader comprises microprocessor-based elec-
tronic control circuits, the PMT housing, a card transport system, a gas heater and
temperature control unit, cooling fans, and a solenoid that switches the gas flow ‘ON/
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Fig. 6 Block diagram of semiautomatic TLD badge reader

OFF’. The dosimeter (TLD Card) is moved and positioned in the heating chamber
so that the dosimeter Discs are sequentially located between the heater nozzle and
the PMT. The Discs are heated for about 30 s each with a non-linear clamped profile
of hot N2 gas jet, and the PMT detects the TL emitted during the heating. The
PMT anode current is digitized using a wide range I-F converter and then processed
digitally along with other parameters such as gas temperature, EHT and so on for
display storage, and recall of the GCs. The block diagram of semiautomatic TLD
badge reader is shown in Fig. 6 [33, 34].

7.2 Dosimetric Characteristics of TLD Badge

As has beenmentioned earlier, 3 discs filtered by different filter materials are used for
compensating the photon energy dependent response. Figure 7 depicts the response
of TLD badge as a function of photon energy for Disc D1 (filtered by composite
metal filter) and Disc D3 (open) [32].

The response of different discs has been evaluated in terms of whole-body dose,
the quantity being used presently for dose reporting. It is observed that the relative
response of the bare disc (blue curve) starts increasing as photon energy decreases
below ~ 200 keV and reaches to about 10 at about 30 keV. Such a large varia-
tion is attributed to significant increase in photoelectric absorption probability for
the detector at lower photon energy compared to air or tissue. However, the disc
sandwiched between composite metal filters (red curve) shows a modified response
where the large variation is reduced to a narrow band of response values between 1.65
and 0.75. The modified response is the result of competition between photoelectric
absorption by the detector and attenuation caused by the metal filters at lower photon
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Fig. 7 Photon energy dependence of TLD badge [32]

energy. The arrangement of copper and aluminium filter (copper filter located near
to the disc) in the composite metal filter minimizes production of bremsstrahlung
radiation due to high energy beta radiation. From the energy response curve, it can be
observed that the approximate photon energy ranges may be identified based on the
ratio of readings of unfiltered and filtered discs. The photon energy response of disc
D2 filtered with plastic filter is not significantly different than that of disc D3 in the
indicated energy range. In fact, equality ofD2 andD3 readings within few percent is
used for identifying the exposure to photon radiation. Disc D2 plays important role
for identifying and measuring the beta radiation.

The relative response of the CaSO4:Dy-based TLD badge with respect to the
angle of incidence studied by Vohra et al. [31] at 250 kVp X-rays (Thoraeus filter)
indicates almost constant value for filtered element (D1) till 15° angle to plane of
the badge. Whereas for the open element (D3), the response decreases by about
25% at the above angle. It appears that at this energy there is not significant angular
dependence, however for lower energy beams significant angular dependence of D1
is expected due to the greater thickness of the filter traversed by the radiation at the
smaller angles to plane of the badge.

The CaSO4:Dy shows quite satisfactory characteristics towards environmental
conditions and exhibits less than 5% fading over a period of sixmonths for dosimetric
peak/main peak. CaSO4:Dy phosphor exhibit the linear response for few µGy to 30
Gy of Co-60 dose. However, in case of the personnel dosimetry system the dose
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range from tens of µSv to few Sv is considered satisfactory. The CaSO4:Dy based
personnel monitoring system shows the linear response from 100 µSv to 1 Sv. The
lower limit of measurement range generally depends upon the inherent noise from
the personnel monitoring system contributed by both dosimeter and TLD reader and
variations associated with ambient background dose deposition.

7.3 Calibration and Dose Estimation

7.3.1 Calibration of the Personnel Monitoring System

Calibration of the dosimetry system is based on the quantity called as whole-body
dose (WBD) which is identical to air kerma on the front surface of a person also
referred as photon dose equivalent [35]. The calibration of the systemhas been carried
out by realizing WBD in terms of air kerma measured using the reference chamber
on the surface of the water phantom for irradiation to different energy collimated
photon beams. Subsequently the dosimeters were irradiated on the surface of the
water phantom using the above photon beams. The response of the dosimeters to the
different photon beams relative to reference beam of 137Cs has been analysed and an
algorithm [32] standardised to evaluate the personal dose in termsofwhole bodydose.
A routine for evaluation of beta dose developed on the basis of the relative response
to different beta sources has been included in the algorithm. This algorithm forms
the basis of calibration for evaluating personal dose from the service dosimeters.
To ensure the validity of the algorithm, Reader Calibration Factor (RCF) evaluated
using the dosimeters exposed to 137Cs on the surface of the phantom is required.
However, on-phantom irradiation has limitations for routine monitoring where large
number of dosimeters are required to be irradiated. Therefore, a correspondence of the
above irradiationwith free-in-air irradiation in panoramic geometry to 137Cs has been
utilized. Towards this, the response of TLD readers is configured to read 1.14mSv
WBDpermGy of air kerma free in air (or 10mSv perR) for dosimeters exposed free-
in-air to 137Cs. With this relation for assigning the photon dose equivalent (whole
body dose), free-in-air irradiation to calibrated 137Cs source in panoramic geometry
is used to irradiate dosimeters to known whole body/photon dose equivalent. This
method serves as derived/routine calibration method for personnel monitoring.

The personal dose is reported in terms whole body dose and skin dose (addition of
whole body dose and beta dose). Whole body dose serves as an estimate of effective
dose and skin dose estimates equivalent dose to the skin.

7.3.2 Dose Evaluation

TheCaSO4:DyTLDbadge is used tomeasureX,β and γ dose. The pattern of the disc
readings for discsD1,D2 andD3 provide information about the type and approximate
energy of radiation. Therefore, dose evaluation algorithm basically analyses ratios
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of different disc readings to obtain probable type and energy of radiation the badge
might have been exposed. As described under dosimetric characteristics of TLD
badge, discs D2 and D3 readings are statistically identical for photon exposure. In
such cases, ratio ofD2 andD1 readings is used to identify the effective photon energy
in three different ranges, namely, greater than ~ 200 keV, between 40 and 200 keV
and less than ~ 40 keV. Exposure to the mixed gamma-beta fields is identified by the
ratio D3/D2. In such cases estimation of approximate beta energy is accomplished
using the ratio of disc readings (D3 and D2) after subtracting gamma component. A
detailed dose evaluation algorithm is as follows:

A. Identification of Radiation Pattern

1. Calculate average control reading (C).
2. Subtract C from D1, D2 and D3 and calculate ND1, ND2 and ND3

respectively.
3. If ND1, ND2 or ND3 is < 100 µSv then set it to 100 µSv.
4. Evaluate ND3/ND2, ND2/ND1, ND3/ND1 and ND1/ND3 as R32, R21, R31

and R13, respectively.
5. If ND2 and ND3 are within 20% with respect to the higher of the two (i.e.

0.80 ≤ R32 ≤ 1.25) AND R31 ≥ 0.80 then the following cases are possible:
(a) R21 < 1.25 and R21 ≥ 0.80; labelled as Photon—Category 1, i.e.

Effective photon energy greater than ~ 200 keV;
(b) 5 > R21 ≥ 1.25; labelled as Photon—Category 2, i.e. Effective photon

energy greater than ~ 40keV and less than ~ 200 keV 106;
(c) R21 ≥ 5; labelled as Photon—Category 3, i.e. Effective photon energy

less than ~ 40 keV.
6. If ND2 and ND3 are not within 20% of each other, then the following

conditions should be checked:
(a) R32 > 1.25, R31 ≥ 1.5 andD1 ≥ Control + 100 (µSv). This is labelled

‘Beta-Photon Category’.
(b) R32 > 1.25, R31 ≥ 1.5 and D1 < Control + 100 (µSv). This is labelled

‘Beta Category’.
B. Dose estimation

1. Photon-Category 1: Effective photon energy greater than ~ 200 keV.
(a) ND1, ND2 and ND3 are re-evaluated from original input of D1, D2,

D3 and C.
(b) If ND1 < 100 µSv, it is set to 0.
(c) Dose = ND1.

2. Photon-Category 2: Effective photon energy greater than ~ 40 keV and less
than ~ 200 keV
(a) ND1, ND2 and ND3 shall be re-evaluated from original input of D1,

D2, D3 and C.
(b) If ND1, ND2 or ND3 evaluate to < 50 µSv, it is set to 50 µSv.
(c) R12 is evaluated as R12 = ND1/ND2
(d) Dose is evaluated as
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i. Dose = ND1 × [(2.6017) − (15.8861 × R12) + (45.5412 × R122)
− (53.2834 × R123) + (22.5612 × R124)]

(e) If Dose < 100 µSv, it is set = 0.
3. Photon-Category 3: Effective photon energy less than ~ 40 keV

(a) ND1, ND2 and ND3 shall be re-evaluated from original input of D1,
D2, D3 and C.

(b) If ND1, ND2 or ND3 evaluate to < 50 µSv, it is set to 50 µSv.
(c) Dose = (ND2 + ND3)/20.
(d) If Dose < 50 µSv, it is set to 0.

4. Beta-Photon Category and Beta Category:
(a) ND1, ND2 and ND3 are re-evaluated from original input of D1, D2,

D3 and C.
(b) If ND1 < 0, it is set to 0.If ND2 and ND3 ≤ 50 µSv, it is set to 50 µSv.
(c) Calculate RL32 as

i. If (ND2 − 1.05 × ND1) ≥ 50 µSv, then RL32 = (ND3 − 1.1 ×
ND1)/(ND2 − 1.05 × ND1), else, RL32 = (ND3 − 1.1 × ND1)/
50.

ii. If RL32 < 1.00, set RL32 = 1.00
(d) Calculate BMF as

i. BMF = 0.35 × RL32 + 0.4, If 1.00 ≤ RL32 < 5.0
ii. BMF = 3.5, If RL32 ≥ 5.0

(e) Based on the value of ND3, beta dose is evaluated as
i. Beta dose = BMF × (ND3 − 1.1 × ND1)
ii. If Beta dose < 1000 µSv, then it is set to 0.

(f) Photon dose = ND1.
i. If Photon dose < 100 µSv, it is set to 0.

7.4 Studies for Improvement in TLD Badge-Based Personnel
Monitoring System

Several developments and improvements have taken place in the TLD badge-based
personnel monitoring system since its introduction in 1975. The development which
has completely changed the way the dosemeters are processed is the introduction of
semiautomatic hot N2 gas based TLD badge reader during 1996–97 [33, 34]. This
has not only brought automation in the TLD readout but also improved efficiency
and dosimetric quality of the evaluated doses. The accompanying improvements in
dosimetric performance include lowering of the minimum detection level, reduction
in coefficient of variation, increase in shelf life of dosimeters, in-built facility of glow
curve storage and recall for ascertaining genuineness of TL counts, etc. Towards
dosimeter, developments include establishing parameters of large scale production
of phosphor batches [36], study of thermal history and reusability of CaSO4:Dy
Teflon TLD Discs [37], study of annealing and repeated Readout of TLD Cards
based on CaSO4:Dy Teflon Discs, study of TLD badge response to high energy
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photon radiation [38, 39] and several other improvements. Some of the latest studies
on TLD badge system are described in the following sections. Various documents on
the system such as handbook on the use of TLD badge based on CaSO4:Dy Teflon
discs for individual monitoring [40], revision of the above document as handbook
on TLD-based personnel monitoring [32] and requisite booklets for accreditation of
personnel monitoring laboratories were prepared.

7.4.1 Evaluation of Response and Development of Algorithms
for Operational Quantities

With the introduction of the operational quantities for personnel monitoring, i.e.
personal dose equivalent Hp(d), studies have been carried out for the to correlate
whole body dose with Hp(10)/Hp(0.07). The whole body dose realized as air kerma
measured on slab/water phantom surface closely approximatesHp(0.07) [41]. Quan-
titative agreement within± 10%between the quantity whole body dose andHp(0.07)
for photons in 30 keV–1.25 MeV has been reported [42]. Even for low energy (15–
30 keV) photons reported overestimation of Hp(0.07) by whole body dose do not
exceed 30%. Towards correlation with Hp(10), it has been reported [41, 42] that the
whole body dose is conservatively close to Hp(10) at higher photon energies (> 40
keV); whereas it overestimates the Hp(10) in diagnostic X-rays (15–40 keV). A few
dose evaluation algorithms [43, 44] to calculate dose from TLD badge in terms of
personal dose equivalent are reported in the literature. These algorithms are devel-
oped by mapping the angle averaged response of TL elements to the dose equivalent
using linear equation or polynomial functions.

An algorithm for estimation of Hp(10) using 5th order polynomial was proposed
by Bakshi et al. [43] is as follows:

Hp(10) = N1(A1 − A2R12 + A3R12
2 − A4R12

3 + A5R12
4 − A6R12

5)

where A1 = 2.57535, A2 = 21.83062, A3 = 98.77398, A4 = 202.99463, A5 =
190.32674 and A6 = 65.86964 are constants.

The linear combination (LC) based algorithm for Hp(10) and quadratic equation
based expression for Hp(0.07) proposed by Pradhan et al. [44] are as follows:

• If r12 < 0.7, Hp(10) = 0.676 × N1 + 0.038 × N23, else Hp(10) = N1
• Hp(0.07) = N23(0.106 − 0.175 × r12 + r212)

where N23 is average of net TL counts from D2 and D3, N1 is net TL counts
from D1, N1, N2 and N3 are net TL counts from disc D1, D2 and D3 respectively,
R12 = N1/N2 and r12 = N1/N23.

A task group in Radiological Physics and Advisory Division for implementa-
tion of operational quantities in TLD-based personnel monitoring reviewed different
algorithms for operational quantities. Based on the performance evaluation of the
algorithms on larger volume of dataset and review of the calibration method for LC
algorithm, the values of coefficient were refined by the task group. The task group
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also reviewed the algorithm for wrist badge to evaluate Hp(0.07) [45]. The revised
algorithms by task group for estimation of personal dose equivalent using TLD badge
worn at chest and wrist position are as follows:

• Chest badge
Hp(10)

– If r12 < 0.8, Hp(10) = 0.638 × N1 + 0.042 × N23, else Hp(10) = N1

• Hp(0.07) due to photon

– If r21 > 80, Hp(0.07) = 0.15 × N3
– If 1.25 ≤ r21 ≤ 80, Hp(0.07) = N3 × (0.0942r312 + 0.06r31 + 0.084)
– Else Hp(0.07) = N1

• Wrist badge
Hp(0.07) due to photon

– If 0.007 < r12 ≤ 0.8 and r32 ≤ 1.25, Hp(0.07) =
N23/

(
7.099R122 − 14.49R12 + 8.468

)

– If r12 > 0.8 Hp(0.07) = N23
– If r32 ≤ 1.25 and r12 ≤ 0.007, Hp(0.07) = 0.18 × N3

where r21 = N2/N, r31 = N3/N1 and r32 = N3/N2.

The calculation ofHp(0.07) due to beta radiation for both Chest andWrist badges
is kept the same as the evaluation beta dose using whole body dose algorithm.

A method for routine calibration involving free-in air exposure of TLD badges in
panoramic geometry has been standardized. Towards this, correspondence between
responses of the badge for on-phantom (ISO slab phantom) exposure to collimated
S-Cs beam and the above test (routine) exposure is established. It has been found that
10 mSv of Hp(10) is equivalent to 1R exposure in routine setup for Chest badges.
The same relation holds good for Hp(0.07) on ISO slab phantom. This relation is
the same as that being used for present quantity, i.e. whole body dose. However,
for wrist badges, the equivalence is 10.4 mSv of Hp(0.07) on ISO pillar phantom
= 1R exposure in routine setup. If single reader calibration factor (RCF) derived
for Hp(10)/Hp(0.07) (ISO slab phantom) is applied while readout of service badges,
then additional correction factor of 1.04 is required for the TL counts of wrist badge.

7.4.2 Some Factors Affecting Shape of Glow Curves

The accuracy of estimating dose is influenced by various parameters, which can
be categorized as either field-related or dosimetry system-related. Some parame-
ters, particularly those associated with field conditions and the use of personnel
dosimeters, may not exhibit consistent behaviour and therefore cannot be effectively
modelled. However, certain parameters, such as variations in temperature profiles,
impurities in the nitrogen gas (use of different gas) used for heating and the effect of
readout sequences, can be investigated through experiments and simulations.
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Fig. 8 Effect of surrounding temperature on GC (adopted from [47] with permission from Oxford
University Press)

In a study conducted by Kumar et al. [46], the impact of different gases used for
heating the dosimeter discs is analysed. The results of the study clearly indicate that
a reasonably inert gas with a higher heat capacity, such as Nitrogen gas, is more
efficient in stimulating TL (thermoluminescence) emission.

A study conducted to investigate the impact of sequential heating of TL elements
on the GC shape and total TL counts [47] has elucidated the underlying reasons for
the observed patterns in TL counts of 3 elements. The experimental results, depicted
in Fig. 8, demonstrated an early occurrence of the glow peak and higher TL counts for
the discs that were read or heated at the end of the reading sequence. To explain this
phenomenon, a simulation was performed, considering the heating of neighbouring
components within the heating chamber and the partial heating of adjacent unread
discs. The convective heat exchange between the surrounding and TL element and
slightly elevated starting temperature of TL element which is read later in the reading
sequence lead to an excess heat delivered to the TL element. Consequently, the GC
peak arrives early and the total TL counts are also marginally more than that of the
TL elements read earlier in the sequence.

7.4.3 Automatic Screening of Glow Curves in Personnel Monitoring

The preceding discussion suggests that the shape of the GC can be influenced by
various factors. Awell-definedGC shape indicates the authenticity of radiation expo-
sure recorded by a TLD badge and ensures accurate dose estimation. Deviations or
anomalies in the GC shape may occur due to factors related to the handling and
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Fig. 9 Normal glow curve and various types of abnormalities in glow curve

processing of dosimeters. Figure 9 provides examples of both normal and improper
GCs. To ensure precise dose estimation and avoid errors, it is important to iden-
tify anomalous curves. One approach involves defining the normal GC shape using
analytically derived rules, as illustrated in Fig. 10 [48]. By employing a computer
program, GCs that do not conform to the defined criteria/rules can be automatically
identified, and corrective measures can be implemented to achieve accurate dose
estimation. Additionally, machine learning techniques have also been employed for
detecting anomalous GCs [49].

7.4.4 Improving Reproducibility of Doses in Low Dose Region

Certain variations in the total TL signal are inevitable despite controlmeasures. These
variations can be attributed to factors such as the stochastic nature of the zero dose
signal. Generally, the coefficient of variation of TL counts tends to increase as the
dose decreases. This occurs because the contribution of the zero-dose background,
which includes inherent noise from the dosimeter and reader, becomes comparable
or significant in relation to the radiation-induced signal at lower doses. The zero
dose background consists of several components, such as black body radiation,
dark current, disc coloration and previous dose history. To enhance the precision
of dosimetry in the low dose region, a method was developed by Pradhan et al. [50].
It effectively separates the non-radiation-induced components of the TL signal from
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Fig. 10 Analytically defined boundary conditions for identification of abnormal GC (A1, A2, A3
and A4 are area under the normalized GC segments) (adopted from [48] with permission from
Oxford University Press)

the composite signal. By segregating the real-time background signal from the total
TL signal, this technique improves the precision of dosimetry at lower dose levels.

7.4.5 Estimation of Uncertainty in Measurement of Dose Equivalent
at Laboratory Level

A novel technique based on random effects one way analysis of variance (ANOVA)
model has been studied for estimation of uncertainty in the measurement of dose
equivalent by TLD badge at laboratory level [51]. The model enables estimation of
the overall variance of the performance of the sampled population. The measured
dose equivalents by different laboratories of the TLD badges irradiated to a specific
dose equivalent and radiation quality constituted the population. By including the
results of different monitoring laboratories, variability in the system components
such as dosemeter batches, TLD badge readers, dosemeter preparation and handling
methods, ambient environmental conditions in the laboratory, reader calibration
procedures has been introduced. The resultant estimation of the variance (uncer-
tainty) can be thought to be representative of the monitoring system as a whole and
lead to robust estimate of the uncertainty. Based on the above analysis, coefficient of
variation of 6.6% and 7.4% has been estimated in the measurement of Hp(10) and
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whole body dose respectively at doses more than 1mSv. Further the relative response
of the monitoring system has been found to be satisfactory. The ANOVAmodel also
helps to partition the observed variability between different components (factors
among the laboratories and factors between the laboratories). This information can
be used to identify the specific factors to further improve system performance.

8 Recent Developments in Individual Monitoring
for External Exposure

8.1 Recommendations of New Operational Quantities

8.1.1 Limitations of Existing Operational Quantities of ICRU 39/ICRU
51

Some limitations of the operational quantities of ICRU 39/ICRU 51 have been identi-
fied in terms of their definition, discrepancies in the estimate of protection quantities,
and limited range of energy and particle type. These are described below.

a. The phantoms used to calculate the protection quantities and operational quan-
tities due to radiation field are different. The ICRU sphere phantom is used for
ambient dose equivalent and the ICRU slab phantom (with dimensions 300 mm
× 300mm× 150mm) for personal dose equivalent, whereas the protection quan-
tities are determined in the anthropomorphic phantoms or the more recent ICRP/
ICRU reference adult phantoms ICRP110 [14]. It is obvious that the structure and
geometry of phantom for protection quantities cannot be matched by phantom
for operational quantities. This leads to inherent inadequacy of the operational
quantities to estimate of the protection quantities.

b. ICRU 4-element tissue (a composition by mass of 76.2% oxygen, 11.1% carbon,
10.1% hydrogen, 2.6% nitrogen) considered for the definition of the operational
quantities cannot be fabricated.

c. The definition of dose equivalent as the product ofQ andD at a point in tissue can
never be realized experimentally. It can only be calculated based on knowledge
of the radiation field of secondary charged particles at the point of interest.

d. It has been observed that using either kerma approximation or full electron trans-
port for calculating the conversion coefficients for the operational quantities does
not lead to closely matching estimates of protection quantities for certain photon
energy ranges.

e. Further, the use of a depth of 10 mm for Hp(10) and H*(10) leads to overesti-
mation of the effective dose by the operational quantities for low energy photons
(Ep < 70 keV) due to limited penetration.
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8.1.2 Basis of New Operational Quantities

In view of the conceptual inconsistencies and discrepancies associated with the
existing operational quantities, new operational quantities are defined by ICRU/
ICRP and published in ICRU Publication 95 (2020) [52]. The new definition of the
operational quantities is based on the products of radiometric or dosimetric quan-
tities at a point in space or on the surface of the body and conversion coefficients
related to values of protection quantities [52, 53]. It involves a paradigm change by
including the conversion coefficient for protection quantities in the definition of oper-
ational quantities. The new definition can be practically realized due to availability
of internationally agreed phantom [14] as well as the conversion coefficients for the
protection quantities based on the above phantom. The recommended operational
quantities simplify the systems of protection and operational quantities and assist in
the comprehension of radiological protection quantities by users.

The new operational quantities are defined for both area monitoring and indi-
vidual monitoring. As mentioned earlier, the definitions include conversion coeffi-
cient for protection quantities evaluated in the whole-body ICRP/ICRU adult refer-
ence phantoms. This implies that new operational quantities are based on the same
phantoms, weighting factors and calculation models as that for protection quantities.
This ensures coherence of the quantities and close approximation of their numerical
values for specific radiation type, energy and direction of incidence.

The new operational quantities for individual monitoring are described below.

8.1.3 Personal Dose

The personal dose, Hp, at a point on the body is the product of the particle fluence
incident at that point, �, and the conversion coefficient, hp, relating particle fluence
to the value of effective dose, E.

Hp = ∫ h p(E)�(E)dE

where hp(E) is the conversion coefficient for effective dose calculated ICRP/ICRU
adult reference phantoms.

The unit of personal dose is J kg–1. The special name for the unit of personal dose
is sievert (Sv).

8.1.4 Personal Absorbed Dose in the Lens of the Eye

The personal absorbed dose in the lens of the eye, Dp lens, at a point on the head or
body is the product of the particle fluence incident at that point,�, and the conversion
coefficient, dp lens, relating particle fluence to the value of absorbed dose in the lens
of the eye.
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Dp lens = ∫ dp,lens(E)�(E)dE

where dp lens is the conversion coefficient for absorbed dose to the lens of the eye
calculated using the eye model of Behrens.

The unit of personal absorbed dose in the lens of the eye is Jkg–1. The special
name for the unit of personal absorbed dose in the lens of the eye is gray (Gy).

8.1.5 Personal Absorbed Dose in Local Skin

The personal absorbed dose in local skin, Dp local skin, is the product of the particle
fluence incident on the body or extremities, �, and the conversion coefficient,
dplocal skin, relating particle fluence to the value of absorbed dose in local skin.

Dp local skin = ∫ dp,local skin(E)�(E)dE

where dp,local skin is the conversion coefficient for absorbed dose to the skin calculated
using ICRU tissue covered with skin layer.

The unit of personal absorbed dose in local skin is J kg–1. The special name for
the unit of personal absorbed dose in local skin is gray (Gy).

Note: Personal dosimeters worn on the body are irradiatedwith radiations incident on
various directions, hence the above conversion coefficients are calculated for various
incident angels.

8.2 Personal Online Dosimetry Using Computational
Methods

The implementation of individual radiation worker monitoring is important for
ensuring compliance with regulatory dose limits and maintaining doses as low as
reasonably achievable. However, the field of personal dosimetry still faces signif-
icant uncertainties, including issues related to compliance and improper usage of
dosimeters. Workers do not like to wear dosimeter especially when more than one
dosimeter is involved. Forgetting the dosimeter/storing dosimeter inwrong place also
can happen. There are uncertainties in estimating Effective Dose/Equivalent Dose
based on the operational quantities. Further, there are uncertainties in measurement
of Hp(10) due to energy and angular dependence, non-linearity, fading, etc. as no
dosimeter is perfect. When personal dosimeter is lost, no dosimetric data is avail-
able. If personal dosimetry is carried out without a physical dosimeter, all the above
issues may be overcome. PODIUM (Personal Online Dosimetry Using Compu-
tational Methods) project [54] is an innovative approach for personal dosimetry.
This approach involves the development of an online dosimetry application based
on computer simulations, eliminating the need for physical dosimeters. To achieve
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this, it was proposed to perform the calculation of occupational doses using camera
tracking devices, customized virtual human models and information obtained from
the radiation source. By utilizing fast Monte Carlo simulation codes, the goal was to
enable real-time personal dosimetry.

O’Connor et al. [55] demonstrated the feasibility of the PODIUM project on
assessing and validating dosimetry of interventional radiology workplaces, where
improvements in dosimetry are particularly necessary. In their study, they have
demonstrated the feasibility of a real-time occupational dose application for clin-
ical use in the context of Endovascular and Interventional Cardiology. Through live
cases in a complex clinical setting, they evaluated a new method that successfully
tracked staff and generated dose estimates. The dose received by the primary oper-
ator was measured using an active personal dosimeter (APD) and compared with the
dose simulated using three Monte Carlo (MC) codes. The initial validation results
were quite promising.

9 Conclusion

This chapter explores the domain of monitoring of radiation exposure from external
source of radiation highlighting on its scientific basis and operational aspects. It
commences by elucidating the principles of radiological protection, placing a distinct
emphasis on the role of personnel monitoring to uphold not only occupational and
institutional safety but also regulatory requisites.

Exploring deeper, the chapter explains the interrelationships existing among phys-
ical quantities, protection quantities and operational quantities. The chapter also
describes different operational aspects of individual monitoring of external radia-
tions such as requirements of calibration, design of monitoring program, guidelines
on who should be monitored and length of monitoring period, considerations for
skin, extremity and eye lens monitoring, recording and investigation levels, accu-
racy requirements and periodic performance evaluation of the monitoring system.
Notably, the chapter dedicates a comprehensive segment to elucidate the intricacies
of the Indian personnel monitoring program. This in-depth explanation encompasses
the details of Thermoluminescent dosimetry techniques, the calibration methodolo-
gies employed, and the algorithms instrumental in accurate dose estimation in terms
of operational quantities and different studies carried out for the system for improving
the accuracy of dose estimates.

In closing, the chapter casts a spotlight on recent breakthroughs in the domain of
monitoring external exposures. Emerging dosimetry technologies, exemplified by the
innovative Personal Online Dosimetry Using computational Methods (PODIUM),
along with new operational quantities defined by ICRU are thoughtfully explored
for the profound potential they hold in elevating the precision and efficacy of radi-
ation protection strategies. This chapter, therefore, serves as an essential resource
for comprehending the intricate landscape of TLD personnel monitoring, from its
foundational aspects to the recent advancements.



174 S. M. Pradhan et al.

References

1. ICRP Publication 26 (1977) Recommendations of the International Commission on Radi-
ological Protection, (Series: ICRP, 26; Annals of the ICRP, 1(3), 1977). Pergamon Press,
London

2. ICRP Publication 60 (1990) Recommendations of the International Commission on Radio-
logical Protection, (Series: ICRP, 60; Annals of the ICRP, 21(1–3), 1991). Pergamon Press,
London

3. ICRP Publication 75 (1997) General principles for the radiation protection of the workers. Ann
ICRP 27

4. ICRP Publication 103 (2007) The 2007 recommendations of the international commission on
radiological protection, (Series: ICRP, 103; Annals of the ICRP, 37(2–4), 2007). Pergamon
Press, London

5. ICRU Report 39 (1985) Determination of dose equivalents resulting from external radia-
tion sources. International Commission on Radiation Units and Measurements, (Series: ICRU
Report 39), Bethesda

6. ICRU Report 43 (1988) Determination of dose equivalents from external radiation sources—
part 2. International Commission on Radiation Units andMeasurements, (Series: ICRUReport
43), Bethesda

7. ICRU Report 47 (1992) Measurement of dose equivalents from external photon and elec-
tron radiation, (Series: ICRU Report 47). International Commission on Radiation Units and
Measurements, Bethesda

8. ICRU Report 51 (1993) Quantities and units in radiation protection dosimetry. International
Commission on Radiation Units and Measurements, (Series: ICRU Report 51), Bethesda

9. Otto T et al (2018) Proposal for new operational quantities for external radiation. Radiat Prot
Dosim 180(1–4):10–16

10. ICRP Publication 74 (1994) Conversion coefficients for use in radiological protection against
external radiation. Ann ICRP 26(3–4)

11. Snyder W (1978) Estimates of specific absorbed fractions for monoenergetic photon sources
uniformly distributed in various organs of a heterogeneous phantom. MIRD Pamphlet 5

12. Kramer R, Drexler G (1982) On the calculation of the effective dose equivalent. Radiat Prot
Dosim 3(1–2):13–24

13. ICRP Publication 116 (2010) Conversion coefficients for radiological protection for external
radiation exposures. Ann ICRP 40(2–5)

14. ICRP Publication110 (2009) Adult reference computational phantoms. Ann ICRP 38(2)
15. ICRP Publication 89 (2002) Basic anatomical and physiological data for use in radiological

protection. Ann ICRP 32(3–4)
16. Conversion coefficients for use in radiological protection against external radiation. Interna-

tional Commission on Radiation Units and Measurements. ICRU Report 57. Bethesda, MD
(1998)

17. International Organization for Standardization (2019) ISO 4037-3:2019, Radiological protec-
tion—X and gamma reference radiation for calibrating dosemeters and dose rate meters and
for determining their response as a function of photon energy—part 3: calibration of area and
personal dosemeters and the measurement of their response as a function of energy and angle
of incidence. ISO, Geneva

18. International Electrotechnical Commission (2020) Radiation protection instrumentation—
dosimetry systems with integrating passive detectors for individual, workplace and environ-
mental monitoring of photon and beta radiation, IEC 62387 Edition 2. IEC, Geneva

19. Bordy J et al (2011) Principles for the design and calibration of radiation protection dosemeters
for operational and protection quantities for eye lens dosimetry. Radiat Prot Dosim 144(1–
4):257–261

20. Bartlett D (1993) Personal dosemeter calibration requirements: are they reasonable? J Radiol
Prot 13(3):199



Monitoring of External Gamma and Beta Exposures 175

21. IAEA Safety Report Series No. 16 (2000) Calibration of radiation protection monitoring
instruments IAEA, Vienna

22. International Organization for Standardization (2019) ISO 4037-1:2019, Radiological protec-
tion—X and gamma reference radiation for calibrating dosemeters and dose rate meters and
for determining their response as a function of photon energy—part 1: radiation characteristics
and production methods. ISO, Geneva

23. International Organization for Standardization (2006) ISO 6980-1:2006, nuclear energy—
reference beta-particle radiation—part 1: methods of production. ISO, Geneva

24. International Organization for Standardization (2006) ISO 6980-2:2006, nuclear energy—
reference beta-particle radiation—part 2: calibration fundamentals related to basic quantities
characterizing the radiation field. ISO, Geneva

25. International Organization for Standardization (2006) ISO 6980-3:2006, nuclear energy—
reference beta-particle radiation—part 3: calibration of area and personal dosemeters and the
determination of their response as a function of beta radiation energy and angle of incidence.
ISO, Geneva

26. Hirning CR (1992) Detection and determination limits for thermoluminescence dosimetry.
Health Phys 62(3):223–227

27. Roberson P, Carlson RD (1992) Determining the lower limit of detection for personnel
dosimetry systems. Health Phys 62(1):2–9

28. Sneha C, Pradhan SM, AdtaniMM (2010) Study of minimum detection limit of TLD personnel
monitoring system in India. Radiat Prot Dosim 141(2):168–172

29. International Organisation for Standardisation (2018) ISO-14146:2018. Radiological protec-
tion—criteria and performance limits for the periodic evaluation of dosimetry services. ISO,
Geneva

30. ANSI/HPS N13.11-2009 (2009) Personnel dosimetry performance—criteria for testing.
American National Standards

31. Vohra K et al (1980) A personnel dosimeter TLD badge based on CaSO4:Dy Teflon TLD discs.
Health Phys 38(2):193–197

32. Datta D et al (2018) Handbook on TLD-based personnel monitoring (rev. 1-2018). In: BARC
report. Bhabha Atomic Research Centre, BARC Press, Mumbai

33. Kannan S, Kulkarni MS, Ratna P, Lalsare MD (1997) An automated TLD badge reader for
large scale personnel monitoring. In: Proceedings of 23rd IARP conference on recent advances
in radiation protection held at Guru Nanak Dev University Amritsar, India, 19–21 Feb (1997)

34. Kulkarni MP, Ratna P, Kannan S (2000) A new PC based semi-automatic TLD badge
reader system for personnel monitoring. In: Proceedings of international radiation protection
association conference, Hiroshima, Japan

35. IAEA (1999) Intercomparison for individual monitoring of external exposure from photon
radiation. Results of co-ordinated research project 1996–1998, IAEA-TECDOC-1126, IAEA,
Vienna

36. Pradhan AS, Bakshi AK, Srivastava K, Bihari RR (1999) Parameters of large scale production
of personnel monitoring TLD cards based on CaSO4:Dy. Radiat Prot Dosim 85(1–4):67–70

37. Lakshmanan AR, Popli KL, Bhatt RC (1979) Thermal history and reusability of CaSO4:Dy
Teflon TLD discs. Phys Med Biol 24(5):999

38. Pradhan AS, Bakshi AK (2002) Calibration of TLD badges for photons of energy above 6
MeV and dosimetric intricacies in high energy gamma ray fields encountered in nuclear power
plants. Radiat Prot Dosim 98(3):283–290

39. Kumar M, Kher RK, Sahni G, Chhokra K (2008) Studies on the response of the TLD badge
for high-energy photons. Radiat Protect Dosim 128(3):266–273

40. Pradhan AS, Adtani MM, Varadharajan G, Bakshi AK, Srivastava K, Bihari RR (2002) Hand
book on the use of TLD badge based on CaSO4:Dy Teflon TLD discs for individual monitoring
(No. BARC-2002/E/025). Bhabha Atomic Research Centre

41. Pradhan AS (1992) Individual monitoring dose records-correlation of whole-body doses to the
new operational quantities. Radiat Prot Dosim 42(2)



176 S. M. Pradhan et al.

42. Lakshmanan AR (1991) How to measure the new ICRU operational quantities with individual
dosemeters. Radiat Prot Dosim 35(4):253–259

43. Bakshi AK et al (2007) Development of an algorithm for TLD badge system for dosimetry in
the field of X and gamma radiation in terms of Hp(10). Radiat Prot Dosim 123(2):148–155

44. Pradhan SM et al (2009) Development of an algorithm for evaluating personal doses due to
photon fields in terms of operational quantities for TLD badge system in India. Radiat Prot
Dosim 136(3):176–184

45. BhattacharyaM et al (2022) Estimation of personal dose equivalentHp (0.07) using CaSO4:Dy
Teflon disc-based extremity dosemeter. Radiat Prot Dosim 198(20):1546–1556

46. Kumar M et al (2005) Studies on automatic hot gas reader used in the countrywide personnel
monitoring programme. Radiat Prot Dosim 113(4):366–373

47. Pathan MS et al (2019) Study of effect of consecutive heating on thermoluminescence GCs of
multi-element TL dosemeter in hot gas-based reader system. Radiat Prot Dosim 187(4):509–
517

48. Pradhan SM, Sneha C, Adtani MM (2011) A method of identification of abnormal GCs in
individual monitoring using CaSO4:Dy Teflon TLD and hot gas reader. Radiat Prot Dosim
144(1–4):195–198

49. Pathan MS, Pradhan SM, Selvam TP (2020) Machine learning algorithms for identifica-
tion of abnormal GCs and associated abnormality in Caso4:Dy-based personnel monitoring
dosimeters. Radiat Prot Dosim 190(3):342–351

50. Pradhan SM et al (2015) Development of a technique for improving coefficient of variation
of CaSO4:Dy Teflon-based TLD personnel monitoring system in low-dose region. Radiat Prot
Dosim 167(4):429–436

51. Pradhan SM, Datta D, PathanMS, Srivastava K, SelvamTP (2020) Estimation of uncertainty in
measurement of dose equivalent at laboratory level using CaSO4:Dy-based TLD badge system
in India. Radiat Prot Dosim 188(2):135–147

52. Operational quantities for external radiation exposure. International Commission on Radiation
Units and Measurements. ICRU Report 95. Bethesda, MD (2020)

53. Endo A (2016) On behalf of ICRU Report Committee 26 on operational radiation protection
quantities for external radiation, operational quantities and new approach by ICRU. Ann ICRP
45(1_suppl):178–187

54. Vanhavere F, Van Hoey O (2022) Advances in personal dosimetry towards real-time dosimetry.
Radiat Meas 158:106862

55. O’Connor U, Walsh C, Gorman D, O’Reilly G, Martin Z, Madhavan P, Murphy RT, Szirt
R, Almén A, Andersson M, Camp A (2022) Feasibility study of computational occupational
dosimetry: evaluating a proof-of-concept in an endovascular and interventional cardiology
setting. J Radiol Prot 42(4):041501



Monitoring of External Neutron
Exposures

A. K. Bakshi, Rupali Pal, Deepa Sathian, and Sandipan Dawn

1 Introduction

Neutron dosimetry is an important part of radiation protection programme for all
facilities that handle neutron radiation, be it nuclear reactor, high energy particle
accelerator, radionuclide-based neutron source, etc. Neutron being a high LET
particle produces higher health hazardswith respect to gamma and hencemonitoring,
especially of reactor personnel, of neutrons (up to 20 MeV) is considered important.
Further, considering the criticality accidents involving nuclear reactors [1], neutron
monitoring is considered to be a necessity. As neutron energy range varies from
thermal to 20 MeV (almost 9–10 orders) for all practical purposes, it has variable
radiationweighting factors for calculation of effective dose or quality factors for dose
equivalent. Although considerable progress has been made in neutron dosimetry,
there is no single neutron dosemeter which takes care of estimation of neutron doses
in the wide neutron energy spectrum, with adequate accuracy. The neutron moni-
toring till date is considered to be a challenging task in thefield of radiation protection,
as no single method provides the combination of energy and angular response and
adequate accuracy necessary to comply with the international standards. Determi-
nation of the ‘dose equivalent’ is considered to be the most important concept in
neutron dosimetry as it accounts for the ‘quality factor’ of neutrons, which depends
on the energy of neutron. The quality factor for fast neutrons varies in the range of
2.5–20, depending on the energy [2]. The unit of dose equivalent is Sievert. Dose
equivalent is defined in the following equation

Dose equivalent = absorbed dose(Gy) × Quality factor (1)
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It may be noted that the unit of absorbed dose is Gy.
Dedicated neutron sources like research reactors, accelerators and spallation

sources produce free neutrons for use in material science and neutron scattering
experiments. Mono-energetic neutrons, which are produced in neutron generators/
accelerators, are used in nuclear physics studies, development of spectrometers,
metrology, material damage test, activation analysis, radiography, cancer therapy,
etc. Neutron individual monitoring is essential to determine the adequacy of radia-
tion safetymeasures during operations of reactors, accelerators, spent fuel processing
plants, nuclear fuel cycle operations and other industries involving neutron source.
Individual neutron monitoring program for external radiation exposure is intended
to provide information for the optimization of protection and to demonstrate that the
radiation dose received by the workers does not exceed the prescribed dose limits
recommended by the regulatory authority. It gives information about safe work prac-
tices and verifies the shielding adequacy of work place monitoring [3]. This chapter
has been divided into two parts, viz. (i) neutron dosimetry techniques related indi-
vidual monitoring including performance test criteria, calibration methodologies,
etc. and (ii) criticality accident dosimetry.

2 Characteristics of a Good Individual Neutron Dosimeter

i. It should recordneutrondose equivalent froma fraction tomultiples ofmaximum
permissible dose equivalent limits.

ii. Its neutron energy response should be proportional to dose equivalent response.
iii. It should be insensitive to beta, X-rays and gamma rays in particular, which

normally accompanies neutrons.
iv. It should have a good signal stability with little fading due to variations in

temperature and humidity conditions in the ambient.
v. It should not be toxic to the wearer.
vi. It should be rugged, light weight, easy to handle for a large scale of monitoring

purpose and be reasonably inexpensive.

3 Techniques for Neutron Monitoring

3.1 Nuclear Emulsion

In neutron monitoring, the Kodak film (known as NTA) is most commonly used
to measure the dose equivalent of fast neutrons [4]. In nuclear emulsions, recoil
protons are produced by the elastic scattering of hydrogen atoms by neutrons in
the emulsion and the surrounding hydrogenous material, e.g. backing, radiators, etc.
For mono-energetic neutrons incident on the emulsion, the protons have a uniform
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energy distribution up to En (the incident energy) [5]. Recoil protons produce ioniza-
tion along the track length, and a latent image is formed by the interaction with silver
halide grains. After chemical processing, the tracks become visible under the micro-
scope when a magnification of about 500× is used. The shortest identifiable track is
about 5 μm in length and consists of four developed silver grains, which correspond
to proton energy of about 0.7 MeV. Track densities are determined by manually
counting the tracks in a given area. In the energy range 0.7–14 MeV, there is an
energy dependence of the order of± 50% [6] for the measurement of the dose equiv-
alent (Fig. 1). Because of different radiators inside the packed film or inside the
film badge, the response varies according to whether the radiation is from the front
or rear. This characteristic changes for exposure in individual monitoring owing to
back scattering and absorption of neutrons from the body [6]. The main disadvantage
of NTA emulsion film is post-irradiation fading of proton tracks with temperature
and humidity. Extensive studies have been done to minimize the fading by doubly
sealing the films in polyethylene pouches with a small amount of calcium chloride
as desiccant in between two layers of polyethylene [7]. Although all measures were
taken to minimize fading of NTA film, fading corrections were applied for evaluation
of the neutron dose. The other method to minimize the fading of recoil proton tracks
in the nuclear emulsion is sealing the NTA film in presence of dry nitrogen medium
in a glove box. The films can generally be used for a period of 2 months. It may be
noted that NTA film is also sensitive to gamma rays, and the evaluation of dose by
counting proton tracks on the film using microscope is tedious.

In India, in the past, neutron monitoring was carried out using Kodak NTA film,
which is a 30 μm thick emulsion coated on one side of the cellulose tri-acetate base
and fine grain of 0.3 μm size [8]. Recoil proton tracks are produced and recorded as
photographic tracks in the film due to elastic collision of fast neutrons with hydroge-
nous material. The films are processed using standard procedures and the tracks are
counted using optical microscope. Track density are counted and the corresponding
neutron dose equivalent is evaluated. A plastic holder having cadmium filter in front
and back is used to absorb thermal neutrons to avoid protons of energy 0.66 MeV
arising from 14N(n; p)14C reaction. On the basis of calibration with an 241Am-Be
source, the number of tracks/cm2 (track density) is correlated to neutron dose equiv-
alent, taking into account the corresponding fluence-to-dose equivalent conversion
factor. The dose-equivalent range of the Kodak NTA film is between 200 μSv and
0.5 Sv, but it is dependent on neutron energy and the gamma-ray dose contribution.
The lower detection limit depends on the number of areas counted. For a dose equiva-
lent of 0.2 mSv, there would be 0.4 tracks per area of 11.4× 10–4 cm2 (magnification
600 times) resulting in a relative standard deviation of about 16% for the counting
of 100 areas.

Disadvantages of Kodak NTA film as neutron detector are as follows:

• the effective detector energy threshold of 0.7 MeV,
• background is normally high and hence signal-to-noise ratio is poor,
• the darkening of the emulsion due to gamma rays and
• the fading of the latent image as a function of temperature and humidity.
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Fig. 1 Normalized dose equivalent response of NTA emulsion as a function of neutron energy in
MeV (reproduced from [6] © 2022 The International Journal of Applied Radiation and Isotopes
with permission from Elsevier)

However, the positive aspect of this filmwas that it can be used for thermal neutron
detection/monitoring via the 14N(n,p)14C reaction due to the presence of nitrogen in
the emulsion. The thermal neutron response of the Kodak NTA film is 1.45 times
higher than that of 241Am-Be source neutrons [5].

3.2 Solid State Nuclear Track Detector

Solid State Nuclear Track Detection (SSNTD) is a technique of recording tracks of
ionizing particles in insulating solids and was discovered by Young in 1958 [9] and
popularized by Fleischer [10]. Since then, many insulatingmaterials have been tested
and CR-39 a special type of plastic was found to be most useful for nuclear track
detection. The chemical name for CR-39 is poly-allyl-diglycol carbonate (PADC)
with chemical formula C12H18O7. CR-39 stands for Columbia Resin (trade name).
It is an optically clear plastic and also finds great application as a major component
in copolymers used for lenses in spectacles. It is a track detector where tracks are
formed due to the interaction of charged particles like protons, alpha and heavy ions
with the polymer bonds of PADC. The energy deposited by protons creates damage



Monitoring of External Neutron Exposures 181

(breakage of bonds in the polymer) in this detector. These damages are enlarged and
appear as tracks if subjected to etching and are viewed through an optical imaging
system [11]. CR-39 gained widespread acceptance for personnel neutron monitoring
in 1980s after the studies ofTommasino et al.,Hankins et al., andGriffith et al. [12–14]
on CR-39 detectors. CR-39 detectors have neutron energy threshold at 100 keV with
relatively a flat energy response in the energy range 500 keV–10MeV. It is insensitive
to beta and gamma radiations. There is no post-irradiation fading of damaged tracks
due to environmental conditions. The neutron energy threshold 100 keV makes it
most suitable for neutron monitoring in reactor environments and fuel reprocessing
facilities. The properties of CR-39 mentioned above are exploited to assemble it,
as a neutron detector. Table 1 shows comparison between Kodak NTA and CR-39
SSNTD neutron dosimeters [7].

A crucial characteristic of CR-39 detectors is the background track density. This
background can be attributed to (i) alpha exposure from radon during the storage of
the detector (ii) cosmic radiations and (iii) surface defects and contaminants intro-
duced during the manufacturing process. There is a considerable increase in back-
ground of CR-39 with time (ageing) due to environmental conditions that prevail
during storage of these detectors from the time of manufacturing to the time of
processing of the detectors, if it is not properly stored. In order to reduce the back-
ground tracks due to environmental conditions, CR-39 detectors are stored in a
refrigerator and covered with thick black polythene at our laboratory.

Table 1 Comparison between Kodak NTA and CR-39 SSNTD neutron dosimeters

Dosimeter Kodak NTA CR-39 SSNTD

Threshold energy 500 keV 100 keV

Energy response Energy dependent Flat response

Post-irradiation fading Severe Very little fading

Response to beta and gamma Considerable None

Inherent background Not much Considerable

Minimum dose recorded 0.05 mSv 0.20 mSv

Despatch Tedious, double sealing in dry
nitrogen atmosphere

Brittle foil, simple sealing
Cutting needs skill

Processing Large scale (at a time max 200
films)

Small number (at a time max.
16 foils)

Evaluation Tedious (on a microscope) Easy (microfiche reader,
automation)

Magnification ×750 ×42

Shelf life 3–4 years 1–2 years

Availability Imported (Kodak) Imported (M/s Track Analysis
System Limited, UK)

(reproduced from [7] © 2023 with permission from Elsevier)
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Fig. 2 Track etch geometry for a normally incident particle

3.2.1 Mechanism of Track Formation

When fast neutrons impinge on the CR-39 detector, the neutron energy is transferred
which makes the chemical bonds loosen and become penetrable by any alkaline
solution. When these detectors are etched in alkaline solution like 7 N KOH, the
alkali penetrates faster at these damage sites than rest of the material. These damage
sites are known as tracks, the size of which depends upon the incident neutron energy,
i.e. smaller the energy smaller will be the diameter of the track or vice versa. For
track formation, VT /VB has to be always greater than 1. If VT /VB = 1 no damage
track is formed. Etching is a process by which tracks are magnified using alkaline
solution. A track is enlarged only if the rate of etching along the track VT exceeds
the rate at which the surface is etched VB(VT /VB > 1). The track formation model
has been explained by Tommasino et al. [15]. The track etching rate VT is assumed
to be constant and the surface etching rate VB is isotropic. The track diameter D and
the length of the track L depend essentially on the competitive effects of VT and VB.
Duration of etching is denoted by ‘t’. A schematic diagram of the track formation in
CR-39 detector with different track parameters is shown in Fig. 2.

3.2.2 Details of Neutron Badge Used in India

The SSNTD-based individual monitoring system was first started in 1991 for
DAE units. Kodak NTA films were gradually phased out. Since 1999, CR-39
detectors-based neutron dosimeter are used for country wide fast neutron moni-
toring programme [16]. The neutron badge used for individual neutron monitoring
comprises a CR-39 detector of dimensions 3 cm × 3 cm × 0.0750 cm, with a 1 mm
thick polyethylene radiator of similar dimension in the front, sealed together in an air-
tight triple laminated aluminized pouch [7]. The polyethylene radiator in the badge
provides enhanced sensitivity for track detection due to recoil protons produced by
the interaction of neutron with radiator. The aluminized pouch protects the detector
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from ambient conditions, makes the detector dust free during handling and prevents
entry of atmospheric radon/alpha particles which may produce tracks in the detector.
The sealed pouch is further loaded in a plastic holder having a clip for the wearer.
The frequency of monitoring service is quarterly for personnel working in neutron
fields.

3.2.3 Processing of CR-39 Detector

The neutron dosemeter systems used at different laboratories for neutron individual
monitoring employing SSNTD are diverse, with a wide variety of etching process,
read out systems and holder designs [17]. There are several etching techniques such
as chemical etching (CE), electro-chemical etching (ECE) and combination of these
techniques for the processing of the detector. These techniques can be used for
enhancing the damaged tracks and counted with appropriate imaging system. To
cover the wide dose range, two etching techniques are adopted: (i) ECE and (ii)
CE. ECE is a two step etching process for neutron dose equivalents up to 10 mSv,
whereas CE is a single step process to cover the neutron dose equivalents in the range
of 0.2–100 mSv.

3.2.4 Electro Chemical Etching (ECE) Technique

ECE method is developed by Tomasino [18] and Zapparoli [19]. Tracks of varying
depths are produced depending upon the recoil proton energy. Application of electric
field to chemical etching enlarges tracks even at small depths and makes it visible
for counting at low magnification.

The ECE process is carried in two steps as follows:

Step 1: Etching at low frequency of 100 Hz for 4 h at 1500 V peak to peak constant
potential. In this stage the damage tracks are marked.

Step 2: Etching at high frequency of 3.5 kHz at 1500 V for 40 min duration. In this
step, the electrical stresses enlarge the tracks marked during low frequency.
This initiates localized break downs at the track’s tip and the resulting tracks
look like trees and are large enough to be viewed easily with an imaging
system.

3.2.5 Chemical Etching (CE) Technique

In normal condition, in case, neutron dose is suspected to be in excess of 10 mSv,
ECE cannot be used due to higher track density which could not be counted by
image analyzer. In such situation, chemical etching (CE) method is used [20]. The
CR-39 detectors are subjected to chemical etching in 7 N KOH solution at 60 °C
for 7 h [21]. However, there are chemical etching based processing technique with
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appropriate microscope based imaging system, which can cover the dose range from
0.2 to 100 mSv or higher.

3.2.6 Track Counting

For electrochemically etched detectors, track counting is done on a PC-based auto-
matic image analysis system [22]. The details in system are given in literature [3].
The tracks etched by chemical etching method are counted using a high magnifica-
tion (20× magnification) optical microscope. With this magnification, the counting
field of area 0.005 cm2 of the detector can be covered. The diameters of the etched
tracks produced by recoiled proton are in the range of 3–10 μm. Tracks are counted
manually for 50 different fields around the centre of the detector. This process of
counting is followed for both un-irradiated and irradiated detector and used for the
assessment of track density [21]. For thermal neutrons monitoring, neutron detectors
such as CR-39, LR 115, CN 85 or CR-39 are used along with converter (on the front
side) containing compounds of boron and/or lithium.

3.3 Neutron Thermoluminescent Dosimeter

Albedo neutron dosimetry is based on the effect of moderation and backscattering
of neutrons by the human body. Moderation and backscattering of incident neutrons
by the human body moderates neutron fluence spectrum in the thermal and inter-
mediate energy range. These backscattered neutrons (albedo neutrons) are detected
by a dosimeter (usually a 6LiF based thermoluminescent chip), worn on body for
dosimetry of thermal neutron. The most commonly used individual neutron dosime-
ters for radiation protection purposes are thermoluminescent dosimeters [23, 24].
Lithium fluoride (6LiF:Mg,Ti) is used as detector material in albedo dosimeter. It is
almost a tissue-equivalent dosimeter.

Table 2 gives the details of TLDs used for as albedo neutron dosimeter [25]. In
order to detect thermal neutrons, a pair of 6LiF:Mg,Ti (TLD-600) and 7LiF:Mg,Ti
(TLD-700) are used in the dosimeter. The cumulative dose from TLD-700 is
subtracted from TLD-600 to get thermal neutron dose [26–28].

Table 2 Comparison of gamma ray and thermal neutron sensitivities of LiF TLD

TLD material % 6Li % 7Li Relative gamma
sensitivity

Thermal neutron response
relative to 60Co equivalent
Gy/1010 n cm−2

6LiF (TLD-600) 95.620 4.380 1.06 15.2
7LiF (TLD-700) 0.007 99.993 0.86 1.1 × 10–2

(reproduced from [25] © with permission from Elsevier)
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Factors Influencing the Response of TL Materials

• Neutron cross-section of TL materials
• Luminescence spectra of TL materials
• The effect of the heating cycle
• Supralinearity and sensitization
• Self-shielding
• Composition of the TL material
• Environmental effects.

The albedo dosimeter which relies upon neutrons reflected from the body of
the wearer was the first major development in neutron dosimetry after the nuclear
emulsion. The reflected or albedo neutrons have energies from thermal up to the
incident energy and by using a 1/v response of the detector and if shielded from the
direct radiation, it is possible to have a response which is approximately proportional
to the incident fluence. This means that the albedo dosimeter measures the dose
equivalent up to 10 keV and has a rapidly decreasing response beyond this. Cadmium
or boron absorbers are used to separate albedo neutrons from field neutrons as well
as to analyse the neutron stray-radiation field. An additional moderator incorporated
in the dosimeter increases the albedo detector response due to moderated incident
neutrons. Various albedo dosimeter types have been developed in the past in order
to improve the dosimetric properties; especially the energy response function and
energy response for some of them is shown in Fig. 3.

(i) The non-discriminating type detects equally the incident and the backscattered
neutrons with a single detector without the use of an asymmetrical neutron
shield on one part of the capsule;

(ii) The discriminating type detectsmainly backscattered neutrons by using a single
detector inside a neutron shield in front of the dosimeter which is open on the
side facing the body;

(iii) The discriminating analyser type detects incident as well as albedo neutrons
by using at least two detectors, one of which is positioned inside and the other
outside a neutron shield so as to obtain additional information on the incident
neutron field.

The cadmium shielded dosimeter developed by Hankins [30] uses a polyethylene
moderator which increases the epithermal neutron albedo response of 6LiF in the
centre. The dosimeter was designed to give a response to thermal neutrons equal
to the albedo response to fast neutrons of 1 MeV. The response to fast neutrons at
1 MeV is only about 1.5% of that at energies below 10 keV.

The albedo dosimeter developed by Hoy [31] makes use of a cadmium shield,
an incorporated moderator and two pairs of 6LiF and 7LiF TLDs. The contribution
of field thermal neutrons measured outside the cadmium shield will be subtracted
from the albedo reading of the detector facing the body. This dosimeter is fixed on
a belt. A two-component albedo dosimeter has recently been developed by Piesch
and Burgkhardt for commercial TLD systems with automatic readout [32] from
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Fig. 3 Energy dependence of various albedo dosimeters (reproduced from [29] © 2023 with
permission from Elsevier)

the manufacturer Alnor, Harshaw, Panasonic, Teledyne, Vinten. The boron-loaded
encapsulation of the albedo dosimeter makes use of detector pairs behind a ‘β-
window’ on the side facing the source to detect mainly thermal neutrons and behind
a collimated ‘albedo neutron window’ on the side facing the body to detect albedo
thermal neutrons. An additional advantage of the universal β/γ /n dosimeters is the
low effect of body-to-dosimeter distance [29]. The thermal response is equal to the
albedo response to neutrons of 100 keV and to that found in the stray-radiation field
of nuclear power plants.

In India, Bakshi et al. developed thermal neutron sensitive TLD-based on enriched
6LiF, CaSO4:Dy powder and Teflon (binder material) mixing in the weight ratio of
1:1:2 [33]. The response of this thermal neutron sensitive TLD with respect to TLD
600 and gamma sensitive TLD (CaSO4:Dy + Teflon disc) is given in Table 3 for
different neutron sources. It is 3 times less sensitive than TLD 600. Further details of
this neutron sensitive dosimeter are available in the literature [33]. Table 3 gives the
response of thermal neutron sensitive TLD for various ISO-recommended sources
developed Bakshi et al. [33].

The energy response of CaSO4:Dy based neutron sensitive disc irradiated onwater
slab phantom of size 30 × 30 × 15 cm3 along with TLD 600 is shown in Fig. 4.
It is seen that the energy response follows the same trend as that of TLD 600. This
neutron sensitive TLD can be used along with CR-39 based dosimeter to cover the
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Table 3 Relative response of CaSO4:Dy based neutron and gamma sensitive TLD discs, and TLD
600, exposed to gamma and neutron fields under different irradiation conditions

Radiation source Irradiation
condition

Response (mSv)

Gamma
sensitive disc

Neutron
sensitive disc

TLD-600

137Cs gamma In air 1.00 – –

Thermal neutron
(graphite-moderated
241Am Be))

In air 0.533 22.340 72.10

On phantom 1.000 84.320 231

On phantom with
1 mm Cd in front

5.210 13.200 39.62

241Am-Be (fast
neutron source)

In air 0.027 0.031 0.080

On phantom 0.031 0.085 0.253

Bare 252Cf In air 0.060 0.080 0.210

On phantom 0.065 0.240 0.760

D2O-moderated 252Cf In air 0.220 0.420 1.790

On phantom 0.250 2.130 7.870

The response is normalized to 137Cs exposure (reproduced from [33] © 2022 Radiation Protection
Dosimetry with permission from Oxford University Press)

entire energy range from thermal to 14 MeV in the countrywide neutron monitoring
programme.

3.4 Radiophotoluminescent Glass Detectors

Compared to other methods of radiation detection (emulsions, track detec-
tors, photo stimulable imaging plates, thermoluminescence, and others), radio-
phosphtoluminescent (RPL) detectors offer a unique combination of advantages
that include rapid exploitation, reusability, insensitivity to light, temperature and
humidity, and stability to fading [34, 35]. In phosphate glass dosimetry, three main
techniques are used to detect neutrons:

(i) The direct interaction of neutrons with glass compounds providing additional
RPL centreswhich aremeasured togetherwith the gamma ray dose component;

(ii) Because of the production of radioactive isotopes, the glass dosimeter may
serve as an activation detector for thermal and fast neutrons;

(iii) Glass dosimeters can be applied as neutron track-etch detectors by using
glass types with an additional content of fissile materials (U, Th, Np) or by
sandwiching them between converter foils [36].

In direct interactions, the neutron sensitivity of silver phosphate glasses is mainly
based on the production of RPL centres caused by the (n, α) reactions in lithium
and boron, and by lithium and oxygen recoil nuclei due to elastic scattering in the
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Fig. 4 Energy response of CaSO4:Dy-based thermal neutron TLD (blue) and TLD 600 (DARK
GREEN) (reproduced from [33] © 2023 Radiation Protection Dosimetry with permission from
Oxford University Press)

fast-neutron range. The neutron response of the phosphate glass routinely applied in
gamma ray dosimetry is presented in Fig. 5 as a function of neutron energy [37].

The data on experimental neutron sensitivity for different types of RPL at a fluence
of 1010 n-cm−2 in terms of a 60Co gamma-ray equivalent exposure are given in
literature [38].

The neutron response depends mainly on the isotopic content, the thickness, size
and encapsulation of the glass, and the irradiation conditions. A shielding of 1mmCd
or the boron plastic in perforated tin spheres gives an approximate dose-equivalent
reading of the FD-1 glass for both thermal neutrons and gamma rays.

In normal phosphate glass dosimeters (size 8 × 8 × 4.7 mm), the reactions 31P(n,
p)31Si (T 1/2 = 2.6 h) and 31P(n, γ )32P (T 1/2 = 14 days) are used by making measure-
ments at two times after irradiation to separate the activation from fast neutrons
and thermal and intermediate neutrons [39]. The neutron activation is preferably
measured in a liquid scintillation counter by means of the Cherenkov radiation
produced by theβ-particle interaction directly in the transparent glass. This technique
provides high efficiency (~ 50%), discrimination against both background radiation
and β-particles below 1 MeV and a dose range above 5 mGy for thermal and fast
neutrons.
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Fig. 5 Neutron energy dependence of phosphate glass dosimeters along with Boron, Cadmium and
Tin activation foils [37]

A special arsenic-phosphate glass makes use of the reaction 75As(n, γ )76As (T 1/2

= 26 h) resulting in a dose reading above 1 mGy for neutron spectra with effective
energies from about 0.1 to several MeV if the measurement is performed within
eight hours after high-level short exposures. The activation of silver in the glass as
well as of tin or cadmium in the dosimeter capsule can be used for the detection of
slow neutrons above 0.1 Gy. New types of RPL detectors have properties suitable for
measuring gamma-ray doses; they are superior to many other common detectors and
should not be overlooked as a component of a modern personnel dosimeter. Table 4
gives the details of the activation foils used in RPL for the measurement of neutron
dose of in wide range of neutron energies.

The RPL glass employed is a rigid detector consisting of a plate of silver-doped
phosphate glass (35 × 7 × 1.5 mm3) containing by weight: 48.33% O, 13.24% Na,
6.18% Al, 31.53% P and 0.72% Ag with a 2.6 g cm−3 density. During an irradiation,
luminescence centres in the glass are activated. Before reading a detector, the centres
must undergo a stabilizing heat treatment (‘preheating’) at 100 ºC for 1 h [34]. When
illuminated under the UV laser beam of the FGD-660 readout module, de-excitation
of the centres is accompanied by an orange luminescence with an intensity propor-
tional to the number of trapped which allows rereading a detector. Upon heating to
400 ºC for 1 h, residual signal in the detector is erased and can be reused.
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Table 4 Detection of neutrons by activation of phosphate glass dosimeters [39]

Nuclear reaction Isotope
fraction
(%)

Resonance energya Half-life Energy
(MeV)

Emission
per decay
(%)

31P(n, p)31Si 100 Threshold > 2.5 MeV 2.6 h β− 1.48 100
31P(n, γ )32P 100 Epithermal (similar to

Ag)
14.3 days β− 1.71 100

109Ag(n, γ )110mAg 48.65 5.2–200 eV 253 days γ 0.656 96

γ 0.884 72
112Sn(n, γ )113Sn 0.95 20 eV–1 keV 119 days γ 0.393 73
116Sn(n, γ )117mSn 14.24 14 days γ 0.162 91

γ 0.159 100
114Cd(n, γ )115Cd 28.86 0.5 eV and

(20 eV–1 keV)
53 days γ 0.335 100

γ 0.523 24.8
63Cu(n, γ )64Cub 69.09 580 eV 12.8 h γ 0.51 38
23Na(n, γ )24Na 100 2.850 and 30 keV 15.30 h β− 1.39 100
75As(n, γ )76As 100 47 eV–3 keV 26.5 h β− 3.0 100
107Ag(γ , n)106Ag 51.53 Threshold 10 MeV 26 min γ 0.51 126
107Ag(n, 2n)106Ag 51.53 26 min γ 0.19 100

a Neutron sensitivity in the range of epithermal neutrons in addition to the high sensitivity for
thermal neutrons < 0.5 eV
b Low content of Copper in Tin

3.4.1 RPL Dosimeter Configuration

Figure 6 shows the configurations adopted for the fast and thermal neutron dosimeters
in a mixed n-γ field. It consists of an assembly of RPL detectors (1.5 mm thick),
(CH2)n converter (1 mm thick in which proton equilibrium is reached for (n,p)
reactions with 241Am-Be neutrons, Cd converter (0.5 mm thick), Al screen (11 mm
thick) and 10B absorber (40 mm thick). The 10B absorber serves to eliminate the
thermal neutron component in order to avoid RPL glass activation. Fast neutrons are
detected by their (n, p) collisions in the hydrogen-rich converter. The RPL detector
downstream of the (CH2)n detects protons from the converter plus gamma rays of
mixed field. The RPL detector without converter registers the same gamma rays. Fast
neutron dose is taken to be the difference between the two RPL readings. Thermal
neutrons are detected by their (n, γ ) reactions in the Cd converter. The RPL preceded
by Cd detects gamma rays from the 113Cd(n, γ )114Cd reaction plus gamma rays of
the mixed field. The RPL detector preceded by Al and 10B registers only gamma
rays incident from the mixed field. The Al is used to stop the products from the
10B(n, α)7Li reaction. The dosimeter response to thermal neutrons is obtained by
subtraction of the responses of the two RPL detectors [40].
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Fig. 6 Structure of dosimeters incorporatingRPLdetectors formeasuring fast and thermal neutrons
in a mixed n-g field (reproduced from [40] © 2023 with permission from Elsevier)

3.5 Bubble Detectors

A new type of direct-reading neutron dosimeter has been developed at the Chalk
River Nuclear Laboratories [41]. This detector is prepared by suspending super-
heated droplets and can be triggered by neutrons giving rise to visible vapour bubbles
which are trapped at the sites of formation and then counted to give a measure of the
neutron dose [42].

The bubble detector consists of tiny superheated liquid droplets dispersed
throughout in a firm elastic polymer (polyacrlamide) [43]. The polymer is contained
in a small capped and sealed plastic (plastic detector) test tube. A low boiling point
liquid floating above the polymer exerts adequate pressure on it so as to keep it
in a radiation insensitive state. The detector is sensitized by removing the cap and
discarding the liquid. Upon neutron irradiation visible bubbles are formed in the
detector, the number of bubbles being a measure of the neutron dose equivalent.
This dosimeter has built-in compensation for temperature effects on the superheated
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Fig. 7 BD-PNDnormalized response per unit fluence (closed diamonds) and response per unit dose
equivalent (closed circles). Conversion from fluence to dose equivalent based on NCRP Report No.
38 [44]

droplets. This bubble detector responds to fast neutron in the energy region from
100 keV to 15 MeV. Response depends strongly on the degree of superheat. Figure 7
shows the energy response of bubble detector in terms of neutron fluence and dose
equivalent [44].

3.5.1 Features of Bubble Detectors

• Direct reading neutron dosimeter which is energy dependent.
• Prepared by suspending super-heated liquid of a mixture of Freon and iso-butane

in an elastic polymer gel of glycerol and polyacrylamide.
• Linear dose equivalent response.
• Droplets are triggered by neutrons induced protons giving rise to vapour bubbles

which are trapped at the site of formation.
• The bubbles can be counted by naked eye or by capturing the image in a monitor.
• The sensitivity is greater than 10 bubbles per μSv.
• Compact, reusable, zero background and requires no power supply.
• Consists ofminute droplets of a superheated liquid dispersed throughout an elastic

polymer.
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Neutrons strike droplets producing secondary charged particles. Charged particles
cause droplets to vapourize, producing bubbles. Bubbles remain fixed in a polymer.
Bubbles can be counted by eye or in automatic reader. Dose is proportional to the
number of bubbles.

In India, Vaijapurkar and Ponraju developed superheated drop detector/bubble
detectors for neutron detection [45, 46]. Ponraju et al. [46] used an aqueous solution of
acrylamide (12%), polyacrylamide gel (27%) and glycerol (38%) for bubble detector.
After degassing, the solution was maintained at 273 K. This solution was used as
host medium for the homogenous mixture. Fifty ml of the host medium was taken
in a stainless steel pressure chamber and the homogenous mixture was injected into
it at 273 K. The homogenous mixture was dispersed uniformly as fine droplets in
the host medium using mechanical stirring for about 20 min. Then the emulsion was
poured into a glass vial (100 ml capacity) and irradiated in a gamma chamber for a
total dose of 200 Gy to increase the viscosity of the host medium. After completion
of the in situ polymerization, the vial was placed in a stainless steel pressure chamber
and pressurized to 10 atmosphere using argon gas.

Vaijapurkar [45] made a host medium, i.e. the polymer matrix, consisting of
polyacrylamide with salt additives. An uniform solution is made by constant stirring.
Themixture is then subjected to heat cycles until the desired degree of polymerization
is achieved. The polymer is then allowed to cool to room temperature. The lowboiling
point liquid, i.e. CCI2F2, is then dispersed uniformly in the matrix. This process is
carried out in a pressure chamber so as to preserve the superheated state of the low
boiling point liquid. It is then transferred to suitable glass vials of 15ml capacity. The
vials are stored for 24 h at 10 °C before further use. Vaijapurkar [45] employed an
acoustic technique to ensure accurate measurement of the number of bubbles formed
due to neutron interaction. The glass vials used had aflat basewhich offeredmore area
of contact between the vial and the acoustic transducer. An acoustic coupling liquid
was introduced between the base of the vial and the acoustic transducer to ensure
proper acoustic coupling. The ultrasonic transducer having a resonant frequency of
200 kHz was used along with the necessary signal conditioning network and counter.

Table 5 presents variation of sensitivity of bubble detectors with temperature at
a given exposure of 10 μSv. It is evident from Table 5 that the sensitivity of the
detector exhibits a temperature coefficient of 0.87%/oC. The sensitivity sharply rises
at about 35 °C. This may be attributed to a part of the superheated droplets becoming
quasi-stable at this temperature. The variation in sensitivity for the temperature range
10 to 35 °C is about 20%. Statistical variation in readings is also of the same order
but the trend of rise in sensitivity is very evident. The detector stored at temperatures
between 5 and 25 °C retained the uniform suspension of droplets and sensitivity of
15 ± 2 bubbles/10 μSv up to an observed time of one week. The sensitivity of the
detector in each vial was measured at different intervals by exposing the sensor to a
neutron dose of 10 μSv.

Ponraju et al. [46] also developed an ultrasonic bubble counting method for
measuring the neutron dose. The attenuation of ultrasound has good correlation
with the bubble population when the sound wave passes through the bubbles. Hence
by measuring ultrasonic attenuation, it is possible to measure the neutron dose. The
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Table 5 Sensitivity of bubble
detector at different
temperature developed by
Vaijapurkar et al. [45]
(reproduced from [45] ©
2023 with permission from
Elsevier)

S. No. Temperature °C Sensitivity bubbles/10 μSv

1 10 15.00 ± 2.35

2 15 16.00 ± 2.35

3 21 16.67 ± 0.71

4 22 17.00 ± 0.25

5 25 16.60 ± 1.55

6 30 18.00 ± 1.32

7 33 18.50 ± 1.42

8 35 26.00 ± 4.36

accuracy of bubble counting and the neutron dose measurements in this method is
within acceptable limit (10%). It is observed that ultrasonic attenuation increases
linearly with number of bubbles and hence the measured ultrasonic attenuation can
be directly correlated with the neutron dose.

3.6 Fluorescence Nuclear Track Detector (FNTD)

Novel Al2O3:C,Mg fluorescent nuclear track detectors (FNTDs), recently devel-
oped by Landauer, Inc. [47, 48] have demonstrated a promising performance for
dosimetry of neutrons, protons and other heavy charged particles. FNTD technology
is based on a single crystal of aluminium oxide doped with carbon and magne-
sium (Al2O3:C,Mg), and has aggregate oxygen vacancy defects. Major advantages
of Al2O3:C,Mg FNTD over conventionally processed CR-39 SSNTD include supe-
rior spatial imaging resolution, a wider range of LET sensitivity, no need for post-
irradiation chemical processing of the detector, and the capability to anneal and reuse
the detector. FNTDs show a low-LET threshold at 0.4 keV/μm, do not saturate at
LET in water as high as 1800 keV/μm, and are capable of counting track density
with irradiation to fluences in excess of 106 cm−2 without saturation. It is noted
that the dynamic range of measured dose and LETs of SSNTD can be extended by
using other readout technique like optical densitometry and atomic forcemicroscopy.
Aluminium-oxide single crystals doped with carbon and magnesium (Al2O3:C,Mg)
exhibit a high concentration of complex F22+ (2 Mg) colour centres that undergo
radiochromatic transformation into F2+(2Mg) centres when exposed to ionizing radi-
ation. The number of centres transformed depends on the local energy deposition and
the centres available. The F2+ (2 Mg) centres show high quantum-yield intra-centre
fluorescence at 750 nm when excited around 620 nm with a short life-time of 75 ±
5 ns. This allows the detector to be imaged with confocal laser scanning microscopy
to assess 3D energy deposition patterns with μm-resolution and reconstruction of
single ion tracks and their energy loss [49, 50].
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Fig. 8 (A) FNTDs and the PE converter cases with 6LiF and PTFE chips. FNTDs were cut in the
form of 6 × 4 × 0.5 mm3 rectangular plates with the long side aligned along the optical c-axis of
the crystal. One side of the FNTD was polished, (B) fluorescent image with recoil proton tracks.
FNTD was irradiated with 241Am-Be neutrons behind a polyethylene converter (reproduced from
[49] © 2023 with permission from Elsevier)

Track detectors, including FNTDs, have traditionally measured neutron dose by
relating track density of nuclear reaction products to the incident neutron fluence.
For thermal neutron detection, converters containing isotopes such as 6Li or 10B with
a high capture cross-section are widely used. For fast neutron detection, hydrogen,
having the same mass as neutron, is the best convertor atom for the efficient energy
transfer. For practical neutron dosimetry, an FNTD crystal is covered by 6LiF and/or
polyethylene (PE) converters (Fig. 8a). The reaction products such as alpha particles,
tritium ions or recoil protons produce ionization of Al2O3:C,Mg within the track
volume and are imaged in fluorescent contrast as bright features on a dark background
(Fig. 8b). At low doses, and in the absence of high photon dose, track recognition
and track counting produces the best result and high sensitivity for neutron dose
measurements [47, 49, 51–53].

The non-destructive readout of the FNTD is performedusing a confocal laser scan-
ning fluorescent microscopy technique. Scanning of the three-dimensional spatial
distribution of fluorescence intensity along the track of a heavy charged particle
(HCP) permits reconstruction of particle trajectories through the crystal. During
readout, FNTDs are first scanned in Z direction with the laser beam perpendicular to
the detector surface to determine the surface position with an accuracy of 0.1 mm.
After the axial surface position is found, the detectors are scanned in a plane parallel
to their surface at a depth of 3.5 mm below the surface of the crystal. Single images
have dimensions of 100 × 100 μm2 and the number of acquired images depends
on the measured dose and is adaptively varied between 25 and 100 for each of the
converter areas. Determining the dose of neutrons in counting mode is relatively
simple. The readout system acquires a predetermined number of images, image
processing recognizes and counts fluorescent tracks and rejects any artefacts related
to crystal defects and surface contaminations. The neutron dose is proportional to the
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density of tracks per unit area, and the calibration coefficient in tracks/(mm2-mSv) is
determined during calibration of the dosimetry system using standard neutron fields.
It has dose linearity from 0.1 to 500 mSv.

3.7 Advantages of FNTD Over SSNTD

FNTD imaging plates are reusable after thermal annealing or optical bleaching. The
FNTD readout process is completely optical and non-destructive with no chemical
etching or other detector preparation. Software has been developed and implemented
for fast automatic scanning, image processing and track counting. Separation of fast
and moderated neutron doses as well as neutrons and photons has been achieved
through the use of three different converters and novel image processing techniques.

FNTD technology allows for fast and inexpensive assessment of average neutron
energies in facilities by using depth profile or the ratio of track densities behind two
converters. Neutron detection efficiency of FNTDs is comparable with CR-39. At
the same time, FNTDs are sensitive to high energy neutrons (20–100 MeV) where
CR-39 detectors lose their response because of low sensitivity to high energy recoil
protons with LET less than 5 keV/μm. The lower limit of detection in track counting
mode for fast neutrons was estimated at around 0.2 mSv and the saturation of the
dose dependence in Power Spectrum Integral mode was not observed up to 200 Sv.
For gamma photons, the lower limit of detection is currently at 5 mGy with good
potential for improvement.

3.8 Diode Based Electronic Neutron Pocket Dosimeter

Real-time personal neutron dosimeters are required for occupational radiation protec-
tion at nuclear power stations, nuclear fuel reprocessing facilities, high energy accel-
erators and neutron handling laboratories [54]. Work in controlled areas at elevated
dose rate levels shows the necessity of carrying out real-time measurements to warn
people when a certain level of personal dose equivalent is exceeded. Electronic
devices are able to fulfil this requirement. Personal dosimeters using active electronic
detectors such as silicon diodes or other semiconductors have also been available for
quite some time, but in the past, they were most often used as entry-control dosime-
ters that would provide an alarm when a pre-set level of dose equivalent or dose
equivalent rate was encountered. With the development of improved, multi-detector,
electronic personal dosimeters (EPD), it became possible to consider using these
devices as workplace dosimeters that would function in the same way as passive
dosimeters. The versatility and additional features available in EPDs make them
good candidates for serving as routine workplace monitoring. In radiation areas,
where there is potential radiation exposure from neutron, it is required to use addi-
tional active dosimeter (pocket dosimeter) along with passive dosimeter to know the
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neutron dose equivalent instantly for better dose management. Pocket dosemeters
consist of highly sensitive and small-sized neutron detector using a low-cost silicon
PIN photodiode and polyethylene convertor as a neutron converter [55].

PIN silicon diodes are used to detect visible light but they can also be used to detect
charged and uncharged radiation when reversed bias is applied. These generally have
low cost, very good quantum efficiency and energy resolution. They can work with a
few volts bias voltage and have a dead entrance layer of several tens of nanometres.
The thin depletion layer (200–500 nm) gives them a low sensitivity for gamma
rays but it is thick enough for full collection of the electron–hole pairs generated
by charged particles. The pocket dosimeters can be shielded with a metallic box
connected to the ground of the associated electronics to shield from electromagnetic
radiation [56].

These devices have combination of converters such as 6Li/10B and polyethylene
radiators over semiconductor diodes to make them sensitive to neutrons of energy
thermal to 15 MeV. Incident neutrons interact with the converter or detector nuclei
and produce charged particles that can deposit energy in the semiconductor and
produce signal. Active detectors based on silicon PIN diodes have been developed
for individual radiation protection purposes in mixed neutron and photon fields. The
measured pulse height distributions reflect the energy depositions in the active part
of the detector. Such neutron sensitive instruments contain two detectors to correct
for the sensitivity to photons or for the lack of sensitivity for neutron energies under
500 keV. Broadly it can be said that two methods are applied. In the first one [57], a
silicon diode covered with a boron-loaded polyethylene converter measures neutrons
and photons, whereas the second silicon diode is bare and measures only photons.
Neutron information is derived from the difference between the two diode signals.
This method needs two identical silicon diodes which are not easily available. This
dosemeter has a low sensitivity for low-energy neutrons and a high sensitivity for
photons. The lower energy threshold of such dosemeters for fast neutrons in realistic
conditions is estimated to be about 500 keV [57]. To overcome its response for
thermal and low-energy neutron, the detector consists of a 10B silicon junction with
polyethylene converter andmoderator while the other silicon diode is meant to detect
fast neutrons and is covered only by a polyethylene radiator. An electronic threshold
on the pulse height suppresses the photon pulses. There are two features inherent
to this second method: a dip in sensitivity at neutron energies around 1 MeV and
an increase for low-energy neutrons around a few keV [58]. This example shows
the interdependence of microelectronics and dosimetric investigations. However, the
cost of commercial dosemeters is an important parameter for routine implementation.



198 A. K. Bakshi et al.

4 Calibration of Neutron Dosimeters

4.1 International Recommendation

ISO 8529-1:2021 [59] specifies the reference neutron radiations, in the energy range
from thermal up to 20 MeV, for calibrating neutron-measuring devices used for
radiation protection purposes and for determining their response as a function of
neutron energy. Reference radiations are recommended for neutron fluence rates of
up to 1 × 109 m–2 s–1, corresponding to dose-equivalent rates of up to 100 mSv h–1

for neutron energy of 1 MeV.
The shape of the source should be spherical or cylindrical and, in the later case, it

is preferable that the diameter and length are approximately the same. The thickness
of the encapsulation should be uniform and small compared to the external diameter.
The 241Am-Be(α,n) sourcemaybewrapped in a 1-mm-thick lead shield. This reduces
the photon dose-equivalent rate to less than 5% of the neutron dose-equivalent rate.
The lead shield produces a negligible change (less than 1%) in the neutron dose-
equivalent rate. In the absence of the lead shield, the photon dose-equivalent rate
(mainly from gamma rays having an energy of 59.5 keV) will depend upon the
source construction, and may be comparable with the neutron dose-equivalent rate.

Preferably 241Am-Be(α, n) and/or 252Cf spontaneous fission sources should be
used for routine calibration (see ISO 8529-3, 1998) [60]. 252Cf sources generally
have high specific source strength and are therefore small. Because of their half-
life of 2.65 years, they need occasional replacement. The 241Am-Be-based neutron
source shall consist of an americium alloy or a homogeneous, compressed mixture
of americium oxide and beryllium or boron as appropriate. Americium alloys may
also be used.

4.2 Performance Tests

ISO 21909-I:2021 [61] provides the guidelines on the performance of the passive
neutron dosimetry systems. This document provides performance and test require-
ments for determining the acceptability of neutron dosimetry systems to be used
for the measurement of personal dose equivalent, Hp(10), for neutrons (thermal to
20 MeV).

For the performance test of the dosimetry system, it recommends to use the refer-
ence radiation fields defined in ISO 8529-1: 2021 [59]. The tests shall be performed
for the following neutron energies:

(a) thermal beam as described in ISO 8529-1:2021 [59];
(b) mono-energetic beams at 144; 250; 565 keV; 1.2; 14.8; 19 MeV described in

ISO 8529-1:2021 [59];
(c) The moderated 252Cf neutron source described in ISO 8529-1:2021;
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(d) 241Am-Be or 252Cf neutron sources.

During the tests, dosimetry systems shall be irradiated on the ISO water slab
phantom and under the conditions described in ISO 8529-3:1998 [60] and in ISO
29661:2012 [62].

The performance tests to be conducted for the dosimetry system are (i) coefficient
of variation, (ii) linearity of dose, (iii) energydependence and (iv) angular dependence
of the response for the standard ISO-recommendedneutron sources such as 241Am-Be
or 252Cf, mono-energetic fields at different energies. One well-characterized neutron
field (e.g. 241Am-Be or 252Cf) is sufficient to assess changes to the characteristics of
a dosimetry system due to internal or external conditions such as fading, influence
of photons, etc. Details of the test parameters for Coefficient of variation, linearity,
energy and angular response of the dosimeter system are given in ISO 29661:2012
[62].

5 Criticality Accident Dosimetry

5.1 Requirement of Criticality Accident Dosimeter

Criticality accident dosimetry is required [63] in environments where there is a risk
that persons may be exposed to a high dose of ionizing radiation from a critical
assembly. The lower incidence of criticality accidents has resulted in a reduction of
expertise in the area of Criticality Accident Dosimetry (CAD) over the past decades.
New technologies and methodologies, and renewed regulatory interest in the area
of criticality accidents, have highlighted a need to modernize CAD systems and
the techniques used in dose assessment [64]. The incidents at Sarov in 1997 [65]
and Tokaimura in 1999 [66] demonstrate that a fatal accident can occur even in a
mature nuclear infrastructure with well-defined safety parameters [67]. This part of
the chapter discusses the lessons learned from the history of criticality accidents and
the philosophy and development of criticality accident dosimetry in different nations
including India.

5.2 Criticality Accidents and Critical Systems

Criticality accidents are characterized by a very short, very intense pulse of radiation.
The normal range for the yield from a criticality accident is between 1015 and 1020

fissions, with 1017 fissions as a nominal mean value. The initial pulse is generally
over within a second, and cannot be anticipated. There are four types of criticality
accidents based on four different critical assemblies. They are as follows: Type-A:
Material test critical assemblies in air, Type-B: Water solutions of 235U and 239Pu,
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Type-C: Water moderated critical test assemblies and reactors, Type-D: Miscella-
neous assemblies. Depending on the situation, there is a potential for significant
localized contamination, and some possibility of environmental releases of radioac-
tive materials. For personnel in the vicinity of criticality accident, there is no way
to avoid the initial exposure from the neutron and gamma. The time duration of
radiation from criticality may vary from less than 50 μs to many minutes. The pulse
triggers Criticality Accident Area Monitors, which alarm [67] and initiate an imme-
diate evacuation of a facility [68]. The rapid evacuation of personnel reduces the
risk of over exposure to ionizing radiation; however, the initial pulse alone generally
involves ~ 1015–1016 fissions. The ionizing radiation field generated by the assembly
in this initial pulse is capable of delivering an absorbed dose in body tissue of tens of
Gy before the radiation workers are able to reach a safe distance. An exposed indi-
vidual will receive dose from neutrons of all energies, from thermal to over 10 MeV
and gamma rays up to 7 MeV. Absorbed dose ranges from 100 mGy to 100 Gy and
dose rates up to 105 Gy/s. A 93.2% enriched sphere of uranium metal can yield a
dose of about 24 Gy at 1 m. History has shown that any radiation worker within the
immediate vicinity of a criticality accident is likely to be severely over exposed, and
fatalities arising from these incidents are not uncommon.

5.3 Criticality Accidents in the World

Table 6 gives the details of criticality accidents occurred worldwide with serious
exposure to individuals. In terms of dose received by individual and fatality, acci-
dent at Rhode Islands, USA (1964), Mayak, Russia (1958), Kurchatov, Russia and
Tokaimura Japan considered to be the most serious accidents.

5.4 The Criticality Accident Dosimetry System

The criticality accident dosimetry system is based on the use of activation foils for
neutron fluence measurements coupled with a standard TLD for γ -ray dose deter-
mination. Sulphur, gold, copper and indium are used to measure the neutron field
through multiple capture and scattering processes. The activation products resulting
from these reactions are β and/or γ emitters, with half-lives sufficiently long to
enable measurement of their activities following the post-incident recovery of the
dosemeters. Sulphur and indium have threshold reactions because under certain ener-
gies the cross-section for the reaction with neutrons is negligible. Analysis of these
materials allows determination of the fast component of the neutron field. Bare
and cadmium covered gold and copper foils are used to estimate the thermal and
epithermal components of the neutron field. The activation of indium is analysed
using high-resolution γ spectrometry. In contrast, the β emission from the sulphur
is counted using plastic scintillator-based beta detectors in large lead shields. The
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Table 6 Details of criticality accidents occurred worldwide [69]

Accident Date No of
persons
injured

Estimated average whole body dose
to victims

Fatalities

Los Alamos,
New Mexico,
U.S.A.

August
1945

1 2 Gy neutron and 0.1 Gy gamma 1 (day 24)

Los Alamos,
New Mexico,
U.S.A.

May 1946 8 21, 3.6, 2.5, 1.6, 1.1, 0.65, 0.47,
0.37 Sv

1 (day 9)

Argonne,
Illinois, U.S.A.

June 1952 3 1.59, 1.26, 0.61 Gy 0

Mayak, Russia March 1953 2 10, 1 Gy 0

Mayak, Russia April 1957 6 30 Gy and five workers with 3 + Gy 1 (day 12)

Mayak, Russia January
1958

4 60 Gy for three workers and 6 Gy
for fourth

3 (days 5–6)

Oak Ridge,
Tennessee,
U.S.A.

June 1958 7 3.65, 3.39, 3.27, 2.70, 2.36, 0.69,
0.69 Gy

0

Vinca,
Yugoslavia

October
1958

6 4.36, 4.26, 4.19, 4.14, 3.23, 2.07 Gy 1 (day 32)

Los Alamos,
New Mexico,
U.S.A.

December
1958

3 45, 1.35, 0.5 Gy 1 (35 h)

Idaho, U.S.A October
1959

2 0.5, 0.3 Sv 0

Siberia, Russia July 1961 1 2 Gy 0

Hanford,
Washington,
U.S.A.

April 1962 2 1.1, 0.43 Sv 0

Sarov, Russia March 1963 2 5.5, 3.7 Gy 0

Rhode Island,
U.S.A.

July 1964 3 100, 1, 0.6 Gy 1 (49 h)

Mol, Belgium December
1965

1 5 Gy 0

Chelyabinsk April 1968 2 5–10, 20–60 Gy 2

Mayak, Russia December
1968

2 24.5, 7 Gy 1 (about day
30)

Kurchatov,
Moscow, Russia

February
1971

2 0

Kurchatov,
Moscow, Russia

May 1971 4 60, 20, 9, 9 Gy 2 (24 h and
2 weeks)

Siberia, Russia December
1978

1 2.5 Gy and seven other workers with
0.05–0.5 Gy

0

(continued)
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Table 6 (continued)

Accident Date No of
persons
injured

Estimated average whole body dose
to victims

Fatalities

Constituyentes,
Argentina

September
1983

3 23 Gy gamma and 17 Gy neutron
and two others with 0.2 Gy gamma
and 0.15 Gy neutron

1 (48 h)

Sarov, Russia June 1997 1 45 Gy neutron and 3.5 Gy gamma 1 (66 h)

Tokaimura,
Japan

September
1999

3 17, 8, 1–2 Gy 2 (day 83
and 211)

dose from photons is measured with a standard TLD and reader, which is capable
of responding linearly to dose up to 10 Gy and supra-linear corrections can be made
beyond this dose. These systems are well maintained and calibrated for use in any
unusual criticality event. The dosimetry systems use analytical techniques to derive
the neutron fluence based on the integral cross sections of reactions in different
materials. The results from all components of the criticality dosimetry system are
analysed to determine the dose to individuals based on the derived radiation quality.
These criticality accident dosimetry techniques, which differ markedly from those
used in the routine radiological protection, are as follows:

(i) Quick sorting of exposed people is required through the measurement of
induced activities of Indium foil included in dosemeter or sodium activation
in the body.

(ii) Maximum absorbed doses of neutron and gamma in the body have to be eval-
uated. For neutrons the dose is due to heavy charged particles, protons from
l4N(n, p)l4C reaction and gamma rays from lH(n, γ )2D reaction.

(iii) The orientation of the irradiated person with respect to the direction of the
source is needed.

(iv) The doses to be measured may vary within a large range from some mGy up
to l0 Gy and even more.

(v) The dosimetry system used must be capable of giving separately the neutron
and the gamma components of the dose with an uncertainty of < 50% within
48 h and 25% 4 days later.

(vi) Knowledge of the neutron spectrum may be of great help for accurate dose
assessment.

(vii) The estimation of the dose has to be achieved even if no personal dosemeter
is worn.

In addition, the assessment of the gammadosemaybe complicated by the response
of gamma dosemeters to neutrons. There are various other methods used for acci-
dental dosimetry. One such neutron dosemeter is a silicon diode, the forward voltage
of which is increased if exposed to neutrons due to the displacement of silicon atoms
from their lattice sites, which increases electrical resistance across the diode and
this device is easily and rapidly processed on a PIN diode reader manufactured for
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Table 7 Characteristics of activation foils used in the criticality accident dosimeter

Activation foils Nuclear reaction Half-life Neutron energy interval

Gold 197Au (n, γ )198 Au 2.7 days Thermal neutrons (< 0.4 eV)

Copper 63Cu (n, γ )64Cu 12.7 h

Indium 115In(n, γ )116In 54 min

Gold (Cd) 197Au (n, γ )198 Au 2.7 days Intermediate neutrons (0.4 eV – 100 keV)

Copper (Cd) 63Cu (n, γ )64Cu 12.7 h

Indium (Cd) 115In(n, γ )116In 54 min

Indium 115In(n, n′)115mIn 4.5 h Fast neutrons > 1.2 MeV

Iron 54Fe(n, p)54Mn 312.13 days Fast neutrons > 2.2 MeV

Sulphur 32S(n, p)32P 14.3 days Fast neutrons > 2.9 MeV

Nickel 58Ni(n, p)58mCo 71 days Fast neutrons > 3.8 MeV

Magnesium 24 Mg(n, p)24Na 15 h Fast neutrons > 7 MeV

Aluminium 27Al(n, α)24Na 15 h Fast neutrons > 8 MeV

Copper 63Cu(n, 2n)62Cu 9.78 min Fast neutrons > 12 MeV

the assessment of the fast neutron dose. However there are no suppliers for new
diodes since the commercial requirement has become too limited to support a manu-
facturing line. The results from a criticality dosemeter can also be compared with
biological assessments of dose, such as body sodium activation, activation of body
hair and clothing. In the absence dosemeter on the body of radiation worker, the body
sodium activation through 23Na(n,γ )24Na reactionmay give a rough estimation of the
dose received by individuals even if the relationship between the measured specific
activity of 24Na and the neutron dose vary with the shape of the neutron spectrum.
The commonly used activation foils in a criticality accident dosimeter, their decay
mode, half-life and type of radiation emitted are given in Table 7.

5.5 Criticality Accident Dosimetry Systems Used in Various
Countries

Table 8 gives the details of the activation foils used in criticality accident dosimetry
system used in several countries including India. The criticality accident dosimeter
of Pacific North West National Laboratory, PNAD, is shown in Fig. 9 and associated
components are given in Table 9 [70].
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Table 8 Details of activation foils used in criticality accident dosimeter in different countries
including India

Country Activation foils in criticality accident dosimeter

U.K. Au, Au(Cd), Cu, Cu(Cd), In, S, TLD(CaSO4:Dy)
(gamma)

Canada In, S, Rh and fission track detectors

Germany Cu, Sn, Rh, Al, S, and Au

Yugoslavia In, In(Cd), Cu, S and Mg

Japan In, S, Al, Mg and Fe

Japan Atomic Energy Research Institute
(JAERI)

Thorium doped fission-track detector (neutron),
glass dosimeter (gamma)

Poland Threshold detectors, film badge (gamma)

European Nuclear Energy Agency (ENEA) Au, Au(cd), Cu(cd), S, In

Pacific Northwest National Laboratory,
USA

In(cd), In, Cu, Cu(cd), S

India Au, Au(cd), Cu(cd), In, In (Cd), Rh, S, Ni, Mg, Al,
TLD 600 and TLD 700

Fig. 9 Photograph of Hanford PNAD criticality dosimeter with different components [70]

Table 9 Materials and approximate dimension of PNAD components [70]

Position in PNAD Description Diameter (cm) Thickness (cm)

1 Indium (Cd covered) 1.27 0.0127

2 Sulphur pellet 1.27 0.292

3 Indium (bare) 1.14 0.0127

4 Copper (Cd covered) 1.27 0.0127

5 TLD 700 chip 0.32 × 0.32 0.089
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5.6 The Criticality Accident Dosimeter (CAD) Badge in India

A criticality accident dosimetry (CAD) badge designed and developed by Bhabha
Atomic Research Centre (BARC) consists of activation foils such as gold, copper,
indium, iron, sulphur, nickel, magnesium and aluminium for neutron dose estimation
and 7LiF:Mg:Ti (TLD-700), 6LiF:Mg:Ti (TLD-600) discs for gamma-neutron dose
measurements [71]. Bare and Cd covered gold, copper and indium foils are used
for thermal, epithermal and intermediate energy neutrons [72]. Indium is used as
exposure indicator and along with iron, sulphur, nickel, magnesium and aluminium
are used for fast neutron spectrum and dosemeasurements. The foils are permanently
sealed in a plastic badge holder of dimensions 8 cm x 5 cm× 0.8 cm. Each dosimeter
badge has an identification number printed on it. The CAD badge is being used at
various nuclear facilities of DAE and an annual service for the badges has been
provided for replacement with fresh badges for neutron-gamma dose evaluation.

5.7 Details of the Processing of CAD Badge

During the unusual event of a criticality accident involving fissile materials such as
92U235, 94Pu239, the foil detectors in theCADbadge, viz.: 197Au, 63Cu, 115In, 54Fe, 32S,
58Ni, 24 Mg, 27Alwill get activatedbyfissionneutrons andundergo thevarious nuclear
reactions:197Au(n, γ )198Au, 63Cu(n, γ )64Cu, 63Cu(n, 2n)62Cu, 115In(n, γ )116mIn,
115In(n, n′)115mIn, 103Rh(n, n′γ )103mRh, 54Fe(n, p)54Mn, 32S(n, p)32P, 58Ni(n, p)58mCo,
24 Mg(n, p)24Na and 27Al(n, α)24Na. All the product nuclides are radioactive and emit
beta-gamma radiations with their characteristic half-lives. The activities of 198Au,
64Cu, 62Cu, 116mIn, 115mIn, and 54Mn are measured using HPGe gamma ray spec-
trometer. The 198Au activity is measured by counting 0.412 MeV gamma rays. The
64Cu activity is measured by counting 0.511MeV annihilation radiations. Activity of
116mIn produced due to thermal neutron is measured by counting 0.417 MeV gamma
ray and fast neutron induced activity of 115mIn is measured by counting 0.336 MeV
gamma rays. The 54Mn activity is measured by counting 0.835 MeV gamma rays.
For gamma activity measurement, the area under the photo-peak of the respective
gamma lines (after subtraction of the background) gives the net counts per second
(CPS). Activity is calculated using the corresponding efficiency of the detector with
respect to the photo-peak energy. The 32P beta activity induced in sulphur is counted
using a beta counting systemwith plastic scintillator as a beta detector. Gamma spec-
trometer is calibrated using standard beta-gamma sources such as 137Cs, 60Co, 152Eu,
22Na, 133Ba, whereas beta counting system is calibrated with a 32P beta source.

After irradiating theCADbadges in the neutron field, the foil detectors are counted
in the counting set up. The measured count rate is related to the neutron fluence by
the equation
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Ai = Niε1ε2ε3

[
(1 − e−λt )e−λT fs fd

∫
σi (E)φ(E)dE

]
(2)

whereAi is the count rate of ith detector in the counting set up,Ni is the number of the
atoms, ε1 is the isotopic abundance, ε2 is the abundance of the radiation counted, ε3 is
the efficiency, f s is the self-shielding factor for the foil, f d is the flux depression factor
of the foil for that medium, σ i (E) is the activation cross section at the energy E, φ(E)
is the neutron fluence rate of energy E, t is the irradiation time, T is the decay time.
The data obtained from the activation detectors are interpreted in terms of a spectral
model which assumes thermal neutrons up to 0.4 eV, a slowing down spectrum in the
intermediate range from 0.4 eV to 1 MeV and a Maxwellian fission spectrum from
100 keV to 10 MeV. The neutron dose can be derived using appropriate fluence to
dose conversion factors.

6 Conclusion

Neutronmonitoring of radiation workers is an integral part of the radiation protection
programme. Working principles of some active detectors such as neutron electronic
pocket dosimeters, bubble detectors are discussed in the chapter. Further, passive
dosimeters such as CR-39 based SSNTD, TLD 600/TLD 700 pair and FNTD are also
discussed. Neutron personal dosimeter used in India, it’s processing technique and
dose evaluation procedures are elaborated in the chapter. The calibration procedures
of the detectors as per the guidelines of international standards has been discussed
briefly. In the later part of the chapter, working principle of criticality dosimeters used
in fuel reprocessing facilities during commissioning of the nuclear reactor accelerator
in different countries including that used in India is discussed.
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Radiation Environment in Nuclear Fuel
Cycle Facilities

V Ramprasath, K Kannan, J P N Pandey, and G Ganesh

1 Introduction

The demand for energy worldwide is rising swiftly, prompting many countries to
consider nuclear energy as a viable alternative to meet this demand sustainably.
There’s also a pressing global imperative to adopt non-fossil fuel sources to curb
carbon dioxide emissions. As a way to resolve these demands, generating electricity
via nuclear reactors offers a sustainable, environmentally friendly energy solution.
However, the long-term operation of nuclear reactors presents two fuel cycle choices:
either a one-time use cycle with spent fuel disposal or a closed cycle involving
reprocessing and recycling of fissile materials. Both options necessitate effective
and secure waste management strategies.

Nuclear fuel cycle facilities discussed in this chapter are as follows: uranium
mining, uranium based fuel fabrication, spent fuel reprocessing, fabrication of mixed
oxide (MOX) fuel (using plutonium and uranium) and management of liquid and
solid wastes arising from reprocessing and fuel fabrication operations. Nuclear Fuel
Cycle facilities have several engineering safety features such as shielding, ventila-
tion, containment and remote operation. These features aim at reducing exposure
to plant personnel and keeping the release of radioactive materials to environment
below the limits stipulated by the regulatory authorities. Radiological surveillance
and monitoring in nuclear facilities are carried out by professionally trained opera-
tional health physicists to ensure radiation protection forworkers and the environment
from potential radiation hazards and to comply with regulatory safety aspects and
limits. All nuclear facilities are designed and operated to ensure minimal exposure
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Fig. 1 Block diagram of closed nuclear fuel cycle

to workers, the environment, and the public, both in routine operations and in the
event of accidents.

2 Nuclear Fuel Cycle

The nuclear fuel cycle is a process involving various steps to produce nuclear
materials for useful extraction of electricity from uranium and other fissile mate-
rials in nuclear reactors. It also involves management of wastes generated during
process operations in the facilities. Nuclear fuel cycle involves uranium mining and
milling operations, nuclear fuel fabrication, spent fuel reprocessing and nuclearwaste
management. The fuel cycle startswithmining of uraniumand endswith the disposal/
management of nuclear waste. Figure 1 depicts the various activities covered in
Nuclear Fuel Cycle.

3 Uranium Mining and Milling

Uranium mining involves three main processes: extracting ore, milling it to extract
uranium, and managing resulting uranium compounds and tailings. The mechanized
cut-and-fill method is now widely used for efficient ore recovery, with automated
loading and transportation to eliminate direct handling. Mining operations are fully
automated using large trackless equipment like drill jumbos and scissor lifts, which
eliminates the direct ore handling. Uranium is typically extracted through hydromet-
allurgical route by acid leaching or alkali leaching, depending on the ore charac-
teristics, followed by crushing and wet grinding. The ground ore is then thickened
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and leached in controlled conditions before undergoing filtration and ion exchange
to absorb uranyl ions in the ion exchange resin. Further treatment with magnesia
yields Magnesium di-uranate (MDU) or yellow Cake. The coarse fraction is sent
to the mine for backfilling and the fine portion is neutralised to precipitate the
dissolved activities and is then discharged into a tailings pond. The bulk of solids
are retained in the tailings pond. Almost the entire mass of ore mined comes out as
waste after recovery of the small amounts of uranium. The Yellow Cake is dried and
packed for processing into nuclear-grade uranium fuel. This comprehensive process
ensures efficient extraction and processing while minimizing human involvement in
ore handling.

3.1 Radiation Hazards During Uranium Mining and Milling
Operations

Uranium-238 (238U) occurs in ores (typically as Pitchblende). Natural uranium is
made up of 99.28% of 238U, 0.7% of 235U and 0.005% of 234U. Contribution from
the members of the 235U decay chain to radiation hazards is usually negligible in
low grade uranium mines. The beta and gamma radiations emitted by the daughter
elements of 238U present in the ore constitute the external radiation hazards.

As the miners work in tunnel-like structures, they are always surrounded by the
ore body and are thus continuously exposed to external radiation. In this situation, the
exposure is truly whole body irradiation. The internal radiation hazard to miners is
mainly due to inhalation of airborne radioactivity. Due to radiological decay chain of
uranium, the concentration of radon (222Rn) in the air of the mines will be relatively
high. 222Rn and its short-lived daughters 218Po, 214Pb, 214Bi, 214Po, 210Pb are the
principle sources of internal exposure. Being a noble gas, radon is highly mobile. It
enters the mine atmosphere by emanation from the ore body. The radon exhalation
rate in underground uranium mines is influenced by various factors such as ore
grade, porosity, surface area, barometric pressure, and temperature. The groundwater
flowing through mineralized rock strata and seeping into the mine galleries is yet
another source of radon. Owing to its comparatively short half-life, radon builds up
rapidly in poorly ventilated working areas in mines. Even in ventilated areas, radon
is often found in appreciable concentrations.

The daughter products of 222Rn cling to the dust produced during mining tasks
like drilling, blasting, and hauling, exposing workers to potentially radioactive parti-
cles they may inhale and deposit in their respiratory systems. Due to the substan-
tial volume (of the order of tons) of ore processed to obtain uranium, the mining
process yields significant amounts of tailings and chemicalwastes containingnitrates,
sulfates, nickel, and arsenic. These wastes not only retain traces of uranium but also
harbor its radioactive derivatives, notably 226Ra, posing a major concern. Uranium
ore typically contains various radioisotopes from its decay series, which can become
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significant throughout mining operations. Miners are equipped with passive dosime-
ters to monitor individual exposure to alpha and gamma radiation, alongside modern
protective gear like respirators, ear-muffs, gumboots, safety helmets, and safety
goggles tomitigate risks. Engineering controls are implemented to reduce noise levels
from heavy machinery underground, with regular monitoring of noise, air quality,
radiation levels, and surface contamination conducted using advanced instruments
to ensure compliance with conventional and radiological safety standards. Ventila-
tion systems in underground uranium mines are specially designed to address radon
emissions, providing ample fresh air intake. As mines deepen, maintaining strata
stability becomes a critical concern, leading to the implementation of safety param-
eters in mine design. Excavated ore voids are systematically filled with mill tailings
to manage the mine’s structural integrity. During refining and conversion, it’s crucial
to control dust and ensure good ventilation to reduce the risk of inhaling uranium.
Controlling contamination is also essential to prevent uranium intake through inges-
tion, as it can harm the kidneys. Additionally, efforts should be made to limit the
release of uranium into the environment from ventilation systems.

To mitigate radon levels in mines, several measures can be implemented:

(a) Reduction of dust concentrations in the air, such as through the use of water
sprays.

(b) Installation of efficient, high-capacity ventilation systems to effectively purge
radon.

(c) Closure and blocking off of side tunnels that are no longer in use.
(d) Application of materials on walls and surfaces within the mines to decrease

radon diffusion.

Furthermore, tailings resulting fromore processing are typically contained in engi-
neered ponds to prevent the dispersion of radium and other isotopes into groundwater,
lakes, streams, and rivers. The yellowcake, while having low radioactivity initially as
it no longer contains radioactive decay products, may see an increase in radioactivity
due to the growth of 234Th and 234Pa daughters, with half-lives of 24 days and 1.1
minute respectively. This may lead to some external exposure in later processing due
to associated beta and gamma radiations.

4 Uranium Based Fuel Fabrication

In uranium fuel fabrication facility, the raw Magnesium di Uranate (MDU) obtained
from mining and milling is dissolved in nitric acid, which is further purified by
solvent extraction method. When Uranyl nitrate solution is treated with mixture
of kerosene (n-Dodecane) and TBP (Tri Butyl Phosphate), uranium gets loaded into
organicmedium. It is then stripped and transferred to aqueous phase. Purifieduranium
solution is treated with ammonia to get Ammonium di-Uranate (ADU). ADU is then
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calcined (i.e., heated) and reduced in cracked ammonia atmosphere. It is further
stabilized in controlled conditions to produce stable UO2 powder. UO2 powder is
pre-compacted in roll compaction press. The pre-compacted powder is mixed with
zinc stearate as a lubricating medium and then compacted into green pellets. These
green pellets are sintered in cracked ammonia atmosphere in sintering furnace. After
the centerless grinding of sintered pellets to get uniform diameter, they are filled in
zircoloy (Zirconium alloy) tubes which form the fuel for the nuclear reactor.

4.1 Radiation Environment in Uranium Fuel Fabrication
Facility

In uranium handling facilities, uranium and its immediate daughter products are
the main sources of radiation exposures. Naturally occurring uranium consists of a
mixture of 238U, 235U and 234U isotopes with an isotopic abundance of 99.285%,
0.72% and 0.005% respectively. All these uranium isotopes are long-lived alpha
emitters with alpha energy ranges from 4.15 to 4.8 MeV. Beta and gamma activities
due to build-up of the daughter products 234Th, 234Pa, and 231Th are also invariably
present along with uranium isotopes. List of uranium series isotopes and their imme-
diate daughter products with their alpha, beta, and gamma emission details are given
in Table 1 [1].

4.2 Radiological Hazards in Uranium Handling

The potential hazards met during production of U02 are as follows: (i) chemical and
radiotoxicity of uranium, (ii) criticality hazards from enriched uranium, (iii) chem-
ical toxicity of various chemicals used in the process. 238U being an alpha emitter,
freshly prepared uranium will not cause any external radiation hazard. Though the
criticality hazard is lowat the enrichments used for thermal power reactor fuels, safety
considerations look for built-in control based on safe geometry and inventory. As the
uranium is getting aged, build-up of beta-gamma emitting daughter products is the
source of external exposure. There exists a secular equilibrium between the parent
uranium and daughters and hence the beta activity will be either equal to or less than
alpha activity. But in some special operational situations, external exposure will be
significant due to the selective accumulation of these beta gamma emitting daughters.
However, this excess activity will be decayed with the half-life of the longest-lived
daughter. Uranium isotopes are more hazardous once they are deposited internally
as they emit alpha particles. The control of in-plant hazards arising out of inhalation/
ingestion is the chief consideration for the adoption of safety measures it the design
of fuel fabrication facility.
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Table 1 Radioactive properties of uranium series isotopes

Isotope Half-life Alpha energy (MeV) Beta (maximum
energy) (MeV)

Gamma energy
(keV)

238U
238U 4.47 × 109 years 4.15 (22.3%)

4.20 (77.5%)
49.55 (0.0697%)
113.5 (0.0174%)

234Th 24.10 days 0.08 (1.6%)
0.10 (6.5%)
0.11 (14.1%)
0.20 (77.8%)

63.30 (3.8%)
92.38 (2.18%)
92.80 (2.15%)

234mPa 1.159 minutes 1.22 (1.0%)
2.27 (97.6%)

258.23 (0.074%)
742.81 (0.094%)
766.36 (0.323%)
1001.03
(0.847%)

234U 2.455 × 105 years 4.72 (28.4%)
4.78 (71.4%)

235U
235U 7.04 × 108 years 4.21 (5.95%)

4.32 (3.3%)
4.37 (18.8%)
4.40 (57.2%)
4.41 (3.0%)
4.50 (1.3%)
4.56 (3.8%)
4.60 (4.74%)

109.2 (1.66%)
143.77 (10.94%)
163.36 (5.08%)
185.72 (57.0%)
202.12 (1.08%)
205.32 (5.02%)

231Th 25.52 hours 0.14 (2.7%)
0.21 (12.2%)
0.289 (13%)
0.290 (41%)
0.31 (29%)

25.6 (13.9%)
84.2 (6.7%)

231Pa 3.27 × 104 years 4.74 (8.4%)
4.94 (2.9%)
4.95 (22.5%)
5.01 (25.3%)
5.031 (20%)
5.034 (2.8%)
5.06 (11.7%)

27.4 (10.8%)
283.69 (1.7%)
300.06 (2.4%)
302.67 (2.3%)
330.04 (1.4%)

232U
232U 70.6 years 5.14 (0.325%)

5.26 (30.6%)
5.32 (69.1%)

228Th 1.9 years 5.34 (26.0%)
5.42 (73.4%)

84.4 (1.19%)

224Ra 3.6 days 5.45 (5.25%)
5.69 (94.7%)

240.99 (4.1%)

220Rn 55.8 sec 6.29 (99.9%)

(continued)
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Table 1 (continued)

Isotope Half-life Alpha energy (MeV) Beta (maximum
energy) (MeV)

Gamma energy
(keV)

216Po 148 msec 6.79 (100%)
212Pb 10.64 hours 0.16 (5.0%)

0.33 (81.7%)
0.57 (13.3%)

238.63 (43.6%)
300.09 (3.18%)

212Bi 60.54 minutes 6.05 (25.1%)
6.09 (9.7%)

0.63 (1.9%)
0.74 (1.4%)
1.52 (4.5%)
2.25 (55.3%)

39.86 (1.1%)
727.33 (6.65%)
785.37 (1.11%)
1620.74 (1.51%)

208Tl 3.058 minutes 1.04 (3.2%)
1.29 (24.1%)
1.52 (22.1%)
1.80 (49.2%)

277.37 (6.6%)
510.7 (22.5%)
583.19 (85.0%)
763.45 (1.8%)
860.53 (12.4%)
2614.51 (99.8%)

208Pb Stable

4.2.1 External Exposure Hazards

As freshly separated uranium does not contain daughter products and since uranium
is an alpha emitter, freshly prepared uranium will not cause any external radiation
hazard. However, beta and gamma activity builds up with time due to 234Th (T 1/2

24.1 days) and 234 Pa (T 1/2 1.18 min) from 238U and 231Th (T 1/2 25.1 hours) from
235U. As the daughter products build up, external radiation hazard increases with
time till equilibrium is established. 238U daughter products, 234Th and 234mPa having
beta energy 0.2 MeV and 2.29 MeV respectively, contribute to beta dose of workers
handling uranium compounds in open form. 1.001 MeV gamma from 234mPa is a
significant contributor to external gamma dose. Interaction of alpha particles from
uranium with nuclei of low-Z atoms generates neutrons. The magnitude of neutron
flux depends on the activity of uranium which is a function of enrichment. Sponta-
neous fission of 238U, (α, n) reaction between alpha particle from uranium isotopes
and 19F nuclei are the sources of neutron exposure.

Uranium recovered from spent fuel (Depleted Uranium-DU) requires additional
considerations. The utilization of uranium fuel in reactors results in the formation
of fission products, isotopes of transuranic elements neptunium and plutonium, and
artificial isotopes of uranium 232U, 233U, and 236U. The main contributor to the
external dose from DU is 208Tl (daughter product of 232U) which emits 2.61 MeV
gamma ray. Bremsstrahlung radiation produced by deceleration of beta particles in
surrounding uranium material and container walls can also contribute to external
exposure.
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4.2.2 Internal Exposure Hazards

Chemical toxicity as well as radiological toxicity of uranium is considered
while establishing control limits. Based on enrichment, mode of entry, solubility/
transportability of the material, it can be determined whether the chemical or
radiological hazard is controlling.

American Conference of Governmental Industrial Hygienists (ACGIH) has
recommended TLV-TWA (Threshold Limit Value-Time Weighted Average) value
of 0.2 mg/m3 and TLV-STEL (Short-Term Exposure Limit) value of 0.6 mg/m3

[2]. OSHA (Occupational Safety and Health Administration, Department of Labour,
USA) has set Permissible Exposure Limit (PEL) 8-h TWA concentration of 0.05 mg/
m3 [3] for soluble compounds of inhaled uranium and 0.25 mg/m3 for insoluble
compounds of inhaled uranium. Chronic exposure occupational limit (TWA) given
by National Institute for Occupational Safety and Health (NIOSH) for insoluble
uranium compounds is 0.2 mg/m3 and for soluble compounds it is 0.05 mg/m3 [4].
NIOSH has also recommended Immediately Dangerous to Life or Health (IDLH)
value of 10 mg/m3 for uranium compounds.

Different chemical forms of uranium present in the workplace play a key role
in appraising the internal radiation hazard. Solubility class of uranium compounds
encountered in fuel fabrication facilities and respective Derived Air Concentration
(DAC) values (for 5 μm size aerosols) based on revised committed effective coeffi-
cients by ICRP publication 137 [5] are given in Table 2. Materials have been clas-
sified into F, M, S types based on the absorption rates of the materials from lung
into the body fluids. For all isotopic compositions of uranium compounds of Type S
(insoluble) and intermediate Type M/S, radiological toxicity is more than chemical
toxicity and the DAC is fixed based on radiological toxicity. Type F (soluble), Type
M (moderately soluble) and intermediate Type F/M compounds are chemically toxic
and hence the occupational intakes are limited by chemical toxicity considerations.

Table 2 Classification of uranium compounds as per ICRP Report 137

Chemical compound Absorption
type

bDAC
(Bq/m3)

U3O8, UO2 M/S 1.6

Unspecified form, UF4, vaporized uranium metal, uranyl
acetylacetonate, depleted uranium, uranium ore dust, irradiated fuel
fragments

M a5.0

UO2(NO3)2, ADU, UO3, uranium peroxide hydrate F/M

Uranyl tributyl phosphate, UF6, UO2F2 F

a Based on chemical toxicity limit of 0.2 mg/m3

b DAC is calculated from the composite ALI values for Natural Uranium
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In operations involving handling of uranium compounds in powder form in open
system, main hazard is due to inhalation of uranium bearing compounds suspended
in air. Particle size of the airborne uranium decides the deposition of the inhaled
particles in different regions of lung. The ICRP Publication 137 (2017) provides the
necessary data of effective dose coefficients (Sv/Bq intake) for all the absorption
types and for particle sizes of 5μm and for 1 μmAMAD for most common uranium
isotopes. Once the intake (Bq) is assessed by workplace monitoring or bioassay,
the internal dose assessment for the occupational worker can be made for intake of
uranium through inhalation and ingestion routes. Typically, for inhalation of F type
of 238U isotope (Ex. UF6) of 5 μm particle size, the effective dose coefficient works
out to be 2.2 × 10–7 Sv/Bq, while for intermediate Type M/S compound of 238U
isotope (Ex. UO2), the value is 4.8 × 10–6 Sv/Bq.

In wet (uranium handled in solution) section of fuel fabrication process, ventila-
tion is maintained at about ten air changes per hour. Filtered and washed air supply
is provided to all sections in dry area to give about fifteen air changes per hour. In
order to contain the release of uranium, all the equipments which generate uranium
dust are enclosed and kept at negative pressure with respect to surroundings by
local exhausts. When uranium compounds are handled in powder form, potential for
surface and personnel contamination exists. Eating with contaminated hands may
lead to ingestion of radioactive material. Body movements may dust off contamina-
tion on personnel causing airborne activity which can enter body through inhalation.
Surface contamination can also become airborne through re-suspension of uranium
compounds as a result of air movements potentially resulting in internal exposure.
Exposure to uranium dust is prevented using appropriate PPE (Personal Protective
Equipment) such as dust respirators.

5 Reprocessing of Spent Fuel

In a reprocessing plant using PUREX (Pu, U recovery by extraction) process, spent
fuel is chopped and dissolved in nitric acid, plutonium and uranium are separated
from fission products, purified and converted to respective oxide forms. Depleted
Uranium (about 98%) is stored for recycling in fast breeder reactor. 239Pu (about
0.4%) is formed when neutrons are absorbed in atoms of non-fissionable uranium
(238U) in reactor. This is very valuable and is used as fuel for fast reactors. Mixed
long-lived radioactive fission products (about 1%) are stored in stainless steel tanks
in liquid form before vitrified.

All the operations in reprocessing facilities are carried out remotely in process
cells and hot cells having concrete shielding of about one to two meter thickness.
Reprocessing of spent fuel poses challenge in radiation protection due to handling of
plutonium, uranium and fission products in various forms in large quantities during
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various stages of operations. Important process steps in reprocessing are as given
below.

(a) Head-end treatment involving mechanical de-cladding followed by dissolution
of fuel in nitric acid, feed clarification and adjustment of chemical conditions
of the solution for solvent extraction

(b) Co-decontamination involving extraction of uranium and plutonium in 30%
TBP(n-dodecane) leaving bulk of the fission products in aqueous phase which
goes as high active waste

(c) Washing/scrubbing of organic stream with nitric acid to backwash fission
products co-extracted with uranium and plutonium

(d) Partitioning of uranium and plutonium by selective reduction of Pu(IV) in the
organic phase to Pu(III) which goes to the aqueous phase, and back extraction
of U(VI) with 0.01 M dilute nitric acid

(e) Further purification of uranium and plutonium streams to obtain uranium and
plutonium of desired purity

(f) Waste management.

5.1 Radiological Hazards and Radiation Environment
in Reprocessing

5.1.1 Safety in Fuel Storage

In the fuel storage ponds where fuels are stored for reprocessing, several meters of
water are used for shielding and for heat removal purposes. The heat removal and
water clean-up system consists of circulating pond water through heat exchangers,
filter, and ion exchange beds. This will help (i) in ensuring very minimum activity in
pool water (ii) in preventing the contamination of the area and (iii) in preventing air
borne radioactivity due to re-suspension of contamination. It is advantageous to clean
the bottom of the fuel pool occasionally and thus keep the accumulated amounts of
powdered fuel sludge low.

5.1.2 Containment and Confinement

As the radioactive material is in a highly dispersible solution form and operations
like boiling, transferring and agitating liquids are the part and parcel of the process, it
is necessary to achieve high degree of containment to ensure safety for personnel and
environment. All the equipments are fabricated out of corrosion resistance stainless
steel with tungsten inert gas welding technique to provide long life and to guard
against weld failures.
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The reprocessing process flow sheet involving dissolution, liquid transfers, chem-
ical separation, processing, and storage has high potential for leakage and spilling.
Such leakages and spillages can result in high levels of contamination, and result in
external and internal to the occupational workers. All chemical operations are done
in adequately shielded process cells remotely. The process ventilation system treats
the radiolnuclides generated by the processes and equipment such as off-gas from
process tanks, storage tanks, fume hoods, glove boxes, and process cells.

The standard scheme of dividing the plant into the well-known radiation zones
for confinement of contamination and control of air borne radioactivity by isolating
the sources in glove boxes, vessels, etc., coupled with a well-balanced ventilation
system form part and parcel of reprocessing facilities.

5.1.3 Safety in Evaporation

A number of evaporators are used in reprocessing facilities to achieve desired feed
concentration or to reduce waste volumes in order to economize on precious tankage.
The evaporators have heating/cooling jackets. The following important safety issues
are related with these evaporators:

a. Failures of coils due to variety of reasons leading to contamination of inactive
steam, steam condensates, or process cooling water.

b. Small amounts of organic may escape into the aqueous streams and may undergo
nitration leading to explosive reaction under some conditions of temperature
and pressure. TBP/HNO3/Uranyl nitrate solution forms a mixture called red oil
which reacts violently above 135 °C. Hence, low pressure steam below 2 kg/cm2

is normally used for evaporation purpose to ensure that the solution tempera-
ture is always below 135 °C. Control on supply steam pressure and suitable cut
off interlocks on temperature and pressure settings ensure safety against these
incidents.

c. Destruction of acid, called acid killing, using formaldehyde (HCHO) is regularly
carried out inwaste evaporators. This reaction ofHCHO-HNO3 is exothermic and
produces large amount of non-condensable. The reaction is slow at temperatures
below 90 °C and can lead to accumulation of un-reacted HCHO. On initiation
of the reaction, the un-reacted HCHO could lead to release of large quantity
of heat and non-condensables, resulting in system pressurization and possible
blow-back of activity to the working areas. To ensure that acid killing operation
using formaldehyde (HCHO) is carried out smoothly without loss of negative
pressure in the system, suitable interlocks are provided i) for closure of LP steam
supply with negative pressure observation in evaporator, ii) for formaldehyde
pump cut off when the temperature of the evaporator falls below 95 °C and/or the
negative pressure in the corresponding evaporator falls below prescribed limit
for the process.
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5.1.4 Sources of Potential Exposures

Some of the typical incidents with potential for contamination, external and internal
exposures in reprocessing facilities are leakages from the pumps used for transfer-
ring radioactive liquids, over-flow from the receiving tanks, blow-back due to vacuum
created in the steam transfer lines due to condensation, pipelines leakage at joints
due to corrosion, pressurization of process vessels leading air activity release through
process instrumentation probe lines, etc. In the reprocessing facility, the main radi-
ological risk is criticality accident resulting in loss of confinement/containment and
which can also result in huge radiation exposures of personnel. Criticality safety
is ensured through use of geometrically safe equipments for handling solutions
containing plutonium, control on total mass in glove boxes/fume hoods, control on
concentration of fissile material. Administrative control on the process parameters is
also exercised to avoid accumulation of plutonium in equipments/tanks/pipes/glove
boxes [6].

It’s important to highlight that, compared to nuclear power reactors, reprocessing
facilities are generally safer due to several factors. These include lower poten-
tial energy for spreading radioactive materials, the absence of volatile or gaseous
fission products like 131I and short-lived fission gases, and longer time constants for
energy transients. Reprocessing plants also operate at lower process temperatures
and process pressures, often under negative pressure. However, they handle highly
reactive and corrosive solutions with high specific activity, posing unique contain-
ment challenges as compared to nuclear reactors. Despite this, they adhere to the
principles of defense in depth and multiple barriers for safety.

5.2 Radiological Hazards in Reprocessing Facilities

There are various radiological hazards associated with handling of plutonium in
back-end nuclear fuel cycle facilities and also in plutonium based fuel fabrication.
Plutonium obtained from spent fuel reprocessing operations contains isotopes of
238Pu, 239Pu, 240Pu, 241Pu, 242Pu, and also 241Am which is formed from the decay of
241Pu. 239Pu is the major component (≈70 to 90 wt. %) with the half-life of 2.41 ×
104 years. It emits alpha particles of energy 5.15 MeV. 239Pu is highly radiotoxic due
to its emission of high LET radiation, high specific activity, and high biological half-
life. 238Pu with the half-life of 87.7 years emits alpha particles of energy 5.499 MeV.

Principal hazards in handling plutonium are contamination, radiation dose, fire,
and criticality accidents. Isotopes of internal hazard concern in a reprocessing plant
are 239Pu, 241Am, and 238U. Since the Annual Limit of Intake (ALI) of PuNO3 (Type
M compound) is just 625 Bq (for 5 μm particle size with DCF of 3.2 × 10–5 Sv/Bq)
and has high effective half-life, it is considered to be the most hazardous nuclide in
reprocessing plants. About 10–70% of deposited Type M compound of plutonium
(PuNO3) in lung compartments is absorbed in body fluids with clearance half-life
of 140 days whereas 1–10% of deposited Type S compound of plutonium (PuO2) is
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absorbed in body fluids with a lung clearance half-life of 6000–7000 days. Hence,
Annual Limit on Intake is more restrictive for Type M compounds of plutonium than
for Type S compounds.

Inhalation of significant quantities of plutonium can occur inadvertently in a
matter of moments usually due to a breach of containment or loss of ventilation
control resulting in transient but high airborne concentrations of plutonium.However,
measurement of air borne activity due to 239Pu is a difficult task using conventional
continuous air monitors because of interference from radon-thoron daughter product
concentration (alpha energy > 6MeV) and low DAC value. Typical radon and thoron
background alpha activity in ventilated room is a few Bq/m3, but the DAC of 239Pu
oxide is about 1 Bq/m3 only. In order to overcome this difficulty, detection of 239Pu
air activity is carried out using a solid-state semiconductor Passivated Ion Implanted
Silicon detector (PIPS) detector connected to a charge sensitive pre-amplifier and a
multi-channel analyzer.

Any chelating agent, for decorporation of plutonium from the body fluids, should
form amore stable chelate whichwould not hydrolyze under physiological pH condi-
tions. For soluble plutonium compounds such as PuNO3, the chelating agent Ca-
DTPA (trisodium calcium diethylene triamine pentaacetate, also known as Pentetate
calcium trisodium) enhances excretion. Ca-DTPA should be administered as early as
possible before plutonium gets metabolized in the body fluid. Administration of Ca-
DTPA (to dogs) one hour after exposure and continued up to 64 days has shown that
the initial pulmonary plutonium burden came down by 85% at the end of 64 days.
Chelation therapy is not amenable for the removal of highly insoluble plutonium
compounds such as PuO2.

Fission products are major components in the contribution of external exposure in
reprocessing facilities. 137Cs and 90Sr with the half-lives of 30.2 years and 28.8 years
respectively are major contributors to external exposure in back-end fuel cycle facil-
ities. 137Cs with the gamma emission of 661.6 keV contributes to external exposure
while beta emitters 90Sr (T 1/2 = 28 years, 0.546 MeV) in secular equilibrium with
90Y (T 1/2 = 64 h, 2.28 MeV) contribute to skin dose and dose to extremities. 106Ru
with the half-life of 367 days (512 keV gamma) is also considered significant due to
its high volatility which may result in high gamma dose rates in pipes, equipment,
etc. Spontaneous fission of plutonium isotopes (primarily from 240Pu to 242Pu) and
(α, n) reaction with impurities are sources of very small neutron exposures to the lab
personnel involved in plutonium reconversion operations.

241Pu decays with beta emission to 241Am (T 1/2 = 433 years) which contributes
significantly to external exposure because of its gamma emission of 60 keV.
Also,239Pu emits gamma rays of energies 207, 380, and 420 keV in addition to 17–
20.5 keV X-rays which contribute significantly to external exposures while handling
large quantity of plutonium. Significant growth of 241Am will increase gamma dose
in plutonium products stored for longer period. 237Np formed by decay of 241Am (and
also by beta decay of 237U) is also an alpha emitterwith a half-life of 2.14× 106 years.
In purified form, it requires conventional alpha containment. However, some gamma
shielding will be required when handling kilogram quantities on account of the pres-
ence of 233Pa (T 1/2 = 27 days) which is the daughter product of 237Np. At secular
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equilibrium, 0.7 mCi of 233Pa is present in a gram of 237Np. One half of the equi-
librium quantity is present in twenty seven days after separation of 237Np. The main
penetrating radiation from 233Pa is 0.31MeV gamma rayswith an abundance of 44%.
While the growth of 233Pa is not significant in the short time it takes for the material
to be processed in the laboratory, the growth of 233Pa during long-term storage of
plutonium will pose external radiation exposure potential.

The possibility of a fire or explosion is a serious threat because the consequences
of a fire could lead to loss of containment and subsequent dispersal of highly mobile
plutonium particulates. Fire fighting with water tomaintain containment could create
the potential for a criticality accident and/or loss of containment in the immediate
vicinity.

Primary approach to safe handling of plutonium involves planning, engineered
controls, such as the use of glove boxes, remote handling systems, geometrically
safe containers, HEPA filtration, and dynamic ventilation systems. Further safety
considerations include administrative controls such as mass/concentration limits to
avoid criticality, training, standard operating procedures, personnel and area radiation
monitoring and emergency response system.

5.3 Monitoring of Gaseous Effluents

The containment of vapors in vessels/tanks is achieved by keeping them under nega-
tive pressure with the help of blowers and exhaust fans. The aerosol clean-up systems
like condensers, scrubbers, cyclone/mist separators form part of the off-gas cleaning
equipment. The off-gases from vessels, hot cells, and glove boxes are filtered through
special filters before being sent to the main HEPA filter banks where they mix with
plant ventilation air. Gaseous effluents generated are discharged into the environment
through a tall stack after monitoring activities of gross alpha, gross beta, tritium,
carbon-14, 129I, and gaseous isotope 85Kr.

Krypton-85 (85Kr) is one of the fission products formed during fission and is
chemically an inert radioactive gas with a half-life of 10.7 years. It decays to 85Rb
emitting a beta of maximum energy 0.687 MeV (Emax). It also emits a gamma of
energy 0.514MeVwith an abundance of 0.4%. It has a fission yield of 0.3%.Krypton-
85 is produced in small quantities by the interaction of cosmic rays with stable
krypton-84 in the atmosphere. Natural sources maintain an equilibrium inventory
of about 0.09 PBq in the atmosphere. The long half-life of the gas allows the gas
to mix thoroughly in the atmosphere. As a noble gas, krypton does not generally
participate in any biological processes. After being taken into the body, a very small
amount can be dissolved in the bloodstream and distributed to organs and tissues
throughout the body. Nevertheless, the tissue of most concern from exposure to a
cloud of krypton-85 gas is generally the skin, with most of the dose resulting from
the beta particles associated with its radioactive decay.

Tritium, a radioactive isotope of hydrogen, has a half-life of 12.3 years. It decays
into 3He by emitting low-energy beta radiation, with an average energy of 5.7 keV
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and a maximum energy of 18.6 keV. 14C, a radioactive isotope of carbon, has a
half-life of 5730 years and decays into 14N by emitting low-energy beta radiation,
with an average energy of 49.5 keV and a maximum energy of 156 keV. These
isotopes occur naturally in the atmosphere due to interactions with cosmic rays and
are also produced in nuclear reactors. Tritium is primarily generated in nuclear fuel
through ternary fission, occurring approximately once for every 10,000 fissions. 14C
is produced during reactor operations as a neutron activation product from carbon,
nitrogen, and oxygen present in the fuel (14N(n, p)14C; 17O(n, α)14C). Despite their
long half-lives and widespread distribution, they poseminimal external radiation risk
and are mainly of interest for internal dose assessment due to their role in biological
metabolism.

129I, with a half-life of 17 million years, is a byproduct of nuclear fission, orig-
inating from the decay of 129Te. It undergoes beta decay to 129Xe, emitting a beta
particle with a maximum energy of 154 keV. Additionally, it emits gamma radiation
with an energy of 39.6 keV (abundance of 0.7%), alongwith internal conversion elec-
trons and X-rays with various energies (29.46, 29.78, 33.52, 33.56, and 34.4 keV).
A small amount of 129I is naturally produced in the upper atmosphere through inter-
actions with xenon. However, the discharge of 129I from nuclear industry opera-
tions is concerning due to its long half-life and its potential to enter the food chain,
concentrating in the human thyroid. While most fission products remain within fuel
cladding, fuel reprocessing plants are the main source of emissions of 85Kr and 129I
in the nuclear fuel cycle. However, 14C and 3H may be emitted from both reactors
and reprocessing plants.

A comprehensive sampling system is used in reprocessing plants for the measure-
ment of 3H, 14C, and 129I released as gaseous effluents through stack. This sampling
system facilitates continuous sampling of these radionuclides released through the
off-gas stream and the quantification is carried out offline. Suitable radiometric
methods such as gross α/β air monitors for online sampling and monitoring of
particulate activities and GM tube/plastic scintillator based 85Kr monitoring system
(online) are adopted in the gaseous effluent monitoring system. The monitoring of
14C involves online sampling and absorption of 14C in the form of carbonate followed
by assimilation in the absorbent mixture of ethanol amine and methanol which is
subjected to liquid scintillation counting for estimation of 14C. The monitoring of
3H is done through absorption of 3H in water as HTO in bubblers followed by liquid
scintillation counting. Online sampling of 129I is carried out using activated charcoal
filter cartridge impregnated with silver nitrate for elemental and molecular iodine
followed by gamma spectrometry using High Purity Germanium (HPGe) detector
for the measurement of gamma energy of 129I (γ -39 keV).
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6 Safety Aspects of MOX Fuel

The fabrication of MOX fuel pins involves various metallurgical operations such as
mixing, milling, pre-compaction, granulation of pre-compacts, final compaction of
granules, sintering of pellets followed by fuel pin fabrication. The whole operation,
which is undertaken in a chain of glove boxes, requires extensive on-the-spot health
physics surveillance and supervision at every stage of the operation. The MOX fuel
fabrication poses challenge in minimizing external exposure and preventing internal
exposure due to high radiotoxicity associated with plutonium and the presence of
241Am in it. Plutonium obtained from reprocessing of irradiated spent fuel containing
238Pu, 239Pu,240Pu, and 242Pu isotopes is a source of neutrons due to spontaneous
fission aswell as (α, n) reactionwith the impurities. It is handled in various forms such
as powder, granules, pellets, and pellets encapsulated in pins during these operations.
The fuel pins contain annular mixed oxide pellets consisting of depleted UO2 and
PuO2. Radiological measurements such as radiation survey for gamma and neutron,
air activity concentration and contamination levels are carried out at every stage of
operation to assess overall radiological safety.

6.1 Radiation Environment in MOX Fuel Fabrication

Handling plutonium in large quantities requires compliance with stringent safety
requirements such as criticality control, control on external exposure and prevention
of internal exposure due to plutonium. Nuclear properties of plutonium isotopes
are given in Table 3 [7]. External radiation hazards exist for personnel during the
handling of plutonium because the radioactive decay of commonly encountered Pu-
isotopes produces γ rays and X-rays. Low and medium energy γ rays, mainly from
241Pudecay product (primarily 241Am), are the major contributors to the external
radiation exposure of personnel handling plutonium.

Isotope of plutonium, 241Pu (T 1/2 = 14.4 years) β− decays to 241Am (T 1/2 =
432.2 years), which α-decays with emission of 59.6 keV gamma radiations to 237Np
daughter.Consequently, gamma radioactivity resulting from241Amincreases over the
time since reprocessing. Therefore, special attention has to be given to the ingrowth
of 241Am. The γ emission from other Pu-decay products also contributes to the
external exposure. Exposure due to neutron from spontaneous fission of 238Pu, 240Pu,
and 242Pu is also significant contributor to the external exposure while handling
plutonium. Additional neutron radiation arises from (α, n) reaction with oxygen. The
neutron has wide energy distribution with a maximum of 13MeV and mean energies
of 1–5MeV (depending on nuclei involved). It may be noted that neutron dose rate is
proportional to quantity of plutonium (because number of neutrons emitted per gram
depends on wt%), whereas gamma dose rate is proportional to area of the source as
much of the gamma photons are attenuated in the matrix itself.
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Table 3 Nuclear properties of plutonium and related isotopes

Isotope Half-life
(years)

Decay mode Energy (α)
MeV

Specific
activity (Bq/
g)

Neutron emission rate
(n/s/g)

Spontaneous
fission

(α, n) for
oxide

236Pu 2.85 α 5.763 1.86 × 1013 3.7 × 104 4.3 × 105

238Pu 87.7 α 5.495 6.0 × 1011 2.62 × 103 1.4 × 104

239Pu 2.41 × 104 α 5.147 2.0 × 109 0.03 45
240Pu 6.54 × 103 α 5.162 8.0 × 109 1.02 × 103 170
241Pu 14.4 β 0.021

(β)-99.997%
3.7 × 1012 – –

241Pu 7.2 × 105 α 4.89
(α)-0.002%

0.07 × 109 8.8 × 102 –

242Pu 3.76 × 105 α 4.898 1.0 × 108 1.7 × 103 2.7
241Am 4.32 × 102 α 5.477 1.2 × 1011 1.1 2600

6.2 Potential for Exposures

Radiation exposures of personnel are kept well below the limits defined by regula-
tion. In compliance with “ALALRA” concept, measures are taken to minimize the
exposure. The assessment of dose from external radiation sources is performed by
individual monitoring using personnel monitoring devices like TLDs and neutron
badges. Important measures such as local shielding around storage containers and
hoppers, composite radiation shielding for glove boxes, use of lead impregnated
aprons and hand gloves, automation & remotization of operations, periodic decon-
tamination of glove boxes and use of digital dosimeters are implemented for personal
exposure control.

Internal exposure can occur when radionuclides are inhaled, ingested, or other-
wise taken into body through wounds. In the facility potential internal exposure
results primarily for alpha activity of plutonium deposited in the body by inhalation,
ingestion, or wounds. Plutonium and/or their daughter radionuclides decay mainly
through alpha decay process. Therefore, containment of plutonium is essential to
avoid internal contamination of personnel. Plutonium is handled in leak-tight glove
boxes. These glove boxes are kept under negative pressure with respect to the atmo-
sphere outside the glove boxes. Work with plutonium requires glove boxes of high
integrity, i.e., leakage rates less than 0.05% box volume per hour. This is achieved
by a well-defined ventilation system which ensures no release of the radioactivity to
the work environment. Individual monitoring for internal dose assessment is carried
out using in vivo and in vitro measurements. The glove forms the most vulnerable
component of a glove box (glove box “O” rings), especially in a fire or explosion,
because they are most susceptible to damage. The gloves should have long life and
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highly polished surface with very low permeability rates. Further they should be
checked at regular intervals for their integrity like the presence of pin-holes to avoid
the spread of contamination.

Installation of equipments in glove boxes is as much of an art as science and
requires lot of foresight. Each equipment is to be viewed as consisting of two parts—
onewhichwill come in direct contactwith radioactivematerials andmust therefore be
contained inside the glove box; the second part, which concerns itself with the driving
mechanism of the equipment, can be located outside in the immediate vicinity of the
glove box. The two parts are connected through seals of various kinds located on the
walls of the glove box, e.g., shaft seals, low speed seals, etc. This type of delineation
becomes very important when equipment dimensions exceed the dimensions of the
glove box. When maintenance jobs are to be done in a glove box which is part of
train of glove boxes, the whole train needs to be thoroughly decontaminated before
the job begins.

6.3 Criticality Safety

Criticality can be defined as any fissile material system attaining self-sustained
nuclear chain reaction under certain physical conditions. Fissile material handled
outside the reactor such as in reprocessing facilities or fuel fabrication facilities can
result in a potential criticality accident if the chain reaction is uncontrolled. The
hazard is due to accompanying radiation which can deliver lethal doses to workers in
the neighborhood of the criticality accident. The fissile materials such as 239Pu, 235U,
and 233U aremainly handled in Nuclear Fuel Cycle Facilities. In these facilities, there
is a potential for inadvertent criticality. Hence these facilities require criticality safety
compliance at each and every stage of the operation and also during the storage of the
fissile materials to prevent any inadvertent criticality excursion. To ensure systems
with fissile material remain subcritical, safety measures are based on defense-in-
depth. This involves designing systems with fail-safes to prevent criticality accidents
caused by single failures like component malfunctions or human errors. The double
contingency principle is preferred for criticality safety, requiring protection against
multiple changes by providing different levels of protection. According to this prin-
ciple, if a criticality accident could occur due to two simultaneous changes in process
conditions, it must be demonstrated that these changes are independent and have a
low probability of occurring.

Criticality Accident Alarm System (CAAS) is used to detect the criticality acci-
dent andwarn the personnel for quick evacuation from the laboratories in fuel fabrica-
tion and reprocessing facilities. CAAS responds immediately to the Minimum Acci-
dent of Concern (MAC), which is assumed to deliver the equivalent of an absorbed
dose rate in free air of 0.2 Gy/min at 2 m from the reacting material. Based on
this MAC, the detection criterion for CAAS translates to approximately 0.04 Gy/h
(gammadose rate) and integrated gammadose rate as 3.0mrad in 500ms, at a distance
of 10 m from the surface of the reacting material. System Criticality Alarm (SCA)
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module generates alarm when two out of three channels exceed these limits. The
placement of a CAAS is evaluated so as to ensure that the system will respond to the
above criteria. To protect for slow quasistatic accidents (wherein a slow increase in
reactivity could occur leading fromsub-criticality to super criticality to self-shutdown
without setting off emplaced criticality alarm), CAAS is supplemented by warning
devices such as wide range area gamma monitors.

The sub-criticality of the system is demonstrated by calculating keff (Multiplica-
tion factor) and controlled by limiting one or more process parameters. The control
parameters that may be considered for ensuring sub-criticality are (i) Mass control
(ii) Volume control (iii) Concentration control (iv) Geometry control (v) Nuclear
poison control (vi) Spacing control between the systems, i.e., separation distance
between the systems and (vii) Administrative Control.

7 Review of Criticality Accidents

An effective nuclear power program depends on recovery of fissile material from
spent fuel and recycling it back into reactors. Hence, large-scale chemical processing
is inevitable. Especial care is needed to avoid a criticality incident and the possible
severe exposures to personnel or contamination of plant areas. In this context, there is
much to be learnt from experience of facilities where criticality accidents occurred.
In this section, the incidents outside reactors and critical experiment facilities are
focused. During the fifteen year period between 1951 and 1965, there was one criti-
cality incident each year. In 1951 alone, there were four criticality incidents. As of
the year 2000, there have been total of 22 major process related criticality incidents
in the world [8]. Figure 2 shows the chronology of these 22 accidents.

These accidents can be summarized as follows:

• 21 of 22 excursions occurred in solution or slurries.
• 18 accidents occurred in manned and unshielded facilities.
• Nine fatalities resulted from these accidents.
• No equipments were damaged in these accidents.

Fig. 2 Chronology of process criticality accidents. Plot shows number and location of accidents
by year from 1945 to 2000 (reproduced from [8] @ LA-13638, LANL with permission from OSTI,
DOE, US)
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• One accident resulted in measurable fission product contamination beyond the
plant boundary and in measurable exposure to the public at Tokai fuel fabrication
plant.

Among these incidents, one is related to metal ingots which are not included
in further discussions. Additionally, not included in further discussion are process
accidents related enrichment and uranium hexafluoride such as

1. Electrostal machine building plant November 3, 1965—accident related to
conversion of UF6 to UO2

2. Siberian chemical combine December 13, 1978—accident related to Pu metal
ingots in storage containers

3. Novosibirsk chemical concentration plant May 15, 1997—accident related to
chemical etching process in the fuel rod production

Table 4 provides the remaining criticality accidents that can be related to fuel
reprocessing facilities. The location of the accidents, cause, accident description,
and total fission of the accidents are described in the table.

Based on these process accidents, the following lessons have been identified:

1. Vesselswith geometries that favor criticality should be avoided, particularlywhen
high concentration solutions might be present.

2. No verbal procedures should be used. Instead, documented procedures should
be used.

3. Operators should be aware of any abnormal conditions of the processes.
4. Fissile material accountability must consider criticality control when tracking

material accumulations in the equipment.
5. Operators should be trained to respond to potential equipment failure or human

errors.
6. Operators should be trained to deal with possible off-normal conditions for the

processes involving both organic and aqueous solutions.
7. Operators should be trained to follow procedures.

8 Radioactive Waste Management

Waste management facilities are tasked with handling, treating, and storing various
liquid and solid wastes produced by nuclear fuel cycle facilities. Managing wastes
from reprocessing plants poses challenges, which are explored in detail in this
manuscript. Different types of solid wastes are disposed safely in underground
structures based on their classification. Liquid waste streams generated by repro-
cessing plants includeHigh Level (HL), Intermediate Level (IL), and LowLevel (LL)
wastes, which are transferred to Waste Management Facilities. LL liquid wastes are
released into the environment through approved aquatic routes after ensuring their
activity levels comply with regulatory limits. Other waste streams are transported
via shielded concrete trenches to treatment facilities for further management. To
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detect radioactivity leakage from primary waste transfer lines into secondary lines,
annulus air sampling between the two pipes is conducted.Annulus Sampling Systems
are employed for this purpose along waste transfer trenches. Additionally, borehole
monitoring is conducted periodically around these facilities tomonitor anymigration
of radionuclides into the environment.

8.1 Radiation Sources and Hazards Associated
with Radioactive Waste Management

Waste management facilities designed for the safe handling of radioactive waste
adhere to several key principles: delaying and allowing for natural decay; diluting
and spreading outwaste; recycling and reusingmaterialswhere possible; and concen-
trating and containing waste when necessary. The central goals of radioactive waste
management have always been to minimize waste volume and achieve near-zero
discharge of radioactivity. The primary objective is to safeguard both present and
future generations, as well as the environment, from potential hazards associated
with radioactive waste. Effective management involves the regulated application of
technology and resources to ensure the protection of the public, workers, and the
environment from the harmful effects of radiation. Recent developments, such as the
implementation of the "wealth from waste" concept and the separation of actinides
to reduce nuclear waste’s radiotoxicity, have shifted the focus of radiation protection
in waste management. This now includes controlling neutron exposure and internal
exposure from actinides, in addition to existing concerns about external exposure
from beta and gamma radiation.

General Principles for treatment and disposal of wastes are categorized as given
below:

(a) Dilute and Disperse for Low-level Effluents.
(b) Concentrate and store for Medium and High-level waste and
(c) Delay and decay for 131I, 135Xe bearing waste streams.

The major components of High-Level Waste (HLW) are as follows:

(a) Fission product such as 90Sr, 106Ru, 137Cs, 144Ce, 147Pm.
(b) Actinides such as 241Am, 244Cm, un-recovered uranium and plutonium.
(c) Chemicals introduced in reprocessing plant like HNO3, traces of tri-butyl

phosphate, and degraded products.

The wastes originating from reprocessing plants contain activation products such
as 60Co, 54Mn, 3H, 14C apart from fission products such as 137Cs, 90Sr. High-level
acidic wastes have activity level in the order of 100 Ci/liter, medium-level alkaline
waste have activity in the range of 1 Ci/liter and low-level liquid waste have activity
in the range of 1 mCi/liter. Major solid wastes handled are hull pieces (left out
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cladding material, Zirconium alloy, after dissolution of spent fuel in reprocessing
facilities), feed clarification filter bags used for filtration of zirconium fine particles
in reprocessing facilities, spent ion exchange resins, off-gas deep-bed filters, and
HEPA filters.

8.2 Management of Solid Waste

Radioactive solid waste generated throughout various stages of the nuclear fuel cycle
varies widely in materials, sizes, shapes, and degrees of contamination. These wastes
are classified based on factors such as radiation intensity, concentration, and type of
radioactivity. They are further sorted into categories such as compressible or non-
compressible, and combustible or non-combustible. A significant portion of the total
solid waste consists of low-activity materials, which are typically either combustible
or compressible. Specially designed incinerators are utilized to burn combustible
waste, resulting in a volume reduction of approximately 50. Additionally, hydrauli-
cally operated baling presses are employed to compress low-activity non-combustible
waste, effectively reducing its volume.

The solid wastes are segregated, tagged, and disposed appropriately as per
the waste categorization procedures. Typical description of shallow land disposal
structures is as given below

• Brick walled trenches: It has typical dimensions of about 20 m × 10 m at top and
15 m × 5 m at the bottom and about 3 m deep. Solid wastes with dose rate of up
to 0.2 mGy/h are normally disposed in such trenches.

• RCC Trench: It is an engineered disposal facility built underground or above
ground with thick RCC side walls and bottom. It has typical dimensions of about
15 m (L) × 2 m (W) × 2.0 m (depth). These trenches are covered with RCC slabs
so that radiation dose on contact is less than 10 μGy/h. Finally waterproofing of
the top and sides are provided to avoid ingress of rainwater. Solid wastes with
dose rate up to 0.5 Gy/h are normally disposed in these trenches.

• Tile Hole: Tile hole is a cylindrical concrete lined steel container with top open
and located totally below ground level. Typical dimensions are depth of about 5 m
and internal diameter of about 1 m. Solid wastes with dose rate above 0.5 Gy/h are
disposed in these trenches. Generally, high-level solid waste like hulls removed
after dissolution in a reprocessing facility which are also highly contaminated
with alpha emitters are stored in tile holes for extended storage.

8.3 Management of Liquid Waste

In a reprocessing plant using PUREX process, spent fuel is chopped and dissolved
in nitric acid. Plutonium and uranium are separated from fission products, purified,
and then converted to respective oxide forms. High-level Liquid Wastes generated
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at reprocessing plants from first cycle raffinate contain almost 99.9% of the entire
radioactivity originally associated with the spent fuel. These streams are acidic in
nature with 3–4 M nitric acid and having gross beta-gamma activity in the order
of 100–200 Ci/liter. High-level liquid wastes are stored in stainless steel tanks in
liquid form before sending for vitrification for converting to vitrified glass product for
long-term storage inAdvanceVitrification System (AVS). AnAdvancedVitrification
System (AVS) handlesmillion curies of fission products remotely in hot cells in order
to obtain vitrified waste in canisters which are packed in over packs for long-term
storage. In AVS, Joule Heated CeramicMelter (JHCM) is used for glass formation at
high temperature using glass frits for vitrification of this high-level radioactive liquid
waste. AVS has several engineered safety features such as shielding, ventilation,
containment, and remote operations. These features aim at reducing exposure to plant
personnel and keeping the release of radioactive materials to environment below the
limits prescribed by the regulatory authority. The vitrified waste canisters containing
vitrified waste in glass form (of activity of the order of few lakh curies) are safely
stored in underground shielded vaults.

Intermediate-level Liquid Wastes generated at reprocessing plants are evapo-
rator concentrates, solvent washes, and rinses. The wastes are alkaline in nature
and have considerable salt loading. These wastes have Gross Beta-Gamma activity
up to 100 mCi/liter and the associated alpha activity (239Pu). The process consists
of a batch pre-treatment step of plutonium-precipitation followed by continuous Ion
Exchange treatment for removing 137Cs and 90Sr isotopes. The high active elute
which is expected to be around 8% of the ILW treated is sent to HLW treatment
system. The sludge from the pre-treatment step after dissolution is recycled back to
reprocessing plant for recovery of heavymetals. The acidic wastes from reprocessing
plants will be neutralized and directly put in the IX Treatment system.

Low-Level Liquid Wastes (LLLW) generated at reprocessing plants and from
other nuclear facilities are discharged into the environment through authorized
aquatic route. Major sources of Low-Level Liquid waste are the condensates from
waste evaporation cycle, potential active drains, and washings which are collected
in delay tanks and further diluted before discharged into the environment. 238U and
239Pu contribute alpha activity, whereas gross beta activity is mainly due to pres-
ence of 137Cs, 90Sr/90Y, 106Ru, and traces of other fission products including 99Tc
which even in LLLW of a reprocessing plant is required to be quantified. As 99Tc
is a beta emitting long-lived fission product (T 1/2 = 2.13 × 105 years) with Emax

= 293 keV and due to its anionic behavior and high mobility, it is considered as
one of the most important radionuclides from waste management point of view-
considering environmental impact. 99Tc is estimated using either solvent extraction
method using Tetra phenyl arsonium chloride (TPAC) as a solvent to extract 99Tc
followed by Liquid Scintillation Counting or by co-precipitation method followed
by beta counting. Liquid wastes with low levels of activity containing 90Sr and 137Cs
as major radionuclides are treated by co-precipitation using chemicals like barium
chloride, sodium sulfate, potassium ferrocyanide, copper sulfate, etc. Subsequent
to precipitation, the resultant sludge from clarifloculator is further concentrated by
decantation, filtration, and centrifugation. The resulting solids containing bulk of the
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radioactivity originally present in the liquid waste are immobilized in cement matrix
before disposal. The low-level liquid effluents are released to the environment after
ensuring that activity levels are well below the authorized discharge levels by the
regulatory authority.

9 Conclusion

The radiological exposures in nuclear fuel cycle facilities differ from one facility to
another, depending on the type of radioactive material being handled and its various
forms during different operations. It is crucial to thoroughly study and implement
the specific operational health physics aspects of each facility in order to achieve
excellence in radiation protection. In this manuscript the radiological safety aspects
of nuclear fuel cycle facilities have been highlighted with the objective of not only
controlling personnel exposures according to the ALARA principle but also mini-
mizing the environmental impact as much as possible. Additionally, a review of
several criticality accidents that have occurred in reprocessing facilities is done
to emphasize the importance of providing adequate training to radiation workers
regarding the potential radiological exposures associatedwith each stage of operation
in nuclear facilities.
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Radiation Environment in Industrial
and Research Facilities

Sridhar Sahoo and T. Palani Selvam

1 Introduction

Ionising radiation has registered a phenomenal growth all over the world for a
wide variety of peaceful purposes in industry, medicine, agriculture and research.
Radioisotopes and radiation technology contribute significantly to the growth in
industry. The industrial applications include finding defects in radiography testing,
determination of process parameters using nucleonic gauges, X-ray baggage scan-
ning systems at sea ports, land ports and airports, scanning cargo, irradiation of food
and other allied products, etc. Radioisotopes have a wide spectrum of applications
in research studies, especially in physio-chemical, bio-medical, agricultural, veteri-
nary sciences, pharmaceuticals and industrial research. Unsealed radiation sources
of different strengths and physical forms are handled in such studies in open fields
as well as in laboratories. This could cause radiation incidents/accidents like surface
contamination and air-borne contamination. Apart from these probable incidents,
research activities in these fields generate radioactive wastes of different magni-
tudes, from simple laboratory swipes to animal carcasses. Hence, handling of radia-
tion sources in such applications necessitates supervision from a radiological safety
standpoint. Different types of radiation sources with activity ranging from several
kBq to few MBq are being used in research applications. These include mainly 3H,
14C, 35S, 32P, 125I, etc. Although the activity of sources used in research applications
is very small, these sources will still have the potential to cause significant radio-
logical hazards and contamination, if they are not handled safely. In this Chapter,
applications of ionising radiations in the above-mentioned industrial applications
and research areas where the radiation sources are used, are discussed.
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2 Industrial Radiography

The industrial radiography is an indispensable, versatile and well-established non-
destructive testing (NDT) technique for quality assurance in all types of industries.
Varieties of industrial gamma radiography exposure devices (IGREDs), commonly
known as radiography camera, are being deployed for carrying out radiographywork.
These devices shall incorporate built-in-design safety features, interlocks and effec-
tive locking mechanisms to ensure that the operation, servicing and maintenance
meet acceptable standards of safety. NDT can help to prevent the failures of engi-
neering structures that could have an adverse impact on safety and reliability in
industries as well as the environment. Industrial radiography testing is an important
non-destructive testing technique and it is widely used in industry for inspection
of welds, castings and assemblies. Industrial radiography uses ionising radiation
(X-rays, gamma rays or neutron sources) to locate defects such as cracks, flaws,
etc. (Fig. 1). Radiography ensures the structural integrity, quality of equipment and
structures such as vessels, pipes, welded joints, castings, etc.

Exposure devices are classified according to the location of the source assembly
when the device is in the working position (working position means the condition
of the source assembly in the industrial gamma radiography exposure device at the
position intended for the performance of industrial gamma radiography [1].

Category I

The exposure device which does not allow the source assembly to be moved out of
the source housing, but causes exposure by opening a shutter and/or by moving the
source assembly within the device.

Fig. 1 A schematic diagram of radiography testing
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Category II

The exposure device inwhich the source assembly is driven out of its secured position
in the source housing to an essentially unshielded position at its working position for
radiography exposure, either mechanically, electrically, pneumatically or by other
means by an operator at a distance away from the source housing. This type of
exposure device using a remote control (remote control means a device enabling
the source assembly to be moved to and from the exposure device to the working
position by operation from a distance away from the exposure device) mechanism
shall also require a source guide tube.

Category-X

Exposure devices for gamma radiography are designed for special applicationswhere
the unique nature of the application precludes full compliance with this standard.
These are self-propelled intra-tubular gamma radiography exposure devices such as
pipeline crawler and gamma radiography exposure devices for underwater use.

Depending upon mobility, the exposure devices are classified as below [1]:

Class P: Portable source housing designed to be carried by one person only. The
gross weight of a portable exposure device shall not exceed 30 kg.

Class M: Mobile, but not portable, source housing designed to be moved easily by
suitable means, such as caster wheels or a trolley provided for the purpose, but does
not qualify for portable category.

Class F: The exposure device designed for installation in a fixed location or with
mobility restricted to the confines of a particular working area.

Radiography technique utilises sealed gamma sources such as 192Ir, 60Co, 75Se and
169Yb contained in IGRED and X-rays as source. These artificially produced gamma
sources have many advantages over X-ray machines since they are compact, rugged,
and ideal for field work and doesn’t need electricity. These 192Ir and 60Co source-
based IGREDs are the backbone of radiography practise and cover inspection of a
range of 15–175 mm of steel equivalents [2]. Recently 75Se source has been widely
used for radiography of low thickness jobs (4–30 mm of steel) due to better image
quality, little longer half-life in comparison to 192Ir, lower exposure rate constant
which requires lesser cordon area and more operator safety. Figure 2 presents the
schematic diagram of an industrial radiography camera and accessories. Table 1
presents the commonly used sources in radiography and their properties [3].

Radiography can be carried out using X-rays from industrial X-ray units or from
high-energy linear accelerators. Industrial X-raymachines in the range of 50–400 kV
are used for inspection of metal thicknesses up to 7.5 cm steel equivalents. Elec-
tron linear accelerators up to 30 MV are used for radiography of thick concrete or
composite materials made of concrete, lead and steel [2].
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Fig. 2 Schematic diagram of an industrial radiography camera with accessories

Table 1 Commonly sources used in radiography and their properties [3]

Source Half-life Exposure rate constant (R/h/
Ci at 1 m)

Inspection range in
steel (mm)

Energy of gamma
rays (keV)

60Co 5.25 years 1.33 40–200 1170 and 1330
192Ir 74.8 days 0.48 20–70 200–800
75Se 120 days 0.215 4–30 9–400
170Tm 128 days 0.003 2–12 50–90
169Yb 32 days 0.125 2–10 60–300

2.1 Radiography Exposure Devices Used Worldwide

Table 2 presents the parameters/specifications of a few radiography cameras used
across theworld for industrial radiography purposes. These cameramodels use either
192Ir, 60Co or 75Se source and are designed and developed as per various international
standards. These exposure devices use mainly high atomic number materials or a
combination of materials such as stainless steel (SS), lead, depleted uranium (DU)
and tungsten as shielding materials. These radiography equipment/cameras satisfy
the safety requirements mentioned in various international and national documents
[4–8].
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Table 2 The radiography camera models available worldwide

Specifications/
parameters

ROLI-2 INC
IR-100

Sentinel
SCARPro

COCAM-120 SPEC-300 Sentinel
delta-880

Isotope 192Ir 192Ir/75Se 75Se 60Co 60Co 192Ir/75Se/
169Yb

Maximum
capacity

2.4 TBq
(65 Ci)

4.44 TBq
(120 Ci)

3 TBq
(81 Ci)

4.4 TBq
(120 Ci)

11.1 TBq
(300 Ci)

150/150/
108 (Ci)

Shielding
material

Lead and
heavy
alloy

DU Tungsten
and SS

DU, tungsten
and lead

DU DU

Package Type
B(U)

Type B Type A Type B(U) Type B(U) Type B(U)

Weight (kg) 38 24.1 16.8 316 354 23.6

Category Mobile Portable Portable Mobile Mobile Portable

Country of
origin

India USA USA India USA USA

2.2 Neutron Sources

Radiography carried out with the help of neutrons is called neutron radiography or
neutron imaging. Neutron radiography is widely used in the inspection of nuclear
fuel elements, aerospace industry, space programmes, inspection of ordnance and
explosives, etc. The unique advantage is its ability to reveal light elements. Neutron
radiography provides different images than X-rays or gamma rays. This is due to
different types of interactions in materials, i.e. neutron interacts directly with the
nucleus whereas X-rays and gamma rays interact with orbital electrons. Neutron
attenuation is generally higher in lowZ materials and hence it is absorbed by hydroge-
nous materials such as plastics, water and oils. Many metals such as lead and steel
allow most neutrons to pass through them.

Neutron sources used in neutron radiography are 241Am-Be, 252Cf, electrically
driven D-T reactions in vacuum tubes and thermal neutron beams from nuclear
reactor. Alpha particles emitted from 241Am interact with beryllium (9Be) nuclei and
produce neutrons with an average energy of 4.3 meV (Emax = 11 meV). In 252Cf
source, neutrons with an average energy of 2.1 meV are produced by spontaneous
fission. In D-T fusion reaction (equation given below), neutrons of energy 14.06meV
neutrons are produced, when high-energy deuterium ions from accelerators are
bombarding tritium target.

2
1H + 3

1H → 4
2He(3.52MeV) + 1

0n(14.06MeV) (1)
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3 Nucleonic Gauges

In industry, a number of physical parameters are determined by using nucleonic
gauges also known as ionising radiation gauging devices containing sources of
ionising radiation, i.e. charged particles (alpha and beta rays); gamma rays, X-rays,
and neutrons. Nucleonic gauges are used for online industrial process control and
quality control parameters. These include measurement of the level of product in
huge silos, tanks, density measurement, moisture content of soil, thickness measure-
ment of steel plate, paper, film, concentration of hydrocarbons, ash content in coals,
exploration of coal and oil and so on.Different types of radiation sourceswith activity
ranging from several MBq to a few GBq are being used for this purpose depending
on the applications and characteristics of sources. These includemainly 241Am, 85Kr,
90Sr, 147Pm, 55Fe, 109Cd, 60Co, 137Cs, 241Am-Be, 252Cf, etc. Although the activity of
sources used in nucleonic gauges is very small, they have a reasonably long half-life,
and therefore the sources would still have the potential to cause significant radio-
logical hazards, if they are not handled safely and not provided adequate physical
security during their use, transport and storage. Nucleonic gauges are ideal instru-
ments designed for adverse industrial environments, including high-temperature and
high-pressure conditions. Table 3 presents common radiation sources used in nucle-
onic gauges and their uses. As these systems contain radioactive material, the use and
possession of the nucleonic gauges need to be regulated by regulatory authorities.

3.1 Principle of a Nucleonic Gauge

The basic principle of nucleonic gauge depends on the interaction of radiation with
matter such as radiation is attenuated, absorbed, or back scattered when it travels
through material. A nucleonic gauge consists of a suitable source (gamma, beta,
alpha, neutron, bremsstrahlung radiation), selected based on the parameters to be
measured such as range, density of the material, sensitivity, etc.

Detectors such as ionisation chamber, scintillation counter, G. M. counter and
semiconductor detector are selected based on the source used in the nucleonic gauge.
Scintillation counter or semiconductor detector is used when spectrometry is neces-
sary. For accurate measurement with quick response, an ionisation chamber or a
scintillation counter is used. For fixed gauges, when accuracy is not required, a G.
M. counter is used. Different types of gauges, sources used and their principle of
working are described below.



Radiation Environment in Industrial and Research Facilities 247

Table 3 Commonly used radiation sources in nucleonic gauges, their physical properties and uses

Isotopes Half-Life Energy (MeV) Uses

Gamma sources
60Co 5.27 years 1.33, 1.17 meV Measurement of level of process

vessels, thickness of metal plates,
density of road, ores and rocks

137Cs 30 years 0.662 meV
241Am 458 years 60 keV
133Ba 10 years 0.357, 0.3, 0.082 meV
124Sb 0.16 years 2.1, 1.7, 0.65, 0.61 meV

Beta sources
147Pm 2.6 years Emax = 0.230 Thickness of thin sheets, light paper

and plastic, heavy paper, thin metal,
rubber, coating thickness on metal

204Tl 3.76 years Emax = 0.77
85Kr 10.6 years Emax = 0.67
90Sr/90Y 28 years Emax = 2.27

Source and target Half-life Predominant energy Uses

Bremsstrahlung sources
3
1H-40Zr 12.2 years 4–8 Measurement of thickness, density of

aluminium and iron sheets147Pm-13Al 2.6 years 12–40
85Kr-6C 10.6 years 20–80
90Sr-Y/82Pb 28 years 40–140

Source Half-life Dominant X-ray or gamma energy
(keV)

Uses

Isotopes used for XRF gauging
55Fe 2.6 years 5.9 keV Analysis of minerals, ores and

alloys, determination of coating
thickness on metal sheets, sulphur,
lead content in hydrocarbon

109Cd 1.3 years 22 keV
125I 57.4 days 27 keV
153Gd 236 daya 41 keV

Isotopes Half-life Energy Uses

Isotopes used for alpha gauging
210Po 138 days 5.3 meV Measure thickness of thin film,

composition of ammonia in an
ammonia plant, methane content in
a coal mine and elimination of
static charge in silk yarn

239Pu 24,300 years 5.15 meV, 5.13 meV, 5.10 meV
241Am 458 years 5.48 meV, 5.44 meV, 5.38 meV

Source Half-life Yield (n/s/Ci) Uses

Neutron isotopic sources used for gauging
210Po-Be 0.379 years 3 × 106 n/s/Ci Moisture measurement and

oil to water content in well
logging

239Pu-Be 24,300 years 1.6 × 106 n/s/Ci
226Ra-Be 16,200 years 1.7 × 107 n/s/Ci
241Am-Be 458 years 2.7 × 106 n/s/Ci
124Sb-Be 0.164 years 1.0 × 106 n/s/Ci
252Cf (fission source) 2.65 years 2.3 × 109 n/s/mg (531 Ci/g)
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3.2 Classification of Nucleonic Gauges

Thenuclear gauges are classified as continuous gauges (tomonitor the product online)
and static gauges. Static gauges are (a) Fixed gauge used in an industry to measure
the thickness of a sheet and (b) Portable gauge used in construction industries to
measure the moisture and the density using suitable gamma and neutron emitters.

3.2.1 Gamma Gauges

Gamma gauges are used to measure thickness of steel sheets and plates in industries
during the manufacturing process. It is also used to monitor fluid levels in large
process storage tanks, individual cans in assembly line, continuous monitoring of
the fuel level in rockets and monitoring of level in molten glass in glass and ceramic
industries. Gamma gauges are used to measure the density of solid or liquid material
flowing inside a pipe. A schematic diagram of gamma gauges using transmission
principle is presented in Fig. 3.

Gamma back-scattering gauges are also used to determine the wall thickness of
a boiler, density of soil, metal sheet thickness (up to 12 mm of steel) and coating
thickness of one material on the other (Fig. 4). Since gamma radiation has more
penetrating power than the alpha and beta,more thickness and higher densitymaterial
can be checked with gamma gauges. 60Co, 137Cs and 241Am sources are widely used
in gamma gauges.

Fig. 3 Gamma gauges using transmission principle
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Fig. 4 Gamma gauges using back-scattering principle

3.2.2 Beta Gauges

Beta gauges are widely used in gauging application for measurement of density
thickness in the range of 0–1300 mg/cm2. Beta transmission gauges are used to
measure the thickness of paper, plastic and metal foil, plastic films, measurement of
density of solid or liquid, hydrogen content in hydrocarbon liquids, etc. A schematic
diagram of beta gauges using transmission principle is presented in Fig. 5.

Beta back-scattering gauges are used to determine the coating thickness of one
material on another, such as zinc coating in the galvanising sheet, determining the
composition in the bi-metal alloys, etc. The beta source should be a pure beta emitter
with long half-life and high specific activity. The sources preferred in beta gauges
are 85Kr, 147Pm, 204Tl and 90Sr-90Y.

Fig. 5 Beta gauges using transmission principle



250 S. Sahoo and T. Palani Selvam

Fig. 6 Coating thickness measurement by XRF method

3.2.3 Bremsstrahlung Gauges

Bremsstrahlung gauges uses beta sources and suitable target (3H-40Zr, 147Pm-13Al,
90Sr-Y-82Pb, etc.) to produce bremsstrahlung radiations. These gauges are similar to
beta gauges and are used for determination of thickness and density of aluminium
and iron sheets in the industry.

3.2.4 X-ray Fluroscence (XRF) Gauges

XRF gauges use low energy X-rays or gamma sources such as 55Fe, 109Cd, 125I
and 153Gd for analysis qualitative or quantitative analysis of the element (Fig. 6).
These X-rays or gamma rays knock down orbital electron of the element to be
analysed and characteristic X-rays are produced which are unique to that element.
XRFgauges are used for (a) analysis ofminerals, ores and alloys, (b) determination of
coating thickness, (c) sulphur and lead content in hydrocarbon, (d) positive material
identification (PMI) testing.

3.2.5 Alpha Gauges

In alpha gauges, alpha sources (210Po, 241Am) are (i) used to measure thin film
thickness, (ii) composition of ammonia in an ammonia plant, (iii) to monitor the
methane content in a coal mine and (iv) used for elimination of static charge in
silk yarn production industries or explosive industries. The decrease in energy of
alpha particles in matter, through which it passses, is a measure of thickness and is
measured with the help of an ionisation chamber.
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3.2.6 Neutron Gauges

Neutron gauges are widely used in moisture measurement in soil, rock, well logging
and exploration ofminerals and ores (Fig. 7). Neutrons from 241Am-Be source, 252Cf,
14.1 meV neutrons from D-T accelerators are generally used in neutron gauges
and various useful parameters are measured through moderation, transmission and
activation of neutrons.

In neutron-neutron logging, the neutrons from 241Am-Be source are slowed down
in the surrounding media and the thermal neutrons are detected by BF3 counter. The
neutron-neutron logging technique is used for (a) determination of moisture content
and porosities of soil and elemental analysis in rocks, (b) Assaying of high thermal
neutron capture cross-section elements such as B, Li, Cd rare earths, etc.

In neutron-gamma logging, high-energy gamma rays from neutron capture in the
surrounding media (chlorine in water) are emitted, is used to locate the oil–water
interface. The gamma spectrometry through integral n-γ logging is used to find the
elements such as Al, Cl, Mn, Fe and Ni present in oils. 14.1 MeV neutron generators
(D-T) are used for the determination of carbon to oxygen ratio, i.e. oil towater content
in well logging applications. A list of application is presented in Table 3.

3.3 Radiation Safety in Nucleonic Gauges

The activities involved in the nucleonic gauges are in the range of few µCi to Ci
and they are self-shielded, and provided with maximum built-in safety features. It
is also mandatory that the nucleonic gauges must comply with the requirements of
relevant International Standards and types approved by regulatory authority of the
user country [9–11]. The radiation source and source housing must satisfy various
types of tests to withstand during normal use and accidental conditions [11]. The

(a) (b) 

Fig. 7 (a) Sub-surface and (b) surface neutron gauges for measurement of moisture content of soil
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user must provide adequate physical protection to nucleonic gauges, by preventing
unauthorised access, periodic maintenance and quality assurance by trained and
authorised individuals. In addition to these, comprehensive radiation protection
programmes such as availability of a qualified Radiological Safety Officer and
radiation monitoring instruments must be provided by the user.

4 Radiation Processing of Food and Allied Products

Radiation processing is one of the technologies that are useful to preserve food
and to make it safe for human consumption. Radiation processing of food involves
controlled irradiation of food products from gamma rays (60Co or 137Cs), electron
beam up to 10 meV energy and X-rays up to 7.5 MV [12–15].

The energy from ionising radiation is absorbed by food andmicroorganismswhich
leads to ionisation of the water and other biologically important molecules. The
damage to DNA is mainly responsible for death of microorganisms which results in
extension of shelf life of foods as well as ensures its safety from pathogens. It also
results in death of insects thus achieving disinfestations. By treating various foods
with different doses ranging from as low as 100 Gy to as high as 10 kGy, radiation
processing can achieve sprout inhibition in tubers, bulbs and rhizomes, disinfestation
of cereals, pulses, dry fruits and dried fish, disinfestation of fruits and vegetables for
quarantine, shelf life extension of perishable products like fish and meat, elimination
of parasites and pathogens in food and decontamination of spices and herbal products
[16].

Radiation processing is used to preserve foodwithout causing perceptible changes
in the quality of food. Extensive studies have established the toxicological, microbi-
ological and nutritional safety of radiation processed foods [13]. This processed food
is checked for any induced radioactivity, presence of any pathogens or their toxins,
mutagenic or carcinogenic radiolytic products and nutritive.

4.1 Sources Used in Radiation Processing of Food and Allied
Products

60Co and 137Cs gamma sourcesmeet the requirements for radiation processing of food
and allied products.137Cs is not used in industrial processing due to its many disad-
vantages such as caesium chloride is highly dispersible, water soluble and extremely
toxic in nature and has a half-life of 30 years.

60Co source is widely used in radiation processing industry due to the ease of
production in nuclear reactors. The gamma rays (photons) are able to penetrate deeper
into materials since they have no mass. The gamma rays from 60Co source are also
used for sterilisation of medical products and hygienisation of dry sewage sludge.
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As a result, gamma radiation is suitable for irradiation of non-uniform and high
density (thicker) materials. Bremsstrahlung X-rays generated from X-ray machines
with energy up to 7.5 MeV are also used in radiation processing.

Cross-linking of wires, cables and rubbers and colouration of diamonds and
precious stones are also possible using 2 MeV electron beam [17–19]. Electron
beams up to 10MeV energy from linear accelerators, to eliminate the risk of inducing
radioactivity, are also used for irradiation of different food and medical products.
The disadvantage of electron beam is the penetration limit, as mass of electron is
very small. The range of 10MeV electron in a unit density material is approximately
38mmwhereas the range of gamma rays from 60Co source is approximately 300mm.
Electron beam is best suited for low density, uniformly packaged products.

4.1.1 Gamma Irradiator Types

Gamma irradiators are divided into two types based on the shielding cover provided
to the sourcewhen in use andwhen not in use: (a) Self-contained irradiators (category
I &III), and (b) Panoramic irradiators (category II and IV).

4.1.2 Self-contained Irradiator (Category I and III)

In Self-contained dry source storage, gamma irradiators (Category I) are specially
designed for radiation research and hospitals/blood banks. These irradiators are
commercially known as Gamma Irradiation Chambers (GIC) /Gamma Chambers/
Blood Irradiators and mainly house either 60Co or 137Cs radiation sources of activity
in the range from tens to hundreds of TBq. Blood Irradiators are used for irradiation
of blood and blood products/components in hospitals and blood banks for clinical and
research purposes. The source is always enclosed in a dry container and is shielded
at all times and can be installed in an existing laboratory. Human access to the
sealed source and the volume undergoing irradiation is not physically possible in the
designed configuration. In category IIIwet source storage irradiator, the sealed source
is contained in water filled storage pool and is shielded at all times. Human access
to the sealed source and the volume undergoing irradiation is physically restricted in
the designed configuration and proper mode of use.

4.1.3 Panoramic Irradiator (Category II and IV)

In Panoramic, category II dry source storage irradiator, the sealed source constructed
of solid materials is enclosed in a dry container, is fully shielded when not in use and
is exposed within a radiation volume for use. Human access to the radiation volume
is maintained inaccessible during use by an entry control system. In category IV
Panoramic, wet source storage irradiator, the sealed source is contained in water
filled storage pool and is fully shielded when not in use and is exposed within a
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Fig. 8 Panoramic category IV wet source storage irradiator

radiation volume for use [20]. Human access to the radiation volume is maintained
inaccessible during use by an entry control system.

Panoramic irradiators are more suitable for pilot-scale and full commercial-scale
operations. The source is in the form of a rack or cylinder and consists of several 60Co
pencils. The source pencils are surrounded by several product containers irradiated
simultaneously (Fig. 8).

4.2 Radiation Safety in Radiation Processing Facility

The activities of the sources used in processing facilities are in the order of PBq
and the power of beam in electron accelerators is in the order of kW. Any type
of accident/exposure will lead to serious health consequences/death to the exposed
person.Hence, there is a necessity of stringent regulations inRPFs. It is necessary that
the plants shall be designed, constructed and commissioned in line with mandatory
safety requirements mentioned in international safety codes and standards [20–23].
It is the utmost duty of the owner to ensure a high standard of safety and reliability
in the operation and maintenance of facilities, radiation monitoring instruments,
employing qualified manpower such as RSO, operators for safe operation of plant,
emergency response plans and preparedness, etc.
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5 Container Scanning Facilities

Ionising radiations (X-rays and gamma rays) are widely used for scanning purposes
which includes scanning of consignments, baggage, whole cargo, etc. X-ray baggage
scanning is the investigation system regularly utilied for security screening of small
baggages at airports, railway stations, shopping malls, etc.

The cargo imaging inspection systems are aimed at finding illegal goods, such
as weapons, explosives, drugs, smuggled goods, etc. through the imaging of large
cargo containers. The cargo scanning in the sea ports increases revenue collection
for Customs. The scanning systems installed in the border increase the security and
protection of the country.

Cargo scanning system utilises 6–9 MV X-rays from linear accelerator (LINAC)
and 60Co radioactive source for scanning of cargo containers. The scanned image is
presented in Fig. 9. The scanning may be accomplished by moving the cargo vehicle
in between the fixed X-ray source and detector array or vice-versa. Table 4 presents
typical energy and radiation source used for various scanning systems.

Fig. 9 Scanning image of a Cargo [24]

Table 4 Typical energy and radiation source used for various scanning systems

S. No. System type Energy and source used

1 Postal parcel inspection system 60–80 kV X-rays

2 Small and medium baggage inspection systems 110–160 kV X-rays

3 Large cargo consignment inspection systems 160–220 kV X-rays

4 Container scanners 6–9 MV X-rays and 60Co
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Fig. 10 Gamma-ray image of a truck showing goods inside a shipping container [25]

5.1 Classification of Container Scanners

Container scanners are basically classified according to the use of the energy source
(isotope or X-ray based). The classification is also done on the basis of operation
(drive by and drive through) and mobility of the scanning system.

5.1.1 Radioisotope Based Scanning Systems

Radioisotope based scanning systems generally uses 60Co radioactive source of
activity 37 GBq–1.1 TBq and a vertical tower of gamma detectors. The photons
from 60Co source are able to penetrate up to 15–18 cm of steel and these systems
provide good quality images which can be used for identifying cargo and detecting
anomalies (Fig. 10). These scanners are used by customs officials at borders and sea
ports.

5.1.2 X-ray Based Scanning Systems

LINAC-basedVehicle Scanners: LINAC-based scanning systems use a high-energy
bremsstrahlung spectrum (X-rays) having energy in the 4–9MV range produced in a
linear accelerator (LINAC). These high-energy X-rays can penetrate up to 30–40 cm
of steel in vehicles moving with velocities up to 13 km/h. Such systems are available
in various modalities like fixed, mounted on road vehicles or rails. This system is
more suitable for the detection of special nuclear materials.

X-ray tube-based vehicle scanners: X-ray tube-based vehicle scanners generally
consists of oneX-ray tube, normally operated at a potential of 150–250 kVand 15mA
tube current, works on back-scattering principle (tube and detectors are installed on
the same side) for imaging of suspicious vehicles, passenger vehicles, etc. These
types of scanners are mounted on a road vehicle and scan the stationary suspicious
vehicle /object.
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The scanners are also classified as drive by and drive through from an operation
point of view. In drive bymode, the crewmembers of the vehicle have to get down and
wait in a designated area till the scanning process is completed. In this case, the crew
members get negligible dose due to the scanning process. In drive through scanning
mode, the crew members of the vehicle remain in the cabin and are exposed to few
µSv of dose because of primary radiation. These systems have advantage of high
throughputs. One more drive through scanning system is available, where exposure/
radiation beam starts onlywhen scanning container comes in front of the collimator of
the scanning device. Here the crew members are exposed to the scattered radiation
only. Various safety systems such as infrared systems and sensors are in place to
prevent any accidental exposure to the operator.

5.2 Classification on the Basis of Mobility

LINAC-based Mobile Scanner: LINAC-based mobile (or boom type) scanner
system is housed in the vehicle and an array of detectors are mounted on a boom.
A fan shape beam is produced by the 5 MV accelerators, used for scanning up to
250mm of steel. It is operated in an open space with appropriate safety arrangements
like cordoning off, fencing, etc. The electrical generator incorporated into the system
allows its use without the need for a local power supply. These high-energy scanners
are used for inspection and identification of the cargo and detection of contraband,
illegal drugs, weapons and other dangerous objects.

LINAC-based rail scanner: LINAC-based rail scanner is used for scanning the
materials in a moving goods train. The LINAC is housed in a room having concrete
walls about 0.5 m thickness and an array of detectors is mounted in the opposite
direction of the LINAC in the room. These are transmission type scanners. Scanning
is possible for trains carrying the containers, moving with a velocity of 60 km/h.
These systems are used by customs at the borders.

5.3 Radiation Safety in Scanning Facilities

Radiation safety in the operation of the scanning facility is crucial considering factors
such as movement of non-radiation workers, operation of mobile scanners and dose
received by the drivers in “drive through” mode. The scanning system (LINAC-
based or 60Co-based) produces considerably high dose rates due to high thickness
penetration requirements. For example, the typical dose rate from a dual energy
accelerator (4 and 6 MV) is of the order of 50 Gy/h at 1 m (this may vary from one
make/model to another make/model) [26]. Hence, such scanners should have inbuilt
multiple safety systems to prevent any potential exposure to the operators or drivers
carrying containers. Performance testing/type approval tests of the scanning systems
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are carried out to ensure the inbuilt safety associated with the system. Based on the
functional performance of the safety system type approval for a particular model is
issued by Regulatory Body. The housing for 60Co source or X-ray source should
incorporate adequate shielding so that the radiation level outside the system does not
exceed the leakage limits specified by the Regulatory Body.

The dose received by the driver carrying containers is the main safety concern
for drive through systems. It is observed that the dose received by the driver during
scanning is well within the international recommended limit of 0.25 µSv per scan,
which is 4000 times less than the annual effective dose limit for the member of the
public [27].

In LINAC-based container scanners, the enclosed installation is constructed with
concrete walls of sufficient thickness to reduce the primary, leakage and scattered
dose below the acceptable limits. For example, the primary concrete wall at 5 m from
the focal spot of a 6 MV accelerator having an output of 50 Gy/h at 1 m is about
1.5 m [26]. However, the exact wall thickness depends on workload, occupancy,
distance factor, contribution of scattering and leakage, etc. The recommended dose
limit for the public in planned exposure situations is 1mSv in a year [28]. Considering
workload of 2000 h in a year (8 h/day× 5 days/week× 50weeks/years), the radiation
levels outside the facility should not exceed 0.5 µSv/h. In case of mobile vehicle
mounted scanner, the radiation safety is achieved by cordoning off the required area.
Emergency push buttons are provided at suitable locations of the vehicle carrying
scanner,which is easily accessible during an emergency and can turn off the exposure.

6 Radiotracer Applications in Industries

Radiotracer techniques are widely used in industries for process optimisation,
measuring fluid dynamics parameters and troubleshooting investigations [29].
Radioisotopes are added to the industrial systems/vessels/pipes to find out (i)
blockage and leak detection and location in buried pipelines, (ii) flow rate measure-
ment, (iii) sediment transport and effluent dispersion in ports, (iv) wear and corrosion
rate monitoring and (v) effective management of oil field, etc. The radiotracers have
several advantages such as (i) high detection sensitivity, (ii) online detection and
quick analysis of results, and (iii) can be used in harsh climatic conditions. Commonly
gamma and beta emitting isotopes used in the tracer studies are 3H, 24Na, 82Br, 46Sc,
131I, etc. [29].

82Br is used as a radiotracer to locate blockage/leakage in heat exchangers/pipes.
Valuable information about the effectiveness and economics of wells is obtained
using tritiated water (3H) as a tracer in oil industry. Discharge rate/flow rate measure-
ment at pumping stations in canal is possible using radiotracers such as aqueous
solution of 131I. 46Sc labeled glass as a tracer is widely used in sea ports to study the
dynamic behaviour of sediment, and monitor the movement of dredged material and
navigation channels in harbours.
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7 Research Applications of Ionising Radiation

Radioisotopes are used inmedicine, agriculture, and research applications for societal
benefit. A variety of isotopes are used to help researchers to create technologies and
test new medicines, to label/tagged specific biological molecules or compounds and
procedures that benefit plants, animals and people. Radionuclides such as 3H, 14C,
35S, 32P, 33P and 125I in unsealed form are extensively used in research applications
(Table 5). Decay scheme and half-life of some radionuclides are given in Table 6.

Table 5 Radionuclides and their uses of unsealed radionuclides for research

Radionuclide Typical use
3H Cell proliferation assays (3H-thymidine); tagging cellular proteins (3H-amino

acids)
14C Tagging cellular proteins (14C-amino acids)
32P Probes for northern and Southern blots (α-dNTPs); invitro kinase reactions

(γ -ATP); metabolic labeling of cellular proteins (ortho-32P)
33P Probes for northern and Southern blots (α-dNTPs)
35S Metabolic labeling of cellular proteins or in vitro translations

(35S-methionine/cysteine)
125I Labeling of cellular surface proteins or of purified proteins in vitro (free 125I);

immunoblot detection reagent (125I-Protein A)

3H: Tritium labeled compounds are used as radiotracers in biochemistry, enzyme mechanisms, and
in environmental sciences for the development of crop protection agents
14C: Carbon-14 labeled compounds are indispensable tools in the assessment of novel pharmaceu-
ticals using absorption, distribution, metabolism and excretion (ADME) studies in living beings
and in enzymatic and sub-cellular in vitro research applications

Table 6 Decay scheme and half-life of some radionuclides.“
In the table, the energy of beta particles is the maximum energy (Emax) emitted

Name Symbol Type of decay and energy (MeV) Half-life

Tritium-3 3H β− (0.019) 12.26 years

Carbon-14 14C β− (0.155) 5730 years

Phosphorous-32 32P β− (1.71) 14 days

Sulphur-35 35S β− (0.167) 87.2 days

35S: Sulphur-35 radiolabeled amino acids are widely used as radiotracers studies including protein
synthesis, protein metabolic labeling, cell labeling, protein degradation and pulse-chase analysis
32P: Radioisotopes are now a day’s extensively used in agricultural research to understand chemical
and biological processes in plants. For example, to study the fertiliser uptake in plants, phosphate
solution (31P) mixed with radioactive 32P is injected into the root system (Fig. 11). Plants use both
32P and 31P in a similar manner. The movement of radioactive 32P throughout the plant can be
monitored with the help of a Geiger Muller counter and the fertiliser uptake can be estimated
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Fig. 11 Application of 32P in agriculture for fertiliser uptake

8 Consumer Products and Equipment

Consumer products are devices or equipment that contain a very small activity of
radioactive sources or very low energy of X-rays. The consumer products are a device
or manufactured item into which radionuclides have deliberately been incorporated
or produced by activation, or which generate ionising radiation, and which can be
sold or made available to members of the public without special surveillance or
regulatory control after sale [30].

Examples of consumer products are smoke detectors; explosive/narcotic detec-
tors; radio-luminous products using tritium light sources; thorium and 85Kr used in
the lamp industry; incandescent gasmantles; and glassware thatmay contain uranium
compounds (Fig. 12). Tritium Filled Sources (TFS) are non-electrical light sources
used for night-illumination of various military gadgets, commercial and industrial
buildings as warning signs. TFS are sealed glass tubes filled with tritium gas and
coated internally with suitable phosphor material.

In addition, equipment such as baggage scanning systems, X-ray fluoresce equip-
ment (XRF), X-ray diffractometer (XRD), self-shielded X-ray equipment for NDT/
PCB analysers, etc. are widely used in the public domain. These equipment’s houses
a low energy X-ray unit, and is used for security or qualitative /quantitative element
analysis purposes. The analytical equipment uses low energy X-rays, so the hazard
potential is low. However, these equipment are not consumer products and need to
be regulated by the regulatory body.

The users are not aware about the presence of radioactivity in these products and
the potential harm due to the result of radiation exposure in case of improper use. The
consumer’s products containing radioactive substances are designed, constructed,
tested and demonstrated the necessary regulatory compliance in accordance with
national and international standards. These products are designed in such a way that
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Fig. 12 (a) Smoke detectors, (b) tritium light sources, (c) fluorescent lamp starters

they will not give unacceptable radiation doses to individual members of the public
and the population. The effective dose to an individual member of the public will not
exceed 1.0 mSv in a year even in a low probability (accident) scenario and 10 µSv
in a year under normal circumstances [30]. Hence, the end users of these products
need not be regulated. However, the manufacturer and suppliers who are handling
these products in bulk are being regulated in accordance with the applicable rules
and regulatory framework.

9 Conclusion

Radiation technology using radioisotopes and radiation generating equipment is
being extensively used in the world in the fields of healthcare, industry, agriculture
and research. With technological advancement, new equipment fitted with radiation
sources has become available for various industrial applications. To avoid hazards to
the worker, public and environment, radiation sources/ionising radiation should be
handled carefully as per the safe operating procedure/safety manual, in the presence
of safety infrastructure, trained and certified manpower, monitoring instruments, etc.
as instructed by regulating authority.

References

1. AERB Safety Standard No. AERB/RF-IR/SS-1 (Rev. 1) (2007) Industrial gamma radiography
exposure devices and source changers

2. Kumar U (2021) Industrial gamma radiometry and imaging applications using sealed
radioisotope sources and radiation. Non-power applications of nuclear technologies. ISBN:
978-81-954733-2-8

3. NAARI Bulletin (2005) Radiation in non-destructive testing, vol XII



262 S. Sahoo and T. Palani Selvam

4. AERB/RF-IR/SC-1 (Rev. 1) (2016) AERB safety code industrial radiography
5. ISO 3999 (2004) Radiation protection—apparatus for industrial gamma radiography—speci-

fications for performance, design and tests
6. ANSI N432 (1980) Radiological safety for the design and construction of apparatus for gamma

radiography
7. AERB/SS/3-Rev-1 (2001) Safety standard on testing and classification of sealed radioactive

sources
8. IAEA TS-R-1 (2004) Regulations for the safe transport of radioactive material
9. IAEA Tecdoc-1459 (2005) Technical data on nucleonic gauges. IAEA
10. IEC 62598 (2011) Nuclear instrumentation-constructional requirements and classification of

radiometric gauges
11. AERB/SS/2-Rev-1 (2001) Safety standard on design and construction of industrial radiation

gauging devices
12. US Food and Drug Administration (2022). https://www.fda.gov/food/buy-store-serve-safe-

food/food-irradiation-what-you-need-know. Accessed on 07 Oct 2022
13. WHO (1988) Food irradiation: a technique for preserving and improving the safety of food.

World Health Organization. https://apps.who.int/iris/handle/10665/38544
14. IAEA Technical reports series no. 481 (2015) Manual of good practice in food irradiation:

sanitary, phytosanitary and other applications. International Atomic Energy Agency, Vienna
15. Saravanan T, Tyagi AK, Singh R (2021) Gamma irradiation for preservation of food and allied

products. Non-power applications of nuclear technologies. ISBN: 978-81-954733-2-8
16. World Health Organization (1999) High-dose irradiation: wholesomeness of food irradiated

with doses above 10 kGy report of a joint FAO/IAEA/WHO Study Group, WHO Technical
Report Series No. 890

17. Pant HJ, Bhardwaj TK, Kumar U, Pujari PK (2022) Applications of radioisotopes and radiation
technology in industry: current status and prospects. Curr Sci 123(3):377–387

18. Sarma KSS, Rawat KP, Benny PG, Khader SA (2011) Developments in electron beam
processing technology. BARC Newsl 323:38–41

19. Aswal DK, Nakhe SV, Shukla P, Chaudhary N, Ganguli T, Upadhyay BN (2022) An overview
of key enabling technologies for DAE’s nuclear programme. Curr Sci 123(3):353–360

20. ANSI-N43.10 (1984)Safe design anduse of panoramic,wet source storage irradiators (category
IV)

21. IAEA Specific Safety Guide No. SSG-8 (2010) Radiation safety of gamma, electron and X-
ray irradiation facilities. https://www.iaea.org/publications/8401/radiation-safety-of-gamma-
electron-and-x-ray-irradiation-facilities

22. IAEASafety SeriesNo. 107 (1992)Radiation safety of gamma and electron irradiation facilities
23. AERB SS NO. AERB/RF-IRRAD/SS-6 (Rev-1) (2007) Land based stationary gamma

irradiators. https://www.aerb.gov.in/storage/uploads/documents/regdoc1eTGz.pdf
24. https://www.symmetrymagazine.org/article/august-2010/accelerator-apps-cargo-scanning.

Accessed on 20 Dec 2022
25. https://www.wikiwand.com/en/Cargo_scanning. Accessed on 20 Dec 2022
26. Alok P, Sunil Kumar JVK (2018) Radiation safety aspects in high energy accelerator based

container scanners. e-J Nondestr Test (eJNDT) 04:1435–4934
27. ANSI N43.17 (2009) Radiation safety for personnel security screening systems using X-ray

or gamma radiation
28. ICRP Publication 103 (2007) Recommendations of the international commission on radiolog-

ical protection
29. Pant HJ (2022) Applications of the radiotracers in the industry: a review. Appl Radiat Isot

182:110076. https://doi.org/10.1016/j.apradiso
30. IAEA Safety Standards Series No. SSG-36 (2016) Radiation safety for consumer products.

https://www.iaea.org/publications/10716/radiation-safety-for-consumer-products

https://www.fda.gov/food/buy-store-serve-safe-food/food-irradiation-what-you-need-know
https://apps.who.int/iris/handle/10665/38544
https://www.iaea.org/publications/8401/radiation-safety-of-gamma-electron-and-x-ray-irradiation-facilities
https://www.aerb.gov.in/storage/uploads/documents/regdoc1eTGz.pdf
https://www.symmetrymagazine.org/article/august-2010/accelerator-apps-cargo-scanning
https://www.wikiwand.com/en/Cargo_scanning
https://doi.org/10.1016/j.apradiso
https://www.iaea.org/publications/10716/radiation-safety-for-consumer-products


Radiation Environment in Particle
Accelerator Facilities

G. Haridas, R. Ravishankar, Arghya Chattaraj, and T. Palani Selvam

1 Introduction

There is a large demand for accelerators today for various applications in applied
research, industry, and medicine. Besides, accelerators are also widely used for basic
research. A large number of accelerators worldwide are used for such applications
(www.acceleratorsamerica.org). The energy of electrons is usually less than 10MeV
for medicine, industry, and food processing [1], whereas the energy required for
research applications may go to very high energies, of the order of TeV (www.home.
web.cern.ch). The famous “Livingston plot”, (Fig. 1) predicts a ten-fold increase in
the particle energy after every seven years [2]. The use of such accelerators with high
energy and pulsed nature causes several challenges in ensuring radiation safety [3].
For example,whenhigh energy chargedparticles (as in synchrotron radiation sources,
high energy linacs, and colliders) interact with structuralmaterials generate a cascade
of secondary particles, whose energy ranges up to several hundreds of MeV or GeV.
Moreover, they are intense and highly directional. Besides, research and development
are in progress for the use of high-energy and high-intensity proton accelerators for
nuclear waste transmutation, fissile material breeding, and power production. High-
intensity accelerators are also being used for generating Radioactive Ion Beams for
nuclear physics research of exotic radionuclides.

The secondary particles/radiation generated in high-energy accelerators are
bremsstrahlung X-rays, neutrons, pions, muons, gamma rays, and annihilation
photons. This mixed field increases the challenge in the radiation protection program
of such facilities. Radiation safety issues during the operation of electron accelera-
tors are elaborated in IAEA Tech. rep. series 188 [4] and that of proton accelerators
are described in IAEA Tech. rep. series 283 [5]. NCRP Report No. 51 [6] provides
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Fig. 1 Livingston plot. The envelope of the curves (dashed line) indicates an increase in energy by
a factor of 10 about every seven years (reproduced from [2] with permission of Alexander Chao for
reproducing from SLAC-PUB-9483)

very useful information about the radiation environment of both types of acceler-
ators, especially in the energy region, less than 100 MeV. Radiation safety at high
energy particle accelerators is described in the literature [7–11]. Specific radiation
safety issues related to electron synchrotron radiation sources can be obtained from
the literature [12–14].

The radiation environment in particle accelerator facilities forms the core of radi-
ation protection concern in any particle accelerator facility. It is a strong belief that
radiological protection started with particle accelerators [5] and gradually developed
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into avast subjectwith enormouspotential for research and specialized courses.Much
attention was not devoted to radiation protection until the invention of Cyclotrons
(in 1932), particularly during World War II with the application of accelerators to
the Manhattan Project. The cataract cases of those involved in visually aligning
the accelerator beams during the late 1940s brought the field of radiation protec-
tion into the limelight. The radiological safety aspects of accelerators required an
orderly investigation of the radiations produced and needed a generalized approach in
arriving at solutions pertaining to radiation protection. There are problems pertaining
to accelerators (unlike conventional radiation safety problems) such as detection and
measurement of mixed radiation, pulsed radiation, high and low energy radiation,
and Radio-Frequency (RF) and magnetic field interferences.

The knowledge base on accelerator radiation protection spread its wings for detec-
tion andmeasurements of radiation levels (even very high levels), radiation shielding,
development of radiation dosimetry and its techniques, estimation of induced activity,
ventilation designs (to prevent or minimize the hazards from radioactive gases
produced), environmental impact, waste disposal, legislative and regulatory aspects.

Particle accelerators are not often thought of as potential polluters of the envi-
ronment. However, sometimes the accelerator needs to be sited in densely populated
areas like hospitals, universities, or in close proximity to residential areas. In this
chapter, the radiation environment and radiological safety aspects of the operation
of particle accelerators are described.

2 Radiation Environment of Electron Accelerators

2.1 Theoretical Aspects

The radiation environment in electron accelerators depends on the type of interaction
the electrons make with the target materials or accelerator structures. At low ener-
gies, below an energy called critical energy, mainly the electron interacts through
collision loss, which is due to ionization and excitation. Once the energy exceeds
the critical energy, the electron mainly loses its energy by radiation emission where
bremsstrahlung X-rays are emitted [6]. As the energy loss of electrons is by collision
and radiation emission, the total linear stopping power of the medium is the sum of
collision stopping power and radiative stopping power as given in Eq. (1)

(dE/dx)t = (dE/dx)c + (dE/dx)r (1)

where (dE/dx)c is the collision stopping power, (dE/dx)r is the radiative stopping
power, and (dE/dx)t is the total linear stopping power.

The two stopping powers become equal at the critical energy,Ec, given empirically
as
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Ec(MeV) = 800

Z + 1.2
(2)

where Z is the atomic number of the interacting medium. Ec decreases when Z
increases. For example, the atomic number for water is 103 MeV, whereas for lead,
it is 9.6 MeV (Zeff of water is 6.6 whereas Z of lead is 82). This indicates that the
dominance of radiation emission starts at much low energies for high Z materials in
comparison with low Z materials.

2.2 Bremsstrahlung X-rays

The radiation emitted from the interaction of electrons with materials is called
bremsstrahlung X-rays. The important characteristics of bremsstrahlung photons
are their broad spectrum of energies (continuous spectrum) extending to the energy
of the interacting electron and high angular dependence. In the direction of incidence
of electron, the intensity of bremsstrahlung photon is the maximum and reduces at
wider angles. The hardest (highest energy) photon arising from the interaction is
emitted in the forward direction (0°), i.e., in the direction of the incident electron,
and becomes softer (low energy) at wider angles. Calculations for the electron ener-
gies varying from 50 MeV to 10 GeV, reported by Vylet et al. [10] show that 99.9%
of photons at 90° have energies below 10 MeV.

The forward peaking of bremsstrahlung X-rays is described by Eq. (3) [4]

θ1/2 = 100

E0
(3)

where θ1/2 is the angle in degrees at which the intensity drops to one half of that at
0° and E0 is the energy of incident electrons in MeV.

Moreover, the emergent bremsstrahlung spectra from an absorber medium
depend highly on the absorber thickness and are of great importance in radiation
shielding applications at high energy electron accelerators. Figure 2 shows forward
bremsstrahlung spectra from a copper target of different thicknesses on incidence
of 450 MeV electrons [15]. It can be seen that the photons from a thin target have
higher energy, whereas for thick targets, the low energy contribution dominates over
the thin target case.

2.3 Electromagnetic Cascade or Shower

It is clear from the above discussion that, radiation loss is the major mechanism by
which an electron loses its energy for electron energies greater than the critical energy
(Ec) when it interacts with an absorber medium. An electron generates a photon after
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Fig. 2 Forward bremsstrahlung spectra from different copper target thicknesses on 450 MeV
electron incidence (reproduced from [15] with permission from Oxford University Press])

traversing an average distance, approximately one radiation length (X0), losing its
energy by a factor of e, i.e., 63% of its initial energy [Radiation length is the thickness
by which a relativistic electron loses its energy by one-third of its initial value] High
energy photons in the bremsstrahlung spectrum will interact by pair production. The
interacting photon will produce an electron–positron (e+, e−) pair after traveling an
average distance of 9/7X0 [4]. Both the electron and positron generate bremsstrahlung
photons again (as it traverses through the medium) which in turn produce (e+, e−)
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pairs. The process of bremsstrahlung photon generation and pair production continue
to take place and a cascade of positrons, electrons, and photons develop within the
interacting medium. In the 1930s, this cascade was called an “electron cascade” by
Homi Bhabha. He has theoretically calculated the number of electron pairs generated
when a 100 GeV electron is incident on a lead plate of thickness 5 cm to be about
1000 [16]. The number of particles in the cascade approximately doubles in each step
till the electron energy falls and degrades below the critical energy, Ec, beyond which
the electrons undergo mostly collision, and the photons interact through Compton
scattering and photoelectric absorption. The generation of an electromagnetic shower
is schematically shown in Fig. 3.

When the energy of bremsstrahlung photons within the cascade reduces to a low
valuewhere the cross-section for pair production is comparable with that of Compton
scattering, it causes a reduction in photon as well as the electron intensity with the
result that the shower development stops and the particles exponentially attenuate due
to Compton scattering and photoelectric absorption. This results in a transition curve
as shown in Fig. 4, where the fraction of energy deposited during shower propagation
in a medium is shown as a function of the depth of the medium expressed in terms
of λl, where λl = 325 (ln Z)−1.73 × (ln E0) [3]. Electromagnetic shower in copper

B
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n

P

e- or  e+

Fig. 3 Schematic diagram of electromagnetic cascade (reproduced from [4] with permission from
IAEA) (B bremsstrahlung, p pair production, N Nuclear reaction, n neutron)
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Fig. 4 Universal transition curve for the energy deposition in shower generation in a medium
(adapted from [3])

and lead generated by 1 GeV electrons was experimentally studied by Nelson et al.
[17], where they measured the energy absorption in thin absorbers using LiF TLDs
and also calculated the energy absorbing from them.

2.4 Effect of Shower Generation on Absorbed Dose

In the forward direction (in the direction of the electron beam) generation of elec-
tromagnetic shower due to the incidence of high energy electrons or photons, the
absorbed dose in the exposed material increases initially up to a certain depth,
mainly in the forward direction, and then decreases. In case of a human body too,
the same effect occurs and hence the dose recorded by personnel dose monitoring
devices (which is worn usually on the surface of the body) underestimates the dose
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by several factors [18] depending upon the energy of the incident electron or the inci-
dent bremsstrahlung spectrum. Similarly, equipment and sensitive electronic devices
kept in metallic enclosures in the forward direction are likely to get damaged faster
in comparison with the equipment kept without any enclosure. A methodology for
deducing the conservative correction factor to correct the dose underestimation for
use in personnel radiation protection was described by Haridas et al. [19] based on
absorbed dose measurements in a water phantom in the bremsstrahlung X-ray envi-
ronment emitted from the 450 MeV electron synchrotron, Indus-1. The equivalent
thickness of different materials corresponding to water phantom for online absorbed
dose measurement also was determined and described in the literature [19].

Outside the shield around high energy electron accelerators, the energy may be
degraded to a large extent, and hence the underestimation factormaynot be applicable
[19, 20]. However, streaming of radiation may take place through the shield joints
and penetrations, where the underestimation of dose may occur and hence care has
to be taken. Electron accelerators operating at energies less than about 10 MeV need
not consider the dose build-up as it is not significant.

In the lateral direction (90° w.r.t the beam direction), the emitted bremsstrahlung
photons are softer in nature due to the low energy nature of the secondary electrons set
in motion laterally, and hence no dose build-up takes place [17]. The absorbed dose
per unit beam power from high Z thick targets in the forward and lateral direction as
a function of electron energy is shown in Fig. 5 [4]. The absorbed dose rate beyond
100 MeV is suggested to be a linear function of energy.

2.5 Bremsstrahlung Source Terms

Presently, bremsstrahlung source terms for electron accelerators are calculated using
the empirical relations suggested by Swanson [4] based on the curve presented in
Fig. 5. In the forward direction (0°), empirical relation (Eqs. 4 and 5) for the source
term normalized to electron beam power as a function of electron energy in MeV is
given as

D = 20E2Gy/h − kW for E < 20 MeV(0◦) (4)

D = 300E2Gy/h − kW for E < 20 MeV(0◦) (5)

For the sideward direction (90°), the source term beyond 100 MeV is assumed to be
proportional to the power, independent of the energy, given in Eq. (6)

D = 50Gy/h − kW (90◦) (6)
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Fig. 5 Absorbed dose rate due to high Z thick-target bremsstrahlung in the forward and sideward
direction (reproduced from [4] with permission of IAEA)

The dose rate normalized to beam power at 90° has been studied by A Ferrari
et al. [21], where the authors have calculated the source term using FLUKA for
electrons in the energy range 100–1000 MeV and found it to match very well with
the suggested empirical relation by Swanson [4]. The same authors investigated the
dose rates in the forward direction and found that the dose rate is higher by 7 times
at 100 MeV and 22 times at 1000 MeV.
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The forward direction source term is experimentally determined for 450 MeV
and 550 MeV for a lead target thickness of 1 CSDA (Continuous Slowing Down
Approximation) range (~ 26mm) and found to be less by28%[22] than that suggested
by the empirical relation by Swanson [4]. This experimental data is simulated using
EGSnrc code and found to be in excellent agreement.

The source terms bySwanson [4]which arewidely used are based on experimental
data obtained from absorbed dose rates in 30 cm tissue equivalent spherical phantom
obtained from thick high Z materials. However, in practice, accelerated electron
beam moving or circulating in a vacuum envelope, if lost, encounters a thin target
of a few millimeters thick and the generated bremsstrahlung photons in the forward
direction are of high energy compared with photons emitted from a thick target [23].
Moreover, as the thickness of the vacuum chamber is less, substantial electrons also
will be transmitted along with bremsstrahlung photons and the source term will be
different than that obtained from the empirical relations mentioned above [23]. This
suggests that for forward shielding, source terms from relatively thin targets, and
for lateral shielding, source terms from thick targets must be used. Monte Carlo
calculations performed using EGS code for energies from 100MeV up to 10 GeV by
Tromba et al. [24] suggest that the probable locations of beam loss in the accelerator
sectionsmay bemade thick enough so that the electromagnetic shower develops fully
in the material and further shielding calculation can be performed by using simple
exponential attenuation method. Dinter et al. [25] have calculated the dose behind
various shield materials like sand, concrete, lead, etc., for electron energies ranging
from 0.15 to 50 GeV and estimated the attenuation coefficient for use in radiation
shielding applications.

2.6 Photo-Neutrons

The second major contributor to the radiation environment in electron accelerators
is photo-neutrons. A detailed discussion of the neutron production mechanism is
given by Swanson [26]. Photo-neutrons are produced as a result of the interaction of
high energy photons (bremsstrahlung X-rays) with accelerator structures when the
beam is striking a target or vacuum envelopes during a beam loss. In the process
of electromagnetic cascade generation and its subsequent propagation through the
medium, photo-neutrons are generated as bremsstrahlung photons have energy well
above the neutron production threshold. It is well known that the average binding
energy per nucleon is only about 8.5 MeV, whereas bremsstrahlung photons are of
energy as high as hundreds of MeV or GeV (depending upon the electron energy)
which are above the binding energy of nucleons and produce (x, n), (x, 2n), and
(x, np) reactions. The general expression, Eq. 7 for the yield of photo-neutrons per
incident electrons can be represented in terms of photon differential track length
given by [26],
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Y (E0) = N0ρ

A

E0∫

kth

σn(k)
dL

dk
(E0, k)dk (7)

σn(k) is the photo-neutron cross-section from (x, n), (x, 2n), and (x, np) reactions
and dL

dk is the photon differential track length distribution representing the total track
length of all photons having an energy in the interval k and k + dk. Expressions for
track length distribution can be obtained from the literature [26]. N0, ρ, and A are
the Avogadro number, medium density, and atomic weight, respectively.

There are threemain photo-neutron productionmechanisms decided by the photon
energy regime. They are: Giant resonance mechanism, Quasi-deuteron effect, and
Pion decay. The processes are briefly described below.

2.6.1 Giant Resonance Mechanism

Up to 30 MeV of photon energy, neutrons are produced through this process. During
this process, a photon transfers its energy to the nucleus in which the protons as
a group move away from the neutrons which appears like a dipole formation. This
process has maximum cross-section at photon energies ~ 20–23MeV for light nuclei
and 13–18 MeV for medium and heavy nuclei. For a mass number higher than 40,
the width of the resonance peak is approximately given as

k0 = 80A−1/3MeV (8)

The integrated cross-section over the photon energies from the production
threshold to 30 MeV [27] is expressed as

σ =
30 MeV∫

Eth

σn(k)dk ∼ N Z

A
(9)

where σn(k) is the photo-neutron cross-section and N = A − Z.
The neutron spectrum from the giant resonance process has two components. The

first one is a standard evaporation spectrum from a compound nucleus formed by the
absorption of photons and the absorber nucleus, which is described as

dN

dEn
= En

T 2
e−(En/T ) (10)
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where dN
dEn

is the number of neutrons per unit energy interval, T is the nuclear temper-
ature, characteristic of the excitation of the target nucleus. Themost probable neutron
energy in this distribution is En = T and the average neutron energy is 2 T. T has
a value in the range of 0.5 to 1.0 MeV for excitations produced in heavy nuclei by
giant resonance effect. Thus, the average neutron energy produced from this effect
is ~ 1 to 2 MeV.

The second component of the spectra is the direct emission spectrum. Neutron
energies above 3–4 MeV in this spectrum are by direct neutron emission. Studies
have shown that direct emission accounts for about 14% of the neutrons emitted
by the giant resonance process, the remaining 86% is the evaporation neutrons for
medium to high Z materials. Neutron spectra obtained from Ta and Be targets of
different thicknesses on 150 MeV electron beam incidence are reproduced in Fig. 6
[4]. From the spectrum, it is seen that the maximum flux is obtained in the energy
region ~ 0.1 to 1 MeV in the case of tantalum, and in the case of beryllium, it is
shifted slightly to the high energy side.

Swanson [4] estimated low energy neutron yield based on photon differential track
length distribution, which is in turn based on approximation B of analytical theory
for selected materials ranging from Carbon to Uranium and for electron energies up
to 100 MeV, as reproduced in Fig. 7.

2.6.2 Quasi-deuteron Effect

For photon energies above 30 MeV, photo-neutrons are generated by quasi-deuteron
effect. Here the photon interacts with a neutron proton pair within the nucleus rather
than interacting with the entire nucleus. The fundamental process is described by
Swanson [4] and by Levinger [28]. The cross-section for this process is an order of
magnitude less than the giant resonance process. The QD effect adds a high energy
tail to the giant resonance spectrum. Results at 100 MeV suggest that the additional
yield of neutrons released by photons above 30 MeV is about 10 ± 5% of the giant
resonance yield. In the Quasi-deuteron effect, the neutron energymay go up to half of
the incident electron energy, above which only negligible neutrons may be present.

2.7 Neutron Through Photo-Pion Production

The cross-section for the quasi-deuteron effect reduces with photon energy. As the
photon energy is greater than 140MeV (rest mass of pion), photo-pions are produced
[4] due to the interaction to the interaction of the photons with nucleons. The cross-
section for this process has a number of resonance peaks and the highest peak is
centered around300MeVwith awidth of ~110MeV[4] (reproducedwith permission
from IAEA). Above 300 MeV the cross-section reduces at a slower rate and reaches
a value close to 100μb. The cross-section for neutron generation through photo-pion
production (Eq. 12) is only a fraction of the giant resonance cross-section. However,
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Fig. 6 Neutron spectrum from beryllium and tungsten targets of different thicknesses on 150MeV
electron incidence (reproduced from [4] with permission from IAEA)

the neutrons produced from photo-pion reaction aremore penetrating than giant reso-
nance neutrons [4]. At high energy accelerators, these penetrating neutrons contribute
more to the dose rate outside the radiation shielding, whereas bremsstrahlung and
giant resonance neutrons dominate within the shield.

The gamma-nucleon reaction responsible for the pion production is [7]:

γ + p → p + π0 (Eth = 135MeV) (11)
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Fig. 7 Total yield of photo-neutrons from infinitely thick targets of different materials as a function
of electron energy (reproduced from [4] with permission of IAEA)

γ + p → n + π+ (Eth = 140MeV) (12)

γ + n → p + π− (Eth = 140MeV) (13)
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Far above the energy threshold mentioned above the square of the average
momentum transferred to the nucleus tends to a constant value, q2 = 400 (MeV/c)2,
independent of the neutron energy. The corresponding kinetic energy of neutrons
works out to be q2/2 m ∼= 200 MeV [4]. The pions produced by π+, π− decay
immediately to muons through the following decay scheme:

π+ → μ+ + ν (14)

π− → μ− + ν (15)

where ν, ν are the neutrino and anti-neutrino, respectively.
Also, two neutral pions annihilate to produce high energy gammas. These gammas

produced further give rise to an electromagnetic cascade within the absorbers which
complicates the radiation environment in such high energy accelerators. The source
term for high energy neutrons in the range of 25 MeV to 100 MeV and beyond
100MeV from a copper target as a function of electron energy is reported by Sullivan
[9]. This data is useful for neutron shielding at high energy electron accelerators
beyond 100 MeV.

2.8 Muons

At high energy electron accelerators, operating above hundreds of MeV, similar to
(e+, e−) pair production, high energy bremsstrahlung photons above a threshold of
211 MeV produce (μ+, μ−) pairs [3]. However, the cross-section for the process is
smaller approximately by (mμ/me)2 = 40,000, where mμ and me are the muon and
electron rest masses, respectively. Another production mechanism of muons is the
decay of pions. Charged pions are produced through photo-nuclear reactions, above
a threshold of 140 MeV and then they decay to muons as described in the above
section. The fluence of muons from π± decay is relatively small compared to the
direct muon pair production.

The muons produced by both processes are highly forward peaked. This is
because, in muon pair production and in nuclear pion production, the transverse
momenta are small. As an example, the characteristic angle by which the intensity
drops to 1/e for the production of 10 GeVmuons is 10 mrad or 0.5 degree. Therefore,
muons are not a problem for transverse shielding [29] but a major problem in the
forward direction is due to its weakly interacting nature. Due to the larger mass of
muons, they do not lose energy by radiation like electrons, and hence do not partic-
ipate in electromagnetic cascade. The only mechanism by which they lose energy is
by ionization.
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3 Induced Radioactivity at Electron Accelerators

Due to the interaction of primary accelerated particles or secondary radiations
produced in electron accelerators, if neutron emission takes place from any of the
accelerator structures, it becomes activated. Generally, accelerators operating with
energies less than 10 MeV are not likely to produce induced activity of any signifi-
cance. In high energy accelerators, activity can be produced in shielding structures,
cooling water, air, and soil. Usually, the induced activity problem is less severe in
electron accelerators when compared to proton accelerators operated at the same
power. The activity induced in accelerator components restricts the maintenance
immediately after shutdown, whereas the activity in the air, if produced in excess,
restricts the entry to the accelerator hall after prolonged operation. The half-life
of the radionuclides varies from a few seconds to years. A detailed summary of
radionuclides likely to be produced in electron accelerators from various materials is
compiled by Swanson [4]. A brief summary of radionuclides identified in commonly
used solid materials in electron accelerators is given in Table 1.

Commonly produced radionuclides in water that may be hazardous are 15O, 13N,
11C, 3H, and 7Be. They are produced mainly by spallation reactions in water. They
are common for both electron and proton accelerators. 15O, 13N, and 11C are positron
emitters with no accompanying gamma rays. They are short-lived but annihilation
radiation can produce radiation levels around cooling water systems. 7Be is long-
lived (53.3 d) and trapped by ion exchange resin beds in the cooling water system,
and can be hazardous. 3H is the only long-lived (12.2 y) radio nuclide produced in
water that cannot be trapped by ion exchange resins. Therefore, 3H concentration
may build up in cooling water systems and it may be desirable to dispose of the water
before the concentration becomes too high.

Two radionuclideswith long half-lives that are produced in soil are 3H (12.2 y) and
22Na (2.6 y) and can move along with groundwater through the soil. 3H is produced
either due to spallation reaction [8] or due to absorption of thermal neutrons by
lithium-6 (8% isotopic composition) in soil, for which the cross-section is very high.
On average, lithium content onEarth is of 26mg/kg of soil [30] approximately. Activ-
ities expected from all the components are to be quantified. Radio-activation of accel-
erator structures/components is fixed, and therefore, proper detection/monitoring of
the hot spots with subsequent local shielding, if needed, minimize the exposure rate
to maintenance personnel. Production of radio-activation is not an issue of safety
concern at low energy electron accelerators, operating below about 10 MeV.
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Table 1 Radionuclides produced from common materials used in electron accelerators

Material Radionuclide Half-life Decay
mode

Gamma
energy
MeV

Parent
isotope

Reaction
type

Eth (MeV)

Copper 60Co 5.26y β − 1.17, 1.33 63Cu γ, n2p 18.86
62Cu 10 min EC, β

+
– 63Cu γ, n 10.84

64Cu 13 h EC, β
+, β −

– 65Cu γ, n 9.91

58Co 71 d EC, β
+

0.811 63Cu γ, sp 41.75

Stainless
steel
(containing
Iron and
Nickel),
mild steel

56Mn 2.58 h β − 0.847, 1.81 57Fe γ, p 10.57
51Cr 27.8 d EC 0.320 54Fe γ, sp 19.74
52Mn 5.6 d EC, β

+
0.74, 0.94,
1.43

54Fe γ, np 20.89

54Mn 303 d EC 0.835 56Fe γ, np 20.42
48 V 16 d β +,

EC
0.984, 1.31 54Fe γ, sp 25.86

46Sc 84 d β − 0.889,1.12 54Fe γ, sp 37.41
56Co 78 d EC, β

+
0.847, 1.24 58Ni γ, 2n 22.45

57Co 270 d EC 0.122,
0.136

58Ni γ, p 12.19

58Co 71 d EC, β
+

0.811 – – –

60Co 5.26 y β − 1.17, 1.33 61Ni γ, p 9.86
55Fe 2.6 y EC 0.006 56Fe γ, n 11.21

Aluminum 22Na 2.6 y β +,
EC

1.27 27Al γ, 3n2p 22.51

26Al 7.4e5 y β +,
EC

1.13, 1.81 27Al γ, n 13.03

Concrete 15O 2.1 min β + – 16O γ, n 15.67
22Na 2.6 y β +,

EC
1.27 23Na γ, n 12.44

27Si 4.14 s β + – 28Si γ, n 17.18
26mAl 6.37 s β + – 27Al γ, n 13.03
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4 Radiation Environment of Proton/Heavy Ion
Accelerators

Proton accelerators are potential tools for application in diversified fields like ion
implantation, radio-isotope production, nuclear structure studies, solid-state physics,
radiation damage, etc. Increased use of proton or ion accelerators is used in radio-
therapy due to the superior quality of dose delivery to the malignant tissue without
significantly affecting the nearby tissues. In thefield of isotope production formedical
applications like PET (Positron Emission Tomography) isotopes, proton cyclotrons
are widely used across the world. These isotopes are used for obtaining good-quality
images of body organs and also for treatment. Various isotopes for use in nuclear
medicines are also produced with the help of protons. Presently, about 18 medical
cyclotrons are operating in India for the production of Positron Emission Tomog-
raphy (PET) isotopes apart from research accelerators. It is also important to note that
high energy and high intensity proton accelerators are emerging to find application
in the generation of intense spallation neutrons, and the transmutation of long-lived
radioactive waste to short-lived, thereby reducing the radio-toxicity and generation
of radioactive ion beams. Around such proton/HI accelerators, significant quanti-
ties of secondary radiation are generated as a result of interactions of accelerated
charged particles with accelerator components and shielding materials. In such radi-
ation environments, energetic neutrons dominate, with their spectrum ranging from
thermal energies to TeV levels, and pose a radiation risk in the surrounding area
of the public domain. In designing a proton/HI accelerator facility either for funda-
mental/advanced research or for other industrial/medical applications, quantification
of the radiation hazards from the facility and limitation of radiation exposure through
various radiation safety systems are important tasks. The following sections describe
the radiation environment of proton/HI accelerators and the safety aspects.

4.1 Prompt Radiation at Proton Accelerators

At particle accelerator facilities both prompt and residual radiation are present.
Prompt radiations are the radiations emitted during the beam-ON conditions. Esti-
mation of type, energy, and quantity of radiation sources in an accelerator facility
is of prime importance in evaluating the complete radiation environment. Radiation
is produced by interactions of accelerated beam particles with the material it strikes
(accelerator components: Dee, deflector, beam focusing and steering components,
vacuum chambers, beam defining slits, collimators, experimental targets, etc.). The
higher the kinetic energy of the beam particles, the greater the intensity and type of
secondary radiations produced. Beam particles that are intentionally produced are
called primary radiations, and all other radiations (no matter how they are produced)
are termed secondary radiations.
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In electron accelerator facilities, photons (bremsstrahlung) dominate [4] the radi-
ation field followed by photo-neutrons, whereas in positive ion/proton accelerator
facilities, neutron dominates the radiation field followed by gamma photons. At
high energy accelerator facilities, however, shielding and other radiological safety
considerations should be based on the secondary radiation yield (neutron, photons,
and other particles) prevailing.

4.1.1 Secondary Radiation Yield

The details of angular and energy distributions of total secondary particle yield (both
neutron and photons) from the thin targets (only a fraction of the beam interacts
and ionization losses are relatively small) are significant in the study of radiation
environments in a particle accelerator facility. But for practical situations related
to radiation protection issues, the “thick-target situations” are of real concern. The
primary accelerated proton interacting with beamlines, beam dumps, Faraday cups,
vacuum chambers, etc., are thick-target conditions where the primary beam is fully
absorbed or significantly degraded and secondary particles are generated. The phys-
ical process and the secondary particles generated during an interaction with target
nuclei are pictorially represented in Fig. 8. Angular distributions of energy spectra
in units of secondary particles (per MeV. steradian. incident primary particle) are
usually evaluated to quantify the radiation environment.

Angular distributions of secondary radiation yield “dY/d	” and total flux, ∅(θ)

[secondary particles/cm2 incident primary particle] are related as given in Eq. (16):

∅(θ) = 1

r2
dY (θ)

d	
(16)

where r is the distance of the observation point from the primary particle interaction
point at a specified angle, θ . The differential flux [secondary particles/cm2. MeV
incident primary particle] is given by Eq. (17):

dφ(θ, E)

dE
= 1

r2
· dY (θ, E)

dEd	
(17)

NCRPReport 144 [8] gives compiled data on the angular distribution of secondary
particle production for thin and thick targets.

4.1.2 Theoretical Considerations

Low/medium energy protons interact through ionization when it interacts with a
mediumwhereas high energy protons interact through nuclear reactions and generate
secondary particles. The ionization range of protons increases with their kinetic
energy and the mean free path will tend to become constant at higher energies.
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Fig. 8 The physical processes and secondary particles produced when an accelerated proton is
incident on a target nucleus

However, very high energy protons undergo cascade processes (as explained in the
above section) and produce a wide variety of secondary particles. Thick target yields
of secondary particles from the interaction mechanisms are required for quantifying
the radiation environment. Such yields can be measured directly by experimental
methods or can be determined from thin target cross-section data by integrating
over the range of the incident particle (proton). The yield of secondary neutrons is
generally high at proton accelerators having energies approximately above 10 MeV
and is of great safety concern. The total dose rate considered for radiation protection
in such facilities is dominated by neutrons. At proton accelerators of all intermediate
and high energies, it is vital to understand the mechanism of production and yields
of neutrons.

A. Low and intermediate energy beams below 1 GeV

In such facilities, reactions like (p, n) generate neutronswith energies up to or close
to the bombarding energy. Between 50 and 500 MeV, the neutron yield increases
approximately as E2

p, and for proton energies above 1 GeV, it is approximately
proportional to Ep, where Ep is the proton energy. The angular distribution of the
yield depends on the target material, thickness, and geometry due to build-up, self-
absorption, and other factors.
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B. Energies above 1 GeV

The estimations and measurements of neutron yields, their angular distribu-
tions, and spectral distributions are extremely complex due to the increased number
of possible nuclear interactions and hence handled with Monte Carlo codes. The
approximate neutron yield per μA for different primary energies and different target
materials is reported by Rindi [31] for practical purposes.

The knowledge of attenuation lengths of protons in commonly used materials is
important. The attenuation length or removal mean free path λremoval, for protons are
approximately equal to that of neutrons [5]. This becomes independent of energy
above a few hundred MeV (for a given material). Removal mean free paths for
common materials are given in Table 2.

Empirical formulations are available to estimate the total hadron flux emitted.
As per Thomas [5], the angular fluence of hadrons in cm−2, per interacting proton
(in the energy region of 5 <Ep> 500 GeV) at 1 m from a copper target at 1 m is
approximately given as

φ(θ) = 1

2
(
θ + 35

√
E

)2 (18)

For dosimetry, knowledge of the neutron energy spectrum is very vital.More than just
neutron fluence, protection quantities like dose equivalent and effective dose are also

Table 2 Proton removal mean free paths for common accelerator materials [5]

Material Density (g/cm3) λremoval (g/cm−3) λremoval (cm)

H2 9.0E−5 43.3 4.8E+5

Be 1.85 55.5 30.03

Al 2.70 70.6 26.15

Fe 7.87 82.8 10.52

Cu 8.96 85.6 9.55

Pb 11.35 116.2 10.24

U 18.95 117.0 6.17

Air 1.29E−3 62.0 4.81E+4

H2O 1.00 60.1 60.1

Concrete 2.50 67.4 26.96

SiO2 2.64 67.0 25.38

Polyethylene 0.93 56.9 61.51
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necessary. The protection quantities may be obtained by use of proper conversion
coefficients, g(E), the neutron fluence to effective dose conversion coefficient [32].

The effective dose E may be estimated from differential neutron spectrum as

E = Emax∫
Emin

g(E)
dφ

dE
dE (19)

where dφ
dE denotes the differential neutron yield.

It is observed for neutrons that the spectrum averaged conversion coefficients are
not that strongly spectrum dependent and simple semi-empirical relations are avail-
able in the literature wherein one can estimate approximate neutron dose equivalent
for wide ranges of neutron energies using the gross neutron fluence rates. In practical
cases, for a typical intermediate energy accelerator neutron spectrum, a flux of 1 n
cm2 s−1 produces roughly a dose equivalent of 0.5 μSv/h [33].

Nuclear Cascades

At high energy proton accelerators with high intensities of beams, nuclear cascade
occurs (similar to electromagnetic cascade in case of electron accelerators). The colli-
sion of high energy nucleons with a nucleus produces a large number of particles,
mostly nucleons, pions, and kaons. The major method of energy transfer and prop-
agation of the cascade is by the interaction of high energy nucleons with energy of
more than 150 MeV due to inelastic cross-sections. But practically above 450 MeV,
cascade propagation due to ionization energy losses is significant, and very thick
shields are required to control the dose rates (produced by cascade particles) outside.

Muons

Muon production is possible at proton accelerators at above 150 MeV, but radia-
tion safety concerns due to muons are significant only when proton energy is above
10GeV.Muons generally dominate in longitudinal shielding at proton energies above
20 GeV. High energy muons undergo ionization loses and multiple scattering. As the
range of muons is large, earth shielding is utilized considering the economic aspects
and effectiveness. Monte Carlo codes are used for estimating radiation environment
due to muons. For radiation protection purpose, the fluence to dose conversion coef-
ficients for muons can be taken approximately as 40 f Sv-m2 for a muon energy range
of 100 MeV to 100 GeV.

4.2 Radiation Environment Due to Heavy Ion Interactions

Heavy ion beams of various species are nowadays available at high energies and
intensities for various research applications. Secondary particle yields from light ion
and heavy ion interactions differ systematically. The nuclear reactions, (p, n), (α,
n), and (d, n) are common interactions for light ions and sufficient data on neutron
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yield are available whereas for heavy ions data are sparse. Ar, Ne, N, O, S, and
other ion beams for different charged states with energies more than 18 MeV/amu
have been made available at the Variable Energy Cyclotron Centre (DAE), Kolkata.
Approximate yield measurements show neutron yields are nearly independent of a
mass number of both target and projectile nuclei. For energies up to 10 MeV/amu,
the approximate yield is about 2 × 10–3 neutrons per incident ion. Clapier et al. [34]
in their study summarized the neutron yield (neutron/ion) from various heavy ions
in the energy region ~ 3–100 MeV/amu and the total neutron yield as a function of
the specific energy W [MeV/amu] is given as

Y (W, Z) = 1.95 × 10−4

Z2.75
e−[0.475(ln Z)2]W 1.22

√
Z

(20)

Also, the normalized angular distributions of either dose equivalent or neutron
fluence can be expressed approximately as

f (θ, ξ) = 1

4π

⎡
⎣ 1

log
(
1 + 1

ξ

)
⎤
⎦

[
1

ξ + sin2
(

θ
2

)
]

(21)

With the parameter ξ defined as

ξ = φ(90◦)
φ(0◦) − φ(90◦)

(22)

where φ(θ) is the fluence (or dose equivalent) at θ . For example, for interme-
diate energy accelerator facilities ξ = 0.025 for neutrons of energy below 20 MeV,
produced by 86 MeV/amu C12 ion beam on iron whereas for neutrons of energy
above 20 MeV, ξ = 0.0003.

4.3 Induced Radioactivity

All accelerators that can produce charged particles in excess of about 10 MeV/amu
can induce radioactivity on the accelerator components (beamlines, Dee, deflector
systems, slits, collimators, flanges, and other components like beam dumps.) either
by primary beam or by secondary radiations like neutrons. Secondary radiations
can induce radioactivity in the air [35] present in the accelerator halls/bunkers and
experimental caves.
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4.3.1 Induced Activity in the Air

When positive ion accelerators are operated at high energy and with high beam inten-
sities, activation of air occurs around the accelerator whichmay cause serious inhala-
tion hazards for personnel entering these areas after beam shutdown. The concen-
tration of radionuclides in the air depends on beam parameters, target, building
dimensions, and ventilation rate. According to regulatory guidelines, the design of
the ventilation system should ensure that the air activity levels are well below the
Derived Air Concentration (DAC) values for the radionuclides of concern.

Secondary neutrons and gamma photons produced due to the interaction of accel-
erated proton or ion beam interact with air nuclei producing radionuclides like 3H,
12B, 14C, 13N, 16N, 15O, 37S, 37Ar, and 41Ar. Out of these radioisotopes, important
radioisotopes from the radiation safety point of view are 11C, 13N, 15O, and 41Ar
as their concentration can exceed DAC levels and they have sufficiently short half-
life. Table 3 lists the important properties of the radionuclides produced in air in
accelerator environments.

For a mixture of radionuclides, the sum of the ratio of the concentration of the
radionuclides to the DAC value of the radionuclides has to be less than 1. Out of the
DAC values in Table 3, 11C has the most restrictive DAC value. If the total activity
concentration of all the radionuclides is less than the DAC value of 11C, then safety
from the inhalation hazard from the listed radionuclides in the air will be taken care
of.

Air activity concentration during operation and after shutdown can be estimated
using Monte Carlo Codes like FLUKA [36]. During operation, the concentration
of radionuclides increases and reaches a saturation activity concentration (Asat).
Practically for different ventilation rates, air activity concentration is calculated as
follows.

For different ventilation rates V, built up of radionuclide activity concentration,
A(t) of a radionuclide with decay constant λ in a room of volume B, with time t
during operation and after shutdown is given by the Eqs. (3) and 4, respectively [37].

During operation:

Table 3 Important radionuclides generated in air in accelerator halls and their properties

Radio-isotope Half-life (min) Production mode DAC (Bq/m3)
41Ar 109.8 40Ar(n, γ)41Ar 4.84 × 104

15O 2.03 16O(n, 2n)15O
16O(γ, n)15O

5.92 × 104

13N 9.96 14N(n, 2n)13N
14N(γ, n)13N

5.92 × 104

11C 20.36 12C(n, 2n)11C
12C(γ, n)11C

2.96 × 104
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Fig. 9 Typical total air activity concentration during operation in an accelerator hall (adapted from
[37])

A(t) = λAsat

λ + V
B

(
1 − e−(λ+ V

B )t
)

(23)

After shutdown:

A(t) = λAsh

λ + V
B

(
e−(λ+ V

B )t
)

(24)

A typical activity build-up in air (inside the accelerator hall) during accelerator
operation and its decay after shutdown for different ventilation rates (alongwithDAC
values) are shown in Figs. 9 and 10, respectively. These are for a 50 MeV proton
beam of 10 kW dumped on a thick tantalum target inside a typical accelerator hall.

4.3.2 Induced Activity on Components

For residual activities on accelerator components, especially for commonly used
materials, about 50% of the nuclear interactions produce radionuclides with a half-
life longer than a fewminutes; of which roughly 50%may have a half-life longer than
one day [35]. To illustrate an example of activity generation on solid components,
Fig. 11 depicts the formation of 60Co from stable 59Co. 60Co is radioactive with the
emission of two gamma rays of 1.17 and 1.32 MeV and has a half-life of 5.2 y.
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Fig. 10 Typical air activity decay pattern in an accelerator hall after the accelerator is put off
(adapted from [37])

Fig. 11 Illustration of generation of induced activity on a stable metal due to capture of neutrons
and the decay scheme (adapted from [37])
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Table 4 Radio-isotopes of
concern at positive ion
accelerators

Radio-isotope Half-life Gamma energy (MeV)
56Co 77.3 y 0.85, 1.24
57Co 272 d 0.122, 0.137
58Co 71 d 0.81
60Co 5.24 y 1.32, 1.17
65Zn 243 d 1.12
185Os 94 d 0.65, 0.88, 0.87
183Re 70 d 0.162, 0.053
182Ta 115 d 1.22, 1.12, 1.19

There are several radioisotopes generated due to the direct interaction of protons or
ions from commonly used structural materials or due to the interaction of secondary
radiation with the materials. A detailed treatment of induced radioactivity in proton/
ion accelerator is given in IAEA technical series report 283 [5] which can be used for
the estimation of dose rate from induced radioactivity. The list of induced radioiso-
topes with gamma energies and half-lives on a typical positive ion accelerator is
given in Table 4.

The typical remnant gross beta-gamma radiation levels of cyclotron inner compo-
nents can be a few Sv/h (contact dose rate) with contamination levels as high as
107 cpm/cm2.

4.3.3 Radioactivity Produced in Earth Shielding (Below Accelerator
Building) and Ground Water

Earth is often used as a shielding material in large accelerator facilities as it is cost-
effective. Radioactivity may be induced in earth shielding and may even migrate to
the groundwater table. This may cause radioactivity to enter public water distribu-
tion lines. Practically, for low and intermediate energy accelerators below 1 GeV, no
significant contamination was observed. For high energy accelerator facilities care
should be taken tominimize the activation of earthmaterial andmigration of contam-
ination to water table to be prevented. An appropriate analysis should be done in the
design stage (while preparing design basis safety report) which would include: (i)
identification of radionuclides that could be produced possibly in earth and ground
water for that accelerator facility, (ii) estimation of the total concentration of each
radionuclide, and (iii) determination of the rate of migration of such radionuclides
in groundwater. Following are some important radionuclides that may be present in
earth shields of accelerator facilities [38] 3H, 7Be, 22Na, 32P, 43K, 45Ca, 47Ca, 46Sc,
47Sc, 51Cr, 54Mn, 55Fe, 59Fe, 58Co, and 60Co.
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4.4 Skyshine Radiation

The prompt radiation field at a distance greater than a few hundred meters from the
accelerator has direct and scattered components. The term “Skyshine” refers to radi-
ation from a facility, scattered by air and reaching far away distances, and may lead
to exposure to the public. Exposure to the public from skyshine can be prevented or
minimized by proper roof shielding. Photon skyshine is rarely a problem if sufficient
shielding is provided. Neutron skyshine results from the scattering process and it is
largely due to neutrons having energy greater than 20MeV that are scattered from air
and reach the ground. The dose equivalent due to neutron skyshine can be estimated
by using the empirical relation (Eq. 25) given below [39]:

H(r) = gφ(r) = a
Q

r2
e(

−r
λ ), r � 200m (25)

where H(r) is the dose equivalent, φ(r) is the neutron fluence, a is the empirical
constant, Q is the leakage neutron source strength (number of neutrons entering the
sky), r is the distance from the accelerator source, λ is the effective attenuation
of skyshine energy range neutrons in air, and g is the fluence to dose conversion
coefficient.

5 Radiation Streaming Through Ducts, Labyrinths,
and Tunnels

Access to the accelerated beam hall from outside is essential for routing control
cables, power cables, cooling water pipes, ventilation ducts, and air conditioning
ducts. Such penetrations compromise shielding integrity and should be properly
designed to minimize the streaming radiations through such ducts during the opera-
tion of the accelerator [38]. S bends andmultiple-legged ducts generally are designed
in such a way that the dose rates at the exit of such penetrations should not exceed the
regulatory limits. Normally, the duct exits are placed above the man’s height [40].
Universal transmission curves of NCRP Report144 [8] can be used to estimate the
dose attenuations at different legs of the duct to get the final dose rate at the exit of
the duct.
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6 Radiation Environment at Antiproton Accelerator
Facility

6.1 About Antiprotons

The antiproton, (p), is a member of the hadron family. It is an antiparticle of the
proton and made of two up and one down antiquarks. All the measured proper-
ties of antiproton match the corresponding properties of proton. However, the elec-
tric charge, Isospin, and magnetic moment of antiproton are opposite to those of
proton. The antiproton can undergo all four fundamental interactions such as strong,
weak, gravity, and electromagnetism. Antiprotons are generally stable. However,
these particles are typically short-lived as any interaction with a proton results in the
annihilation of both particles, releasing a burst of energy. The existence of antiproton
was predicted by Paul Dirac in 1933 [41]. In 1955, physicists Emilio Segrè andOwen
Chamberlain achieved the first experimental confirmation of the antiproton at the
Bevatron particle accelerator, located at the University of California, Berkeley. Their
ground-breaking work on antiproton earned them the Nobel Prize in physics in 1959.

6.2 Production Threshold Energy of Antiprotons

Experimental observations indicate that the production of an antiproton is consis-
tently accompanied by the creation of a new proton.

p + p → p + p + p + p (26)

The possible alternative reaction in which electric charge can be conserved with
less energy is

p + p → p + p + π+ + p (27)

However, the conservation of energy, momentum, and charge are not the only
constraints in creating new particles. Additionally, angular momentum should also
be conserved. Hence, Eq. (27) does not happen. In this case, the conservation of
baryon number is generalized at high energies for including antiparticles having
negative baryon number (− 1 for the antiproton). Therefore, the conservation of the
baryon number becomes parallel to the conservation of electric charge. Creation of
new antiparticles at sufficiently high energies is always possible provided that the
total of new charge and total of new baryon number remain zero. It is important to
emphasize that these observations are derived from experimental results obtained
through the analysis of millions of collisions between relativistic particles.

In the fifties, a modern accelerator was specially designed at Berkeley for the
production of antiproton. Therefore, it was important to calculate the production
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threshold energy of antiproton accurately. We know that the Lorentz equations are
linear, and hence, if we have a system of particles with total energy E and total
momentum p in one frame, and E′ and p′, respectively, in another frame, then we
can write

E2 − c2 	p2 = E
′2 − c2 	p′2 (28)

Using Eq. (28), lab frame information can be obtained from the center of the
mass frame. Note that in the center of mass (CM) frame, two protons (projectile
and target) move toward each other with equal and opposite velocities, and hence the
total momentum is zero. In the lab frame, the target proton is at rest and the incoming
proton (projectile) moves toward the target and collides. Hence, in the lab frame, the
entire momentum is carried by the incoming proton.

Thus, Eq. (28) can be rewritten as

E2
CM = (

(m in + m0)c
2
)2 − c2 p2in (29)

where m0 is the rest mass of the proton and min represents the relativistic mass of
the incoming proton.

m in = m0√
1 − v2

in LAB/c2
(30)

From the final products of Eq. (26), at the antiproton production threshold, ECM =
4m0c2.

From Eq. (29), we get

16m2
0c

4 = m2
inc

4 + m2
0c

4 + 2m inm0c
4 − c2 p2in (31)

From Eq. (30), we can get

m2
inc

4 − c2 p2in = m2
0c

4 (32)

From Eqs. (31) and (32)

m inc
2 = 7m0c

2 (33)

Therefore, to create two extra particles [p + p in Eq. (26)] with a total rest mass
energy of 2m0c2, it is necessary for the incoming proton to have a total energy of
7m0c2. Therefore, the kinetic energyof the incomingprotonmust be at least 6m0c2 for
the production of a proton–antiproton pair. In the case of a proton, 6m0c2 ≈ 5.6GeV.
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6.3 Production of Antiprotons

Antiprotons are mainly produced in collisions of cosmic ray protons with atomic
nuclei in the interstellar medium. Currently, few laboratories in the world, such as
CERN at Geneva and Fermi National Accelerator Laboratory, produce antiprotons
[42, 43]. The collisions between protons and antiprotons reproduced conditions in the
early universe and probed the structure of matter at a very small scale. The schematic
diagram of FERMILAB’s accelerator chain where such collisions are experimented
is shown in Fig. 12.

Scientists at Fermilab created proton beams starting with hydrogen gas. They
redirected a fraction of these proton beams to generate antiprotons. Antiprotons were
produced by steering the proton beams onto a nickel target. These collisions result
in the production of a wide range of secondary particles including many antiprotons.
These antiprotons were allowed to enter a beamline, where beam operators captured
and focused them prior to their injection into a storage ring. The antiprotons were
accumulated and cooled within the storage ring. Cooling of the antiproton beam

Fig. 12 The schematic diagram of FERMILAB’s accelerator chain is shown. The image is taken
from CERN official website (https://www.fnal.gov/pub/tevatron/tevatron-accelerator.html)

https://www.fnal.gov/pub/tevatron/tevatron-accelerator.html
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Fig. 13 CERN accelerator complex. Image is taken from CERN official website (https://en.wik
ipedia.org/wiki/Antiproton_Decelerator#/media/File:CERN_accelerator_complex_(cropped_2).
jpeg)

reduced its size and enhanced its brightness significantly. After the accumulation of
a sufficient number of antiprotons, beam operators directed them to the Recycler for
further cooling and accumulation before initiating their injection into the Tevatron.

The Low Energy Antiproton Ring (LEAR) at CERN was a particle accelerator
designed to decelerate and store antiprotons from 1982–1996. In 1996, LEAR was
converted to LowEnergy IonRing. CERNproduces antiprotonswith kinetic energies
47 and 126 MeV which are relevant to clinical applications. The schematic diagram
of the CERN’s accelerator complex is depicted in Fig. 13.

The Antiproton Decelerator (AD) facility at CERN produces low energy antipro-
tons which facilitate studies on antimatter and the creation of antiatoms. The AD
ring is constructed with bending and focusing magnets which are designed to keep
the antiprotons on the same trajectory as they slowed down in strong electric fields.
A technique known as “cooling” is employed to minimize both the energy spread
and deviation from their trajectories. Antiprotons undergo multiple cycles of cooling
and deceleration until their speed is reduced to approximately a tenth of the speed
of light (0.1c). Formation of antiprotons necessitates energy equivalent to a temper-
ature of 1013K, an occurrence that does not typically happen naturally. At CERN, a
26 GeV proton beam from Proton Synchrotron is directed into a block of metal. The
commonly used target for the production of antiprotons is a thin, highly dense rod of
Iridiummetal,measuring 3mm indiameter and 55 cm in length. This rod is embedded
in Graphite and enclosed within a sealed water-cool titanium case. These collisions
generate numerous secondary particles, including antiprotons with varying energies,
some of which are very high. These antiprotons exhibit diverse energy levels and
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move in random directions. The peak production is observed at an antiproton energy
of 3.6 GeV. The antiprotons that emerged from the target block with diverging angles
are focused before they reach the AD. Only a fraction of these antiprotons possess
the appropriate energy to be injected into and stored in the AD. The AD facility
at CERN effectively transforms these unruly particles into a controlled, low energy
beam and makes them suitable for the production of anti-matters. These antiprotons
undergo the following steps: (a) they are collected at the production energy in the
AD ring, (b) decelerated to lower energies, and (c) subjected to cooling processes,
including stochastic cooling and electron cooling, to reduce beam emittance. These
antiprotons are then expelled from the accelerator vacuum through a 15μm titanium
window and pass several non-destructive beam monitors before reaching the biolog-
ical target. The total charge extracted from the accelerator is measurable using a fast
current transformer. Depending on experimental needs, the focus of the antiproton
beam can be adjusted within the range of r = 4–15 mm. Presently, a more recent
deceleration ring known as ELENA (Extra Low ENergy Antiproton) is integrated
with the AD. With a circumference of 30 m, this synchrotron further decelerates the
antiprotons, reducing their kinetic energy by a factor of about 50 (from 5.3 MeV to
just 0.1 MeV). The electron cooling system also increases the beam density. With
ELENA, the trapping efficiency (the number of antiprotons that can be trapped) of
antiprotons is increased by a factor of about 10–100. As of the current status, the
CERN Antiproton Decelerator [44] is the only facility capable of producing slow
and stopped antiprotons. The design is capable of producing 6 × 108 antiprotons/h
and with an anticipated operational schedule of 3000 h/year, it generates a suffi-
cient quantity of antiprotons for proof-of-principle experiments required before the
commercialization of any proposed antiproton application. The Antiproton Source
at Fermilab [45] has showcased the capability to produce 1 × 1011 antiprotons/h and
it has an average operational schedule of 4500 h/year. The Fermilab’s production
of antiprotons surpasses that of the CERN AD by a factor of 250 in annual quan-
tity. While the CERN AD can decelerate antiprotons down to 100 MeV/c, Fermilab
operationally produces and accelerates antiprotons starting from 8.9 GeV/c.

6.4 Transportation of Antiprotons

Over the past decade, Penning traps have been developed to confine antimatter [46,
47]. The experimental demonstration of holding antiprotons in Penning traps has
been successfully conducted at CERN. Gabrielse et al. [46] successfully trapped and
held 100 antiprotons for several months in the year 1991, and Holzscheiter et al. [47]
has trapped 106 antiprotons in the year 1994. In the year 1998, NASA supported
Smith et al. [48] at Pennsylvania State University (PSU) to build a trap that can hold
108–1010 antiprotons. The weight of the trap designed at PSU is approximately 200
pounds,making it easily transportable to any desired location. In the year 1999, James
Martin at the NASA Marshall Space Flight Center designed the High-Performance
Antimatter Trap (HiPAT), a facility capable of holding 1012 antiprotons for several
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weeks. In most of the medical applications involving antiprotons, it is estimated
that approximately 1010 antiprotons may be required per patient. Consequently, for
treating 20 patients per day and 5 days a week, approximately 1012 antiprotons would
need to be trapped and transported to hospitals for a one-week treatment period
[49]. The U.S. Department of Transportation regulations of the United States are
being negotiated to handle the transportation of antiprotons on specially built trucks
or aircraft. Antiproton is not a typical radioactive source under normal conditions
as there is very little radiation [49]. However, accidental mass-annihilation of the
antiprotons results in the emission of radiation exceeding approximately 1 Rad.

6.5 Interaction of Antiprotons with Matter

At high velocities, both antiprotons and protons exhibit similar behavior. However,
unlike protons,when antiprotons are sloweddown in targetmaterial, they are captured
by a nucleus and undergo annihilation on its surface [50]. For a given energy, the
electronic stopping power of a proton and an antiproton in a material is the same
[51]. At high velocity, the main interactions experienced by antiprotons include
elastic and inelastic Coulomb collisions with atomic nuclei and atomic electrons,
along with elastic and inelastic nuclear reactions with the interacting medium. The
annihilation physics of antiprotons is detailed in works by Inokuti et al. [51], Lewis
et al. [52], and Bassler et al. [50]. Among the products of all annihilations, seventeen
strange particles have been identified [52]. Lewis et al. [52] discussed interesting
properties of antiprotons, highlighting: (a) large cross-sections for scattering and
annihilation, (b) highmultiplicity of about 5 Pions in antiproton–nucleon annihilation
near rest, and (c) rare production of K-meson in antiproton–nucleon annihilation.
The antiproton is captured by a high Z nucleus when it comes to rest [53] and the
antiproton will immediately spiral toward the nucleus and annihilate at its surface.
Figure 14 represents annihilation event experienced by an antiproton while stopping
in matter.

In the process of annihilation, 1.88 GeV energy (twice the rest mass energy of
proton) is released and converted, on average, into 4 or 5 pions (π+, π− and π°)
[51, 52]. The average kinetic energy of each Pion is approximately 300 MeV and
a charged Pion with this energy level has a range of many tens of centimeters in
water and human tissue equivalent media [51]. The π° mesons are highly unstable,
undergoing instantaneous decay into high energy gamma rays typically ranging from
70 to 300MeV [52]. Additionally, the antiproton can annihilate by combining with a
neutron in the nucleus, leading to the production ofmostly high energy pions as decay
products [51]. The energy resulting from the annihilation of antiproton is deposited
over a broad region [51]. Due to the solid angle covered by the nucleus, usually 1 or
2 charged pions penetrate the nucleus and induce an intra-nucleus cascade [55]. The
charged fragments resulting from intra-nuclear cascade-type reactions have a very
short range in the target materials, depositing their kinetic energy in the immediate
vicinity of the annihilation vertex. Antiprotons annihilating on particles heavier than
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Fig. 14 Annihilation event produced by an antiproton stopping in matter. Adapted from [54]

protons will also produce neutrons which have a larger range and contribute to a
certain level of background radiation [56]. Chattaraj and Selvam [57] have presented
fluence spectra of protons, π+ and π−, as well as secondary neutrons at depths of
2 and 11.5 cm in water resulting from the interaction of 126 MeV antiprotons (see
Figs. 15 and 16).

Table 5 shows the calculated FLUKA-based fluence (cm−2/primary) of various
annihilation products from 126 MeV antiprotons and secondary products at 2 and
11.5 cm depth [57]. Although the position of the Bragg-peak for antiproton and

Fig. 15 On-axis fluence spectra of secondary particles such as proton, π+ and π− at depths d =
2 and 11.5 cm in water produced by antiprotons: a proton, b π+ and c π−. Figures are taken from
Chattaraj and Selvam [57]
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Fig. 16 On-axis fluence spectra of secondary neutrons at d = 2 and 11.5 cm in water: a antiproton.
The figure is taken from Chattaraj and Selvam [57]

proton (both having equal energy) is the same, due to the annihilation of antiprotons,
it deposits a higher dose as compared to protons at the Bragg-peak. For example,
Chattaraj and Selvam [57] showed that at the Bragg-peak, 126 MeV antiprotons
deposits 2.6 times higher dose as compared to protons (see Fig. 17).

Table 5 FLUKA-calculated fluence (cm−2/primary) of various annihilation products from
126 MeV antiprotons and secondary products at 2 and 11.5 cm depth in water

Particle Depth in water = 2 cm Depth in water = 11.5 cm

n 7.248E−03 3.712E−02

π+ 4.169E−03 2.656E−02

π− 5.063E−03 3.443E−02

π° 6.493E−12 3.726E−11

Photon 1.704E−02 9.315E−02

Kaons 3.037E−05 2.234E−04

Muons 3.756E−05 1.691E−04

Proton 2.993E−03 1.722E−02

Antiproton 3.840E−02 2.996E−02

Data are taken from Chattaraj and Selvam [57].
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Fig. 17 FLUKA-calculated central axis depth–dose profiles in water for antiproton and proton
beams. Figure is taken from Chattaraj and Selvam [57]

7 Summary

Accelerators are potential tools for scientific investigations in basic and applied
physics and for societal applications. Radiation safety point of view, they are clas-
sified as either electron or proton/heavy ion accelerators. During their operation,
secondary radiations are produced due to the interaction of the primary charged
particles with either target materials or structural materials of the vacuum chamber.
In the case of electron accelerators, bremsstrahlung X-rays is the major secondary
radiation of concern, followed by photo-neutrons. In terms of dose equivalent, the
photo-neutron dose equivalent of 2–3 order less than that of the bremsstrahlung X-
rays due to the low photo-neutron production cross-section (few mb/nucleon). The
bremsstrahlung X-rays are of broad energy and highly angular, both depend on the
energy of the primary interacting electrons. Thus, in high energy accelerators, the
energy of bremsstrahlung X-rays also extends up to GeV and is highly angular (γ−1,
where γ = E/E0, E is the total energy of electron and E0 is the electron rest mass
energy), and hence radiation detection and subsequent protection in such facilities
are very challenging. At electron accelerators where the electron energy is far above
the critical energy, the radiation environment is the manifestation of electromag-
netic cascade where a large number of secondary particles like electrons, positrons,
bremsstrahlung X-rays, pions, muons, etc., are generated.

In proton or heavy ion accelerators, during the interaction of the energetic protons
or heavy ions (whose energy is above the coulomb barrier) with targets or vacuum
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chambers, slits, etc., generate neutrons which constitute the prompt radiation envi-
ronment. Particles with energy below the coulomb barrier interact through collision
(ionization and excitation), where nuclear phenomenon is not involved. High energy
proton accelerators, operating above ~ 100 MeV generate a hadronic cascade, and
a large number of secondary particles are generated such as pions, muons, high
energy gamma rays, neutrons, etc. As a result of this nuclear cascade, the structural
material with which primary protons interact becomes highly activated and poses
severe radiation protection problems during shutdown maintenance activities, close
to accelerator structural materials. Additionally, the air in the accelerator vault/area,
concrete, soil, etc., also gets activated due to the interaction of secondary neutrons
with them. This issue calls for proper selection of structural materials, radiation
hazard assessment in the design stage (shielding and ventilation), and strict radiation
hazard control measures during operation. The problem of radioactivity generation is
relatively very less in electron accelerators due to the low photo-neutron generation
as already described. Besides, special problems of radiation streaming through ducts,
penetration, entry to shielded vaults, and noxious gas generation (e.g. ozone) are very
important and adequately addressed to ensure the safety of working personnel. In
the case of antiprotons, secondary radiations that would be generated are gamma,
neutrons, mesons, and high LET nuclear fragments.
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Radiation Environment in Medical
Facilities

Sunil Dutt Sharma

1 Introduction

The medical uses of ionizing radiation started way back in 1895 immediately after
the discovery of X-rays by Wilhelm Conrad Roentgen. The very purpose of using
ionizing radiation in medicine was the welfare of mankind. In general, we have a fear
in mind that exposure to ionizing radiation is harmful. However, the medical appli-
cation of ionizing radiation is unique in the sense that one offers himself or herself
to receive the radiation exposure either for the diagnosis or therapy of diseases. The
ionizing radiations (X-rays, gamma rays, electrons, positrons, protons, neutrons,
heavy ions and alpha rays) are now routinely used in human healthcare programmes
and are thought to be a basic need of almost all patients. Nowadays, it is difficult
to imagine a human healthcare system without ionizing radiation-based imaging
and therapeutic procedures. The medical uses of ionizing radiation can broadly be
grouped into two categories as (a) diagnostic applications and (b) therapeutic applica-
tions. In recent times, the ionizing radiation-based diagnosis has become a mainstay
of all diagnostic procedures. Similarly, in some cases, especially in the case of the
management of cancer, ionizing radiation-based therapy has become amainstay ther-
apeutic procedure. Figure 1 presents the elaborate categorization of the medical uses
of ionizing radiation.

The medical imaging systems/facilities can broadly be classified as transmis-
sion imaging systems (also called X-ray imaging or structural imaging or anatomic
imaging systems) and emission imaging systems (also called nuclear medicine
imaging systemsormolecular/biologic/functional imaging systems). In the case ofX-
ray imaging, the medical system can broadly be classified as a planar imaging system
and a volumetric imaging system. Planar imaging system provides 2-dimensional
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Fig. 1 Categories of ionizing radiation-based diagnostic and therapeutic medical procedures (NM:
nuclear medicine)

(2D) images whereas volumetric imaging systems provide 3-dimensional (3D)
images. In the case of emission imaging systems, there are two types of systems,
namely molecular imaging systems and hybrid imaging systems. The basic differ-
ence between transmission and emission imaging is the source of radiation. X-rays
need to be generated for imaging the patient in case of transmission imaging, whereas
the patient is the source of radiation in case of emission imaging.

The therapeutic application of radiation is broadly classified as radiotherapy and
nuclear medicine therapy. Radiotherapy uses either sealed radioactive sources or
accelerated particles, whereas nuclear medicine therapy uses unsealed radioisotopes.
Radiotherapy involves the treatment either by a radiation generator away from the
patient’s body (external beam therapy) or a radioactive source inside the patient’s
body (brachytherapy). A variety of external beam therapy systems such as standard
and specialized telecobaltmachines, standard and specializedmedical electron accel-
erators, proton beam therapy systems, neutron beam therapy systems and ion beam
therapy systems are available. Brachytherapy uses a remote operating device for
implanting the miniature radioactive sources (e.g. 192Ir, 60Co) at a predefined loca-
tion inside the patient’s body. Manual implantation of specially prepared sources
is also done in brachytherapy. In the case of nuclear medicine therapy, a variety of
radiopharmaceuticals are used to relieve patients from a variety of ailments.

2 Transmission Imaging Systems and Facilities

Transmission imaging systems contain an X-ray source (X-ray tube) and a suit-
able radiation detector system (also called image receptor) (Fig. 2). The X-ray tube
consists of a source of electrons (filament) and a target material in addition to other
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Fig. 2 Schematic cross-sectional view of an X-ray tube

components. X-rays required for imaging are produced when a stream of high-speed
electrons (also called projectile or incident electrons) generated by the filament (made
up of high atomic number material, e.g. tungsten) collide with atoms of the target
material. The high-speed electrons interact with atoms of target materials (gener-
ally high atomic number material, e.g. tungsten) in two different ways (collision
with atomic electrons and radiative interaction with the nucleus of the atom) which
results in the production of characteristics and bremsstrahlung X-rays. Therefore,
important components of X-ray equipment are (i) the filament circuit through which
the filament is heated and the electron emission is controlled, and (ii) the high voltage
source bymeans of which the electrons are provided energy tomove across the X-ray
tube. Further, a very small fraction (about 1%) of the energy of high-speed electrons
is used in the production of X-rays and the remaining energy (about 99%) is dissi-
pated in heating the target. Hence, an efficient cooling system is required for the
smooth operation of the X-ray tube. A radioprotective cover (popularly called tube
housing) is also provided over the X-ray tube to minimize the radiation leakage.

The type and energy of the X-ray tube and the type of radiation detector system
(image receptor) and their mechanical arrangement with respect to the X-ray source
depend on the technique of X-ray imaging. The X-ray energy used in various tech-
niques of transmission imaging ranges from 20 to 150 kV. Further, X-ray beam char-
acteristics (penetration power and nature of spectrum) required for various imaging
techniques are also different from one another due to differences in the design/size
of filament, X-ray target and filtration (absorber in the path of X-ray beam) used.
The penetration power of the X-ray beam is varied principally by changing the high
voltage (kV) across the X-ray tube. Raising the kV makes the electrons travel faster
across the X-ray tube and the X-rays thus produced are more penetrating, whereas
lowering the kV produces the opposite effect. Kilovoltage also alters the intensity of
the X-ray beam.

The intensity of the X-ray beam is an important parameter which affects the
quality of the image acquired. However, the intensity of the X-ray beam required for
a particular technique depends on the type of image receptor. Control over the X-ray
intensity is primarily achieved by altering the number of electrons, which are emitted
from the heated filament of the X-ray tube. Making the filament hotter causes it to
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emit more electrons and conversely making it cooler results in the emission of fewer
electrons. These electrons constitute an electric current flowing through the X-ray
tube during the exposure. This current is called tube current and is usually expressed
in milliampere (mA). The intensity of the X-ray beam is directly proportional to
the tube current thus doubling the mA results in doubling the X-ray beam intensity/
output.

Exposure time is also an important factor in X-ray imaging. The length of time
during which the X-ray tube is energized and the X-ray beam is directed towards
the image receptor through the patient is exposure time, and it is more generally
expressed in millisecond (ms). The timer of the X-ray equipment is connected to
a switch which acts to start and stop the flow of current through the X-ray tube.
In addition, filtration (inherent as well as added filters) and collimator are other
important components of medical X-ray tube assembly. Filtration helps in removing
the low energy components (not contributing to image formation but rather adding
unwanted dose to patient skin) of the X-ray spectrum, and collimation helps in
shaping the X-ray beam aperture and limiting the exposed area of the patient body.

This section provides details of technique-specific X-ray imaging systems and
associated radiation environments.

2.1 X-ray Radiography Equipment

TheX-ray radiography is themost important andoldest radiologic imaging technique.
In an X-ray diagnostic department, different types of subjects and different body
parts are presented for radiographic examinations. It is required to acquire static
2D images with practically the least motion of the object. Considering the type of
clinical cases, the penetrating power of the beam, the intensity of the beam and
the length of time for which it is directed at the detector through the patient are
important factors in the production of a radiographic image. The X-ray radiography
systemmust be able to vary these factors in a wide range of radiographic techniques.
The typical X-ray beam energy used in radiography ranges 50–110 kV (e.g. 60–
70 kV for hands and feet and 80–90 kV for skull and chest and 100 kV or more
for abdomen). Similarly, mA and ms settings of the X-ray tube also depend on
the part of the body to be examined and type of the image receptor available. The
radiographic X-ray tubes and generators are of high power having typical values in
the range of 50–120 kW. Further, a variety of X-ray generators are used with X-ray
radiography machines. However, high-frequency generators are now popularly used
with radiography systems. An adjustable collimator system is also available with the
X-ray tube which defines 5 cm × 5 cm to 42 cm × 42 cm fields at 100 cm SID.
Figure 3 presents a schematic diagram of the X-ray radiography procedure. In this
technique, the body part to be examined is positioned as close to the image receptor
as possible which helps in minimizing the magnification.

Both filaments and X-ray targets are made up of tungsten. The X-ray target is
a rotating tungsten anode. Nowadays, almost all X-ray radiography machines use
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Fig. 3 Schematic representation of X-ray radiography procedure

two focal spots (area of the target from where X-rays are emerging), a small focal
spot of size 0.4–0.6 mm and a large focal spot of size about 1.0–1.4 mm. Small
focal spot size is required for acquiring images with high spatial resolution. The
total filtration depends on the energy of the X-ray beam and it ranges from 1.5 to
2.5 mm Al equivalent [1–3]. The heat capacity of the anode is of the order of 600
kilo heat unit (kHU). In addition, the X-ray tube is mounted in a specially designed
tube housing with adequate shielding so that the Air Kerma due to leakage radiation
at one meter from the focal spot shall not exceed 1 mGy in 1 h [1–3].

As far as image receptors are concerned, screen-film systems were the most
common image receptors about a decade ago. However, digital image receptors,
introduced in the late 1980s, have now become a common choice because they have
provided significant potential for improved effectiveness of radiography in clinical
practice. Specifically, digital image receptors have several advantages over screen-
film systems including wider dynamic range, rapid image acquisition and adjustable
image processing (or enhancement). In the case of digital image receptors, the process
of image acquisition, image rendition and image display are fully separated, and
hence each component can be optimized individually. However, the use of this tech-
nology has shown large variations in image quality and patient doses as it utilizes
different digital detectors and post-processing techniques [4].

Figure 4 shows the photograph of digital radiography equipment. This equipment
contains a digital image receptor and an automatic exposure control (AEC) device
in addition to an X-ray generator, X-ray tube assembly, collimator and X-ray tube
housing as described earlier in this section. AEC device is used to maintain a suitably
adequate level of image quality consistent with the level of exposure to the detector.
The detectors used in AEC systems include fluorescent screens with photomultiplier
tubes/photodiodes, ionization chambers and solid-state detectors.

In digital X-ray radiography, the images are recorded directly onto a pixelized
imaging device through the use of a scintillator or photoconductor which captures
the X-ray pattern [5]. Thin-film transistor (TFT) arrays (also called flat-panel arrays),
composed of a matrix of discrete detector elements (dels) each of which contains
a transistor, are used as a readout system in flat-panel detector technology. The
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Fig. 4 Photograph of a digital X-ray radiography system with flat panel detector. Source https://
technohealth.com.bd/product/high-frequency-50kw-630ma-digital-x-ray-machine

digital image recording systems are either indirect image recording device which
uses CsI(Tl)/Gd2O2S and amorphous silicon (a-Si) or direct digital image recording
devices which use amorphous selenium (a-Se) [5].

Figure 5 shows the schematic pattern of scattered radiation generated from the
patient in the X-ray radiography room. The technologist available at the control panel
may receive exposure mainly from the scattered radiation and the leakage radiation
from the X-ray tube housing. To minimize the exposure to the operator, a lead glass
shielded operating station is provided. In addition, radioprotective devices/garments
(e.g. protective apron) are also provided both for the operator as well as for the
patients or comforters (a person who assists the patient in the imaging room for
undergoing X-ray imaging process in special circumstances).

A typical layout of theX-ray radiography facility is shown in Fig. 6. The size of the
imaging room is typically 4.5 m by 4 m, and the thickness of the walls is typically
23 cm brick or 15 cm concrete. The thickness of the ceiling is typically 15 cm
concrete. The X-ray electronics is protected from radiation exposure by using 2 mm
lead equivalent glass. The control panel/operator panel is located inside the imaging

https://technohealth.com.bd/product/high-frequency-50kw-630ma-digital-x-ray-machine
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Fig. 5 Illustration of scattered (back scatter and lateral scatter) radiation generated from the
patient’s body along with transmitted radiation

room but with proper separation using sufficient radiation shielding (typically 1.7–
2.0 mm lead equivalent glass) to keep occupational doses within control so that
they can be well below the prescribed dose limits. Further, the entrance door to the
imaging room is also lead lined (typically 2 mm lead equivalent) to minimize the
radiation level in the location of public occupancy.

2.2 Computed Tomography Scanner

2.2.1 Brief History and Generations of CT Scanner

The advent of computed tomography (CT) as a medical imaging modality was a
major breakthrough in the history of diagnostic radiology. The first clinical CT scan
took place on 1 October 1971 at Atkinson Morley’s Hospital, London, England. A
patient with a suspected frontal lobe tumour was scanned with a prototype scanner
developed byGodfreyHounsfield and his team at EMICentral ResearchLaboratories
in Hayes, West London [6]. The potential of CT images in medical diagnosis was
very evident in the first clinical examination itself which led to enormous research
and development in CT technology.

The mathematical principles of CT were developed way back in 1917 by Johann
Radonwhose theory demonstrated that the image of a 3D object can be reconstructed
from an infinite number of 2D projections of the object. Computed tomography was
made possible by developments in two fields, viz., X-ray imaging and computing.
By the 1930s, conventional or geometric tomography was developed enabling the
visualization of sections through a body. The radiological contrast obtained through
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Fig. 6 A schematic layout of a typical X-ray radiography facility along with control panel

conventional tomographic techniques was poor which led to further research in the
field of cross-sectional imaging culminating in Hounsfield’s work at EMI developing
the first computed tomography scanner. This device called EMI Mark I used a 3 mm
× 13 mm wide X-ray beam and two NaI detectors rigidly coupled to the X-ray tube
which acquired transmission data while translating across the field of view (FOV) of
the patient [7]. After a set of translation data was acquired for that particular angle,
the entire tube detector system rotated by a degree to acquire the next set of data.
The translate-rotate movement and data acquisition continued for 180 projections.
Hounsfield’s scanner relied on the reconstruction of imaging data acquired from
multiple X-ray transmissions through the object under investigation, by a computer.
EMI Mark I produced images with 80 × 80 pixel resolution (3 mm pixels), and
each pair of slices required approximately 4.5 min of scan time and 1.5 min of
reconstruction time [8]. Second generation CT scanners replaced single detectors
with an array of detectors and used a narrow fan beam to acquire more data in less
duration. Movement of an X-ray tube and detector array in second generation CT
scanners was also based on rotate-translate though scanning times could be reduced
in comparison to first generation scanners.

In third generation CT scanners, the detector array and X-ray fan beam were
designed wide enough to encompass the entire patient thickness so that transla-
tory motion of the X-ray tube-detector system could be eliminated which led to
faster acquisition times. The fixed alignment of an X-ray tube and detectors in third
generation scanners resulted in ring artefacts in images. Real-time calibration of
all detectors was not possible in this geometry as some detectors would always be
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receiving attenuated X-ray beams through the patient. The fourth generation of CT
scanners use stationary ring geometry of fixed detectors completely surrounding the
patient. The X-ray tube rotates inside the detector ring through full 360° with a wide
fan beam acquiring an image. Since every detector at some point of time during
the scan samples receives an unattenuated X-ray beam in this geometry, real-time
calibration of detectors could be performed. The number of detectors in the fourth
generation (360 ring) CT scanners would be approximately sixfold compared to the
third generation (60° fan angle), thus increasing the cost enormously.

Another major impediment to fast scanning then was that after each rotation the
gantry had to be stopped and the connecting electrical cables rolled back into the spool
before the next rotation could begin. With the introduction of slip-ring technology,
inter-scan delay required to unwind cables between successive rotations of the gantry
was eliminated.

Slip-ring technology enabled the continuous gantry rotation and patient-table
motion which gave rise to a faster scanning technique called helical CT as the path
of the X-ray tube detector system around the patient was helical in this arrangement.
Now, almost all clinical CT scanners use third-generation geometry with a multi-
detector array (MDA) system and X-ray fan angle of about 60° and are capable of
completing an entire scan sequence within a single breath hold of the patient. The
availability of improvised, stable detectors and algorithms to monitor and correct for
any fluctuations in detector gain has minimized the ring artefact problem associated
with third generation design. Figure 7 is the schematic representations of first, second,
third and fourth generation CT scanners.

The technological innovations in CT scanner hardware and software have led to
the introduction of many new clinical applications of CT in diagnosis and therapy
(CT-guided interventions), making CT examinations as the largest contributor to
population dose among all medical X-ray examinations [9].

2.2.2 Major Components of a CT Scanner

The major components of a computed tomography scanner are a gantry, X-ray
generator, X-ray tube, patient table (couch), detectors and computer. The CT gantry
is a donut-shaped structure in which X-ray tubes, detectors, high voltage gener-
ators, collimators, beam filters, data acquisition systems and other components are
mounted. The patient couch is translated through the gantry aperture during the scan.
Typical gantry apertures (bore diameter) of the CT scanners range from 65 to 85 cm.
Figure 8 shows various components of a CT scanner and their movement directions.

The X-ray generators are an integral part of the CT system and are specially
designed to be small enough to fit within the gantry. Present-day CT scanners use
high-frequency X-ray generators. The high voltage produced by the generator is
transmitted to the X-ray tube. The power capacity of the generator determines the
range of kilovoltage (kV) and milliampere (mA) tube current settings, which are
available on a particular system. The anode input power of theX-ray generator ranges
from 24 to 120 kW. Since the CT scanner is designed to detect linear attenuation
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Fig. 7 Schematic representations of 1st, 2nd, 3rd and 4th generations CT Scanners

coefficient differences as low as 0.5%, it is essential that the X-ray tube voltage is
highly stable. The requirement for an extremely stable power supply is one of the
main cost factors for a CT scanner.

In early generations of CT scanners, stationary anode X-ray tubes were used. The
limited output of stationary anode X-ray tubes necessitated a longer sampling time
for each measurement of X-ray transmission. This sampling time together with the
time required for rotate-translate movements of the X-ray tube and detector limited
the data acquisition speed in first- and second-generation scanners. Currently, all CT
scanners use rotating anode X-ray tubes, and X-rays are produced continuously (not
pulsed). The X-ray tube contains two focal spots, a fine focus of about 0.5–1.0 mm
and a broad focus of 1.0–2.0 mm. The ranges of kV and mA of X-ray tubes used in
CT scanners are 70–140 kV and 200–1000 mA. The total filtration is of the order of
6–10 mmAl equivalent. The X-ray tubes used in CT scanners have high heat loading
and fast heat dissipation capabilities. Anode heat capabilities as high as 8 MHU
(Mega Heat Units) are available in current-day CT scanners.

Thepatient table in aCTscanner unit is an automateddevice linked to the computer
and gantry. The table is designed to move in increments after every scan according to
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Fig. 8 Photograph of a computed tomography scanner. The arrows and arch show the movement
directions. (Courtesy: MGM Hospital, Vashi, Navi Mumbai)

the scan protocol. Accurate and reproducible tablemovement is vital to image quality
and accuracy of diagnostic information. Carbon fibre is the preferred material for the
patient table due to its low X-ray attenuation properties and sturdiness.

Most of the present-day CT scanners employ similar detector designs consisting
of scintillators coupled to photodiodes. The scintillators used in CT detectors should
have high light output, high X-ray stopping power, good spectral match with the
photo-detector, short primary decay time, low afterglow, radiation damage resistance,
light-output stability, compact packaging and easymachining [10]. These demanding
CT requirements make single crystals and polycrystalline ceramics the most suitable
types of scintillators. Commonly used scintillators are CdWO4, BGO, Gd2O2S:Pr,
Ce (GOS), (Y,Gd)2O3:Eu and the GE Gemstone™ [10]. The scintillators for multi-
detector CT (MDCT) scanners are made in 2D arrays with typical dimensions of
1 mm × 1 mm.

The computer is an integral part of the CT imaging system as image reconstruction
in CT involves enormous mathematical computations. Major functions of computers
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inCT systems involve the acquisition of image data, reconstruction of images, display
and archival of images. Computer in CT also takes care of monitoring of kV, mA
and heat loading on X-ray tubes, performing corrections to compensate for hardware
artefacts and also providing various graphic options for image analysis.

Figure 9 shows a model layout plan of a CT scanner facility. CT machine is a
partially self-shielded machine. The workload (expressed in mA-min/week) of the
CT machine is a few fold higher than the X-ray radiography machine. But the wall
thickness of these two facilities is approximately the same because of the partial self-
shielding of the X-ray beam in CT scanners. However, it generates a lot of scattered
radiation in the examination room. The radiation environment in the examination
room contains mainly scattered radiation and radiation leakage from the X-ray tube.
The entrance door to the examination room is lead-lined giving due consideration
to the radiation safety of the general public. The entrance to the examination room
from the control station and viewing window of the control station are lead-lined
giving due consideration to the radiation safety of occupational workers.

Fig. 9 A typical layout plan of a computed tomography scanner facility. Source https://www.
aerb.gov.in/images/PDF/DiagnosticRadiology/Model-Layout-CT-Scan.pdf. (1) gantry, (2) table,
(3) control panel, (4) electronics and (5) viewing lead glass window having 2 mm lead equivalent
thickness

https://www.aerb.gov.in/images/PDF/DiagnosticRadiology/Model-Layout-CT-Scan.pdf
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2.3 Fluoroscopy Systems

Fluoroscopy, an important real-time imaging technique, serves as a valuable tool
in guiding a wide range of diagnostic and interventional procedures. It facilitates
the capture of patient images, such as in angiography, and provides precise imaging
guidance during interventions, like angioplasty. By generating a continuous stream
of images at a rapid rate of 25–30 frames per second, fluoroscopy creates the illusion
of seamless motion, allowing for enhanced visualization and accuracy in medical
procedures.

Fluoroscopy imaging has progressed significantly from its humble beginnings as
a basic non-invasive imaging technique to a sophisticated method with 3D capabili-
ties. This advancement enables the guidance of life-saving interventional procedures
whileminimizing patient discomfort.Moreover, fluoroscopy-guidedminimally inva-
sive procedures have supplanted more invasive surgeries like open heart surgery.
Recent technological strides have even made it possible to visualize smaller vessels
in real time with low radiation doses to patients [11, 12].

There are five configurations of fluoroscopy systems: Gastrointestinal/
genitourinary (GI/GU) systems, which position the X-ray tube under the patient
table; remote systems, with the X-ray tube placed over the table; interventional
vascular systems used in vascular surgery and radiology; cardiology and interven-
tional electrophysiology systems; and mobile C-arm configurations for surgery and
pain medicine. Despite their differences, all these systems share the same basic
components [8].

Most fluoroscopy devices have more than one image acquisition mode of opera-
tion. For example, cardiac systems have fluoroscopy and cine acquisition modes of
operation, and vascular systems havefluoroscopy anddigital subtraction angiography
modes of operation. Continuous fluoroscopy employs a steady X-ray beam, typically
using a tube current ranging from 0.5 to 6mA. Conversely, variable frame rate pulsed
fluoroscopy, also known as pulsed fluoroscopy, involves the X-ray generator emit-
ting a series of brief X-ray pulses with exposure times ranging from approximately
3–10 ms, as opposed to the usual 33 ms. This method helps mitigate image blurring
caused by patient motion, such as pulsatile vessels or cardiac motion. Particularly
in scenarios with heightened object motion, such as when positioning catheters in
highly pulsatile vessels, pulsed fluoroscopy provides improved image quality at the
same average dose rate [13].

The technical configurations of fluoroscopic imaging equipment are similar to that
of radiographic equipment. However, depending on the type of use, there are some
modifications and additions in comparison to radiography equipment. For example,
high-power generator and a high heat capacityX-ray tube are generally used in a fluo-
roscopic system. Themajor difference between fluoroscopic and radiographic equip-
ment is the image receptor. Fluorescent screens, similar to the intensifying screens
used in radiographic screen-film systems, were used with fluoroscopic imaging in its
early days. The dim image produced by the intensifying screen was the main disad-
vantage of this direct viewing system because it required the dark adaptation to the
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radiologist’s eye. Relatively high doses to both patient and radiologist were another
disadvantage. Inmodern fluoroscopic systems, the fluorescent screen is coupled to an
electronic device that amplifies and transforms the glowing light into a video signal
suitable for presentation on an electronic display. This device is popularly known
as X-ray image intensifier (XRII). Because of several advantages over XRII, recent
day fluoroscopic system uses flat panel image receptors. The addition of a flat panel
detector has made it possible to use the modern fluoroscopic system for a variety of
medical applications such as rotational angiography and cone beam CT [13].

The oil-cooled rotating 12° angulated anode X-ray tube is used in the fluoroscopy
machine. The radiation output can either be continuous or pulsed, with pulsed being
more common in modern systems. The fluoroscopy equipment are operated in the
voltage range of 40–125 kV, tube current in the range of 0.3–1000 mA and focal
spot in the range of 0.3–1.2 mm. The total filtration is up to 1 mm Cu, and variable
spectral shaping filters are also included to maximize iodine contrast. The nominal
power of the X-ray generator is of the order of 100 kW and the maximum anode
heat capacity is up to 6.4 MHU. The size of the image receptor ranges from 20 cm
× 20 cm to 30 cm × 40 cm.

The automatic exposure control (AEC) of the fluoroscopic system controls the
Incident AirKermaRate (IAKR) to the detector to prevent fluctuation in image bright-
ness. Further, subject contrast is poor in fluoroscopic imaging which is improved
through the use of radiopaque markers and through the use of exogenous contrast
agents. Iodine and Barium, having K-edges of 33 and 37 keV respectively, are
commonly used as contrast agents in fluoroscopic imaging. In case of contraindica-
tions due to allergy or impaired renal function, Gadolinium or carbon dioxide can
be used as a contrast agent. Spectral shaping of the X-ray beam is now possible
due to high heat capacity and increased current range of fluoroscopic equipment for
enhancing the Iodine contrast [13].

Figure 10 shows the photograph of a C-arm fluoroscopic imaging equipment
which is used for vascular and interventional procedures. Within the C-arm fluoro-
scopic machine, there is a mechanically linked X-ray tube and image receptor. Both
components revolve together around the isocentre, which is located at the centre of
the C-arm. As the C-arm rotates, the isocentre remains positioned at the centre of
the field of view (FOV). Typically, the table is designed to be cantilevered, allowing
for seamless and unobstructed rotation of the C-arm around the patient throughout
the procedure.

Fluoroscopy-guided vascular and interventional procedures are commonly
conducted in specialized rooms known as angiographic suites. A typical arrange-
ment of such a suite is illustrated in Fig. 11. In interventional cardiology suites,
C-arm fluoroscopic systems are commonly employed due to their flexibility in posi-
tioning around the patient at various angles. These suites may accommodate either
single-plane or biplane systems. Biplane systems incorporate two C-arms that can
be manoeuvered independently around the patient, allowing for simultaneous digital
imagingduring a single contrast injection. This feature is crucial as iodinated contrast,
commonly used in these procedures, can be harmful to the kidneys, and the amount
administered is limited by the patient’s body mass.
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Fig. 10 Photograph of aC-armfluoroscopy imaging equipment used for vascular and interventional
procedures (Courtesy: Jupiter Hospital, Thane, Maharashtra, India)

The total dose to the patient as well as occupational worker is relatively high in
fluoroscopic imaging procedures in general and fluoroscopically guided procedures
in particular. In some cases, the patient dose is higher than the threshold for the deter-
ministic effects [11]. There are regulatory limits on the minimum distance between
focus to table top distance (shall be ≥ 30 cm), table top dose rate at minimum focus
to table top distance (Air Kerma Rate at tabletop for the minimum focus-to-tabletop
distance shall be as low as possible, and in any case shall not exceed 5 cGy per
minute for conventional fluoroscopy and 10 cGy per minute for pulsed fluoroscopy)
and maximum range of the cumulative timer (maximum range shall be ≤ 5 min) for
fluoroscopic imaging systems [1]. These regulatory limits are directly linked with
the safety of the patients. For occupational workers, use of radioprotective aprons,
thyroid shields, gonad shields and radioprotective goggles is highly recommended.

2.4 Mammography Equipment

Mammography is a breast imaging technique using low-energy X-rays. The primary
aim of mammography is to examine the female breast to distinguish the existence of
tumours, cysts, calcifications or any other abnormalities. Mammography equipment
is designed to demonstrate low subject contrast and fine detail of the breast tissues
which have small differences in X-ray attenuation. Considering the radiation risks,
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Fig. 11 Layout of a typical suite used for fluoroscopy guided vascular and interventional
procedures. Source https://aerb.gov.in/images/PDF/DiagnosticRadiology/Model-Layout---Interv
entional-Radiology-Installation.pdf. (1) C-arm, (2) examination table, (3) monitor trolley, (4) over-
head rails, (5) fixed radiation shield, (6) control unit, (7) electronics, (8) additional electronics and
(9) viewing lead glass window having 2 mm Pb equivalence and size about 120 cm × 100 cm

optimization of techniques to achieve good image quality with minimum dose is
very important. Mammography equipment comprises a high-voltage generator, a
very small focus X-ray tube, a filter, a collimator, a compression system, an image
receptor plate and an automatic exposure control (AEC) system as shown in Fig. 12.
TheX-ray tube and the image receptor aremounted on opposite sides of amechanical
assembly.

The mechanical assembly can be adjusted vertically and can rotate about a hori-
zontal axis to accommodate patients of different heights and acquire the image from
different aspects of the breast. The X-ray beam passes through a metallic spectral-
shaping filter, a beam-defining aperture and the compression plate before reaching
the breast of the patient. The differentially attenuated X-ray is recorded to form an
image after passing through the anti-scatter grid (scatter rejection device) which is
positioned between the breast supporting system and the image receptor.

The mammography X-ray machine uses a high-frequency generator and is oper-
ated typically in the range of 20 to 40 kV.The X-ray targets are molybdenum (Mo),
rhodium (Rh) and tungsten (W), and spectral characteristics of theX-rays are decided

https://aerb.gov.in/images/PDF/DiagnosticRadiology/Model-Layout---Interventional-Radiology-Installation.pdf
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Fig. 12 Photograph of a mammography X-ray machine

by the use of different target/filter (T/F) combinations. The anode is a rotating anode
and has a bevelled edge, which is at a steep angle to the direction of the electron
beam. Focal spots ranging from 0.3 to 0.4 mm (contact imaging) and 0.1–0.15 mm
(magnification imaging) are used to obtain high spatial resolution and optimal image
quality. The X-ray window is made up of beryllium (Be) which has a low atomic
number and high Young’s modulus. Collimation of the X-ray beam is achieved using
metal diaphragm collimators. The size of the image receptor is typically 18 cm ×
24 cm or 24 cm × 30 cm.

An automatic exposure control (AEC) system is used to provide consistent signals
as X-ray tube potential is varied over the varying breast thickness [14]. In the AEC
system, an ionization chamber or a solid-state detector is located behind the image
receptor. Present-dayAECsystemcompensates for variation in the selected operating
potential and breast thickness and density.

The quality of mammography images and the efficiency of dose are highly influ-
enced by the characteristics of the X-ray spectrum. These X-ray spectrum shapes are
determined by factors such as the material of the anode, the voltage applied to the
X-ray tube, and the type and thickness of additional filtration. Prior to actual image
acquisition, a short test pulse is often conducted to optimize the X-ray exposure to
the patient. This optimization process may involve identifying the minimum signal
from the most attenuating area of the breast. Determining the ideal X-ray spectrum
formammography requires striking a balance between image contrast, radiation dose
and the level of statistical noise in the image.
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Compression is vital for reducing the thickness of the breast, which is neces-
sary to decrease the glandular dose. By reducing breast thickness through compres-
sion, the generation of scatter components is minimized, thereby enhancing image
contrast. It’s crucial that the compression plate allows for parallel compression of
the breast to the image receptor, and that the plate’s edge at the chest wall is aligned
with both the focal spot and image receptor to maximize breast tissue inclusion
in the image. Compression spreads out different tissues, reducing superposition
from various planes and improving the visibility of structures. The use of compres-
sion reduces geometric blurring, breast dose and the ratio of scattered to directly
transmitted radiation reaching the image receptor.

The technology of image receptors has improved a lot in the recent past. In its
early days, X-ray mammograms were directly recorded on medical imaging film
which has produced low contrast at higher radiation doses to patients. Accord-
ingly, mammography screening in the 1950s and 1960s did not provide any useful
benefits for the early detection of breast cancer [8]. Continuous developments in
imaging technology have improved mammography over the last 40 years starting
from screen-film to digital imaging [8]. Digital mammography technology offers
simplified archival, retrieval and transmission of images, reduction in mean glan-
dular dose (MGD), higher patient workflow and improved diagnostic accuracy [4,
15]. Gradually screen-film systems are replaced by digital imaging systems.

Regulatory limits have been prescribed formammographyX-ray imaging systems
as well [1]. These limits are as follows: (i) the X-ray tube housing shall be so
constructed that leakage radiation at 5 cm from any point on its external surface
shall not exceed 0.02 mGy in one hour, (ii) the total filtration in mammography
equipment with Mo-Mo target filter combination shall not be less than 0.03 mmMo
and for any other target filter combination, the total filtration shall be greater than or
equal to 0.3 mm Al for 30 kV, 0.4 mm Al for 40 kV and 0.5 mm Al for 50 kV.

3 Emission Imaging Systems and Facilities

Emission imaging or nuclear medicine imaging procedure includes the administra-
tion of a gamma-emitting or positron-emitting radiopharmaceutical (also called a
radiotracer) which gets redistributed physiologically within the patient. The subse-
quent decays of the radiopharmaceutical led to the emission of gamma rays or high-
energy photons with enough energy such that a significant fraction of these emis-
sions escape from the body. These escaped photons are detected using the radiation
detector or camera, which can be used to localize the distribution of activity within
the body. Thus, emission imaging makes use of the ionizing radiation emitted by the
radionuclide administered to the patient (orally, by injection or by inhalation) in the
form of radiopharmaceutical for obtaining information related to the physiological
functions of the patient body. The distribution of the radiotracer in the patient is
measured with a dedicated imager. The imager may be either a molecular imaging
system [a gamma camera, a single photon emission computed tomography (SPECT)
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or a positron emission tomography (PET) unit] or a hybrid imaging system (molec-
ular plus structural imaging system) such as SPECT-CT, PET-CT and MR-PET.
Nowadays, hybrid imaging systems are popularly being used in diagnostic nuclear
medicine procedures. Details of these systems are provided in this section.

Medical cyclotron is thought to be an integral part of the nuclear medicine facility
as it provides a number of radionuclides for use in the current practice of nuclear
medicine. This section also contains a brief description about the construction and
working of a medical cyclotron facility. Further, non-imaging studies are also very
useful in examining the functionality of certain parts of the human body. For a shake
of completeness, a brief detail has been included about the technicalities of thyroid
uptake studies.

3.1 Gamma Camera

Gamma camera (also referred to as the Anger scintillation camera after the name of
its inventor Hal Anger) is one of the most widely used emission imaging devices in
the nuclear medicine department (illustrated in Fig. 13). A gamma camera utilizes
a single large area NaI(Tl) crystal which is optically coupled to a large number
of photomultiplier tubes (PMTs). Due to this arrangement, a gamma camera, as
compared to its predecessor, i.e. rectilinear camera, can simultaneously acquire data
over a much wider area of the patient and thus can accomplish rapid image acqui-
sition as compared to the latter. Gamma cameras can either be used in the static
mode in which a single integrated image is obtained over an extended time period
or in dynamic mode in which many frames per second are obtained to observe the
temporal distribution of activity in the region of interest which provides the physio-
logic information about the subject. In some cases, synchronization of these images
with an electrocardiogram is also done to carry out cardiac function studies.

A collimator, usually made up of lead bar which contains a large number of
holes, is placed in front of the scintillation crystal. The collimator allows the photons
travelling in a particular trajectory to reach the scintillator while absorbing the rest
of the photons emitted from the patient. Without a collimator, the origin of photons
cannot be determinedwhich results in the loss of spatial information about the activity
distributionwithin the patient. By selectively transmitting the photons, the collimator
led to the formation of a projected 2D image of the 3D radioisotope distribution on
the surface of the scintillator crystal.

The photons coming through the collimator are absorbed in the scintillation crystal
which results in the emission of secondary photons (visible or ultraviolet). These
secondary photons in turn get converted into photo-electrons and further get ampli-
fied inside the PMTs. The amplitude of the electrical signal from each PMT is propor-
tional to the amount of light generated in the crystal corresponding to its position.
The electrical signal from PMT is further processed and amplified using preampli-
fiers. The position of each scintillation is determined by the weighted average of
the signals from the PMTs, while its energy information is deduced by integrating
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Fig. 13 Basic principles and components of a modern gamma camera

the signals from all the associated PMTs. An analog-to-digital converter (ADC) is
used to digitize the output of each PMT. Signals corresponding to only those events,
whose pulse amplitude falls within the selected energy band, are accepted and binned
into the location (known as a pixel) corresponding to the scintillation event in the 2D
image matrix.

Collimators in the gamma camera act as the mechanical lens as they permit only
those photons that are approaching the camera from certain directions to reach the
crystal and thus contribute to image formation while absorbing all other photons.
There are basically four types of collimators that are used with gamma cameras:
parallel hole, converging, diverging and pinhole.

Parallel hole collimator (also dubbed a “workhorse” collimator) is the most
commonly used collimator in the nuclear medicine department. This collimator
consists of thousands of parallel holes which lead to the formation of a projec-
tion image without any magnification or minification of the region of interest (in
which activity is distributed). Parallel hole collimators are available in different
variants to meet the requirements of varying gamma energy of the radionuclide to
be used and sensitivity requirements of imaging. Some of the variants of parallel
hole collimators are (i) low-energy, high-sensitivity, (ii) low-energy, all-purpose
(LEAP), (iii) low-energy, high-resolution, (iv) medium-energy, (v) high-energy and
(vi) ultra-high-energy.

Pin hole collimator is commonly used for obtainingmagnified images of the small
organs such as thyroid glands and the heart. It consists of a small pinhole in the conical
high atomic number (Z) material assembly. The projected image formed using this
collimator is inverted and either magnified if the distance between the source and the
pinhole is smaller than the collimator length or minified if the distance between the
two is more than the collimator length. This variation in the magnification with the
distance leads to a somewhat distorted projected image of 3D objects.
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A converging collimator is used to obtain magnified images. It has many holes
which are aimed to be converging in front of the collimator. Diverging collimators
on the other hand are used to obtain minified images. Such collimators are very
handy in large field of view (FOV) requirements. In this type of collimator, holes are
aimed to be converging behind the camera. Some vendors provide a single invertible
converging collimator which can be used as a diverging collimator just by flipping
its face. A hybrid of parallel hole and converging collimator, known as a fan beam
collimator, is also used widely, especially in SPECT applications.

Different types of gamma cameras are available commercially. The single-headed
gamma camera is the most commonly used gamma camera in clinical nuclear
medicine imaging. Due to its positioning flexibility, it can obtain projection images
almost at any angle. This capability of the gamma camera to take multiple views
around the patient makes it capable of generating tomographic images. Another
version, which is rapidly becoming popular across nuclear medicine departments, is
dual-headed gamma camera (shown in Fig. 14). The two heads of such systems can
be stationed in different combinations thus allowing the simultaneous acquisition of
images in two different orientations.

Planar imaging is still the standard for many nuclear medicine examinations
such as whole-body bone scans and hepatobiliary thyroid, and renal and pulmonary
studies. The images acquired using the scintillation camera fulfils the purpose of
imaging such as finding out metastatic lesions in different body parts in the case of
a whole body scan.

Fig. 14 Photograph of a dual-head gamma camera
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3.2 SPECT Imaging System

If the gamma camera head is allowed to rotate around the patient and acquire the
images at different angles with respect to its reference position, then the images
obtained at different orientations can be used to generate the transverse images. This
approach of reconstructing the transverse images (computed tomography) which
reveal the distribution of activity within the patient is known as Single Photon Emis-
sion Computed Tomography. In the SPECT system, the gamma camera head rotates
about the long axis of the patient and acquires the images at equally spaced angular
positions in step-and-shoot mode. The 2D projection images obtained in this way
are used as 1D projection data to reconstruct transverse images using reconstruction
algorithms.

Traditionally, the gamma camera head revolves around the patients in the circular
orbits, but many advanced SPECT systems also provide an option of elliptical trajec-
tory for camera head movement. Some systems even allow the camera head to trace
out the patient’s contour. The non-circular orbits minimize the distances between the
patient and the collimator, which in turn leads to significant improvement in spatial
resolution.

The reconstruction of axial or transverse images from the set of projection images
is a complex and computationally intensive process. Therefore, any gamma camera,
which has mechanical capabilities to acquire projection images for tomographic
reconstruction,must be supplementedwith adequate computation resources and soft-
ware for image reconstruction, attenuation and scatter corrections, and for display
and analysis of 3D image volumes in order to make it a complete SPECT system.

3.3 PET Imaging System

The positron emission tomography system (shown in Fig. 15) utilizes the detection of
two simultaneously emitted annihilationphotons. Positron-emitting radioisotopes are
tagged into the metabolically relevant compounds, such as 18F-fluorodeoxyglucose
(18FDG), which localize in the body after administration. The emitted positron is
annihilated by combining with an electron from the surrounding tissue, and subse-
quently results in the production of two annihilation photons which are emitted
simultaneously in almost exactly opposite directions (almost 180° apart).

The detector system of the PET scanner consists of rings of detectors which
surrounds the patient. Each detector is connected with its opposite detector through
a special circuitry known as a coincidence logic circuit due to which they are capable
of identifying the photon pairs produced during annihilation. When a photon pair
is detected by such a pair of two detectors, it is assumed that the annihilation event
took place somewhere along a straight line joining these two detectors. This near-
simultaneous detection of the two annihilation photons by the PET system to localize
the event origin without using an absorptive collimator is known as annihilation



Radiation Environment in Medical Facilities 325

Fig. 15 Photograph of a positron emission tomography system

coincidence detection. Since the collimation in PET systems is carried out using
electronic circuits rather than mechanical collimators, such a type of collimation is
also referred to as Electronic collimation.

Just like SPECT systems, the data acquired is used to reconstruct the tomographic
images using image reconstructing algorithms. The PET systems are widely used in
oncology for detection and staging of tumours. The PET detector system offers
higher sensitivity in comparison to the SPECT system, and therefore can detect
even very subtle radioactive tracer uptake and thus lesions. Since many positron
emitters (carbon, oxygen, fluorine) are quite physiologically relevant (fluorine is a
good substitute for a hydroxyl group), therefore, they can be tagged into a large
number of biochemical. The most important among these is 18F-FDG. The 18F-FDG
is used as the substitute for glucose in such studies. Since primary tumours and their
metastases have a high uptake of glucose as compared to normal tissues, the 18F-
FDG gets concentrated in such sites and hence reveals their locations. Due to this
physiological advantage, PET scans of cancer patients have the ability to provide
accurate information about the extent of the disease, which may be underestimated
by CT alone. Hence, PET systems are widely used in oncology for the detection and
staging of tumours.
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3.4 Hybrid Imaging Systems

Nuclear medicine imaging systems have the ability to provide exquisitely sensi-
tive measures of a wide range of biological processes due to which they stand out
from other contemporary imaging modalities. However, they are poor in providing
acceptable anatomic details, which are prerequisites for the identification of organs
and tissues. Other imaging modalities such as magnetic resonance imaging (MRI)
andX-ray-based computed tomography (CT), although provide excellent anatomical
images, are limited in their ability to provide functional or physiological information.
In order to take the best advantage of both of these technologies, the integration of
these modalities was highly desired.

The major developments in the field of nuclear medicine imaging in the last two
decades is birth of the multimodality systems. The introduction of multimodality
systems in which a SPECT or PET scanner is integrated with a CT scanner or MRI
system has revolutionized the domain of medical imaging. The composite units
SPECT-CT, PET-CT (Fig. 16) and PET-MRI offer the fusion of diagnostic images
from two complementary imaging modalities and represent one of the most sophisti-
cated and powerful ways to visualize physiology in correlation with the anatomy of
the body. The integration of CT orMRI not only provides the much-desired anatomic
information but also helps in the correction of emission images for attenuation.

The combined modality of PET-CT has extensive applications in oncology, cardi-
ology, neurology and other psychological studies.Moreover, it has become a standard

Fig. 16 Photograph of a positron emission tomography (PET) and computed tomography (CT)
system. Source https://www.templehealth.org/services/pet-ct-scan

https://www.templehealth.org/services/pet-ct-scan
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diagnostic tool for the staging of cancer. Its crucial role in the early assessment of
cancer aids oncologists in making course corrections or altering treatment in case of
ineffective therapy.

3.5 Medical Cyclotron Facility

The essence of nuclear medicine imaging are radionuclides, but most of the natu-
rally occurring radionuclides are very heavy elements with very long half-lives.
Moreover, they rarely get involved in metabolic or physiologic processes of interest,
and hence they are not very useful from the radiopharmaceutical perspective. Most
of the radionuclides, which can be useful for nuclear medicine imaging, have to
be manufactured artificially. Such radionuclides are developed by bombarding the
stable nuclei with subatomic particles (such as neutrons and protons) or ions. The
bombardment of subatomic particles on these stable nuclei initiates nuclear reactions
resulting in the conversion of a stable nucleus into an unstable one. The projectile
charged particles (protons and ions) face the Coulombic barrier when they approach
stable nuclei targets, and therefore such reactions are not possible in ordinary labora-
tory conditions. In order to carry out such nuclear reactions, charged particles have to
be supplied with enough kinetic energy by acceleration so that they can overcome the
potential barrier and subsequently penetrate into the target nuclei. Such acceleration
of charge particles is possible in cyclotrons and other charged-particle accelerators.

The cyclotron was invented by E. O. Lawrence in 1931 at Berkeley, California. It
consists of a vacuum chamber between the poles of an electromagnet (illustrated in
Fig. 17). Two D-shaped semi-circular electrodes (known as “dees”) are positioned
within the vacuum chamber. There is a small gap between the two dees. A small
ion source is usually placed in the centre of this gap. The dees are hollow so that
the ion to be accelerated can move freely inside these electrodes. An alternating
high voltage is applied across the dees. Initially, the polarity of the electrodes is set
in such a way that the injected ions at the centre of the cyclotron get accelerated
towards the edge of the dee. The ions moved in the circular path within the dee due
to the magnetic field. When the ions approach the gap between the dees, there is a
flip in the polarity of the electrical field between the two dees. Due to this polarity
reversal, the ions remain continuously accelerated when crossing the gap between
the dees. The continuous acceleration results in continuous increases in the radius
of the circular orbit of the ions. The repetitions of this process lead to the outward
spiralling trajectory of the ions. Since the increasing speed compensates increasing
length of the path, therefore, ions continue to arrive in the gap exactly in phase with
AC voltage. As the acceleration of ions is accomplished over many rounds in cyclic
order, this accelerator is called Cyclotron.

The acceleration process described above is continued till the ions acquire the
maximum possible kinetic energy which depends on the type of particles/ions to be
accelerated, the diameter of the dees and the strength of the static magnetic field.
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Fig. 17 Schematic diagram presenting working principle of a cyclotron

When the desired kinetic energy is achieved, the ions are extracted from their circular
path and directed towards the external target.

Commercial cyclotron, which produces a large amount of clinically relevant
activity, has very high setup and operational costs due to which cyclotron-produced
radionuclides are more expensive than those produced by other methods. Alter-
nately, much smaller and highly specialized cyclotrons are also available commer-
cially which can be installed in the hospitals. These cyclotrons specifically produce
positron-emitting radionuclides for positron emission tomography (PET). Medical
cyclotrons offer many advantages over industrial cyclotrons and are comparatively
simpler to operate.

Figure 18 shows the photograph of a self-shielded compact medical cyclotron.
The beam energy of these medical cyclotrons is in the range of 10–30 MeV; apart
from the production of desired positron-emitting radionuclides, neutrons and gamma
radiation are also produced. Therefore, radiation shielding remains a major consider-
ation in the design ofmedical cyclotron facilities.Manymanufacturers use boron and
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Fig. 18 Commercial self-shielded cyclotron for radionuclide production. Proton beam energy of
11 MeV and beam current 60 µA. B: Power supply and control cabinet, C: Cyclotron assembly,
D: Retractable radiation shielding and E: Cyclotron assembly

polyethylene sheets to control the neutron dose level around the unit. The shielding
of this cyclotron is designed in such a way that radiation workers can operate it
through a control console without exceeding their acceptable dose limits.

Radiation levels in medical cyclotrons is also reduced by accelerating negative
ions in place of positive ions. The acceleration of negative ions substantially reduces
the production of by-product radioactivity which subsequently reduces the radiation
level in the vicinity.

3.6 Typical Layout of a Nuclear Medicine Imaging Facility

Figure 19 shows a typical layout plan of a nuclear medicine imaging facility
comprising a gamma camera (or SPECT or SPECT-CT) and PET (or PET-CT).
The thickness of all the walls is typically 23 cm brick or 15 cm normal concrete.
However, the walls of the PET/PET-CT facility are constructed from concrete using
the wall thickness calculated from the workload.

The radiation environment of the nuclear medicine imaging facility mainly
contains gamma rays either from 99mTc-based radiopharmaceuticals or annihila-
tion gamma rays from positron-emitting radioisotope (e.g. 18F). The facility layout
and shielding thickness are worked out considering occupational and public safety.
Patient safety is not a point to be considered during normal working conditions
as the patient willingly receives a prescribed quantity of radiation dose. However,
in abnormal situations arising from either misadministration or contamination, all
available including patients should be given due consideration while designing the
radiation safety programme. In case of a medical cyclotron facility, the radiation
environment includes neutrons and gamma rays. The facility design and radiation
safety programme should give due consideration to the presence of these radiations.
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Fig. 19 Typical layout of a nuclear medicine imaging facility having gamma camera/SPECT
(or SPECT-CT) and positron emission tomography (PET) or PET-CT. All the walls should
be 23 cm brick or 15 cm concrete except PET/PET-CT imaging room which should be
made from concrete only using the wall thickness calculated from the workload (F.H. =
Fume Hood). Source https://www.aerb.gov.in/images/PDF/NuclearMedicine/3.6.6-Typical-layout-
diagram-for-Nuclear-Medicine-Facility.pdf

Finally, the monitoring activity should include measurement of contamination and
preparedness of decontamination in addition to measuring the radiation levels at
important locations.

3.7 Non-imagining Diagnostic Nuclear Medicine Procedure:
Thyroid Uptake Measurements

Thyroid uptake measurements are usually carried out to assess the shape, size and
functioning of the thyroid gland. A thyroid uptake probe consists of a wide aperture
diverging collimator followed by a cylindrical NaI(Tl) scintillation crystal (Fig. 20).
A preamplifier, an amplifier and an energy discriminator follow the crystal in serial
configuration. 123I or 131I as sodium iodide capsules are used for this type ofmeasure-
ment. Thyroid uptake measurements can be carried out either using a two-capsule
method or a one-capsule method. In two-capsule methods, both the radionuclides
containing capsules have the same activity.

Initially, both capsules are kept in the neck phantom one by one, and their respec-
tive counts are recorded. A neck phantom is a cylindrical PMMA phantom, which
simulates the human neck. It is providedwith a cylindrical cavity inwhich the capsule
can be inserted. After the initial measurements, one of these capsules is administered
to the patient orally while the other capsule is inserted in the neck phantom. The
capsule, which is kept in neck phantom during study, is known as standard. After
administration, the count rate from the patient neck is measured, initially after 4–
6 h post administration and later after 24 h post administration. For background
correction, the count rate from the patient thigh is also recorded during the above

https://www.aerb.gov.in/images/PDF/NuclearMedicine/3.6.6-Typical-layout-diagram-for-Nuclear-Medicine-Facility.pdf
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Fig. 20 A schematic cross-sectional view of a thyroid uptake probe

measurements. The count rate of the standard capsule (which is kept in the neck
phantom) and ambient or room count rate (for background correction in standard)
is also recorded during the above course of measurements. The distance between
the detector and the object whose count rate has to be measured is kept around
30 cm. Although this arrangement reduces the sensitivity of the study, it makes the
measurements relatively independent of the size, shape, position of the thyroid and
the radioisotope distribution within the gland. The thyroid uptake can be calculated
using the following formula:

uptake(%) = Cneck
/
tneck − Cthigh

/
tthigh

Cstandard
/
tstandard − Croom

/
troom

× F × 100% (1)

where
c is the total number of counts,
t is the measurement time and
F is the fraction of the administered activity in the phantom.
The two-capsule method takes into account of any day-to-day variation in the

system sensitivity and corrections for radioactive decay.
Alternatively, the standard is not used in the “one-capsule method”. In this

method, initially after measuring the counts of the capsule in the neck “phantom” and
correcting it for background using ambient or “room” counts, the capsule is admin-
istered to the patient, and the count rate around the patient’s “neck” and “thigh” is
recorded firstly, after 4–6 h and then again after 24 h of administration. The thyroid
uptake in this case is obtained as

uptake(%) = Cneck
/
tneck − Cthigh

/
tthigh

Cphantomn
/
tphantom − Croom

/
troom

Xe−0.6932t/T1/2 (2)
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where T 1/2 is the physical half-life of the radionuclide, and t is the time duration
between phantom measurement and neck measurements.

4 Radiotherapy Systems and Facilities

Radiotherapy, an important technique for cancer treatment, traces its roots to
Roentgen’s discovery of X-rays in 1895, evolving continuously since then with new
skills and approaches. Approximately 60% of cancer patients undergo radiotherapy,
whether as primary treatment, for recurrences, or palliation. Nowadays, radiotherapy,
alone or combined with surgery or chemotherapy, stands as a principal modality for
various cancer cases. The goal is to deliver a high, homogenous dose to diseased
tissue while minimizing unwanted side effects, and prioritizing the patient’s quality
of life. The aim extends beyond tumour cell destruction to enhancing patient well-
being. This section provides a brief overview of radiotherapy systems, facilities and
the associated radiation environment.

4.1 External Beam Therapy Systems and Facilities

External beam therapy, also known as Beam therapy, is a common radiotherapy
method where the radiation source is positioned at a distance from the patient’s
body. Typically employing gamma rays and X-rays, it can also utilize electrons,
protons, neutrons and ion beams. Beam therapy is categorized as conventional or
conformal based on the treatment field size and its conformity to the tumour geom-
etry in the given plane or volume.Conventional beam therapy uses square/rectangular
or partially irregular treatment fields, while conformal beam therapy creates regular
or irregular treatment field geometries to match the tumour’s shape in 2D or 3D. The
objective of conforming the high dose volume to the diseased tissue volume is to
spare surrounding normal tissues and organs at risk, a principle known as conformal
avoidance. This maximizes the avoidance of high doses to normal tissues at the risk
of compromising the dose to the tumour volume. Evidence suggests that improved
conformation enhances tumour control and reduces side effects. Consequently, 3D
conformal therapy, including adaptation for internal organmovement, is increasingly
feasible in this era. While these advanced techniques are more costly than conven-
tional methods, it’s crucial to recognize that failed conventional treatment, even if
less expensive, is a waste of resources.

Nowadays, advance forms of 3D conformal radiotherapy techniques such as
intensity-modulated radiotherapy (IMRT), image-guided radiotherapy (IGRT), volu-
metric modulated arc therapy (VMAT) and stereotactic body radiotherapy (SBRT)
are very popular and are used by clinicians for managing a variety of cancer cases.
Treatment using these advanced techniques is generally delivered by multimodality
technologically advanced high-energymedical electron linear accelerators (LINACs)
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with specialized hi-tech multileaf collimators (MLCs) and narrow cylindrical cones.
Narrow converging 60Co gamma-ray beams from a specialized treatment unit called
GammaKnife are used for stereotactic radiosurgerywhich is a formof high-precision
conformal radiotherapy.

Beam therapy delivery devices are complex radiation generators. Different types
of radiation generators such as low-energy X-ray machines, telegamma therapy
machines, electron linear accelerators, betatron, protons accelerators and ion accel-
erators are used for radiation beam therapy. Among the different available radia-
tion generators, telecobalt machines (standard and specialized) and electron linear
accelerators (standard and specialized) are popularly used worldwide. Computer-
controlled complex radiation delivery systems and associated hi-tech accessories
employing circular treatment fields of diameter as small as 0.4 cm and square treat-
ment fields of size as large as 40 cm × 40 cm are used in beam therapy. This section
provides a brief detail about the commonly used beam therapy equipment.

4.1.1 Telecobalt Machine

The telecobalt unit was invented in the early 1950s and was deemed to be a compact
beamdelivery system that produces radiation adequate formost tumours. It is a simple
electrotechnical device which houses a high activity (~444 TBq= 12,000 Ci) encap-
sulated 60Co source to generate high-intensity gamma ray beams (average energy
1.25 MeV) for the treatment of different types of cancer cases. Figure 21 shows
the photograph of a modern telecobalt machine, its control system, gantry and a
magnified cross-sectional view of the source head.

Major components of telecobaltmachine is gantry, gantry stand, source head, fixed
primary collimator, moveable secondary collimator, optical system for displaying the
field size and distance measurement, and a treatment table. Some of the telecobalt
machines are also equipped with a multileaf collimator. The source head is typically
a cast iron shell filled with lead or a mixture of lead and tungsten so that the head
leakage shall comply with the requirements of standards and regulatory systems. The
centre of the source head contains a cylindrical lumenwhich is the path formovement
of a cylindrical source drawer. The source drawer contains a doubly encapsulated
cylindrical 60Co source (diameter = 1.5 or 2.0 cm and height = 2.5 cm and higher).
The source drawer is connected to a pneumatic drive systemwhich is used formoving
the source from its resting position (OFF condition) to treatment (ON) condition
and vice versa. Typically, the source head is designed for housing a 60Co source
of activity about 555 TBq (15,000 Ci), but the loaded activity is generally about
444 TBq (12,000 Ci). The lower part of the source head contains a fixed primary
collimator and a moveable beam limiting device.

The telecobalt machine contains a rotating gantry (rotation through 360°) which
maintains a constant distance fromapoint in space (isocentricmounting). The isocen-
tric distanceor normal treatment distanceof thismachine is typically 80 cm.However,
100 cm isocentric machines are also available. Depending on the technology of the
manufacturer, the moveable beam limiting device (secondary collimator system) is
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Fig. 21 Details of telecobalt machine: a photograph of an isocentric telecobalt machine, b control
unit, c gantry and d magnified cross-sectional view of the source head

either jaw type ormultivane type. In case of jaw type collimator, it is possible to define
very small field (sub-millimeter dimension), but in case of multivane type collimator
the minimum treatment field size is about 4.5 cm × 4.5 cm. The maximum field size
which the collimator system can define is of the order of 35 cm × 35 cm. The colli-
mator system is also provided with rotational capability. The source to diaphragm
(or collimator end) distance is typically 45 cm. To minimize the penumbra (high
dose gradient) at the field edges, penumbra trimmers are also used. To measure
the distance from the source, an optical distance indicator is also mounted on the
external part of the collimator. The optical system provided in the head of the tele-
cobalt machine helps in visualizing the beam aperture to be used for the treatment
and also in positioning the patient for the treatment.
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The treatment table is used for positioning the patient under the 60Co beam. It
has three linear movements (transverse, longitudinal and lateral) as well as rotational
capabilities. Linear and rotational movements of the table help in precise patient
positioning. The tabletop is carbon fibre which allows maximum transmission. The
control console of the machine contains many options and safety systems. Some of
the movements of the telecobalt machines and its treatment tables can be controlled
remotely as well. The control system is fully graphical user interface-based software
control.

Standards on performance and safe use of telecobalt machines are available [2, 3,
16]which provides sufficient information formanufacturer and users of thismachine.
Thismachine is installed in a specially designed housing in linewith regulatory codes
and guides to provide adequate safety to occupational workers and the public. The
limits on leakage radiations are provided considering the safety of patients and the
radiation workers (OFF condition leakage at 5 cm from surface of the source head
shall not exceed 200 µSv and at 100 cm from the source shall not exceed 20 µSv;
average and maximum ON condition leakage from the source head shall not exceed
0.1 and 0.2% of the reference dose rate). The radiation environment in the treatment
room contains primary, scattered and leaked photons, whereas radiation environment
in control console and public waiting area is scattered and leaked photons.

Because of relatively lower energy than required to treat deep seated tumours and
a large penumbra (high dose gradient region at treatment field boundary), telecobalt
units were susceptible to replacement.

4.1.2 Medical Electron Linear Accelerators

The early development of microwave sources (~3000 MHz) gave a large impetus to
the development of medical electron linear accelerators (LINACs), which have now
become themost versatile andwidely used radiotherapy equipment.Medical LINACs
produce high-energy electron beams (typically 4–25 MeV) which can directly be
used to deliver the dose to the tumour or can be allowed to generate high-energy
bremsstrahlung X-rays (4–25 MV) to treat the deep seated tumours. Medical elec-
tron linear accelerator technology has now moved through several generations of
increasing sophistication. The new LINACs are compact and offer excellent versa-
tility in treating tumours with great precision and conformity. LINAC is a treatment
device which accelerates electrons to very high energy using high-frequency electro-
magnetic waves. As the electron trajectories are linear in the accelerator tube, hence
the name linear electron accelerator.

The main components of a medical LINAC are an electron gun, microwave gener-
ator, modulator and pulse forming network, accelerating waveguide, vacuum system,
travelling waveguide and circulator, beam transport system, X-ray target, primary
collimator, flattening filter, monitor chamber, moveable collimators (secondary or
tertiary and jaws or multileaf collimators or both), auxiliary system, safety inter-
locks and control console (computer-controlled) as shown in Fig. 22. The electron
gun emits electrons through the process of thermionic emission, and these electrons
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Fig. 22 Schematic cross-section of a medical electron linear accelerator showing its major systems
and sub-systems. PFN: pulse forming network; TW + C: travelling wave plus circulator; PC:
primary collimator; FF: flattening filter; MC: monitor chamber; MBLD: moveable beam limiting
device (jaws or MLC or both)

are injected to accelerating waveguide. It is essential to digitally control the current
through gun filament for dynamic beamdelivery. Themicrowave generator (Klystron
or Magnetron) provides high-wattage microwave (~3000 MHz) for the acceleration
of electrons. Both the electron gun and microwave source are fed high voltage and
short duration pulses in synchrony from a modulated power supply system. The
typical high-voltage pulse is a few microseconds long and is repeated a few hundred
times per second. The pulse repetition frequency (PRF) or pulse per second (PPS) is
variable on most accelerators, but the pulse width is always constant. The PRF/PPS
determines the dose rate from a LINAC.

The beam transport system deals with transporting the electron beam in vacuum
from the gun to the target/exit window. The accelerating waveguide is either a
standing waveguide or a travelling waveguide. This terminology refers to the type of
electric field produced by the propagation of microwaves in the accelerating struc-
ture. Both types of structures incorporate magnetic steering and focusing devices.
The standing wave structure helps in reducing the accelerating waveguide length due
to the option of side coupling cavities while the travelling wave structure requires
a relatively longer accelerating waveguide. The beam monitoring system comprises
multi-segment ionization chambers that shape, manipulate and monitor the X-ray or
electron beam coming out of the machine. The auxiliary systems consist of vacuum
pumps, circulating cooling water, RF frequency tuner, pressurized dielectric gas for
RF transmission, RF isolator and electronic timer (thyratron).

Electrons are injected into the accelerating waveguide where they absorb energy
from radiofrequency (RF) fields generated by microwaves, typically at a frequency
of 3000 MHz (with a 100 mm wavelength in free space). The microwave radiation
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is delivered in brief pulses lasting a few microseconds, achieved by applying high-
voltage pulses of around 50 kV from the pulsemodulator to themicrowave generator.
Both the electron gun and microwave source are pulsed, ensuring that high-velocity
electrons enter the accelerating waveguide simultaneously as it is energized by the
microwaves. To facilitate this process, the electron gun and accelerating waveguide
system must be evacuated to a low pressure, ensuring that the mean free path of
free electrons between atomic collisions is significantly longer than the electron path
through the system. The amount of energy an electron can absorb from themicrowave
frequency field in thewaveguide depends on the amplitude of the electric field,which,
in turn, is contingent upon the instantaneous microwave power. Even for low-energy
accelerators, the power required is several megawatts but, as a result of thermal and
other constraints, available microwave power sources cannot be operated at these
power levels continuously nor could the cooling system for the waveguide dissipate
the power losses. However, if they are pulsed at high power levels, with a duty cycle
of around 0.1%, acceptable mean power can be delivered to pulses of electrons which
can then be accelerated up to the necessary high energies. Pulses are typically of 4µs
duration and are delivered typically at a PRF of 250 Hz.

The electrons being accelerated tend to spread out, partly due to mutual Coulomb
repulsion and mainly because the electric fields in the waveguide structure have a
radial component. However, this spread can be controlled, and the electrons can be
refocused onto their original trajectory by employing a coaxial magnetic focusing
field. This field is generated by coils that are aligned coaxially with the accelerating
waveguide. Additionally, there are steering coils that can adjust the electron beam,
ensuring it exits the accelerator structure at the desired position and angle. The
electron accelerator emits pulses of high-energy electrons into the treatment head,
where the useful radiation beam is generated.

When the machine is being used as an X-ray generator, the electron beam is
directed onto an X-ray target where it is stopped with the emission of X-rays by
bremsstrahlung. The target is therefore the primary source of X-rays, which are
then modified by other components in the treatment head including filters (flattening
filter, FF) to control beam uniformity and the beam defining system to control the
dimensions normal to the beam direction. Nowadays, LINACs have been provided
options for generating unflat (or flattening filter-free) photon beams which are very
popularly used for a variety of cancer cases. The intensity (or dose rate) of FFF beams
is a few fold higher than flattened (FF) beams. The treatment head also contains a
beam monitor consisting of detectors used both to measure the dose delivered and
also to provide control signals for safety interlocks and feedback systems to the
accelerator and its associated systems.

The photon collimator consists of two pairs of jaws (one pair for defining the field
in the x-direction and the other pair for defining the field in the y-direction) or one
pair of jaw collimator and one pair of multileaf collimator (MLC). The collimator
system provides a photon or electron beam of a given dimension in a direction of
our choice.

When the electron beam is to be used for treatment, it is extracted from the
vacuum system through a thin window into the treatment head where it is scattered
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by a scattering foil system (specific to the beam energy beam) into a broad beam. This
is necessary as the electron beam diameter is only a few millimeters (about 5 mm)
as it emerges from the vacuum system. The electron beam is monitored in the same
way as the X-ray beam, but in this case particular attention is paid to the detection
of abnormally and dangerously high dose rates which could occur in certain fault
conditions. For electron beam therapy, the final beam collimation is carried out with
an electron beam applicator (also called electron cone or electron applicator) which
is mounted externally on the treatment head.

The treatment head also provides housing for an optical system [optical field
and optical distance indicator (ODI)] simulating the treatment beams and mounting
points for accessories including beamdirection indication devices such asmechanical
pointers which will allow precise alignment and direction of the treatment beams in
relation to the patient.

Some machines are designed specifically as X-ray generators but many are dual-
purpose with treatment heads capable of handling both X-rays and electrons. In
this case, elaborate mechanical and electrical arrangements are required to allow the
changeover from onemode of treatment to the other. For instance, it will be necessary
to have an arrangement for retracting the X-ray target and filter, inserting appropriate
electron scattering foils, and to have an interlock system to verify that this has been
done correctly before an electron treatment can start. For each photon beam energy,
a specific target and a specific flattening filter is required. Accordingly, more than
one photon target and FF is available in the head of the accelerator. Scattering foils,
targets and flattening filters of multi-energy medical LINAC are stored in a storage
system available in the head of the accelerator which is called carousel. The carousel
brings the exact combination of target/FF or scattering foil on receiving the command
from the control system of the accelerator.

The temperature of certain components in the system is critical for efficient oper-
ation. In particular, the temperature of the accelerating waveguide structure and the
microwave valve has to be controlled because dimensional changes associated with
thermal expansions will significantly change their frequency characteristics. The X-
ray target also needs to be cooled. Cooling is achieved by circulating water through
the critical components and remote water to air (or in some cases water to waste
water) heat exchanger. In either case, thermostatic control is necessary to maintain
the operating temperature within a few degrees centigrade.

The safety interlock system guards against unsafe delivery of radiation. The safety
interlocks include both hardware and software interlocks that continuously monitor
the status of the machine during its operation. The functional parameters for safety
interlocks and operation of the machine are computer-controlled by a feedback
system that receives its commands from the monitor chamber, hardware position
encoders and limit micro switches. The feedback system is key to the computer
control of a LINAC. A beam collimator is required to shape the desired X-ray treat-
ment beams while applicators are used to focus and shape electron beams. Conven-
tional jaw collimators, MLC, micro multileaf collimators (mMLC) and special colli-
mators (such as stereotactic radiosurgery cones) are available for shaping the X-ray
beams.
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A medical LINAC has three main mechanical systems, namely gantry, collimator
and patient support assembly (PSA) [also called couch and treatment table]. The
gantry rotates about a horizontal axis while the collimator and couch rotate about a
vertical axis. The point of intersection of the collimator and gantry axes of rotation in
space is called isocentre of the machine. Most of the medical LINACs have a 100 cm
target to isocentre distance which is called normal treatment distance (NTD). In addi-
tion, the couch has three linear movements, transverse, lateral and longitudinal. The
couch is also provided rotational capabilities. Nowadays 6D couch is also supplied
along with the LINACs.

The treatment head of a LINAC contains proper shielding to limit the transmission
of X-rays, electrons and photo-neutrons (e.g. for photon beam—in the patient plane:
average and maximum leakage dose shall not exceed 0.1 and 0.2%, respectively,
of the reference beam output). The head shielding and other design aspects of the
LINAC shall conform to prescribed standards and regulatory specifications [16–21].

Commercially, computer-controlled LINACs with different attributes and acces-
sories are available for various types of applications. These LINACs can be grouped
into two categories, Standard (or C-arm) LINAC and Specialized (O-ring or ring
gantry) LINAC. Figure 23 is the photograph of a multimodality multi-energy stan-
dard LINAC. It contains both kV and MV imaging systems. The kV imaging system
is generally used in IGRT and adaptive radiotherapy, whereas MV imaging is gener-
ally used for verification of the geographical region of a patient through anatomical
landmarks. As stated earlier, this LINAC is capable of generating 6 and 10 MV
FFF photon beams in addition to three flattened photon beams and multiple energy
electron beams.

Themaximum operating dose rate for FF beam is typically 500 cGy/min, whereas
it goes up to 2000 cGy/min in case of FFF beams (10 MV FFF). Very recently, MRI-
LINAC has also been introduced in clinical practice. As MRI provides better soft
tissue contrast, the MRI-LINAC will be very useful in those situations where very
soft tissue contrast is of paramount importance.

Various versions of specialized LINACs (helical tomotherapy, robotic radio-
surgery, O-ring) are available commercially. Helical tomotherapy machines have
been modified to deliver other types of treatments as well. The robotic radiosurgery
device (also called Cyber-knife) is thought to be very useful in many situations and
in fact it is a frameless radiosurgery device. O-ring LINACs (commercially known
as Halcyon and Ethos) is single energy, but it is declared as a versatile treatment
machine. The recently introduced model of this LINAC also incorporates artificial
intelligence-based operation.

As far as the radiation environment in the medical electron LINAC facility is
concerned, photons and neutrons are available in the high-energy accelerator facility
(Beam energy of 10 MV or more). These treatment units are housed in specially
designed and constructed bunkers which meet the requirements of standard specifi-
cations as well as regulatory prescriptions. The shielding thickness of various walls
and ceilings of the LINACs is calculated using the weekly workload (expressed in
the unit of Gy/week at a 1-m distance from the X-ray target). Specialized LINAC
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Fig. 23 Photograph of a multimodality standard medical electron linear accelerator (Courtesy:
Varian Medical Systems, Mumbai, India)

except Cyber-knife is partially self-shielded and hence shielding thickness required
is relatively less.

4.2 Brachytherapy Systems and Facilities

Brachytherapy had its beginnings in Europe in the late 1890s with the discovery
of Radium-226Ra. The early application of radium to skin lesions demonstrated the
effectiveness of this new treatment technique. Since that time, many radionuclides
have been developed offering a wide range of half-lives and radiation. There is also a
large variety of clinical instrumentation available today for implementing numerous
types of brachytherapy procedures.

Depending on the duration of treatment, brachytherapy is of two different cate-
gories, namely temporary implant and permanent implant. In a temporary implant,
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the source is removed from the patient body on completion of the pre-calculated treat-
ment duration. However, in the case of a permanent implant, the radiation source is
permanently implanted to the patient body.

On the basis of placement of the source and treatment applicatorwith respect to the
patient body, brachytherapy is classified into four different categories, namely surface
mould, intracavitary, interstitial and intraluminal brachytherapy. Among these, intra-
cavitary and interstitial brachytherapy are the most common treatment modes. Intra-
cavitary brachytherapy is the treatment technique where radiation sources inside
specialized applicators are placed into the natural body cavities (e.g. treatment of
cancer of the uterine cervix) in close proximity to the tumour of the patient. In
interstitial brachytherapy, radioactive sources are implanted directly into the tumour
volume (e.g. breast implant, prostate implant). Intracavitary brachytherapy is always
temporary and usually a fractioned approach is used now. On the other hand, inter-
stitial brachytherapy can be temporary or permanent. Many recently developed
brachytherapy techniques heavily utilize advanced technology for target localiza-
tion, planning and optimization of the implant geometry, and delivery and verifica-
tion of the treatment. Intravascular brachytherapy technique is used for inhibiting
restenosis of both coronary and peripheral vessels employing gamma- and beta-
emitting radioactive sources [22]. This form of brachytherapy is generally performed
in a cardiac catheterization laboratory.

Brachytherapy with 226Ra-, 137Cs, 60Co or 192Ir sources has traditionally been
given at dose rates of 0.4–0.8 Gy/h, a level referred to as low dose rate (LDR).
Using these radionuclides, the early pioneers of radiation therapy developed highly
successful treatment schedules for gynecologic malignancies. In the past few
decades, high dose rate (HDR) brachytherapy has been developed as an alternative
to LDR brachytherapy. HDR refers to a dose rate in excess of 0.5 Gy/min [23], a rate
commonly administered with linear accelerators for external beam therapy. Table 1
presents the physical characteristics of photon-emitting radionuclides commonly
used for brachytherapy treatments.

Both manual and remote after-loading source delivery systems are used to place
the brachytherapy source at the treatment location. Hi-tech miniature sources are
preferred considering patient comfort and acceptability. Miniature high dose rate

Table 1 Physical characteristics of photon-emitting radionuclides commonly used in
brachytherapy treatments

Radionuclide T1/2 Energy (MeV) �x �k

Gamma Beta Rcm2h−1 mCi−1 µGym2h−1 MBq−1

60Co 5.26 y 1.25 0.31 13.07 0.308
137Cs 30 y 0.662 0.51–1.17 3.26 0.077
192Ir 73.84 d 0.38

(0.14–1.06)
0.67 4.69 0.111

125I 59.4 d 0.028 – 1.46 0.034
103Pd 17 d 0.021 – 1.48 0.035
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(HDR) 192Ir sources are increasingly being used for different types of brachytherapy
treatments [22, 23]. 125I seed sources are also becoming popular for ocular as well
as interstitial brachytherapy applications [24]. A few beta-emitting sources (106Ru/
106Rh-, 90Sr) are also used in brachytherapy treatments.

The quantity recently used to specify the source strength of brachytherapy sources
are Reference Air Kerma Rate (RAKR). It is defined as the kerma rate to air, in air,
measured at 1 m along the perpendicular bisector of the long axis of the source,
corrected for air attenuation and scattering. The recommended unit is µGy·h−1 (at
1 m). American Association of Physicists in Medicine (AAPM) has recommended
the use ofAir Kerma Strength (AKS) to specify the strength of brachytherapy sources
which is given as Sk = Kair(d) × d2, where Kair is the air kerma rate in free space at
a distance of d from the source, in the plane normal to and bisecting the long axis of
the source. The recommended unit of AKS (Sk) is µGy m2 h−1 or cGycm2 h−1. It is
to be noted here that conceptually RAKR and AKS are different but numerically they
are equal. Most of the brachytherapy sources used in clinical practice are cylindrical
sources which can be treated as line sources. For the dosimetry of encapsulated line
sources, the Sievert Integral model was widely used. However, AAPM Task Group
43 recommended formalism is now popularly used for patient dose calculations.

High dose rate (HDR) remote after-loading brachytherapy is now very popular
because of its many advantages over manual after-loading techniques. The HDR
brachytherapy uses a single 60Co or 192Ir miniature source mounted at one end of
a long cable. This cable is motor-driven, and the source can be moved in steps to
pre-calculated treatment positions (dwell positions). The source drive system uses a
steppermotor of high linear precision tomove and position the source inside the treat-
ment applicators. A large variety of treatment applicators are available nowadays to
deliver the treatment to almost all body parts. The brachytherapy treatment is thought
to be inherently conformal and dose delivery is almost localized. 3D brachytherapy
approaches with the help of volumetric imaging systems are now very commonly
used. Intensity-modulated brachytherapy with the help of specially designed radia-
tion sources or treatment applicators has been demonstrated and could be a choice
of routine treatment in future.

5 Nuclear Medicine Therapy Systems and Facilities

Nuclearmedicine therapy has been used in themanagement of cancer since the 1940s.
Due to the ever-increasing pool of radiopharmaceuticals, radionuclide therapy has
now become a rapidly expanding cancer treatment modality. It has been used to
manage the various types of malignancies.

Benign thyroid disease, which is also known as hyperthyroidism or thyrotoxicosis
and mostly caused by Graves’ disease, has been treated successfully using 131I since
the 1940s. Depending on the volume of the thyroid and the condition of the patient,
the prescribed activity may vary from 200 to 800 MBq. Treatment of thyroid cancer
is the most common and successful application of radionuclide therapy. It is mostly
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used in conjunction with thyroidectomy. Patient undergoing radioiodine therapy has
to remain in isolation (usually admitted in therapywards) until radiation levels around
the patient drop to acceptable levels.

During the advanced stages of cancer, cancerous cells leave their primary sites
and invade other organs including bone. These bone metastases cause severe pain,
which is managed by palliative treatment. Radionuclide therapy has been used as an
effective agent in bone metastase pain alleviation for a long time. 90Sr and 153Sm are
the two most commonly used radionuclides in the management of bone metastases.
Apart from this, 32P, 186Re, 117mSn and 177Lu have also been used. Recently, 223Ra has
also shown promising results and is continuously gaining attraction in the oncology
community.

90Y radionuclide has been used in the treatment of liver cancers. 90Y either
embedded in small silica beads or incorporated in resin spheres is generally adminis-
tered intra-arterially using an angiographic catheter under radiological supervision.
Apart from it, 131I and 188Re have also been explored for the treatment of such lesions.

131I-MIBG has been used in the management of NETs for more than two decades.
The prescribed activity may vary from 3700 to 37,000 MBq. Apart from 131I, 90Y,
111In and 177Lu have been used for NET management.

Radionuclide therapy has shown superior treatment outcomes as compared to
chemotherapy in the treatment of non-Hodgkin’s lymphoma. Since lymphomas are
inherently sensitive to radiation and express a number of antigens, they can be treated
using radio-immunotherapy (RIT), 131I or 90Y, tagged antibodies.

Neuroblastoma is a neuroendocrine malignancy which is mostly limited to chil-
dren and young people. It is also a radiosensitive malignancy, which has been treated
using 131I for many years. 177Lu has also been used for its management.

6 Conclusion

Ionizing radiations, encompassingX-rays, gamma rays, electrons, positrons, protons,
neutrons, alpha particles and heavy ions, have become integral to modern human
health care. In today’s healthcare landscape, ionizing radiation-based imaging
and therapeutic procedures are indispensable. Medical imaging relies on kilo-
voltage X-rays and gamma rays from radioisotopes, utilized in diverse techniques
like radiography, fluoroscopy and computed tomography (CT). Emission imaging
involves radiopharmaceuticals containing radionuclides like 99mTc and 18F, recorded
through gamma cameras, single photon emission computed tomography (SPECT)
and positron emission tomography (PET). Hybrid systems such as SPECT-CT
and PET-CT enhance diagnostic capabilities. Therapeutically, radiotherapy and
nuclear medicine therapy deploy sealed or unsealed sources, with external beam and
brachytherapy options, featuring advanced technologies like proton and ion beam
therapy. This chapter provided a concise overview of crucial medical imaging and
therapy systems, elucidating the associated radiation environments in these medical
facilities.
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Role of Bayesian Inference in TLD-Based
Personnel Monitoring

Munir S. Pathan, S. M. Pradhan, and T. Palani Selvam

1 Introduction

As researchers, our endeavours revolve around the analysis and interpretation of data
acquired from diverse experiments, instruments, measurements, and resources. Our
primary objective is to formulate predictive models that enable the understanding
of complex natural phenomena or experimental observations. This pursuit often
involves an initial process of simplification, whereby complex systems are distilled
to focus on salient components, while the less crucial elements are omitted. By using
this simplification strategy, we createmodels that lean towards being statistical rather
than strictly deterministic. This is because we’re dealing with uncertainties in certain
parts of the system, which adds a level of unpredictability to the outcomes. Within
the domain of statistical modelling, the forefront is occupied by two methodologies:
the Frequentist approach, recognized as classical inference, and Bayesian inference.
This chapter has twomain purposes: first, to explore the underlying thought processes
and methodologies of the Bayesian approaches, and, second, to utilize the Bayesian
approach for the prediction of actual dose in the personnel monitoring of occupa-
tional workers in the radiation fields. Particularly, the actual dose estimation for the
group of occupational workers who are working at nuclear facilities and monitored
for external exposure to gamma and beta radiation using thermoluminescence-based
dosimeters (TLD) is discussed in this chapter.

Now, let’s proceed to explore the underlying thought processes andmethodologies
of the Frequentist and Bayesian approaches.

The Frequentist approach rests on the concept of repeated random sampling.
This approach is grounded in the notion that if an experiment could be infinitely
replicated, the long-term frequencies of observed outcomes would converge towards
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the true probabilities. This concept gives rise to point estimates, where parameters are
approximated using sample statistics. For reaching conclusions, hypotheses are tested
through p-values, which helps in determining whether the results of an experiment
are statistically significant. Confidence intervals also play a pivotal role, indicating
the range within which the true/actual parameter value is likely to fall.

In the Bayesian framework, the initial beliefs or expectations we hold about the
elements being studied are deliberately combined with the actual observed data. This
integration is facilitated through Bayes’ rule. This rule guides the process of incor-
porating prior beliefs with the newly gathered data to recalibrate our understanding.
Consequently, we arrive at a fresh collection of beliefs, which are explicitly depicted
in what is referred to as the “posterior distribution” [1]. This posterior distribution
operates as a representation of our updated beliefs, reflecting the interplay between
our initial assumptions and the insights gained from the real-world data. Signifi-
cantly, this distribution serves to encompass the uncertainties and ambiguities asso-
ciated with the elements we are studying. In this way, it offers a much broader and
more nuanced perspective compared to making singular predictions or establishing
confidence intervals. It is important to highlight that throughout this chapter, the
terms ‘true dose’ and ‘actual dose,’ as well as ‘reported dose’ and ‘measured dose,’
are employed interchangeably.

The National Occupational Dose Registry System (NODRS) at the Bhabha
Atomic Research Centre is responsible for maintaining records of radiation workers’
occupational doses [2]. The evolution of personnel dosimetry began with the utiliza-
tion of filmbadges, and this journey towards refinement saw the initiation of replacing
these film dosimeters with Thermoluminescent Dosimeters (TLDs) in 1975. This
transitionwas punctuated by the indigenous development ofCaSO4:Dy-Teflon-based
TLD badges [3–5].

At present, approximately 250,000 occupational workers aremonitoring for expo-
sures incurred from external sources of ionizing radiation encompassing X-rays, and
gamma and beta radiation using TLDs. The occupational doses are reported in terms
of the whole-body dose (WBD) and beta-dose estimated from the total TL counts
acquired during heating of TL dosimeters. The WBD, akin to the dose equivalent
from photons at the surface of an individual or phantom, emerges as an estimate of
the effective dose, wielding its significance in the verification of compliance with
prescribed effective dose limits. These estimated doses are relayed by personnel
monitoring laboratories to both the respective facilities and NODRS. The sanctity of
these dose records is paramount, as they chronicle the cumulative dose of radiation
workers throughout their careers.

To account for insignificant dose variations, an approach involving recording
levels comes into play. In essence, this method involves setting thresholds for
reporting evaluated doses; any dose falling below this threshold is considered negli-
gible andmarked as zero. In the context of whole-body dose, the prescribed recording
levels in case of exposure to photons with average energy greater than 40 keV is
0.1 mSv and that for exposures to photons with average energy below 40 keV is
0.05 mSv [5]. This differentiation is rooted in the observation that at lower photon
energies, there is a substantial over-response, which consequently leads to notably
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elevated TL counts. It’s important to note that recorded doses of “0” for a sizable
group of monitored personnel doesn’t necessarily mean no exposure. These read-
ings simply indicate radiation exposure below the established minimum level for
reporting. While seemingly innocuous, this practice introduces a bias in estimating
the true/actual doses received by the radiation workers. Consequently, the doses
which are reported by the laboratory may not represent the values of true exposures
thatmay have occurred, primarily because of the prevalent practice of censoring. This
bias, in most instances, skews towards the underestimation of actual doses, conse-
quently amplifying the likelihood of overestimating dose–response relationships
when this data is employed in epidemiological investigations. Furthermore, a layer of
uncertainty envelopes the measured doses, stemming from the inherent uncertainty
in the response of the TLD badge and the intricacies of the TLD personnel moni-
toring system employed. Given these intricacies, a thorough analysis of measured
doses becomes imperative, culminating in the derivation of a dependable estimate of
actual doses.

Within academic literature, scholars have examined the Bayesian approach as
a means to estimate the genuine radiation exposure encountered by occupational
workers. This methodology hinges on the weekly reported doses retrieved from film
badges and pocket dosimeters [6, 7]. Thismethod, rooted in the Bayesian framework,
introduces a novel perspective that aims to provide a more precise understanding of
individuals’ radiation exposure. This chapter extends the Bayesian framework to
the specific context of TLD-based occupational dosimetry. The primary objective is
to explain the actual dose estimation methodology, accounting for recording levels
and censoring of the dose values. By combining statistical methodology with the
intricacies of the TLD personnel monitoring system as whole, this chapter strives
to offer a statistical method which incorporates the uncertainties and bias in the
dosimetry system for appropriate estimation of occupational dose.

2 An Overview of the TLD Personnel Monitoring System

2.1 TLD Badge and Readout System

The TLD badge comprises two essential components: a TLD card and a cassette.
Inside theTLDcard, threeTL elements, also known as discs, are securely affixed to an
aluminiumholder platedwith nickel [4]. Each individualTLelement takes the formof
a pellet (disc) with dimensions of 13.3 mm in diameter and 0.8 mm in thickness. The
composition of each TL element consists of a mixture in a 1:3 weight ratio of polyte-
trafluoroethylene andCaSO4:Dy,which acts as theTLphosphor. Significantly, theTL
phosphor CaSO4:Dy exhibits a noteworthy energy-dependent response. To address
this energy dependence, filters are incorporated within the cassette that houses the
TLD card. These filters serve as a means of mitigating energy dependence and offer
an initial evaluation of the energy and type of the radiation. The first disc, also denoted
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as D1, is placed between a dual-layered metal filter. The first layer has a thickness
of 0.6 mm Aluminium, while the second layer is 1 mm thick Copper. The second
disc, D2, is placed between a polystyrene filter with a thickness of 1.6 mm and with
density thickness of 180 mg/cm2. Subsequently, the TLD card is first enveloped by a
wrapper bearing personalized user information and then encased within a transparent
polyethylene pouch. The combined density thickness of the pouch and wrapper is
approximately 13–14 mg/cm2 which is present over the third disc, D3 [8, 9].

A semiautomatic TLD badge reader that uses hot N2 gas heating with a clamping
temperature of 285 °C for 30 s is used to read the TLD cards [10]. The TL element’s
heat delivery is regulated by maintaining a pressure of 2 kg/cm2 and a flow rate of 5
L per minute throughout the readout process. Every second, the amount of TL that
is released during the heating cycle is measured and saved as TL counts.

2.2 Dose Estimation and Reporting

As the effective atomic number of CaSO4:Dy is 15.3, a significant energy-dependent
response is observed. Therefore, the calibration factor (i.e., TL signal/dose) varies
with photon energy [11], resulting in the need for estimation of energy before dose
estimation. As discussed in the above section, there are three TL elements in each
TLD badge with different filters for each element; this facilitates not only the iden-
tification of the type of radiation to which the badge is exposed but also the gross
estimation of photon energy. Once the range of photon energy is known, appro-
priate calibration corrections are applied to estimate the doses. However, reported
dose values are reported as zero if they are below the Minimum Measurable Limit
(MLD). At the dose below ~ 0.1 mSv, the significant inherent non-radiation-induced
TL signal and its stochastic nature lead to degradation in the Signal-to-Noise Ratio
(SNR), thereby enfeebling the ability to demarcate authentic radiation signatures
from the ambient noise floor. This can lead to Type I errors, where noise is mistak-
enly seen as radiation exposure, or Type II errors which means missing a genuine
exposure, i.e., considering genuine dose as a part of background noise.

3 Development of Bayesian Framework

3.1 Basic Principles

3.1.1 Conditional Probability

Conditional probabilities serve as a cornerstone in probability theory, elucidating
the probability of an event transpiring provided that another event has already taken
place. It’s all about understanding how the likelihood of one event is influenced
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by the occurrence or knowledge of another event. Mathematically, the conditional
probability of Event A occurring given Event B has occurred is denoted as P(A|B),
and it is defined as

P(A|B) = P(A ∩ B)

P(B)
, (1)

where P(A ∩ B) represents the probability of both events A and B occurring together,
and P(B) is the probability of Event B occurring.

3.1.2 Bayes’ Theorem

Bayes’ theorem is a foundational concept in probabilistic reasoning that provides a
systematic framework for updating our beliefs in light of new evidence. It serves as
a bridge between what we know beforehand (our prior beliefs) and what we learn
from observed data. This theorem offers a formal method to adjust our understanding
based on the interplay between prior beliefs and empirical observations.

At its core, Bayes’ theorem enables us to calculate the updated probability of a
hypothesis, given new information. It quantifies how our beliefs shift in response
to evidence. This shift is achieved through a careful examination of two vital
components: the prior probability and the likelihood of the evidence:

P(A|B) = P(B|A) · P(A)

P(B)
. (2)

ThenotationP(A|B) represents the posterior probability ofEventAgivenEvidence
B. Similarly, P(B|A) denotes the likelihood of Evidence B given the occurrence of
Event A. Furthermore, P(A) signifies the prior probability of Event A. Lastly, P(B)
represents the probability of Evidence B.

Bayes’ theorem can be derived from the definition of conditional probabilities.
Starting with the definition of conditional probability from Eq. (1):

P(A|B) = P(A ∩ B)

P(B)
. (3)

We can rearrange the terms using the definition of conditional probability in the
reverse direction:

P(A ∩ B) = P(B|A) · P(A). (4)

Substituting this into the conditional probability equation, we get the statement
of Bayes’ theorem.
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3.1.3 Probabilistic Inference/Bayesian Inference: Prior, Likelihood,
and Posterior

In the previous section, we explored the fundamental concept of Bayes’ theorem, a
powerful mathematical tool that allows us to update our beliefs in the face of new
evidence. Now, let’s delve deeper into the components that make up this theorem: the
prior probability, the likelihood, and the posterior probability. Understanding these
components will illuminate how Bayesian reasoning works and why it’s so valuable
in various fields.

Prior Probability

The prior probability, often denoted asP(H), represents our initial belief in a Hypoth-
esis H before considering any new evidence [1]. It encapsulates what we know or
assume about the hypothesis based on existing information, but without taking into
account the current context. The prior is a starting point for our analysis and can
heavily influence our conclusions, especially when the amount of new evidence is
limited.

Imagine a scenario where we’re trying to predict the outcome of a medical test
for a certain disease. The prior probability might reflect the general prevalence of the
disease in the population. If the disease is rare, the prior probability of an individual
having the disease will be low, even before we conduct any tests.

Likelihood

The likelihood, often denoted as P(E|H), is a measure of how well the Evidence
E supports the Hypothesis H [1]. In other words, it quantifies the probability of
observing the evidence under the assumption that the hypothesis is true. This is
where the specifics of the evidence come into play.

Continuing with our medical test example, the likelihood could represent how
likely the test results (e.g., positive or negative) are given the true disease status of
the individual. A highly accurate test will have a high likelihood of producing the
correct result, while a less accurate test will have a lower likelihood.

Posterior Probability

By applying Bayes’ theorem, we can combine the initial likelihood of an event
(prior probability) with new evidence (likelihood) to calculate the posterior proba-
bility, denoted as P(H|E). The posterior probability represents our updated belief in
Hypothesis H after considering the new Evidence E. It’s a refined view that takes
both our initial beliefs and the strength of the evidence into account.

Back to our medical test scenario, the posterior probability would give us the
probability that an individual actually has the disease given a positive test result. This
is the juncture where the prior probability along with the likelihood comes into the
picture. If the prior probabilitywas low (disease is rare), a positive test resultmight not
be as conclusive in confirming the disease, even with a high likelihood, as compared
to a more common disease. Bayesian reasoning is incredibly powerful because it
allows us to iteratively update our beliefs as new evidence becomes available. This
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process of updating can lead to substantial shifts in our understanding of a hypothesis
based on the strength and nature of the evidence.

3.2 Implementing Bayesian Approach in TLD Personnel
Monitoring Data

As already discussed above,within theBayesian framework,we combine our existing
knowledge, referred to as the “prior,” about dose distributions with new data, the
“reported dose,” to create a probability distribution for an unknown parameter. In
this particular context, the documented/reported dose (y) of an occupational worker
over the monitoring period, as evaluated by the TLD laboratory, is a known value.
However, the precise/actual dose (x) to which the worker/TLD badge is subjected
remains unknown.

In personnel monitoring, a single reported dose (y) is recorded. Although it might
seem that this directly corresponds to a single actual dose value, however, it’s impor-
tant to acknowledge the inherent uncertainty surrounding the precise actual dose.
Thus, we treat the actual dose for a given reported dose as a random variable. This
variability is characterized by the probability density function P(x|y).

The collective reported dose trends observed among a group of occupational
workers are typically recognizable [12]. This enables us to make reasonable estima-
tions about an individual’s likely actual dose during a monitoring period even before
TLD doses are measured.

The level of certainty we hold regarding the actual dose, without any knowledge
of the reported dose, is encapsulated within the prior probability distributionP(x). By
leveraging historical data that documents recurring dose trends among occupational
workers engaged in similar activities, we can derive this prior distribution. This serves
as a foundation that not only reflects our prior understanding of dose patterns but
also lays the groundwork for subsequent Bayesian estimations.

Further, on the arrival of the measured dose from the TLD badge, the prior infor-
mation and the characteristics of the personnel monitoring system with regards to
implicating uncertainties in the measured dose [13–17], we can get the estimate of
the actual dose. This estimate now has better accuracy as it is not only based on the
overall trend but is also supported by themeasured dose. The sections to follow cover
the details of the implementation of the Bayesian approach.

3.2.1 Bayesian Formulation of the TLD Dosimetry

Preceding the assessment of doses derived from TLD readouts, the measured dose
possesses an element of uncertainty with regards to a given value of true dose, x,
attributable to the inherent uncertainty in measurements. Thus, the measured dose
is regarded as a random variable (y), and the relationship between the true dose at a



354 M. S. Pathan et al.

given reported/measured dose can be expressed as a conditional probability denoted
as P(y|x). This conditional probability, P(y|x), elucidates the probability distribution
of y at a given measured dose x taking into account the uncertainties involved in the
TLD personnel monitoring system. By employing Bayes’ theorem, we can estimate
the value of x when y is known. This estimation is based on our understanding of
P(x) and P(y|x) and represented by Eq. (5):

P(x |y) = C · P(x)P(y|x). (5)

Here, C signifies a constant for normalization which is responsible for upholding the
condition

∑
x P(x |y) = 1.

After specifying P(y|x) for all probable values of x, we can utilize it to define the
sampling density of x across all potential y values. This defines the likelihood of x
at a given y, denoted as L(x|y). Hence the Eq. (5) can be written as

P(x |y) = C · P(x)L(x |y). (6)

3.2.2 Determining Uncertainty Distribution P(y|x) and Likelihood
L(x|y)

To comprehensively explore the uncertainty distribution P(y|x) as well as the likeli-
hood L(x|y), it’s essential to delve into uncertainties that envelop the measurement
process. These uncertainties originate from various sources, including the inherent
characteristics of the TLD badge, the intricacies of the readout system, and the
complex algorithms used for dose estimation. In the journey to untangle this, we
begin by focusing on a fundamental aspect—the uncertainties associated with the
reported dose. As documented in prior literature [14, 18], the lognormal distribu-
tion emerges as a suitable model to elucidate the nature of uncertainties within such
measurements.

The lognormal distribution emerges as a robust model to elucidate the nature of
these uncertainties, given its capability to effectively represent the statistical char-
acteristics of measurements in radiation dosimetry. To establish the foundation for
our analysis, we introduce the unrounded and uncensored measured dose, which
we denote as y′. In this context, P(y′|x) signifies the probability distribution func-
tion governing the measured dose y′ for a given true dose x. By harnessing the
lognormal distribution model, we define the mean parameter asμ(x)= log(x/1 mSv)
and the standard deviation parameter as σ (x). It is important to note that both μ(x)
and σ (x) are rendered dimensionless for the sake of maintaining consistency within
the lognormal distribution framework. The expression for P(y′|x) can be derived as
shown in Eq. (7). The interpretation of P(y′|x) lies in envisioning it as the distribution
of reported doses by TLD labs (unrounded and uncensored) for a substantial number
of TLD badges exposed to the same dose level. The formulated expression forP(y′|x)
is as follows [6]:
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P
(
y′|x) = 1

x

1

σ(x)
√
2π

exp

(
−(log(y′) − log(x))2

2σ(x)2

)

. (7)

The uncertainty in the reported/measured dose can be broken down into two
distinct components, classified as Type A and Type B uncertainties [15]. Type A
uncertainty pertains to random effects that contribute to the overall uncertainty of
a measurement or observation. These effects arise due to inherent variations in the
measurement process and are typically statistical in nature. In the context of TLD
dose estimation, Type A uncertainty originates from stochastic influences, including
variations in detector sensitivity due to inhomogeneity, background readings, non-
radiation-induced TL signal from dosimeters, and deviations in reading parameters
like reader sensitivity and background, etc. This type of uncertainty can be gauged by
analysing a series ofmeasurements of recorded doses at known actual dose levels. For
the assessment of Type A uncertainties in this case study, we draw upon the findings
of Pradhan et al. for the same system of TLD personnel monitoring. In their study,
the coefficient of variation (CoV) was determined at different delivered (actual) dose
levels [17].

On the other hand, Type B uncertainty encompasses systematic effects that
contribute to the overall uncertainty of a measurement. These effects are typically
non-randomand arise fromvarious sources of bias or systematic error in themeasure-
ment process. Within the context of TLD personnel monitoring, Type B uncer-
tainty originated from systematic factors such as the energy-dependent response and
angular dependence, non-linearity, thermal/optical fading effects, and uncertainties
in system calibration. Among these factors, the influence of energy and angular
response tends to be more substantial compared to others. Nonetheless, it’s note-
worthy that the TLD badge in our study showcases a nearly energy-independent
response within the occupational field of the workers. As a result, the uncertainty
related to energy response is notably reduced. Consequently, we adopt an overall
Type B uncertainty value of 10%.

The total uncertainty is determined by applying the quadrature summationmethod
to Type A and Type B uncertainties. Figure 1 depicts Type A uncertainty and the
resultant combined uncertainty, presented in the form of the coefficient of variation.

The previously calculated combined uncertainty serves as a key component in
establishing the relationship between the standard deviation parameter, σ (x), of the
lognormal distribution and the actual dose. A methodology akin to that employed
by Mitchell et al. [6] is adopted to determine suitable values for σ (x). For any
specific actual dose, x, the approach ensures that the probability of the measured
dose exceeding the upper limit (i.e., the mean plus three times the standard devi-
ation) is less than 0.001, thus providing a robust 99.9% confidence level that the
measured dose falls within the specified range. As a result, the standard deviation
parameter, σ (x), is computed for the lognormal distribution across different values
of x, utilizing the values of the total coefficient of variation (CoVtotal). Equation (8)
is employed for fitting and calculating σ (x) for any given x within the context of the
lognormal distribution (Fig. 2):
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Fig. 1 Variation of the coefficient of variation in relation to delivered dose for the TLD personnel
monitoring system. The red curve represents data sourced from the existing literature [17]

σ(x) = a − b · erf
[

(kx − c)

(d|kx − g| + h)
+ l

]

(8)

where the x is the actual dose in mSv, erf is an error function of normal distribution,
and the values of coefficients a, b, c, d, g, h, k, and l are determined using non-linear
least squares.

Let’s explore the scenariowhere the actual dose is 0.11mSv. In this context,we can
derive the distribution y′, represented by P(y′|x), utilizing the values μ(x) = −2.207
and corresponding σ (x) obtained from Eq. (8). The resulting distribution P(y′|x) is
depicted in Fig. 3. Notably, this distribution showcases the statistical representation
of possible measured doses when the actual dose is 0.10 mSv.

When examining the distribution in Fig. 3, it’s evident that the 99% confidence
bounds of y′ span from 0.07 to 0.19mSv. This range signifies an asymmetric interval,
which underscores the inherent asymmetry in uncertainty. The skewness of this
interval is pronounced due to the lognormal nature of the uncertainty concerning the
actual dose.

Furthermore, upon delving deeper into the comprehensive characterization of the
confidence interval pertaining to the measured dose at any given delivered dose using
the CoVtotal metric, we present in Fig. 4 a graphical representation of the 99% confi-
dence interval. The obvious behaviour of uncertainty in relation to the dose is readily
apparent when observing the upper and lower boundary curves. Notably, at lower
dose levels, these boundaries exhibit a pronounced degree of asymmetry and consid-
erable dispersion, whereas they progressively narrow as the dose increases. This
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Fig. 2 Variation in σ (x) of the corresponding lognormal distribution in relation to the delivered
dose/actual dose

Fig. 3 The probability distribution of the measured/reported dose at the given actual dose
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Fig. 4 Confidence bounds pertaining to 0.99 probability values of measured doses (y′) at various
true doses (x)

phenomenon is primarily governed by the diminishing influence of noise significance
as the dose levels increase.

Using the derived probability distribution function P(y′|x) across the range of
possible x values, we can calculate the likelihood associated with each specific x
value. This process forms the basis for determining the likelihood of a given true
dose x, considering a reported dose y′.

For instance, let’s take the casewhere the reported dose y′ is 0.11mSv.By adopting
the y′ as the independent variable and considering a range of possible x values, along
with the associated σ (x) parameters, we construct the likelihood distribution of x,
represented as L(x|y′). Figure 5 presents the likelihood distribution.

However, when the dose is significantly high, i.e., in the range of few tens of mSv,
the uncertainty values reduce and the probability as well as likelihood almost follow
a more symmetrical shape with not much significant spread as that of lower dose
levels. Figure 6 depicts the likelihood of the actual dose when the reported dose is
11.0 mSv.

In the pursuit of ascertaining the distribution of x conditioned on y, denoted as
P(x|y), an application of the Bayesian framework, as expounded by Eq. (2), neces-
sitates the a priori knowledge of the distribution characterizing the actual dose for
occupational workers during a specified monitoring period. For this, the lognormal
probability distribution, characterized by a substantial standard deviation param-
eter, is invoked. This selection finds its rationale in the widely recognized notion
that higher dose values correspond to diminished probabilities, thus conforming to
an intrinsic pattern of dose occurrence. Furthermore, an examination of cumulative
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Fig. 5 The likelihood of true/actual dose at a given measured/reported dose

Fig. 6 The likelihood distribution of true dose at higher reported doses (example 11 mSv)
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dose histograms documented in the literature reveals a distinct resemblance to distri-
butions of exponential or lognormal nature [12]. The utilization of the lognormal
distribution also yields computational coherence, enhancing the interpretability of
the analysis.

In the process of determining the parameters that underlie the prior distribution, it
becomes imperative to acknowledge that the selected probability distribution should
encapsulate the prevalent uncertainty surrounding the actual dose prior to the acqui-
sition of dose measurements through the readout of TLDs. A meticulous analysis
of monitoring data pertaining to occupational workers unveils a characteristic trend:
the median of reported dose levels converges around the threshold of 0.1 mSv, with
over 95% of the recorded doses registering below 1 mSv. These empirical insights
into reported doses inform our preliminary estimation of the distribution concerning
the actual dose. Consequently, the parameters that define the lognormal prior distri-
bution are computed to ensure congruence between the median of the true dose
distribution and the censoring point situated at 0.1 mSv. Simultaneously, the 95th
percentile aligns with the dose value of x = 1mSv. Hence, the lognormal distribution
is characterized by a mean of −2.303 and a standard deviation of 1.484.

Figure 7 represents the prior probability distribution encompassing the actual
dose variation. An analysis of the Fig. 7. reveals that at lower dose values, the prior
probability distributionwill significantly influence the resulting posterior distribution
of the actual dose. Conversely, as doses exceed the ~ 0.6 mSv, the prior probability
distribution takes on a plateauing trajectory, signifying its diminishing influence on
the resulting posterior distribution characterizing the actual dose.

Fig. 7 Prior probability distribution for actual dose over a monitoring period
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Up to this point, our focus has been on estimating the distribution of the actual dose
when reported doses are provided. However, it’s worth noting that in many instances,
the reported doses are registered as zero. This occurrence is primarily attributed to
the censoring or recording threshold set at 0.1 mSv. Consequently, there arises the
need to estimate the likelihood function for the actual dose when the reported dose
is zero.

3.2.3 Determination of Likelihood of the Actual Dose in Case of Zero
Value of Reported Dose

In situations when the reported dose registers as zero, it is imperative to discern the
likelihood of the actual dose through a comprehensive analysis. This determination
can be achieved by adopting two distinct methodologies. Firstly, one can employ a
likelihood function L(x|y= censoring dose) (Fig. 8). This function enables the estab-
lishment of a cumulative probability density function for the x at the censoring point,
herein referred to as C(x, y). In this context, C(x, y) serves as a representation of the
probability that an actual dose will be reported with a non-zero value. Consequently,
the complement of this probability, 1 − C(x, y) [18], encapsulates the likelihood of
the actual dose being reported as zero.

The second approach entails a more straightforward procedure. It involves the
utilization of personnel monitoring data from cohorts. Specifically, a histogram is
constructed from the TLD readings that have been reported as zero. Subsequently, an
exponential function is fitted to this normalized histogram, as stipulated by Eq. (9).
This exponential function can be construed as the likelihood function governing the
actual dose for instances where zero doses have been reported. Figure 9 represents

Fig. 8 Likelihood distribution of actual dose when reported dose is zero, modelled based on the
likelihood of dose at the censoring level
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Fig. 9 Likelihood of actual dose when reported dose is zero using TL readout

the likelihood distribution for the actual dose when the reported dose equals zero
based on the readout data:

L(x |y = 0) = C · exp(−Dx) + G · exp(−Hx) (9)

where C, D, G, H are coefficients and their values are estimated using non-linear
least square fitting.

Given an understanding of the potential dose a priori, the intrinsic characteristics
of the dosimetry system, and the quantified reported dose value, one can employ the
Bayesian paradigm to deduce the actual dose. In the subsequent sections, we will
delve into specific scenarios where the reported dose is zero and proximate to the
recording threshold in a single monitoring period.

4 Determining Actual Dose for Monthly Monitoring
Reported Dose Data from TLD

Using a Bayesian approach, we can gain deeper insights into the process of esti-
mating the actual dose in two specific scenarios: when reported doses are either 0
or 0.15 mSv during a monitoring period. In this framework, we start with the prior
P(x), representing our initial beliefs about the actual dose before incorporating new
information about themeasured dose. It encapsulates the possible values of the actual
dose and their associated probabilities based on prior information. Simultaneously,
the likelihood L(x|y) describes how the reported dose correlates with the actual dose.



Role of Bayesian Inference in TLD-Based Personnel Monitoring 363

Employing Bayes’ theorem, the posterior P(x|y) is computed, combining the like-
lihood and prior distributions [18]. When the reported dose is 0 mSv, the posterior
distribution accounts for our prior knowledge and the likelihood of observing zero
doses.

Similarly, for a reported dose of 0.15 mSv, the posterior distribution updates our
estimate of the actual dose based on this specific observation. Figure 7 visually illus-
trates the dynamic evolutionof these prior andposterior distributions, highlighting the
power of Bayesian inference in refining our understanding of actual dose estimation.

4.1 Estimation of Actual Dose in Case of Zero Reported Dose
for Single Service Period

As discussed in the previous section, one can employ two different approaches for
estimation of the likelihood function for zeromeasured dose. In the following section,
we discuss the impact of both likelihoods on the posterior probability of the actual
dose.

In both of the above scenarios (Fig. 10 and Fig. 11), the reported dose is zero;
however, the likelihood function is derived using two different approaches. In earlier
case, actual dose distribution has a significantly higher probability of doses in the
proximity of the censoring level. However, in the latter case, where the likelihood is
based on theTL readouts, the probability of the actual dose close to the censoring level
is lesser. The readout-based likelihood can be an appropriate approach when cohorts
monitored are experiencing the same amount of workload and working conditions.
Because, if there is always a low level of radiation in the working area or radia-
tion levels are very close to the background radiation level, then the readout-based
likelihood function may vary accordingly.

4.2 Determination of Actual Dose in Case of Non-zero
Reported Dose

When the non-zero values of themeasured dose (Fig. 12) are recorded by the TL labo-
ratory then the likelihood can be calculated considering the lognormal distribution
of the measured dose for a given actual dose. It is to be noted that while computing
likelihood, the parameters of the probability density function are treated as variables.
Therefore at a given recorded dose, the actual dose is treated as a random variable
with a finite range around the reported dose and the likelihood is computed for all
possible values of the actual dose using the lognormal probability density function.
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Fig. 10 Probability of actual dose at zero reported dose using likelihood based on censoring level

Fig. 11 Probability of actual dose at zero reported dose using likelihood based on censoring level
using likelihood derived from TL readouts
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Fig. 12 Probability of actual dose when the reported dose is 0.15 mSv by using likelihood derived
from TL readouts

5 Computation of Annual Doses

5.1 Combining the Monthly Posterior Probability
Distributions

The annual reported dose (Y ) is calculated by adding up all the reported doses from
individual monitoring periods throughout the year. And it can be expressed as Y =∑12

i=1 yi , where yi represents the reported dose for the ith month. Our goal is to
determine the posterior probability, denoted asP(X|Y ), whereX represents the sumof
the true doses for each corresponding month. This can be expressed as X = ∑12

i=1 xi .
It’s important to note that the actual dose for a given month isn’t a single, fixed value;
instead, it is represented as a probability distribution function. Therefore, in order
to arrive at an accurate estimation of the annual true dose, we need to combine or
convolute each monthly actual dose probability distribution.

To illustrate this concept, consider the situation where we want to find the distri-
bution of the sum of random variables x1 and x2, which represent the actual dose
distributions from two consecutive months. Let’s denote this sum as x (i.e., x = x1 +
x2, where x, x1, and x2 belong to the set X, which encompasses the range of possible
doses). This distribution of x can be determined through a mathematical operation
known as convolution, as detailed in Eq. (10):

fx (x) =
∫

fx1(x1) · fx2(x − x1)dx1. (10)
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To determine fx from fx1 and fx2 , the convolution is performed by taking the
product of Fourier transforms and then obtaining the inverse Fourier transform of
the product as shown in Eqs. (11)–(15). Hence Fourier transform of Eq. (10) can be
written as

gx(ϕ) = 1√
2π

∫

X

fx (x)e
−iϕxdx (11)

gx(ϕ) = 1√
2π

∫

X

fx1(x1)e
−iϕx1dx1 ·

∫

X

fx2(x2)e
−iϕx2dx2 (12)

gx(ϕ) = √
2πgx1(ϕ) · gx2(ϕ). (13)

Here gx(ϕ) is a Fourier transform of the sum of probability distributions. To retrieve
the probability distribution of the sum, the inverse Fourier transform of gx(ϕ) is taken
as

fx (x) = 1√
2π

∫

∅
gx(ϕ)eiϕxdϕ. (14)

The same methodology can be employed to combine the monthly posterior prob-
ability distributions over the course of a year, enabling us to determine the posterior
probability distribution for the true annual dose. Since the actual dose values are
represented as discrete values, we employ a mathematical technique known as the
discrete Fourier transform ( f dx).

This technique allows us to perform the convolution operation efficiently in the
context of discrete data. In practical terms, it helps us combine the probabilities
associated with each month’s dose distribution to calculate the posterior probability
distribution for the actual annual dose.

The final expression for this convolution process can be articulated as follows:

P(X |Y ) = inv fdx

(
12∏

i=1

[ fdx (P(xi |yi ))]
)

(15)

where the inv fdx represents inverse discrete Fourier transform.
In essence, the convolution process allows us to combine the probability distri-

butions from individual months to obtain a probability distribution for the total
annual true dose, taking into account the uncertainty associated with each monthly
measurement.

To demonstrate the impact of the quantity of lower/zero monthly reported doses
on the distribution of the annual actual dose, let’s examine three distinct scenarios
with reported annual doses of 0, 0.85, and 10 mSv [18]. The corresponding monthly
reported doses are detailed in Table 1.
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Table 1 Annual dose report of three test cases

Case Annual
dose
(mSv)

Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 0.85 0.00 0.00 0.15 0.00 0.00 0.10 0.15 0.00 0.10 0.00 0.25 0.10

C 10.0 0.20 2.20 1.30 1.20 1.00 1.20 0.30 0.15 1.50 0.25 0.50 0.20

The posterior distribution, associated with Case A, is represented in Figs. 13 and
14. Two distinct methodologies were employed: one involving the censored zero
dose likelihood, and the other by utilizing zero dose likelihood derived from TLD
readings. The deliberate choice of zero dose likelihood exhibits a discernible impact
on both the distribution’s variability and central tendency.

In the situation where the likelihood of censored zero dose is utilized, the median
estimation for the annual actual dose converges to 0.49 mSv, accompanied by 95%
confidence intervals spanning from 0.31 to 0.70 mSv. Conversely, selecting the zero-
dose likelihood derived from TLD readings yields a slightly lower median for the
annual actual dose, approximately 0.36 mSv, with a more confined 95% confidence
interval ranging from 0.22 to 0.59 mSv. Importantly, it should be noted that for Case
B and Case C, the computation of the posterior probability distribution is exclusively
based on the likelihood derived fromTLD readingswhenever zero dosewas reported.

Fig. 13 Posterior of actual dose pertaining to the zero value of annual reported dose (Case A)
utilizing censoring-based likelihood
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Fig. 14 Posterior of actual dose pertaining to the zero value of annual reported dose (Case A)
utilizing TLD reading-based likelihood

In Figs. 13, 14, 15 and 16, the breadth of the histograms illustrates a notable
increase in uncertainty in the estimated actual doses, particularly at lower dose levels.
This heightened uncertainty is attributed to a higher frequency of reported zero doses
within these lower ranges. In contrast, as we progress towards higher dose levels, the
estimated annual actual doses exhibit reduced uncertainty, closely aligning with the
reported annual doses.

This observed pattern in the uncertainty of actual dose estimates across different
dose levels can be attributed to the prevalence of zero dose occurrences. Further-
more, Fig. 13 offers additional insights, indicating that for doses surpassing 0.1 mSv,
the standard deviation (σ (x)) is comparatively low. As a result, with a decrease in
the frequency of zero dose reports, both the level of uncertainty and the extent of
underestimation in the actual dose tend to diminish.

5.2 Utilizing the Methodology of Personnel Monitoring
Datasets

An annual dose estimation study involving approximately 500 radiationworkers who
share a similar work profile was reported in the literature [18], where the compre-
hensive comparison was carried out between the reported annual doses and the esti-
mated annual actual doses. These cases were categorized into three distinct annual
dose ranges: (i) less than or equal to 0.6 mSv, (ii) between 1 and 1.5 mSv, and (iii)
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Fig. 15 Posterior of actual dose pertaining to the 0.85 mSv of annual reported dose (Case B)

Fig. 16 Posterior of actual dose pertaining to the 10.0 mSv of annual reported dose (Case C)
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between 2 and 4 mSv. To estimate P(X|Y ) for each individual, we utilized the TLD
reading-based zero dose likelihood in combination with a fixed prior distribution,
maintaining uniformity across all cases. The distribution of estimated annual actual
doses, P(X|Y ), is visually depicted through boxplots in Figs. 13, 14, and 15 for the
three aforementioned dose ranges, respectively. In these boxplots, the endpoints of
each box represent the 25th and 75th percentiles, a horizontal line inside the box
signifies the 50th percentile, and the whiskers extending from the box encapsulate
the 5th and 95th percentiles of the annual actual dose distribution.

Figure 17, which pertains to lower annual doses and includes cases with numerous
instances of zero monthly doses, clearly illustrates that a substantial portion of the
annual reported doses falls below the 5th percentile of the estimated annual actual
doses. This observation strongly indicates a systematic underestimation of the annual
actual dose within this particular low dose range.

Figure 18 illustrates the scenario within the second dose range of 1–2 mSv,
mirroring a pattern akin to that observed in the first dose range. However, in this
case, the underestimation of annual actual doses is less pronounced compared to the
previous scenario. This reduction in underestimation can be attributed to a decrease
in the occurrence of zero reported doses as the reported values increase. Figure 19
presents a comparison for relatively high annual doses, where the reported and actual
annual doses closely align. This alignment can once again be linked to the absence
of, or very few instances of, monthly reported zero doses. Moreover, at higher dose
levels, the level of uncertainty induced by the occurrence of rare reported zero doses
becomes negligible.

Fig. 17 Comparison of estimated actual annual dose and reported annual dose at lower dose ranges
(i.e., reported annual dose less than 1 mSv)
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Fig. 18 Comparison of estimated actual annual dose and reported annual dose at middle dose range
(i.e., reported annual dose ranging 1–2 mSv)

Fig. 19 Comparison of estimated actual annual dose and reported annual dose at slightly higher
dose range (i.e., reported annual greater than 2.4 mSv)
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Fig. 20 Histogram of annual reported dose in a nuclear installation

Above-shown boxplots unequivocally highlight a substantial underestimation of
actual doses in cases where annual reported doses fall below approximately 1 mSv.
Consequently, annual reported doses below 1 mSv should not be employed in
epidemiological studies.

Further, in Fig. 20, we present a histogram depicting the distribution of reported
doses from a pool of 497 dose records of occupational workers. Notably, the majority
of these annual reported doses, among the 497 workers, either register as zeros or
are less than 1 mSv.

6 Conclusion

In this chapter, the development of a Bayesian framework aimed at estimating
the actual dose received by occupational workers based on reported dose in TLD
personnel monitoring was explored. The central challenge addressed is the inherent
uncertainty associated with TLD dose measurements across various dose levels,
coupled with historical data on dose patterns, which are harnessed to derive accurate
estimates of actual doses from reported ones.

One key facet explored in this chapter is the impact of the zero-dose distribution
and the method used to estimate it on the calculation of the annual actual dose. The
chapter discusses the utilization of a comprehensive dataset, encompassing around
500 cohorts from nuclear installations, to scrutinize the accuracy of estimated annual
actual doses, especially at lower reported annual dose levels.
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The methodology and its application on the reported doses of cohorts indicate
that there may be a substantial underestimation of actual doses, particularly when
annual reported doses are relatively low. The primary contributing factor to this
discrepancy is revealed to be the frequency of zero reported monthly doses, often
occurring due to the recording threshold/censoring level of 0.1mSv.Nevertheless, the
recording threshold of 0.1 mSv is, from a radiation protection perspective, adequate
and appropriate.

Although the primary focus of this chapter is not on establishing a dose–response
relationship, the analysis of personnel monitoring data unmistakably indicates that
using such data for epidemiological studies may introduce a bias. This bias arises
from the significant underestimation of actual doses, particularly in cases involving
lower radiation exposure levels.
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Retrospective Dosimetry

S. N. Menon

1 Introduction

Retrospective (originated from the Latin word retorspectare) generally means
looking back. In the context of dosimetry, retrospective dosimetry means to esti-
mate the absorbed dose received by the person in the past. In fact, all the dosimetry
methods are retrospective in nature as onemeasures the dose received by the person in
the past. These dosimetry methods use the signal generated in synthetic materials for
measuring the dose (signal is proportional to dose). In contrast to thesemethods, retro-
spective dosimetry involves the measurement of dose when conventional dosimeters
are not available and dosemeasurements are not planned. Terrorism involving the use
of Improvised Nuclear Devices (IND), Radiological Exposure Devices (RED) and
Radiolological Dispersive Devices (RDD), accidents due to mishandling of aban-
doned or orphaned radiological sources, large-scale nuclear power plant accidents
leading to exposure of large number of people demands the use of retrospective
dosimetry.

Immediately after any of the above-mentioned events, themost urgent radiological
assessment requirement is to make a decision on the order of treatment of a large
number of people (triage). During any nuclear or radiological accident, it is important
to identify the persons who have been exposed to significant levels of radiation and
are separated from the “worried well”, i.e. those that are concerned that they have
been exposed, but who have received no or a non-health threatening radiological
dose as rapidly as possible so that treatment can be administered to those in need.
Immediate treatment is needed for otherwise healthy persons who have had whole or
near-total body radiation exposure exceeding 2 Gy [1]. The dose level of 2 Gy as the
triage level is arrived at from the data from the Chernobyl accident. In Chernobyl,
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no fatalities were reported for people who received doses lower than 2.1 Gy. In the
cases where the doses exceeded 2.1 Gy, the number of fatalities increased with the
received dose [2]. The separation of exposed persons from theworriedwell is amajor
task as for every genuine person who is exposed about 100–500 worried well will
request medical evaluation, leading to thewastage of precious time and resources [1].
It is thus very important to carry out this task more rapidly so that valuable medical
resources can be utilized for those in need.

Also, health monitoring of the exposed population may be required for a long
duration either for health care or epidemiological studies of the long-term health
consequences of radiation. The target dose in this case ismuch lower than 2Gy. Since
the members of the public are not monitored using individual radiation monitors,
innovative methods are required to assess the dose to individual, population and
environment [3].

A variety of dosimetry techniques for the purpose of retrospective dosimetry
have been proposed. These techniques are broadly divided into physical and
biological dosimetry techniques. The realm of physical dosimetry systems encom-
passes luminescence-basedmethods, including Thermoluminescence (TL) andOpti-
cally Stimulated Luminescence (OSL), alongside Electron Spin Resonance (ESR)
dosimetry and Neutron Activation Analysis (NAA). Both physical and biological
dosimetry techniques have their advantages and disadvantages in estimating dose
depending upon the severity and nature of radiological/nuclear accidents [4]. It is
noteworthy that no universal dosimetry technique exists that can seamlessly address
all situations and diverse exposed population groups. The applicability of these
methods hinges on factors such as the relevant dose range and the achievable coverage
of the population under investigation [5]. Depending on the circumstances, it may
involve the utilization of a single technique or a combination of multiple techniques
during the planning phase of dose reconstruction [4]. This chapter gives a brief
introduction to physical dosimetry systems used for retrospective dosimetry.

The primary concern during emergency situations is deterministic effects caused
by ionizing radiation. The concept of effective dose is not appropriate in this case
as it is applicable only to stochastic effects. The radiation protection quantity Gray-
equivalent defined as the absorbed dose (D) modified by the dimensionless quantity,
namely, Relative Biological Effectiveness (RBE) is appropriate in this case [3]. Gray-
equivalent for tissue that received dose D is given by:

Grad,tissue = RBErad, tissueDrad, tissue

where G is the quantity measured by biodosimetry methods. The suffix “rad”
represents the type of radiation.

During an emergency, the radiation type mostly encountered has RBE = 1, thus
G = D expressed in Gy [3]. In case of emergency situations involving neutrons or
low LET radiations, this assumption is not valid.

In the actual measurement of dose by any physical dosimeters, the measured
quantity is the absorbed dose. However, for triage, the required quantity is the whole
body average dose.
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Therefore, conversion coefficients are required to estimate the whole body dose
from the dose measured by the physical dosimeters. Many attempts have been made
to evaluate these conversion coefficients to determine the organ and whole body dose
from the dosemeasured by the dosimeters [6–9]. The generally adoptedmethodology
is to make use of a virtual, computerized phantom and Monte Carlo methods to
simulate the dose absorbed by the dosimeters and doses absorbed by different organs
under various conditions of exposure [6]. It is interesting to note that in all of the
above studies, the whole body dose matched well with the dose measured by the
physical dosimeters when the body was exposed to isotropic radiation, which is the
most realistic case during any accidents.

2 Physical Dosimetry Systems

The terminology of physical dosimetry comes from the fact that these methods are
used in physical sciences. In general, the time taken to evaluate the dose from the
receipt of the sample is 1–48 h [4]. The primary requirements for such dosimeters
include: (1) the dose accrued over geological time periods from natural radiation
(background dose) should be small, (2) negligible fading of signal during the time
interval between exposure and measurement and (3) the ability to determine the
cumulative dose from natural radiation sources.

2.1 Luminescence-Based Systems

The basic mechanism of the luminescence-based system is explained below. This
system uses the TL or OSL from the exposed material as a measure of absorbed dose.
TL is the emission of light from a previously irradiated insulator or semiconductor
when it is heated. If the stimulation is carried out by a light source, the phenomenon is
known as OSL. The fundamental principles that govern both TL and OSL are similar
to those of all luminescence processes. The process of luminescence can be briefly
explained aswhen radiation is incident on anymaterial, someof its energy is reemitted
as photons of lower energy (longer wavelength). The emission of light takes place
at a characteristic time τ c after the absorption of the radiation. The luminescence
process can be further subdivided into fluorescence and phosphorescence depending
upon the value of τ c. Processes in which τ c < 10–8 s and τ c > 10–8 s are termed
fluorescence and phosphorescence, respectively. Thermoluminescence and optically
stimulated luminescence are phenomena where few minutes < τ c < 4.6 × 10–9 years
[10].

The process of fluorescence and phosphorescence can be understood from the
following simple energy level diagrams [10] (Fig. 1).

Electrons from the ground state are transferred to a higher energy level (excited
state) by absorbing radiation (transition (i) in the Fig. 1). The excited electron returns
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Fig. 1 Transitions showing the process of a fluorescence and b phosphorescence. m is the
metastable level inside the forbidden gap and E is the trap depth of the metastable level

back to the ground state by emitting photons (transition (ii) in the Fig. 1). If this
transition occurs within a time < 10−8 s after the excitation of the electron, then it
is termed fluorescence and this process is temperature-independent. However, if a
metastable level is present in the forbidden gap, the electron in the excited level may
get trapped in this metastable level and remain there until an energy E equivalent to
trap depth (difference in energy between the excited andmetastable level) is supplied
so that it can go to the excited state and undergo a transition to the ground state.

The delay observed in the phosphorescence is due to the time spent by the electron
at the metastable level. The mean time spent in the trap at temperature T is given as

τ = s−1exp

(
E

kT

)
(1)

where E is the trap depth, k is the Boltzmann constant, T is the temperature and s is
a constant often called an attempt to escape frequency, i.e. it represents the number
of times per second (ν) a bound electron interacts with the lattice phonons times a
transition probability K. The maximum value expected for s is the lattice vibration
frequency 1012–1014 s−1.

Equation 1 can be rewritten as

p = sexp

(−E

kT

)
(2)

where p is the probability of the release of electron per unit time from the trap.
More appropriately, s can be identified in the following way: according to ther-

modynamic expressions as applied to luminescence phenomena, the rate of release
of trapped electrons is given by

p = νK exp

(−F

kT

)
(3)
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where F is the Helmholtz free energy, given by F = E − TS where S is the entropy
[9].

Thus

p = νK exp

(
S

k

)
exp

(−E

kT )

)
(4)

By comparing Eqs. 2 and 3, s can be identified with ν K exp (S/k).
In case of phosphorescence observed at room temperature, the combined values

of E and s are such that the value of τ is small so that luminescence is obtained at
room temperature. However, in cases where the trap depth E is such that E > kT,
then the electron will remain trapped indefinitely. And the rate of release of trapped
electrons is very small at T. In case of quartz, a natural dosimeter which is used
extensively in retrospective dosimetry, typically the trap depth is ~ 1.35 eV and s ~
1011 s−1 which gives a mean life time of electrons in the trap of ~ 2.15× 104 years at
room temperature. The electron can be released from the metastable trap by heating
the sample such that E ≤ kT. This will increase the probability of the release of
electrons from the metastable level.

This theory was further developed by arguing that once the electron is freed from
the trap, the probability of returning to the trap is much less than the probability of
going to the ground state. The intensity of the emission at any time is proportional
to the rate of recombination (transition from the excited state to the ground state).
However, the recombination rate is governed by the transition of electrons from
the metastable state to the excited state. Hence, the intensity of phosphorescence
emission is proportional to the rate of release of electrons from the trap

I (t) = −C
dN

dT
= Cn

τ
(5)

C is proportionality constant andn is the number of electrons trapped in themetastable
level.

Integrating (5) gives

I (t) = I0exp

(−t

τ

)
(6)

where t is the time and I0 is the intensity at time t = 0.
Equation (6) represents the decay of phosphorescence at a constant temperature

following the end of irradiation. However, the light emission can be induced by
raising the temperature. If the temperature is raised at a linear rate β = dT /dt, there
will be a temperature at which I(t) = n/τ is large enough for the luminescence to be
observed. As T increases, τ will decrease and the intensity will increase as electrons
are freed from the trap and recombined at the recombination centre. As the trap
gets depleted, the intensity will start to decrease and the resultant graph of intensity
versus temperature is in the form of a peak known as the glow curve (Fig. 2a). This
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process is termed as thermally stimulated luminescence commonly known as TL. In
OSL, it is common to use a light source of constant power for stimulation, and in
this case, one gets an exponentially decaying luminescence output. This is known
as the shine down curve (Fig. 2b). Readers may refer to Botter Jensen et al. [11] for
more insight into this phenomenon. The intensity of TL and OSL depends upon the
number of trapped electrons which is proportional to the amount of energy imparted
to the material. This property is utilized to measure the absorbed dose by TL and
OSL. Huntley et al. [12] were the first to carry out the OSL measurements. The OSL
measurements were done on quartz and feldspar.

2.2 TL and OSL in Retrospective Dosimetry

The initial application of TLwas in the age determination of rocks since the intensity
of TL is directly proportional to the amount of radioactivity present in the rock. This
radioactivity will give rise to dose, geological dose, in the rocks. If one can determine
the rate of radioactivity in the sample, and if the fading of the TL signal is negligible,
the age of the rock, i.e. the length of the time the rock has been irradiated can be
determined as

Age of rock = absorbed dose/dose rate (7)

The proper development of TL as a tool for age determination began when natural
TL was observed from samples of ancient pottery [10]. The accumulated dose in the
constituents of the pottery will be lost when it is heated during the preparation of
the pottery. Once the pottery is made, it will start accumulating the dose due to
the irradiation from the radioactivity present in the building material of pottery and
surroundings. The TL from the ingredients will be proportional to this dose and
thereby to the archaeological age

Age = (archaeologically acquired TL)/[(TL/unit dose of radiation

× annual dose from radioactivity in the buildingmaterial and surrounding)]

The basic principle of retrospective dosimetry using TL and OSL is similar to that
of age determination. In this case, the contribution of dose is from both the external
source of radiation (accident dose) as well as the radioactive materials present in the
sample/surroundings and cosmic radiationwhich constitutes the background. It is the
aimof retrospective dosimetry to obtain the accident dose as accurately as possible. In
the case of an accident, materials found within the accident area like bricks, pottery,
and tiles collected from local buildings can be used. In fact, the determination of
the distribution of gamma dose from the atomic bombs dropped on Hiroshima and
Nagasaki was carried out using TL from the roof tiles of the building [13].
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Fig. 2 a TL glow curve of quartz separated from a brick sample recorded at a heating rate of 50
C/s; b OSL decay curve (shine down curve) of the same quartz sample recorded with 480 nm light
stimulation
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2.3 Measurement Protocol

As mentioned previously, the estimation of accident dose involves the measurement
of the background dose rate and the dose received during the accident.

2.3.1 Background Dose

The estimation of the background dose is one of the most important and time-
consuming steps in retrospective dosimetry. Background dose arises from the
radionuclides present in the material and surroundings as well as cosmic radiation
and constitute of the dose due to alpha, beta and gamma from the terrestrial radiation
and cosmic radiation

DBG = Dα + Dβ + Dγ + Dc

where DBG is the background dose, Dα , Dβ , Dγ and Dc are doses due to alpha, beta,
gamma and cosmic radiation.

As the range of alpha particles is very low (~ 25μm) in quartz, the contribution of
alpha dose can be reduced to zero by etching the surface of the quartz by hydrofluoric
acid (HF) during its separation from bricks. Therefore, in case of bricks and ceramics,
the background dose in quartz/feldspar grains is due to (i) beta emitters within the
brick, (ii) gamma-emitters in the surroundings and (iii) cosmic rays. In case of other
materials mentioned previously, the contribution to the background dose is from
external gamma and cosmic radiation.

For dosimetry purposes, both gamma and cosmic ray components are grouped
together and can be measured (in uncontaminated locations) by in situ TL or OSL
dosimeters [14]. Dosimeter capsules prepared by placing phosphor into tubes of
sufficient thickness to absorb beta radiation from the brick are placed inside the bricks
to measure the dose. By using portable gamma spectrometers or by measuring the
uranium, thorium and potassium content, and by applying the published dose rate
conversion table, one can estimate the gamma and beta dose [15]. Cosmic ray dose
rate can be estimated using the geomagnetic latitude [16].

The internal beta dose can be determined by alpha counting, gamma spectrom-
etry, flame photometry, atomic absorption spectrophotometry, fission track counting,
neutron activation analysis and beta TL dosimetry. In the case of beta TL dosimetry,
a thin layer of TL phosphor is placed under a beta thick sample for sufficient time
and the TL from the phosphor is measured. The samples along with the phosphor
are kept in a lead shield to prevent the background radiation. A detailed description
of this method is given in Bailiff et al. [17].
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2.3.2 Accident Dose

Asmentioned above, the techniques to measure the accident dose are similar to those
used in case of luminescence dating. For consistency with luminescence dating, the
accident dose is referred to as the equivalent dose in this section. The basic procedure
to measure the equivalent dose is the following: (a) measure the TL/OSL output
of the sample as received and (b) use known radiation dose (laboratory dose) for
calibration of the sample and determine the unknown dose. This will result in the
accurate determination of the equivalent dose only if (a) the TL/ OSL response is
similar during the measurement of both the natural and laboratory-induced signals
and (b) the traps are stable for the relevant time periods [18]. As an example, the peak
at about 110 °C in Fig. 2a has a lifetime of a few hours, therefore, the electrons in
this trap will be released during this period. Hence, for the sample that has received
the accident dose, this peak is not visible; however, if the TL signal is recorded
after giving the laboratory dose. the peak at 110 °C will contribute to the TL signal.
So it is imperative to remove this unstable peak before recording the TL signal after
delivering the laboratory dose. The low-temperature peaks are removed by preheating
the sample before recording the TL.

Two methods of dose evaluation are followed generally: (a) additive dose tech-
nique, and (b) regenerative dose technique. These are briefly described below.
Readers may note that several other modifications or extensions of these methods
are available in the literature [18].

The simplest method developed to determine the equivalent dose was the additive
dose method. The main assumption in using this method is that all the grains of the
sample have uniform sensitivity. This method can be used in both the cases of TL
and OSL. In this method, the sample is divided into several identical fractions, which
are then given incremental beta doses ranging from zero (sample which has received
the accident dose) to some known dose. The luminescence yield (recorded after
preheating the sample after laboratory dose, no preheat is required for the zero dose
sample) when plotted against the applied dose provides the growth curve (Fig. 3),
and if the mathematical expression of the growth curve is known, then the accident
dose can be obtained by extrapolating back to the dose axis and the intercept will
give the dose value.

The additive dose method can also be applied to OSL. In this case, the OSL is
recorded after preheating the sample to remove the unstable peak asmentioned above.
The disadvantage of the additive dose method is that it involves extrapolation and
the obtained value of the dose depends on the mathematical expression used. This
technique leads to a large error in equivalent dose estimation for samples with poor
reproducibility as it is difficult to be confident of the most appropriate mathematical
expression [18].

In order to circumvent the problems of the additive dose method, regenerative
techniques were developed. In this method, the natural signal is read completely
and the sample is given a known laboratory dose, preheated to remove the unstable
peaks, and then TL/OSL is recorded. The process is repeated for several samples,
each with a different radiation dose administered. The equivalent dose is obtained
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Fig. 3 A typical plot for
additive dose technique. The
point in y-axis corresponding
to x = 0 is the signal
corresponding to the
accident dose. Other points
correspond to the signal due
to the additional dose given
to the sample. The value of P
is the accident dose
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from a plot of luminescence against laboratory administered dose. Thus, the precise
form of the growth curve, and the mathematical function selected, are unimportant,
and an equivalent dose is obtained by interpolation. This approach will result in a
higher precision for the value of the equivalent dose.

The repeated bleaching and reheating of the samples may change the lumines-
cence characteristics of the sample leading to a mismatch of regenerated growth of
luminescence with dose and the growth during antiquity. In order to address the issue
of sensitivity change, an improved Single Aliquot Regenerative (SAR) protocol was
suggested [19].

The SAR protocol explicitly measures and corrects for sensitivity change using
the OSL response to a test dose, it is interpolative and efficiently provides multiple
independent estimates ofDe. Figure 4 shows the flow chart of the SAR protocol used
in the case of quartz. Appropriate preheat and cut heat temperaturesmay be employed
for different samples depending on the location of the unstable peak. Figure 5 shows
a typical plot of dose–response curve using the SAR protocol.

3 Commonly Investigated Materials

To estimate the dose, it is important to collect the samples that are not exposed to
light or to remove the portion of the samples that are exposed to light to avoid the
bleaching of the signal. In the laboratory, the samples are handled in dim red or
orange light.
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Fig. 4 Flow chart of Single Aliquot Regenerative protocol for quartz. For the natural sample, i = 0
and D0 = 0 Gy, Li and Ti are estimated from the initial OSL signal minus a background estimated
from the last part of the shine-down curve

3.1 Ceramics

The firedmaterials that are suitable for retrospective dosimetry are bricks, glazed and
unglazed tiles, roof tiles, interior floor tiles, sanitary wares and exterior fittings such
as lamp holders and electrical power line insulators [11]. The nature of the external
field and the degree of shieldingwithin the interiors of the building can be determined
by investigating these materials. Ceramic materials are the only candidates for the
measurement of doses at 10 mGy level [10]. Recently, there have been reports of
using cementitious material for the dose estimation. Quartz and feldspar separated
from these materials are used in dose determination [20].

In case of brick the general procedure to separate quartz is to slice the brick
into thin sections, crush and the grains in the size 90–100 μm are sieved These
grains are then treated with hydro chloric acid (HCl) (20%) to remove the carbonate,
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Fig. 5 A typical plot of dose–response curve using SAR protocol. The point in the dose axis
corresponding to Lo/To is the unknown dose

hydrogen peroxide (H2O2) to remove the organic contents. The grains obtained are
then separated into quartz and feldspar using a density separation technique with
sodium poly tungstate solution (2.62–2.65 g/cm3). The use of magnetic separation
instead of heavy liquid separation is also reported [21]. The advantage of magnetic
separation is that it can separate chert (having a density close to that of quartz),
feldspars and insoluble dolomite.

The obtained quartz grains always have some deposited dose due to alpha parti-
cles and this dose contribution can be removed by etching the surface of the quartz
grains with 40% HF. Treatment with HF is also efficient in dissolving feldspar as
it is imperative that the quartz grains to be used for analysis should be devoid of
any feldspar contamination. Soaking the HF-etched quartz grains in HCl is recom-
mended to remove all fluorides [21].Many variations of the above-mentioned general
procedures are available in the literature [22–25]. Similar procedures are adapted to
separate quartz from unheated materials like mortar and concrete.

3.2 Porcelain

Porcelain can be a useful dosimetric material in areas where there is a lack of brick-
built structures. Both TL and OSL techniques are found to be useful in determining
the dose. However, simpler experimental requirements for OSL techniques make it
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much more attractive than TL. Two types of porcelain are prevalent, the first type is
the one found mostly in electrical fuses, lamp holders, or electrical holders (type K),
and the other type is usually covered with glaze and found in toilet cisterns and basins
(type E and TI’) [26]. The glazes have an order of magnitude higher luminescence
sensitivity than that of the body due to the presence of a greater proportion of Al2O3.
However, the use of glaze for dose determination is limited to the cases where the
sample has not been exposed to any light. In caseswhere the sample has been exposed
to any light, the surface of porcelain samples is etched using HF to remove the glaze
and the outer part. Then the samples werewashed, dried and crushed. Grains between
90 and 125 ~ μm were selected by sieving and further washing in acetone.

3.3 Electronic Components

Recently, with the advent of cell phones, efforts are being carried out to use the
TL and/or OSL from various components of the phone to determine dose. As these
phones are positioned close to the body, it gives amore accurate estimationof personal
dose in case of accidents [27].

Surface mount components like resistors, capacitors, or integrated circuits from
cellular phones, components from USB flash drives and cards with memory chip
modules have been studied for their dosimetric properties. As the circuitry of these
electronic items are in light tight conditions, the components extracted from them do
not experience any light-induced fading after exposure to radiation. Hence, they are
used directly for the TL/OSL studies [27–29]. It is well established that the Al2O3

substrates of these components are sensitive to ionizing radiation and produce TL
and OSL.

3.4 Dental Enamel and Dental Ceramics

Dental ceramics and enamel are found to be radiation-sensitive materials and their
dosimetry properties are being investigated.The advantageof dental enamel is that the
measurement of OSL can be potentially made in situ. The first OSL measurements
of dental enamel were carried out in deproteinated and non-deproteinated dental
enamel with IR and green light [30]. Further OSL studies on dental enamel using
better instrumentation and optics were carried out to improve the OSL sensitivity
[31, 32].

Dental ceramics refers to materials including porcelain, feldspathic ceramics,
glass–ceramics, alumina-based ceramics and zirconia-based ceramics. These mate-
rials are being used in the construction of crowns, restorative components of teeth
and prosthetic teeth.

Dental ceramics, because of their proximity to the human body, are of interest as
a dosimeter material because of their potential to provide a means of determining
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exposure to external gamma radiation arising from accidents or large-scale incidents
involving population groups. TL and OSL studies of various dental ceramics have
been carried out [33–35].

3.5 Other Materials

Several other materials like common salt [36–38], medicinal tablets [39–41], desic-
cants [42], fabric [43], bones [44], glass [45–47], mobile phone screens [46–51], soil
[52, 53], etc. are also being investigated for its application in retrospective dosimetry.

Out of all the materials discussed above, quartz extracted from fired bricks and
tiles is the most sensitive luminescence material available as a natural environmental
dosimeter and was used extensively to estimate the dose after nuclear accidents/
incidence. Availability of sensitive TL/OSL equipment and the advancement in
the measurement protocols have led to the possibility of estimating contamination-
related absorbed dose at the level of only 10–20 mGy, even in the presence of a
natural background dose of about 50–100 mGy [54].

Quartz separated from bricks and tiles was used for atomic bomb radiation
dosimetry in Hiroshima and Nagasaki [13], fallout from Nevada atomic bomb test
site [55], Chernobyl [56], radioactive contamination of the Techa river as a result
of liquid radioactive waste discharges by the Mayak plutonium facility [57] and
Fukushima [58]. Table 1 shows the reported minimum detectable dose using TL and
OSL of some materials.

Table 1 Minimum detectable dose reported for different materials

Material Minimum detectable dose (mGy)

Quartz 11

Porcelain 10

Electronic components from mobile phone 10

Dental enamel 4000

Dental ceramics (leucite glass-based) 4

Fabric 100

Medicines 120

Salt 0.1
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4 Uncertainties

In OSL and TL, the evaluation of uncertainties follows the classical Guide to the
Expression of Uncertainty in Measurement (GUM). Two major contributions to the
uncertainty in dose evaluation are the uncertainties in the background signal and
fading of the signal.

Several methods for estimating the uncertainty in cases where the time of the
accident is known and the fading function is available are given in the literature
[59]. In cases of materials where there is no or very little fading, the detection limit
depends on the magnitude and uncertainty of the background signal. In the cases
where the dose to be determined is in the region of the background dose, the variance
in the background dose will dominate the uncertainty in the dose measurement itself.
However, if the dose to bemeasured is greater than100mGy, the impact of uncertainty
in the background dose will be less [59].

5 Electron Spin Resonance

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) spec-
troscopy is the only method to detect, identify and quantify free radicals. Quantita-
tive measurement of radiation-induced radicals can be achieved by using the ESR
technique, thereby making it an established tool for dosimetry.

5.1 Basic Principle

Consider a chargedparticle of charge e andmassmmoving in anorbit of radius r about
an axis. According to classical physics, it possesses both orbital angular momentum
(due to its mass) and magnetic moment (due to the charge). The magnetic moment
μ is given by

μ = I · A

where I is the current and A is the area of the loop.

A = e

t
πr2 (8)

Time t is given by

A = ev

t
πr2 (9)
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where v is the velocity of the particle

μ = evr

2
(10)

Angular momentum L is given by

L = mvr (11)

From Eqs. (10) and (11), we get

μ = e

2m
L (12)

The gyromagnetic ratio (γ), defined as the ratio between the magnetic moment
and angular momentum, is given by

γ = e

2m
,

where e is the charge of the particle and m is the mass
Experimentally, it was observed that, in the case of free electrons, the gyromag-

netic ratio is given by

γe = e

2me
ge (13)

me = rest mass of the electron
The extra factor, ge, is called as g factor. g factor for a free electron is very close

to 2. The cause of this g factor is the intrinsic spin of the electron.
In quantum mechanics, the component of spin along an axis (usually taken as

z-axis) is quantized and is given as

sz = ms

2π
h

where ms can take values ± 1/2
Substituting the above equation in (8), we get

μ = gee
h

4πm
ms (14)

μ = geβms (15)

where eh
4πm is known as Bohr magneton (β). It may be noted that the factor ge in

Eq. (5) is to take into account the experimental observation of the gyromagnetic ratio
of the electron. When an electron of magnetic moment μ is placed in a magnetic
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field B, its energy is given by

E = −�μ · �B or − �μ · �H (16)

Substituting Eq. (6) in Eq. (7) and considering the fact that ms = ± ½, one gets

E = ±1

2
geβH (17)

Transitions between the energy levels are inducedwhen the electrons are irradiated
with electromagnetic waves of frequency ν0 such that

hν0 = �E = geβH

The resonance condition can be obtained by changing either frequency or field.
In magnetic resonance, it is experimentally most convenient to change the magnetic
field. The resonance position is determined by the g factor.

5.2 Estimation of Dose

Once the ESR signal is acquired, it has to be converted to the absorbed dose bymeans
of the calibration curve. There are two methods of generating the calibration curve,
viz. additive dose and calibration curve method.

The additive dosemethod is similar to that employed for TL andOSL (Sect. 2.3.2).
In this case, a tooth enamel sample is prepared and its initial ESR signal is measured.
After this, the sample is subjected to additional doses, and the respective signals are
measured and plotted against the delivered doses.

In the calibration method, samples of enamel are irradiated with known doses,
and the signal is measured. In this case, the teeth should have a negligible intrinsic
dose, and for this, young permanent teeth are normally used [60]. The calibration
curve is obtained as the best fit of the radiation responses of the calibration samples.
The unknown dose is estimated using this calibration curve.

6 Commonly Investigated Materials

6.1 Tooth Enamel

Retrospective dosimetry using ESR of teeth is a well-established technique. The
signal from the tooth or bone is “stored” for a long period of time which aids in
providing information on exposure to ionizing radiation many years after the event.
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Tooth enamel has an extremely low metabolism and a stable mineral composition.
The enamel once matured cannot be changed except for any chemical and phys-
ical action of its environment. The stable radiation-induced radicals formed in the
hydroxyapatite (Ca10(PO4)6(OH)2) contained in bones and teeth are used for dose
reconstruction. The radicals have a long-term stability of 109–1011 years. ESR signal
from CO2

– radicals formed by the absorption of ionizing radiation in the carbonate
impurities attached to the hydroxyapatite crystals gives a measure of the absorbed
dose [61]. The concentration of radicals increases with an absorbed dose of up to
300 Gy. Aminimum detection limit of 100 mGy is reported [62]. Fattibene et al. [63]
and IAEA Tecdoc [61] gives comprehensive reviews of ESR using tooth enamel.

Dose reconstruction using ESR dosimetry in tooth enamel was first carried out
on atomic bomb survivors [64]. The method was subsequently applied to determine
the doses of various cases of radiation accidents, such as workers in Mayak, resi-
dents in the reaches of Techa River contaminated by the radioactive wastes of the
above plant, residents around Chernobyl Nuclear Power Plants, residents around the
Semipalatinsk Nuclear Test Site and victims of Tokaimura criticality accident [61].

6.2 Other Potential Materials

ESR dosimetry using fingernails, chemical compounds and sugar has been studied
extensively for its use in dosimetry [65, 66]. Several studies were carried out on sugar
for its use as a potential ESRdosimeter in emergencies [60].However, ESRdosimetry
using tooth enamel has emerged as a standard technique for dose evaluation using
ESR technique.

6.3 Limitations

The need to extract teeth from the body for analysis (in vivo ESR dosimetry may
exclude this necessity).

Indistinguishability of ESR signals due to both ionizing radiation (γ, β andX-rays)
and ultraviolet light.

Signal due to previously received medical doses, especially dental X-rays.
Imperfect and non-uniform removal of dentine from different tooth samples can

result in significant non-uniformity of radiation sensitivity.
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7 Neutron Activation Analysis

Neutron activation analysis (NAA) is an analytical technique that relies on the
measurement of gamma/beta rays emitted from biological tissues such as blood,
nails, or hairs, or metallic items like coins, jewellery, or belt buckles worn by the
persons which were irradiated by neutrons. Activation techniques can be used during
criticality accident and other situations where neutron exposure is suspected.

7.1 Basic Principle

The activation process and the subsequent decay can be expressed quantitatively. If
a sample containing NT target atoms with cross-section σ is exposed to a uniform,
broad beam of monoenergetic neutrons with a fluence rate 	́, then the production
rate of daughter atoms is 	́σNT . If N is the number of atoms of the daughter element
and λ is the decay constant, then the rate of change in the number of daughter atoms
present at any time is given by

dN

dT
= ∅́σNT − λN (18)

To solve this equation, we assume that the fluence rate is constant, insignificant
depletion of the original number of target atoms and no daughter atoms are present
before the neutron irradiation.

The above equation can be integrated to get

λN = ∅́σNT (19)

The left-hand side gives the activity of the daughter element as a function of time
and is proportional to the neutron fluence.

The total neutron kerma and the total dose can be estimated if the neutron spectrum
and the gamma-to-neutron dose ratio are known [4].

7.2 Commonly Investigated Materials

Measurement of Na activation in blood [23Na (n, γ) 24Na, T 1/2 = 14.96 h, Eγ =
1.36MeV (100%) and 2.75MeV (99.85%)] has played an important role in dosimetry
of criticality accidents. Measurement of gamma radiation emitted by 24Na with a
gamma survey meter positioned against the abdomen of the victims gives a good
indication of the severity of the neutron exposure. More precise estimation of the
Na activity can be carried out using whole-body counters. In addition to activated
sodium, measurement of activated sulphur in hair and nails [32S (n, p) 32P, T 1/2
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= 14.28 d, Eβmax = 1.71 MeV (100%)] has also been used for dose construction
following accidents [4]. The activity can be measured by a Gieger-Muller counter or
a liquid scintillator.

Neutron doseswere re-evaluated in atomic bomb survivors bymeasuring the long-
lived activated nuclei 63Ni [63Cu (n, p) 63Ni] in copper samples, 152Eu [151Eu (n, γ)
152Eu], 60Co, 59Ni [58Ni (n, γ) 59Ni], 41Ca [40Ca (n, γ) 41Ca], 39Ar [39 K (n, p) 39Ar],
36Cl[35Cl (n, γ) 36Cl], 14C [14N (n, p) 14C and 17O (n, α) 14C], 10Be [9Be (n, γ) 10Be
and 10B (n, p) 10Be] in granite gravestones.

The fast neutron dose to a senior technician who was exposed due to criticality
accident at the Nuclear Centre, Sarov, Russia, was determined with the rhodium
(103Rh) neutron activation detector as well as activation of the aluminium filter in
the IKS TLD. The dose was also estimated using the activated biological samples
like the blood and hair of the victim [67]. The neutron dose to the exposed persons
at the nuclear fuel processing facility of Tokaimura, Japan, was determined on the
basis of 24Na measurements using whole-body counters [68].

8 Conclusion

This chapter offers a concise overview of essential physical dosimetry tools utilized
in the assessment of radiation doses during and after significant radiological inci-
dents. The importance of this dose information in guiding the prioritization of
medical treatment for a large population is highlighted. Themethods discussed in this
chapter have undergone rigorous global research, forming the bedrock of radiolog-
ical dosimetry. While firmly grounded in established principles, continuous efforts
are directed towards refining and augmenting these methodologies to enhance result
accuracy. The chapter provides a much-needed primer on the foundational principles
and diverse procedures integral to precise dose estimation.
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Biological Retrospective Dosimetry

Nagesh Bhat, Rajesh K. Chaurasia, and Usha Yadav

1 Introduction

Scientific investigation based on biological indicators is an indispensable part of the
assessment of dose to exposed individuals. Biodosimetry is a retrospective analysis
of suspected or accidental exposures. This includes regulatory requirements as in
suspected over-exposures indicated by personal monitoring devices, reportable radi-
ological incidents as in malfunction of radiation devices, and triage as in radiological
emergencies involving a large number of individuals. In most of the radiation inci-
dents, physical dosimetric information is rarely available. Besides, most of the acci-
dental exposures are non-uniform involving either partial body or localized exposure
to significant doses. In such situations, physical dosimetry does not provide reliable
dose estimates. It has been realized that biological dosimetric techniques can play an
important role in the assessment of absorbeddose. In recent years, a number of biolog-
ical indicators of radiation have been identified. These include the kinetics of onset
and persistence of prodromal syndromes (radiation sickness), cytogenetic changes in
peripheral blood lymphocytes, hematological changes, biochemical indicators ESR
spectroscopy of biological samples induction of gene mutations in red blood cells,
cytogenetic and physiological changes in the skin, and neurophysiological changes.

Biological dosimetry methods based on cytogenetic indicators and protein
markers help to assess the biological doses retrospectively, i.e., post-radiological
incidents and excess exposures.

Many complex scenarios of excess exposures, including false positives due to
mishandling of personnel dosimeters demand alternate and reliablemethods to ascer-
tain the genuineness of exposure and also estimate the actual dose.Besides, protracted
exposure, non-uniformity in radiation fields leading to partial body exposure, internal
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exposures due to radioactive contamination, mixed radiation fields, and LET of radi-
ation and type of radiation add to the complexities while estimating the dose. Biolog-
ical dosimetrymethods relying on biological signals in response to radiation exposure
are helpful to address most of these challenges. Dicentric chromosome aberration
(DCA) is considered as gold standard of biological dosimetry owing to its specificity
and ability to detect doses as low as 100 mSv, which is of regulatory relevance.
Reciprocal translocation (RT) assay based on Fluorescence in situ hybridization
(FISH) is known for its long retention of signal making it suitable for retrospective
and cumulative Biodosimetry [1, 2]. Mitotic fusion-induced premature chromosome
condensation has demonstrated itself as a tool for estimating clinically significant
doses, i.e., above 300mSvwhile offering quick and reliable estimation [3]. The assay
also helps estimation of high-dose and non-uniform exposures, which are limiting
factors for other assays. Assays based on repair proteins such as γH2AX and 53BP1
are also being explored for quick estimation. Besides biodosimetry applications, all
these assays are being explored as clinical tools for addressing challenges such as
determination of radio-sensitivity, estimation of bonemarrow dose, whole-body dose
estimation in diagnostic and therapeutic procedures, and detection of genetic abnor-
malities. Deploying multiple assays for multi-parametric analysis has further helped
to strengthen the analysis and dose estimation.

Ideal characteristics of biological dosimetry are:

• Should have sensitivity in a wide dose range of 20 mGy to several Gy.
• Should be a radiation-specific change.
• Should show a reproducible dose response.
• Changes must occur early but remain stable for long durations.
• Should respond to all types of radiation (low/high LET).
• Partial body irradiations must be detectable and should enable the part exposed

to be identified.
• As far as possible the technique should be non-invasive.
• It should be possible to repeat the assay.
• It should be rapid and simple.
• The technique should be amenable to automation.

No single biological indicator can suffice all the requirements to meet the chal-
lenges of dose estimation owing to the complexities of exposure scenarios. Nonethe-
less, depending on the need, a particular assay or combination of assays helps us to
address the requirements. Often it becomes necessary to adapt the multi-parametric
approach to estimate exposure levels. This helps to eliminate the limitations of some
assays and also to ascertain exposure levels independently by a set of assays.

In general, the dosimetric information is derived by a combination of several
different methods. Although some of these indicators may be purely qualitative
or semi-quantitative, they have the potential to serve as prognostic indicators. A
summary of the different biological indicators and their specific usefulness under
different exposure conditions is presented in Table 1. Many of these techniques are
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sensitive to radiation exposure but due to their non-specificity to radiation exposure
alone, their applications are limited to only either as supplementary techniques or in
special scenarios.

While addressing retrospective analysis, biodosimetry procedures are usually
performed for past exposures ranging from several years to decades. This is helpful
for situations where exposure might have come to light after several years or even
for the follow-up actions. Besides, retrospective analysis plays a major role in cumu-
lative exposures involving radiation workers, those who might have accumulated a

Table 1 Comparison of cytogenetic techniques

Assay Dose range
(Gy)

Advantages/applications Limitations

Dicentric
chromosome
aberration analysis

0.1–6 Radiation specific, very low
background, amenable to
automation

Labor intensive, requires
skilled manpower. Not
suitable for high-dose
(> 6–8 Gy) localized
exposures

Micronucleus assay 0.25–6 Easy to score, amenable to
automation

Not possible to detect
non-uniform exposure,
relatively high background,
inter-individual variation of
response and background,
and longer culture duration

Reciprocal
translocations
by Fluorescent in situ
Hybridization (FISH)

0.25–6 Stable signal for many
years, very helpful for
retrospective biodosimetry,
internal exposure and high
LET exposure

Relatively non-specific,
high background, very
tedious and lengthy
procedure, expensive

Drug-induced
premature
chromosome
condensation assay
(G2-PCC)/PCC-ring
assay

3–25 Useful for high doses, high
specificity, simple, relatively
quicker than dicentric assay

Low yield, low sensitivity
for low doses, large
uncertainty below 3 Gy,
requires 48 h of cell
culture, not suitable for
high-dose localized
exposures

Mitotic cell fusion
induced premature
chromosome
condensation assay
(G0-PCC)

0.3–25 Quicker results, useful for
high-dose exposures where
other assays may fail, most
suitable for non-uniform
exposures to high doses

Relatively non-specific,
high background, high skill
demand

γH2AX assay 0.1–> 6 Very quick results, amenable
to automation, possibility of
detecting doses < 0.1 Gy
with blood samples available
immediately after exposure,
very high sensitivity, good
tool as a clinical application

Signal fades very fast,
needs to be performed
quickly after exposure, not
suitable for protracted
exposures, can be only
used as a supplementary
technique with other assays
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small number of doses over several decades and crossed doses in the range of 300–
500 mSv. Such workers are usually monitored for possible hypersensitivity and also
possible excess exposure beyond the control of physical monitoring. No regulatory
action is applicable for such cases as the allowed lifetime dose is 1 Sv and practically
no radiation worker is likely to cross such limits. Monitoring helps to keep a check
on such situations and take action in advance if necessary.

Few of the cytogenetic changes have been proven to exhibit very good radiation
specificity thereby qualifying them as very good indicators for biodosimetry. In
particular, dicentric chromosomal aberration assay (DCA) based on the identification
of dicentrics is proven to be highly specific to radiation exposure with a minimum
detectable limit of about 100 mSv. DCA involves many biological processing steps.
Most of these steps need aseptic conditions demanding stringent requirements of
class II type biological laboratory. In BARC, we have established this technique and
developed an SOP for radiation dose assessment.We have successfully handledmany
incidents involving both radiation workers and members of the public in suspected
and accidental exposures. More than 1000 cases over the years have been referred
for analysis in India and several thousand were analyzed in many part of the world
facilitating biological dose estimations. Biodosimetry analysis was carried out to
estimate doses to exposed individuals during many small-scale radiation accidents.
In the recent past, the radiation accident, that occurred at Mayapuri, New Delhi, is
one such example.

We have carried out many research studies to address the complex nature of radi-
ation accidents such as non-uniform exposures, protracted exposures with varying
dose rates, chronic exposure, lifestyle type confounding factors, and retrospective
or follow-up assessments. We have established various cytogenetic techniques to
address these requirements. The advantages and features of these techniques are
listed in Table 1.

2 Cytogenetic Techniques in Biodosimetry

2.1 Dicentric Chromosomal Aberration (DCA) Analysis

Chromosomal aberration analysis based on the frequency of dicentric chromosomes
(DCA) in cultured peripheral blood lymphocytes is so far the most reliable biolog-
ical dosimetric technique. Dicentrics are formed as a result of the misrepair of two
double-strand breaks leading to the crosslinking of chromosomal bodies (Fig. 1).
The background dicentric frequency in unexposed blood samples is in the range
of 0.0005–0.001. The frequency increases with dose linear-quadratically for low
LET radiations and linearly for neutrons and high LET radiations. The frequency of
dicentrics “y” varies with the dose “D” as follows:

y = c + αD + βD2 (1)
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(a) (b) 

Fig. 1 a Chromosomes of a normal cell (left) and b cells with multiple dicentrics and breaks

The linear (α) and quadratic (β) coefficients are characteristic of the type of
radiation. For neutrons, the response is almost linear. Generally, 500 metaphases are
scored per sample and the frequency of dicentrics y is determined. Absorbed dose is
assessed from the relationship

D =
[
−α + √

α2 + 4βy
]

2β
(2)

This dose refers to the equivalent whole-body dose received acutely in an acci-
dental exposure. The lower limit for detection is 50 mGy for X-rays, 100 mGy for γ

radiation, and 10 mGy for fast fission neutrons. Different laboratories have obtained
calibration curves for many different radiations. The calibration curves for different
radiations are described in Fig. 2.

Doses over a wide range of 0.1–6 Gy can be detected by this technique. DCA has
provided a very reliable dose estimate during the Chernobyl and Goiania accidents.
Following acute radiation exposure, dicentric frequency remains unaltered for several
weeks but decays to half the value in around 180 days. The subsequent reduction in
the signal occurs more slowly with an approximate half-life of 3 years, as seen in
the case of low dose and chronic exposures. Hence, doses from past exposures can
be assessed with reasonable reliability by applying appropriate correction factors.
Some individual differences in the response to the induction of CA may arise due to
variations in genetic composition and DNA repair capacity. Hence, DCA can serve
as a useful indicator of biological response of a specific individual.

Oneof themost important limitations of this technique is the requirement of awell-
experienced scorer. Further, the scoring of dicentrics is not only time-consuming, but
also not amenable to automation due to the complexity of the image of dicentrics
to signal processing systems. Recent advances such as metaphase scanners and
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Fig. 2 a Calibration curves for different radiations and b confidence level of dose estimation using
CA for low doses

centromeric painting by antikinetocore antibodies can enhance the scoring speed
and reduce errors in the identification of dicentrics. In accidents involving exposures
in the lethal range (3–6 Gy), suffice it to score 25–50 metaphases for providing the
preliminary information required for medical management of victims. However, at
higher doses, most of the severely damaged cells fail to go through the division and it
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may be very difficult to find even a fewmetaphases.Whenever low doses of the order
of a few 100s of mGy have to be detected, since only a few dicentrics are involved,
the Poisson error associated with the estimates can be very large.

DCA for Non-uniform Exposures

In uniform whole-body exposures, the radiation-induced dicentric chromosomes
follow a perfect Poisson distribution. However, in most accidents, the exposures
are non-uniform, resulting in a fraction of lymphocytes receiving a much larger dose
as compared to those in the unexposed part of the body. As a result, the total aber-
rations scored are concentrated in a few damaged cells, which reach the metaphase.
The degree of over-dispersion can be assessed by the dispersion coefficient u.

u =
[

σ 2

y−1

]
[N − 1]

√
s(N − 1)

(
1 − 1

Ny

) (3)

where N is the total number of cells scored, y is the frequency of dicentrics, and σ 2

is its variance. A positive value of u indicates over-dispersion, a negative value is
an under-dispersion, and a zero value is a perfect Poisson distribution. In accident
situations, a value greater than 1.96 suggests a partial body or localized exposure.

2.2 Micronucleus Assay (MN Assay)

Micronuclei refer to small nuclei formed from chromatin material, which lag behind
and do not get included in either of the daughter nuclei formed during cell divi-
sion (Fig. 3). Exposure to radiation and other clastogenic agents results in a dose-
dependent increase in the frequency ofMN. Dividing cells are blocked at cytokinesis
using cytochalasin B, in order to visualize the induced MN.

Even though there are claims thatMN assay can detect absorbed doses of the order
of 50mGy, large individual variations in background frequency do not permit reliable
estimates of doses less than 0.25 Gy. In accident situations involving absorbed doses
in the range of 2–6 Gy, very reliable information can be obtained within 3 days after
the exposure. In accidents involving exposure to a large number of people, MN assay
may be particularly useful, when well-trained technicians are not available to score
dicentrics. The prospects of automation are much better for MN assay as compared
to DCA.
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Fig. 3 Binucleated cell with single micronuclei and another cell with five micronuclei

2.3 Drug-Induced Premature Chromosome Condensation
(PCC)

Cytogenetic markers/Chromosomal aberrations are the most suitable endpoints for
biodosimetry, being specific to radiation and stable for months to years [4]. These
can be visualized easily once chromosomes are in their condensed state. However,
lymphocytes are non-dividing cells, and hence have chromosomes in the form of
fibers that cannot be distinctly visualized under the microscope. Naturally, chromo-
some condensation occurs at its best in the metaphase stage during cell division.
Conventionally, to study chromosomal aberrations in dicentric assay, lymphocytes
are first stimulated to divide and then arrested at the metaphase stage. To get there,
it takes a minimum of 48 h after blood withdrawal to collect sufficient cells at the
desired stage. Moreover, at high-dose exposures, getting cells at metaphase becomes
difficult due to cell cycle arrest at G2/M checkpoint and severe leucopenia. In such
cases, to visualize aberrations, chromosome condensation is induced artificially at
the interphase stage itself by methods called premature chromosome condensation
or PCC.

There are two means of inducing PCC:

1. Drug-induced PCC inwhich some chemicals such asCalyculin-A,OkadaicAcid,
and Caffeine can induce condensation efficiently in cells arrested at the G2 phase
by allowing them to enter prematurely in mitosis.

2. Fusion-induced PCC in which chromosomes are condensed artificially in resting
G0-phase itself without culturing them for 48 h. In this process, chemical factors
responsible for chromosome condensation are transferred into the cells by fusing
them into mitotic cells.
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Fig. 4 Images of chromosomal spreads analyzed in PCC-ring assay with ring type of chromosomal
aberration

2.4 Drug-Induced PCC-Ring Assay

Blood collected from the subject is cultured for 48 h and PCC-inducing chemical
Calyculin-A (50 nM) is added for the last one hour of the culture. Processing and
slide preparation are the same. Chromosomal spreads from every phase of mitosis
can be seen. Hollow ring chromosomes induced by radiation are beautifully visible
in this assay and the frequency of the same is used for dose estimation (Fig. 4).
Radiation dose–response curve has been prepared by in vitro experimentation and it
has been found to be linear in the range of 5–15 Gy.

2.5 Mitotic Cell Fusion Induced PCC: G0-PCC

In this method, rather than waiting for ≥ 48 h for the cells to reach metaphase for
chromosomal aberration analysis, chromosomes are prematurely condensed in G0-
phase by fusing the blood lymphocytes to cells that are preserved in metaphase. The
cell fusion leads to the transfer of mitotic factors to the lymphocytes causing prema-
ture chromosome condensation. It only takes ~ 4–6 h starting from blood collection
to chromosomal spread preparation on the slide. Mitotic cell fusion-induced PCC
overcomes three major shortcomings of conventional gold standard assay. First, it is
quick, with dose estimations duration within 24 h even with the application of FISH.
Second, it works well at high doses; even beyond 15 Gy, and most importantly, it is
most suitable for localized exposures among all other methods. The only limitations
of thismethod are uncertainty at low doses and high skill demand. The various scopes
of this method are given below.
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Fig. 5 Representative images of chromosomal spread after G0-PCC stained with Geimsa captured
at 6300 magnification. The spreads can be seen with the presence of two types of chromosomes
one metaphase chromosome coming from mitotic cells and the other thread-like prem

2.6 Fragment Analysis

Chromosomal bodies excess to 46 are counted as fragments (Fig. 5). This is the
quickest endpoint which can be observed ~ 4–6 h post PCC. For counting fragments,
10 min staining with Geimsa, an inexpensive dye, and a further 1 h scoring of ~ 50
spreads under the microscope is sufficient.

2.7 Detection in G0-PCC with Centromere-FISH

Dicentrics in metaphase can be identified by the presence of constriction at the
centromere where two sister chromatids are attached in G0-PCC chromosomes
without any constriction or presence of sister chromatids. Hence, for dicentric detec-
tion, fluorescent in situ hybridization using centromere-specific probes is performed
after slide preparation on G0-PCC spreads [5] (Fig. 6). Pan-centromere probes are
applied and give fluorescence wherever the centromere is present on lymphocyte
chromosomes. Chromosomes with two centromeres are counted as dicentrics and
without centromeres are counted as fragments. Dicentric counting provides radiation
specificity to the estimate.



Biological Retrospective Dosimetry 409

(a) (b) 

Fig. 6 G0-PCC spreads are stained with centromere specific probes showing red fluorescence with
counterstain of DAPI a blue fluorescent dye, a shows un-aberrated cell in terms of dicentrics as
each chromosome is having only one centromere. b With the same staining shows a dicentric
chromosome with two distinct centromeres

2.8 Translocation Detection in G0-PCC with Whole
Chromosome Painting FISH

Fluorescent in situ hybridization using whole chromosome paints provides different
colors to different chromosomes (Fig. 7). This helps in visualization of exchange
between two different chromosomes, i.e., translocations also chromosomal origin of
a break/fragment. The frequency of fragments and translocation together follows a
linear quadratic dose response and provides an excellent method for rapid dose esti-
mation [2]. Similar tometaphases,whole chromosomepainting of the desired number
of chromosomes can be performed or it can be performed for all the chromosomes.

2.9 Multicolor BAND-FISH: Identifying Region-Specific
Rearrangements

Multicolor band can be applied to G0-PCC chromosomes (Fig. 8) and may be
analyzed for inter as well as intrachromosomal aberrations. The latter is more useful
for identifying high LET components in exposed samples. In case of high LET
exposure, aberrations are high and a big proportion of aberrated cells may not reach
metaphase. Hence, G0-PCC may enhance sensitivity to detect high LET exposure to
any sample compared to the conventional method.



410 N. Bhat et al.

(a) (b) 

Fig. 7 Representative images of chromosomal spreads after G0-PCC post whole chromosome
painting FISH. Chromosomes 1, 2, and 4 are seen as red, green, and yellow signals, respectively.
Spread from a normal cell is seen having a pair of each painted chromosome (a), whereas translo-
cations between chromosomes 1 and 2, and fragment of chromosome two can be seen distinctly in
a damaged cell (b)

(a) (b) 

Fig. 8 A G0-PCC spread with one intact chromosome and another homologous chromosome
interchanged with a non-banded chromosome. The region of miss-joining can be identified

2.10 Exciting Progress in Fluorescence In Situ Hybridization
(FISH) Assay

Radiation-induced chromosomal changes, such as dicentrics, rings, and fragments,
exhibit a decay rate with a half-life (T 1/2) ranging from 1 to 3 years, represents
unstable chromosomal aberrations. This characteristic decay presents a significant
challenge in accurately assessing dose for past radiation exposures. To overcome this
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problem, scoring stable chromosomal exchanges, such as translocations (reciprocal),
has emerged as a valuable marker.

Conventionally, translocations have been scored using the banding technique,
which is known for being tedious and time-consuming. Even with automation, the
quality of banding preparations needs to be exceptionally high. However, recent
advancements in the field have introduced whole chromosome-specific libraries,
enabling the application of the fluorescence in situ hybridization (FISH) tech-
nique for painting individual chromosomes. FISH involves labeling specific DNA
sequences with fluorescent probes, allowing for the visualization of chromosomal
rearrangements at higher resolution.

Translocations involving exchanges between painted chromosomes and counter-
stained (unpainted) chromosomes can be visualized as bicolored structures using
FISH. This technique not only simplifies the identification of translocations but
also increases sensitivity by enabling the detection of events that may go unnoticed
using conventional banding methods. FISH has shown great potential as a biolog-
ical dosimeter due to its ability to accurately identify and quantify radiation-induced
translocations.

In recent years, many laboratories have explored the application of the FISH assay
for translocations in radiation dosimetry. Researchers have focused on optimizing the
technique and developing standardized protocols to ensure reliable and reproducible
results. The use of FISH as a biological dosimetry technique offers advantages such
as higher sensitivity, faster analysis, and improved accuracy compared to traditional
methods.

2.10.1 Interphase FISH (I-FISH)

Interphase fluorescence in situ hybridization (I-FISH) is a technique used in
biodosimetry and other clinical investigations, to assess radiation-induced (or by any
other agent) genetic damage/changes. It allows the visualization and quantification of
chromosomal abnormalities, such as translocations, deletions, and fragmentations,
in the interphase nuclei of cells (Fig. 9) [6]. Cell culturing is not required here. By
labeling specific chromosomes or sequences of DNAwith fluorescent probes, I-FISH
enables the detection of genetic alterations, providing valuable data on radiation
exposure levels. This technique is widely utilized in cancer and radiation biology,
and biodosimetry research to evaluate the biological effects of radiation exposure.

2.10.2 Painting of Whole Chromosome and Centromere by FISH

Translocation detection using whole chromosome paint probes has revolution-
ized biodosimetry by enabling precise identification and quantification of chromo-
somal translocations. With advanced imaging techniques (Fig. 10), these probes
can detect translocations with high sensitivity, reaching minimum detection limits
in the kilobase range. By fluorescently labeling entire chromosomes, translocations
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Fig. 9 Representative interphase-lymphocytes, processed with one color FISH, wherein chromo-
some pair-one is paintedwith red fluorophore.AControl interphase-lymphocytewithNOaberration
and B Irradiated (4 Gy) interphase-lymphocyte with chromosomal breaks (circled in yellow)

Fig. 10 Metaphase spreads, processed with two color FISH, wherein chromosome pairs 1st and
2nd are painted with green and red fluorophores respectively.A Control metaphases, BMetaphases
with one inter-chromosomal translocationbetweengreen andblack chromosomes andCMetaphases
with one inter-chromosomal translocation between red and black chromosomes

involving exchanges between painted and unpainted (counter stained) chromosomes
can be visualized and accurately assessed. This approach enhances our ability to
quantify radiation exposure, providing valuable data for biodosimetry with improved
resolution at the kilobase level.

Centromere-FISH (Fig. 11) is used for the precise detection of dicentric chromo-
somes. By targeting centromeric regions with fluorescent probes, centromere-FISH
enhances the accuracy of dicentric identification in biodosimetry, providing valuable
information about radiation exposure and genetic damage.
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Fig. 11 Metaphase spreads, processed with pancentromere FISH, wherein the centromeres of all
the chromosomes is painted with red fluorophores A Control metaphases with NO chromosomal
aberration and BMetaphase with one dicentric chromosome and an acentric fragment; centromeres
are closely placed in dicentric, difficult to detect by conventional Giemsa staining.

2.10.3 Multiplex FISH and Spectral Karyotyping

Multiplex fluorescence in situ hybridization (mFISH) is an advanced technique that
employs a set of fluorescent probes to simultaneously hybridize with all 24 types
of chromosomes (Fig. 12), each labeled with a distinct color. mFISH hybridized
metaphases can be processed for spectral karyotyping (SKY) that assigns distinct
colors to homologous pairs of chromosomes. This comprehensive labeling enables
the detection and quantification of various types of chromosomal changes or rear-
rangements in one metaphase. By visually distinguishing each chromosome, mFISH
offers a high-resolution view of complex genomic alterations, including transloca-
tions, deletions, duplications, and inversions. This method has been extensively vali-
dated and utilized in cytogenetics research and clinical diagnostics, providing valu-
able insights into genetic abnormalities. mFISH, can not detect intrachromosomal
changes.

2.10.4 Multiplex BAND-FISH and Intrachromosomal Rearrangements

MultiplexBAND-FISH is an innovative techniquewhichoffers chromosomebanding
to detect and quantify intrachromosomal rearrangements. By using distinct colors to
label different regions of the same chromosomes. mBAND-FISH (Fig. 13) enables
precise visualization and identification of intrachromosomal rearrangements. These
rearrangements are predominantly induced by high linear energy transfer (LET)
radiation. This method has been applied successfully to study radiation-induced
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Fig. 12 Representative metaphase spreads, processed with multiplex FISH, wherein all 24 types
of chromosomes are painted with different colors. A Control metaphases with NO chromosomal
aberration and B metaphases with one inter-chromosomal translocation between yellow and light
green chromosomes (highlighted in red dotted square)

genomic alterations andhas provenvaluable in biodosimetry research. It enhances our
understanding of the complex molecular changes within chromosomes and provides
insights into radiation-induced genomic instability.

Fig. 13 Representative chromosome pairs, processed with multiplex-BAND-FISH, wherein
different region of the same chromosome is painted with different colors. A Control chromo-
some pair with NO alteration in banding pattern, B chromosome pair with one interstitial deletion
(blue-band) and C a chromosome with complex rearrangements (banding pattern is completely
lost). These cells are exposed to Am-α
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2.10.5 Phospho-γH2AX, DSB-Repair Protein-A Rapid Biodosimetry
Tool

Phospho-γH2AX (phosphorylated histone H2AX) has emerged as a rapid
biodosimetry tool due to its association with DNA double-strand breaks (DSBs)
and its crucial role in DSB repair [7, 8]. Upon induction of DSBs, H2AX is phos-
phorylated at the sites of DNA damage, resulting in the formation of γH2AX
foci. These foci serve as sensitive and specific markers for assessing the extent of
radiation-induced DNA damage.

The detection of phospho-γH2AX foci can be achieved using various techniques,
such as immunofluorescence staining followed by fluorescence microscopy or flow
cytometry (Fig. 14). By quantifying the number and distribution of γH2AX foci in
cells, it is possible to estimate the radiation dose received and assess the severity
of the individual.

The advantages of phospho-γH2AX as a biodosimetry tool lies in its rapidity and
sensitivity. It allows for the detection of DNA damage within a short timeframe after
exposure, making it useful for immediate assessment. Furthermore, the sensitivity of
phospho-γH2AX to low-dose radiation enables its application in scenarios involving
diagnostic exposures or accidental radiation incidents with relatively low radiation
doses.

Overall, phospho-γH2AX has proven to be a valuable tool in biodosimetry,
providing a rapid and reliable assessment of radiation-induced DNA damage. Its
continued development and optimization hold promise for enhancing our ability to
accurately estimate radiation doses and evaluate potential health risks associatedwith
radiation exposure.

With the DSB repair, γH2AX signal fades. To facilitate the transportation of
blood samples to analyzing laboratories, efforts are underway to develop protocols
that can arrest the biological processes soon after sample collection using various
fixing methods and inhibitors. This step aims to preserve the integrity of the samples
and minimize any changes that may occur during transport.

Fig. 14 Lymphocytes showing an increasing number of phospho-γH2AX foci in the nucleus with
increasing dosesA 0 Gy, B 0.5 Gy,C 1.0 Gy, and D 2.0 Gy, after 1 h of incubation, post irradiation)
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Fig. 15 Lymphocytes showing an increasing number of phospho-53BP1 foci in the nucleus with
increasing doses (0.05–2.0 Gy after 1 h and 3 and 4 Gy after 4 h of incubation, post irradiation)

2.10.6 53BP1, DSB-Repair Protein-A Rapid Biodosimetry Tool

Phosphorylated-53BP1 is an additional proteomic marker, along with γH2AX, used
for rapid biodosimetry as an indicator of DNA double-strand breaks (Fig. 15).
Both phosphorylated histone γH2AX and p53 binding protein-1 (53BP1) are widely
accepted protein markers of foci induced by ionizing radiation. When DSBs occur,
histone H2AXmolecules within chromatin domains containing DSBs undergo phos-
phorylation. Subsequently, 53BP1, a downstream protein, is recruited to the sites of
induced DSBs, undergo phosphorylation and serve as a marker for DSBs.

Currently, the most sensitive and specific method for analyzing DSBs involves
enumerating small foci, such as γH2AX and 53BP1, and their colocalization, that
form at the locations of DSBs. These foci provide valuable information for assessing
and quantifying radiation-induced damage at the molecular level.

2.10.7 Pseudo-Pelger Huët (PHA) Neutrophil—A New Permanent
Radiation Biomarker

Pseudo Pelger Huet Anomaly (PHA) is a newly discovered marker that indicates
radiation exposure in circulating blood neutrophils within the body [9, 10]. Unlike
normal neutrophils, which have 3–4 lobed nuclei (Fig. 16), PHA is characterized by
nuclei that are round, oval, bean-shaped, or symmetric bilobed, and connected by a
thin mitotic bridge. The anomaly is caused by a mutation in the lamin-B receptor
(LBR) gene, leading to reduced LBR expression.

PHA is specific to in vivo exposure, occurring within the bonemarrow, and cannot
be induced in cells outside the body (ex vivo). In a study analyzing archived blood
samples from the 1958Y-12 criticality accident inOakRidge, Tennessee, researchers
found that the Pseudo Pelger Huet morphology appeared in the circulating blood
within 12 h after radiation exposure, suggesting its potential as an indicator of acute
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Fig. 16 A Illustrative representation of a normal/healthy neutrophil with a multilobed nucleus and
B a pseudo-Pelger Huët (PHA) neutrophil with bilobed (goggle-shaped) nucleus

radiation exposure. In one case from the same accident, the PHA marker persisted
for up to 16 years, serving as a stable and permanent mutation marker induced by
radiation and providing retrospective dosimetry capabilities.

To establish a dose–response curve for PHA, researchers have analyzed circulating
blood neutrophils from two individuals exposed to radiation. However, creating this
curve is a challenging task as it requires the involvement of radiation-exposed human
volunteers for in vivo exposure. Ongoing worldwide research aims to further inves-
tigate and validate PHA as a reliable biodosimeter for protracted and past radiation
exposures.

3 Case Studies

Biodosimetry assays play a major role in assessing and ascertaining personnel dose
for regulatory needs and triage input for medical management of radiological inci-
dents. In total, about 1500 cases are resolved by the biodosimetry lab of BARC till
2023. Most of the cases are related to regulatory requirements where the personnel
dosimetry by physical personnel dosimeter has indicated excess exposure amounting
to > 100mSv in a monitoring period. Few cases are related to internal contamination,
badge contamination, and localized contaminations. These cases were resolved with
inputs from both Biodosimetry and internal dosimetry. A few radiological incidents
involving radiography sources were also handled.
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3.1 Regulatory Needs

Biodosimetry assay can serve as an excellent indicator of radiation exposure when
whole-body doses are more than 100 mSv [11]. The background incidence of dicen-
tric is about 1 in 1000–2000 cells scored in normal unexposed individuals. It is
known that environmental and lifestyle agents such as smoking, alcohol consump-
tion, exposure to pollutants, pesticides, etc., are not affecting the dicentric frequency
significantly. With aging, it is found to increase to the level of about 1 in 1000
compared to 1 in 2000 in young individuals. The only confounder is medical radia-
tion exposure, which is again due to radiation but not due to occupational exposure.
In such a situation, recording the recent history of medical radiation exposure such
as fluoroscopy, multiple CT scans, etc., is needed.

In most cases, occupational excess exposures are due to mismanagement of
personnel dosimeters. Lost badges in hot areas, contaminated badges, reverse
loading, wearing of badges above the lead apron, improper storage of badges such
as tool kits while in field use, etc., can lead to erroneous dose recording while the
radiation worker has not received any dose.

3.2 Radiological Incidents—Suspected/Reportable

Many reportable incidents leading to suspicious scenarios lead to large physical
uncertainties in dose estimates. Even if physical personnel dosimeters are available,
their accuracy is questionable. Most of such incidents involve partial or non-uniform
exposure. A narrow geometry beam of radiation field can result only in the exposure
of a dosimeter or it may so happen that the dosimeter may get masked off. Exposure
from the backside of the person can shield the dosimeter up to a factor of 2–3
leading to underestimation. The exact duration of exposure may not be available and
the worker may not be using any personnel dosimeter. Many such scenarios pose
serious challenges while estimating the dose through physical methods. In one of the
incidents, a driver transporting radionuclides has reported possible mishandling by
him. His personnel dosimeter has shown 63 mSv. However, since it was an incident
report, biodosimetry was conducted, which revealed a dose of 480 mSv. This was
further analyzed and found to be due to possible spillage or contamination which has
led to large personnel dose but underestimated physical dose.

3.3 Small-Scale Radiological Incident in Public Domain

In 2010, a gamma chamber containing about 6 Ci of 60Co source still active and intact
in the shielded conditionwas sold to a scrap vendor by a university. The scrap vendors
opened the device to separate out and salvage raw materials such as lead as scrap
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products. In the process, a fewvendors found the source pencils intact.Without proper
information about the radioactive source, a few pencils were broke open, which led to
the spread of radioactive dust and contamination of structural materials and personal
items. One person who is suspected of ingesting some radioactive material in the
process of breaking the source has succumbed due to internal injury. The autopsy
has shown large patches of radiation damage in the digestive systems. The exposure
has lasted for several days to weeks. Correction factors for modification of biological
damage were applied to estimate inferred doses.

Biodosimetry was conducted on all personnel involved in this scenario. The doses
were reported to IAEAas radiological incident. In such scenarios, biodosimetry is the
only method available to report the personnel dose. The estimation has also helped
the medical fraternity to prepare itself for the prognosis. All the victims except for
the one with internal contamination have survived.

4 Multiparametric Approach for Biodosimetry of Complex
Scenarios

No single biodosimetry assay can suffice to addressmany complex scenarios of radia-
tion exposure. It becomes necessary to performmultiple assays tomeet the challenges
[3]. Figure 17 outlines the approach of multi-parametric analysis in various scenarios
[3, 12]. Few of the assays are still in the development stage but offer themselves as
excellent tools in certain scenarios.

The described assays help to conclude and ascertain the genuineness of most
excess exposure scenarios. These assays are helpful in the following ways:

• To confirm or reject the findings of physical dosimeters and to distinguish between
genuine and non-genuine exposures.

• Todetect a suspected exposurewhen there is no information fromphysical dosime-
ters, such as in the case of a person who is not routinely monitored or a radiation
worker not wearing a badge.

• To provide reassurance to those who are false positive on physical dosimeters
which got exposed while being not worn; or maliciously irradiated.

• To detect the average dose to the body in the case of very non-uniform exposures.
In such situations, the dosimeters may indicate a very high or low dose depending
upon the irradiation geometry.

• Todistinguish betweenprotracted and acute exposures in accidents.DCAprovides
a purely biological response taking into consideration the duration of exposure
and accounting for the possible repair of radiation damage.

• To detect the dose to the exposed part of the body and the fraction of the body
exposed, in accidents involving inhomogeneous exposure (Partial-body, or local-
ized). Dispersion analysis of the chromosome aberration data indicates the devia-
tion from a Poisson distribution, which in turn is a measure of the non-uniformity
of exposure.
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Fig. 17 Flow chart of multi-parametric approach for various scenarios of excess exposure analysis
or research applications

• To assist the triage of victims in accidents involving a large number of exposed
individuals. In the medical management of radiation accidents, DCA can serve as
a reliable prognostic indicator.

• To address complex scenarios of excess exposure,multi-parametric approachwith
a combination of assays can be employed.

Besides their applications in biological dose assessment, these assays are also
useful to estimate radio-sensitivity prior to treatment of cancer, plan in advance
for hypersensitivity, measure bone marrow doses in past therapeutic exposures
needing repeated administration of nuclear medicine and measure body burden.
Such clinical applications are currently gaining importance and are expected to help
individualization of treatment protocols.

5 Conclusion

Biological retrospective dosimetry, crucial in radiological emergency scenarios,
is important for accurately determining and estimating radiation exposure levels.
Biodosimetry assays stand as the sole methods available for discerning biological
doses in cases of suspected over-exposures, playing a vital role not only in emergency
response, but also in medical management and triage. The complexity of radiological
emergencies demands a strategic approach to effectively allocate medical resources,
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wherein biodosimetry proves indispensable. In such situations, the challenge lies in
distinguishing between those requiring specialized medical attention and the larger
population with either no exposure or clinically insignificant doses.

A multi-parametric approach is imperative, involving the selection of a set of
biological indicators tailored to specific exposure scenarios. Advanced cytogenetic
and molecular methods have significantly contributed to overcoming the challenges
inherent in assessing biological doses. These sophisticated techniques enhance the
precision and reliability of biodosimetry, facilitating a comprehensive understanding
of radiation-induced effects at the cellular and molecular levels. By leveraging a
diverse array of biological indicators, ranging from cytogenetic markers tomolecular
signatures, biological retrospective dosimetry empowers healthcare professionals to
make informed decisions regarding medical intervention and resource allocation in
radiological emergencies.
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Introduction to Internal Dosimetry

Soumitra Panda, Sushanta Halder, Minal Y. Nadar,
and Hemant Kumar Patni

1 Introduction

Internal dosimetry refers to dose assessment due to the internal radioactive contami-
nation inside any living being. Since internal radiation protection and medical appli-
cations are primarily confined to human body, we will limit our scope to internal
contamination of human body. Unlike external dose, caused by radiation sources
present outside the body, such as X-rays, gamma, beta or neutrons emitting radionu-
clides, internal dose is also effective due to alpha, beta or gamma particles emitting
radioactive material present inside the person’s body.

External exposure can be controlled by limiting time duration of exposure,
increasing distance from the radiation source and using shielding to reduce expo-
sure as shown in Fig. 1. External exposure also ceases when the worker leaves the
working area or if source is removed. It is measured using personal dosimeters
like direct reading dosimeter, thermos luminescence dosimeter, optically stimulated
luminescence dosimeters, etc.

In contrast to external exposure, internal exposure presents a unique challenge
as radioactive sources keep on continuously irradiating tissues and organs until it
is present in the body. To mitigate internal exposure risks at the workplace, several
measures are commonly employed. First, strict adherence to safety protocols and
procedures is followed while handling radioactive material. Sources are handled
in glove boxes or in fume hoods depending upon the activity level. Workers have
to wear appropriate personal protective equipment (PPE) [1] to minimize the risk
of contact with radioactive material as shown in Fig. 2. Furthermore, workplaces
are well-ventilated with proper containment facilities to reduce the concentration of
airborne radioactive substances [2]. Additionally, workers are not allowed to eat in
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Fig. 1 Protection against external exposure using methods of time, distance and shielding

radioactive working areas. These work practices help in preventing and minimizing
accidental internal contamination. Despite all these protective measures, there are
still chances, when radioactivity may enter inside the body. Internal exposure can
only be inferred through measurement of radioactivity in the whole body or in some
specific organs, blood or through excreted activity in urine and faeces or through
area monitoring. Therefore, regular workplace monitoring and personal monitoring
are carried out to detect probable internal contamination of radiation workers.

Internal exposure to radioactive materials can occur in various scenarios,
depending on the source of radiation and the pathway through which the radioactive
substances can enter body [3]. Some common scenarios of internal exposure are
shown in Fig. 3 and discussed here briefly. The most prominent places of internal
contamination are nuclear power plants, research reactors or nuclear fuel processing
facilities. In these nuclear industry setups, exposure can occur when radioactive
particles are released during nuclear operations and other incidents and protective

Fig. 2 Protection against internal exposure using personal protective equipment like masks and
respirators
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methods are not fully effective. Another internal exposure scenario is public exposure
due to radiological accident [4]. In the unfortunate event of a radiological accident or
nuclear incident[4], such as a nuclear reactor meltdown or a transportation acci-
dent involving radioactive materials, individuals in the vicinity may be internally
exposed to radioactive particles dispersed in the air or deposited on soil, water, etc.
In the context of medical procedures, healthcare workers who manage or administer
radioactive isotopes, such as those employed in cancer treatments and diagnostic
techniques like nuclear medicine scans [5], may be susceptible to internal expo-
sure if they do not adhere to the necessary safety precautions. On the other hand,
patients undergoing medical examinations in molecular imaging techniques and
receiving treatment through nuclear medicine intentionally undergo internal expo-
sure for their own medical benefit. Another internal exposure scenario is related to
radioactive-contaminated area. Workers involved in the clean-up and remediation
of sites contaminated by radioactive materials [6], such as old nuclear testing sites
or decommissioned facilities, may face exposure risk if precautions are not taken.
Workers in mining industries, particularly in the extraction of radioactive minerals
like uranium [7, 8], can be exposed to radioactive dust or gases, leading to potential
internal exposure. Radon is a naturally occurring radioactive gas that can be found
in buildings, especially in underground spaces or areas with high concentrations of
certainminerals [9]. Prolonged exposure to radon can lead to inhalation. Radon being
inert gas does not interact with lungs but its daughter products can be absorbed from
lungs leading to significant internal exposure to general public. Insignificant internal
exposure for general public can also occur due to naturally occurring radionuclides
like K-40, U, and Th through food and water.

To protect against internal exposure in various scenarios, strict adherence to safety
protocols, proper use of PPE and appropriate training and education on radiation
safety are essential. Regular monitoring and assessment of workplace conditions and
individual bioassay can help detect internal exposure at an early stage and allow for
promptmedical intervention if required.By implementing thesemitigation strategies,
workplaces can strive to maintain a safe environment and safeguard the health and
well-being of their employees.

2 Routes of Intake

Radioactive source can enter through various routes into human body. Each route
presents different internal contamination patterns within the human body. The quan-
tity of radioactivity entering into body is defined as intake. There are different routes
of intake, namely ingestion, inhalation, absorption and wounds. When a person
consumes food or drinks that contain radioactive materials, they can be exposed
internally. This is known as ingestion. Radioactive substances present in the ingested
items can enter the body through the digestive system. Inhalation of radioactivemate-
rials occurs when a person breathes in air contaminated with radioactive particles or
gases. These particles can enter the respiratory system and become internal sources
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Fig. 3 Various scenarios of internal radiation exposure including mines, radon in enclosed space,
decontamination and nuclear accident

of radiation. Radioactive materials can be absorbed through intact skin, a process
known as absorption. If the skin comes into contact with radioactive substances, they
may penetrate through the skin layers and enter the body, contributing to internal
exposure. In cases where the skin is damaged, such as through wounds or punctures,
radioactive materials can enter the body directly through the compromised area.
This route bypasses the skin’s protective barrier and allows for potential internal
contamination.

Once radioactive materials enter the body, the individual remains exposed to
radiation until those materials are either excreted through biological processes (such
as exhalation or excreta) or naturally decayed through the radioactive decay process.
Figure 4 illustrates the different routes of internal contamination within the human
body, highlighting how radioactive materials can enter and distribute within various
organs and tissues. Understanding these routes of internal contamination is essential
for assessing and managing radiation exposure risks and implementing appropriate
protective measures.

3 Biokinetic and Dosimetric Models

Once radioactive material enters into body it can remain at the site of entry, redis-
tribute or be eliminated from body. For the purpose of dose estimation, we require
the information of time for which radioactive material resides in the body and how
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Fig. 4 Routes of intake
including inhalation,
ingestion, absorption through
intact skin and wound

much energy deposition would occur into various parts of the body. Biokinetic and
doismetric models cover both these aspects.

3.1 Biokinetic Models

Biokinetic models describe the time-dependent transport and transfer of radionu-
clides within the body and the excretion from the human body. This knowledge is
essential for the interpretation of measurement of activity in the organ or whole body
or in excreta to estimate intake and internal dose. Mathematically, biokinetic models
are divided into units called compartments, where each compartment can be an organ,
collection of organs or whole body. Sometimes, an organ can be represented by more
than one compartment for mathematical simplicity.

In the computational scheme given by the International Commission on Radiolog-
ical Protection (ICRP), themetabolic behaviour of radionuclides in the human body is
described into three types of biokinetic models. The first type is a generic respiratory
tract model that predicts the deposition and clearance as well as the translocation of
inhaled material in the respiratory tract. The second type is a generic gastrointestinal
tract model with the element-specific gastrointestinal absorption fractions ( f A value)
and absorption of radionuclides from small intestine to blood. The third types are the
element-specific systemic models that describe the time-dependent distribution and
excretion of radioisotope of an element after its absorption or injection into blood.

The systemic models describe the behaviour of radionuclides after they have been
absorbed into the blood. By this stage, the radionuclides are in chemical forms that
are soluble in body fluids, and which are certainly different from the chemical forms
that were inhaled or ingested. The values of parameters in the systemic models are
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therefore usually assumed to depend on the element of which the radionuclide is an
isotope, but not on the chemical form of the material that originally entered the body.

The systemic models are developed using some combination of four data types
[8]. The data which is from the direct information in humans based on quantitative
measurements of the element in human subjects is themost preferred and reliable data
formodel formation. The second data type is based on the behaviour of the chemically
similar element in human subjects, e.g. Ca for Sr, etc. Next data is obtained from
the study of behaviour of the element in non-human species, e.g. baboons, dogs, etc.
The last data is based on the behaviour of chemically similar elements in non-human
species.

The data used to build these models come mainly from animal experiments and/
or from follow-ups of occupational exposure and patients of nuclear medicine. Their
diversity allows the construction of several types of models. Some of them describe
the entry of radionuclides into the body and then, after absorption, other (systemic)
models describe the behaviour of radionuclides in the blood and in the organs.

Thesemodelswere initially developed to describe themost common radionuclides
found in the nuclear workplaces. Since the Chernobyl and other nuclear accidents,
the numbers of radionuclides considered for radiation protection have considerably
increased. Also, physiologically more realistic models have been developed which
now describe the deposition, retention, recycling and excretion of radionuclides not
only inworkers but also inmembers of the public, including children at different ages,
embryos and foetuses. The latest series of ICRPdocuments, dedicated to occupational
intakes of radionuclides (OIR), now provides models for contamination by most
elements from the periodic table, except for some noble gases [8–12]. Figure 5
shows a generalized biokinetic model including intake and excretion [4].

Figure 5 shows the respiratory tract and gastrointestinal tract, wound and skin as
major entry points for radionuclides inside the body. From deposition sites, a small
amount of activity gets absorbed in the blood. The activity absorbed into blood is
known as uptake. Activity reaching the transfer compartment which is body fluids is
known as systemic activity [1]. Transfer compartment considers the translocation of
radioactive material through the blood to other organs or tissues. The activity then
undergoes various complex transfers. It results in distribution in various organs and
excretion of activity through sweat, urine and faeces. Some radionuclides undergo
homogeneous distribution of activity in the body such as tritium, whereas some
radionuclides such as 239Pu and actinides get deposited in the lungs after inhalation
and remain in lungs for a longer duration. The systemic models used to describe
the behaviour of radionuclides absorbed into blood, range in complexity from very
simple models that assume uniform whole-body distribution such as hydrogen and
caesium tomulticompartment recyclingmodels that take account ofmovementwithin
and between body organs and tissues such as strontium, lead, uranium and plutonium.

Urinary excretion consists of removal of material from plasma and extracel-
lular fluid in urine. Faecal excretion has a contribution from systemic compo-
nents via gastrointestinal tract and direct component of unabsorbed part through
gastrointestinal tract.
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Fig. 5 A generalized biokinetic model having respiratory tract, alimentary tract, blood and
including intake and excretion pathways

Biokinetic models are used to estimate the retained activity in various organs as
well as excretion of activity through urine and faeces as a function of time. Activity
in the organ is integrated for many years to obtain Us, the total number of transfor-
mations of radionuclide in source organ S over a commitment time following intake.
Us is determined by solving biokinetic models of the respective radionuclide for the
intake pathway.

3.2 Dosimetric Model

Dosimetric models are used to estimate the radiation doses received by specific
organs and tissues due to the presence of radioactive materials. Dosimetric models
[13] provide a quantitative measure of the amount of energy deposited by radiation in
specific tissues, which is expressed in terms of absorbed dose (measured in gray, Gy)
or equivalent dose (measured in sieverts, Sv) due to radionuclide present in another
organ. Since experiments on human body are difficult, human body replicas, known
as phantoms, are used for computations of dosimetric quantities. Phantoms describe
geometric relationship between different tissues and organs. For dosimetric model,
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we require body to be divided into organs having radionuclides (source organs) and
organs where dose is to be estimated (target organs). The following subsections
describe these in detail.

3.2.1 Source Organ

The source organ refers to the specific region or organ within the body that contains
or accumulates a radionuclide. In the context of internal dosimetry, it is essential to
identify the source organ in order to accurately assess the radiation dose delivered to
organs or tissues. When a radionuclide is introduced into the body, it may distribute
and accumulate in various organs or tissues depending on its chemical properties,
metabolic pathways and physiological factors. Different radionuclides have different
affinities for certain organs or tissues. For example, if a person is exposed to a
radioactive iodine isotope (such as iodine-131), it may accumulate in the thyroid
gland due to the body’s natural iodine metabolism. In this case, the thyroid gland
would be considered the source organ for the radionuclide iodine-131 [14, 15].

3.2.2 Target Organ

The term ‘target organ’ pertains to a distinct tissue or region within the body where
a dose of radiation is received [16]. In radiation protection, identifying the target
organ is important to evaluate the potential health effects of radiation exposure.When
ionizing radiation interacts with the body, it deposits energy in the tissues it passes
through. This energy deposition can cause biological damage, and the severity of the
damage depends on some of the factors including the radiation type and energy, and
the sensitivity of the tissues involved. The target organ is the organ or tissue region
that is of primary interest when evaluating radiation effects. It may be the organ that
is directly exposed to the radiation source or the organ that is particularly vulnerable
to damage caused by radiation. The target organ can vary depending on the specific
radiation source, exposure scenario and purpose of the assessment.

3.2.3 Specific Effective Energy

Specific Effective Energy (SEE) is a measure of the energy transferred to a target
organ when a source organ undergoes a single radioactive disintegration event [17].
During this process, radiation particles like alpha or beta particles interact with
tissues, depositing energy and causing biological effects. SEE quantifies this energy
transfer and is calculated using a formula that considers factors like radiation type,
energy and absorbed fraction. The formula helps estimate the potential impact of
radiation on organs, aiding in areas like radiation protection and medical physics.
SEE is crucial for assessing radiation risks and establishing safety standards. SEE
(T ← S) is specific effective energy which is equivalent dose in target organ T per
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nuclear transformation in source organ S. It is given by

SEE(T ← S) =
∑

R

YRERwRAF(T ← S)R

mT (t)
(1)

In Eq. 1, YR is the yield of radiation R, ER is the energy of radiation R, WR is
the radiation weighting factor for radiation R, AF (T ← S) is the absorbed fraction
(AF) in target organ, T, per transformation in source organ, S, for radiation R, at age
t and mT (t) is the mass of the target organ at age t. A number of transformations are
obtained by integrating the activity over a period of 50 years for radiation worker.
These are obtained by solving the biokinetic model of the radionuclide. WR is the
dimensionless factor by which the organ or tissue absorbed dose component of a
radiation type R is multiplied to reflect the relative biological effectiveness of that
radiation type.

Thus, dose calculations involve the use of ER and YR which are obtained from
nuclear decay data as well as anthropomorphic phantoms. Data on the radiations
emitted during spontaneous nuclear transformations of radionuclides can be found
in ICRP [38]. The tabulation includes the yield and energy of internal conversion
electrons, Auger electrons, X-rays, gamma rays, beta and positron emissions and
annihilation photons. AFs are calculated using the Eq. 2:

AF(T ← S) = Energy absorbed in T

Energy emitted in S
(2)

AFs depend on the anatomical model used and the type and energy of radiation.
Since the evaluation of the radiation transport includes adoption of an anatomical
model that specifies the mass of the target, the specific absorbed fractions (SAF) as
defined in Eq. 3, are used

SAF(T ← S) = AF(T ← S)

mT
(3)

where mT is the mass of the target organ. These are evaluated using reference voxel
phantoms which are based on the latest anatomical model such as given in ICRP 89.

The combination of biokinetic and dosimetricmodels enables experts to assess the
potential health risks posed by internal exposure to radioactive materials accurately.
This information is used to establish radiation protection standards, develop safety
guidelines forworkers in radiation-related industries and guidemedical professionals
in administering radiation therapies safely. These models are continuously refined
and updated based on new research findings and advancements in our understanding
of radiation biology and health effects.
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4 Special Quantities Used in Internal Dosimetry

Dosimetric quantities like absorbed dose, equivalent dose and effective dose are used
in both external and internal dosimetry, and they have been already defined elsewhere
in this book. Due to long retention of radionuclides in the body, somemore quantities
are defined, especially in internal dosimetry. These special quantities used in internal
dosimetry are described in this section. There are two operational quantities used in
internal dosimetry which are also explained at the end of this section.

4.1 Biological Half-Life

Biological half-life refers to the duration it takes for half of a radionuclide content
within a specific compartment of a biological system to be eliminated, assuming no
additional input of the radionuclide and no radioactive decay occurring [17]. Biolog-
ical half-life is inversely proportional to biological reduction rate. This proportion-
ality constant is same as the one between radioactive half-life and radioactive decay
rate.

We have already seen that after intake the radionuclide may undergo various
processes such as biological elimination, metabolism, excretion or redistribution
within the body. Therefore, biological half-life is determined by the physiological
processes involved in the elimination or excretion of the radionuclide from that
compartment. The biological half-life can vary depending on the specific radionu-
clide, the tissue or organ involved and the individual’s physiological characteristics.
Different radionuclides have different affinities for various tissues, and the elimina-
tion processes, hence biological half-life can be influenced by factors such as renal
clearance, metabolism and other physiological factors. Understanding the biological
half-life of a radionuclide in a specific compartment is essential for assessing the radi-
ation dose delivered to that compartment over time. It helps in estimating the potential
long-term exposure and the duration of radiation effects on the associated tissues or
organs. Biological half-life is an important parameter used in dosimetry calculations,
radiation protection assessments and monitoring the clearance of radionuclides from
the body in medical or occupational settings.

4.2 Effective Half-Life

Overall reduction of radioactivity in an organ or compartment is dependent on both
radioactive half-life and biological half-life. Since the combination of both half-
lives results in an effective reduction of radioactivity is an organ/compartment, their
combination is known as effective half-life. Effective half-life is inversely propor-
tional to effective decay rate, where effective decay rate is the sum of radioactive
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decay rate and biological reduction rate. In general, effective half-life is closer to the
smaller of the two half-lives.

4.3 Committed Equivalent Dose [HT]

The committed equivalent dose is a term used in radiation protection and dosimetry
to quantify the dose of radiation absorbed by a specific target organ over the course of
an individual’s lifetime, resulting from the radioactive decay of a radionuclide in all
source organs [17].When a radioactive substance enters the body, it can be distributed
throughout various organs and tissues. As the radionuclide undergoes radioactive
decay, it emits radiation, exposing the surrounding tissues to radiation dose. The
committed equivalent dose accounts for the cumulative radiation dose absorbed by
a particular target organ throughout the entire period during which the radionuclide
remains in the body, considering both the physical decay and biological elimination
of the radionuclide. The committed equivalent dose is obtained from the time integral
of the equivalent dose rate in a target organ or tissue T. Commitment period, τ , of
50 years is used for adults and 70 years for infants and children. Equation 4 is the
mathematical expression for HT (τ )

HT (τ ) =
τ0+τ∫

τ0

ḢT (t)dt (4)

The equivalent dose rate received by an individual at age t, in target organ T, due
to acute intake of radionuclide at age t0 is given in Eq. 5:

ḢT (t, t0) =
∑

S

US(t, t0)SEE(T ← S; t) (5)

4.4 Committed Effective Dose (E)

The committed effective dose [E(τ )] is a concept used in radiation protection and
dosimetry to quantify the radiation dose absorbed by the whole body over a specific
period of time (τ ) (called committed time) after the intake of a radionuclide [18].
It represents the integrated dose rate over that time period. When a radionuclide is
entered into the body through ingestion, inhalation, or absorption, it can distribute
throughout the body and emit radiation. This emitted radiation contributes to the
dose of radiation received by various organs and tissues. The committed effective
dose takes into account the total contribution of radiation from all organs and tissues
to estimate the overall radiation dose to the whole body.
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The committed effective dose is obtained as the sumofweighted committed equiv-
alent doses to organs or tissues. The tissue weighting factor takes into consideration
the relative contribution of that organ or tissue to overall radiation detriment from
stochastic effects. It is defined such that the sum of all tissue weighting factors is one.
The SI unit for committed equivalent and effective dose is J kg−1 and the special
name is Sievert (Sv). The use of effective dose allows the summation of internal
doses due to the intake of radionuclides and from external sources. Total dose is used
for comparison with dose limits and constraints. Equation 6 is the mathematical
expression for E(τ )

E(τ ) =
∑

T

WT ∗
(
HT,M + HT,F

)

2
(6)

where HT,M and HT,F are the equivalent dose of male and female, respectively.

4.5 Dose Coefficients

Dose coefficients for radionuclide intakes are numerical values used to estimate the
radiation dose a person might receive from ingesting or inhaling specific radioactive
substances [17]. Dose coefficient is defined as either the committed equivalent dose
in organ or tissue T per intake. The unit of dose coefficient is Sv/Bq.

Using dose coefficient, annual limit of intake (ALI) andDerivedAirConcentration
(DAC) are also defined by ICRP. These two are covered in the next two subsections.

4.6 Annual Limit of Intake

TheAnnual Limit of Intake (ALI) is a concept utilized in the field of radiation protec-
tion to specify the maximum amount of a particular radionuclide that an individual
can ingest or inhale within a 1-year period without exceeding a specific dose limit
[18]. The ALI is expressed in units of becquerel (Bq). It is defined as the intake of a
radionuclide over 1 year that would result in a Committed Effective Dose (CED) of
20 mSv. The ALI value for a radionuclide is given by Eq. 7:

ALI = 0.02

e j (50)
(7)

where e j (50) is the dose coefficient (Sv/Bq) for the radionuclide.
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4.7 Derived Air Concentration (DAC)

Derived Air Concentration (DAC) is a term used in radiation protection to indicate
the airborne concentration of a specific radionuclide. It is defined as the level of
radionuclide concentration in the air that, if inhaled by a reference person (typically
an adult male), over a working year (approximately 2000 h) at that concentration,
would result in an intake equivalent to the Annual Limit of Intake (ALI) [18]. The
DAC is represented in units of Bq/m3. The standard respiration rate assumed for the
reference person is typically 1.2 cubic metres per hour (m3/h). The DAC value is
specific to each radionuclide and takes into account factors such as the radiological
properties of the radionuclide, its biological behaviour in the body and the established
dose limits or reference levels.

DAC = ALI

2400

(
Bq/m3) (8)

5 Need for Monitoring of Internal Contamination and Its
Applications

Whenever radioactive substance enters human body, it can irradiate various organs in
the body before the substance completely decays or is eliminated from body. For such
internal exposure cases, internal radioactivity measurement is carried out for various
reasons [16]. Some of these reasons are discussed in the following subsections.

5.1 Occupational Safety of Radiation Workers

There is a regulatory requirement to limit occupational dose to radiation workers. For
internal contamination, this regulatory requirement can be fulfilled by monitoring of
internal contamination and computation of internal dose. Since workplaces involve
radioactive materials or in nuclear industries, workers may be exposed to radioactive
substances internally through various routes of intakes, e.g. inhalation, ingestion,
wound or skin absorption.

There are various activities where there is a potential for internal contamina-
tion. Workers involved with Uranium ore milling and fuel fabrication may get inter-
nally contaminated. If workers are handling very large amounts of gaseous materials
like tritium or handling large quantities of volatile substances like iodine-131, then
they may get internally contaminated. In addition, workers involved with proces-
sion of plutonium and thorium are also at potential risk for internal contamination.
Production of large quantities of other radionuclides for various applications is also
associated with potential risk of internal contamination.
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In all such cases, internal contamination and computation of internal dose helps
to ensure that workers’ radiation exposure remains within permissible regulatory
limits. Therefore, internal contamination monitoring is necessary to ensure compli-
ance with regulations and guidelines to protect radiation workers from excessive
radiation exposure [17].

5.2 Safety of Members of Public

For safe operation of nuclear power plants, public exposure also needs to be mini-
mized. Therefore, regulators of every country also limit the exposure to members
of public. To quantify the internal exposure of members of public is a tough task
due to very little releases for these power plants. These minuscule releases can be in
water, ground and air. So, measurement of activity in these samples and computation
of assumed intake from these can be used to estimate dose to members of public.
This measurement of internal contamination for public can then be used to show
compliance with regulations.

Another scenario in which public exposure can occur is in the unfortunate event
of a radiological accident or a nuclear incident. In such cases, individuals may be
exposed to radioactive materials internally. For these emergency exposure cases,
quick measurement of internal contamination is required. Quick computation of
dose to critical organs from this measured internal contamination is required. This is
required for medical management of highly exposed individuals. Therefore, accurate
internal dose estimation aids in assessing the severity of exposure and enables timely
medical interventions to mitigate health consequences.

5.3 Optimization of Dose to Patients

Radionuclides are ingested or injected for diagnostic application of molecular
imaging and therapeutic application of nuclear medicine. In both diagnostic and
therapeutic applications, internal dose estimation is useful to medical professionals.
In fact, measurement of internal contamination during molecular imaging is used for
the development of patient-specific mathematical models. This in turn can be used
for optimization of dose to patients. This ensures effective therapy while minimizing
radiation exposure to healthy tissues.

5.4 Scientific Studies

Internal contamination monitoring for exposed workers provides critical data for
future applications. One such application is epidemiological studies based on the
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research on the health effects of internal contamination. For this, estimated internal
dose provides critical data for understanding the relationship between radiation expo-
sure and health outcomes. If an internally exposed worker is monitored for a long
period, then data from suchmeasurements can be used to improve biokineticmodel of
such radionuclide. This helps in correct dose estimation of that worker and improves
the current understanding of biokineitc behaviour of the radionuclide as well.

Overall, internal contamination monitoring and assessment of dose, is a funda-
mental tool for radiation protection, safety assessment and medical applications,
providing valuable information to safeguard the health and well-being of individ-
uals and populations. In the next section, we will see how internal contamination is
measured.

6 Internal Contamination Monitoring Types
and Instruments

Based on the type of internal contamination scenario and purpose of monitoring
different instruments canbe selected. Someof thesemonitoring types and instruments
used for monitoring of internal contamination are discussed in this section.

6.1 Radioactive Workplace Monitoring

In general, radioactive workplaces are very safe to work and do not pose any issue of
internal contamination. However, in some places which were mentioned in Sect. 5.1,
there can be a chance for internal exposure. In such workplaces, there is a need for
special monitors to detect any increase in radioactivity level, which can internally
expose workers. This can be used for initiating an individual monitoring program.
Workplace monitoring can also provide important information like particle size and
chemical form of the aerosols. This information can be used for dose estimation
when individual monitoring is carried out. Sometime workplace monitoring works
as a complementary for individual monitoring when a very small amount of intake
can lead to a very high dose, e.g. for actinides.

Two very important workplace-monitoring methods are personal air sampling
(PAS) and static air sampling (SAS), shown in Fig. 6a and b. In the case of SAS,
workplace air sampling involves collection using particulate air sampler. The analysis
of particles collected on filter paper is a representative of the working environment
concentration of airborne radioactive particles. The collected samples are analysed
to identify the specific radionuclides present and their activity levels. Analysis of
the samples can be carried out using gamma monitoring system and GM tubes if the
radionuclides are beta gamma emitters. For alpha emitters scintillator detectors are
preferred for gross counting and semiconductor detectors are used if identification
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Fig. 6 Personal air sampler (a) and static air sampler for workplace monitoring (b) to identify
internal contamination

is also required. The only issue with SAS is that it is not a very good representative
of individual exposure as the sampling is at a specific location. PAS has air sampling
in the level of breathing to be worn by workers above the torso region. It is a better
representative of workers’ dose than SAS. Since the sampling rate in PAS is much
slower than normal human breathing, some computational adjustment is required.
Studies have shown that PAS data can be used for dose estimation of a group of
workers rather than an individual.

The data obtained from workplace air sampling is useful in understanding the
potential for inhalation exposure. It aids in the development of appropriate safety
measures and minimizes the risk of internal exposure to workers. It also helps in
identifying the group of workers who will require personal monitoring. Details of
personal monitoring are discussed in the next section.

6.2 Personal Monitoring of Radiation Workers

Personal monitoring, also known as individual monitoring, involves the assessment
of radiation doses received by individualworkerswho are exposed to internal contam-
ination. The primary purpose of personal monitoring is to ensure that, workers’ radi-
ation exposure remains within permissible limits and to provide data for dose assess-
ment and regulatory compliance. The individual measurement frequency, type of
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monitoring technique and time of monitoring depends on the radionuclides involved
and expected exposure levels.

Some of themonitoring types are routine, task-related, incident-related and confir-
matory. People working in workplace where there is a potential for significant expo-
sure are routinely monitored for internal contamination. Time of the next routine
monitoring is selected in such a way that the underestimation in the estimated dose
is not more than 3 times. If there is some internal contamination detected in routine
monitoring follow-up monitoring may be carried out to ascertain probable time and
quantity of intake. If some special work is carried out, where there is a potential of
internal contamination, then internal contamination monitoring of involved workers
is carried out after completion of the work. Similarly, if there is some incident in a
workplace which can lead to internal contamination, then after the removal of any
external contamination, incident-related monitoring is carried out. A small fraction
of workers from a place not expected to have internal contamination are also moni-
tored under confirmatory monitoring category. Confirmatory monitoring is carried
out to demonstrate that the assumption of lack of internal contamination from the
workplace was correct.

There are severalmethods of personalmonitoring in internal dosimetry, including:

6.2.1 Direct Body Activity Measurement

This method involves directly measuring the radioactivity in the body using special-
ized equipment. It provides a direct estimate of the radioactive content in organs
or tissues and therefore it is considered the most accurate method for monitoring of
internal contamination. This monitoringmethod is also known as in vivomonitoring.
Measuring the activity directly in the body or organs offers a rapid and convenient
estimation of the content. The feasibility extends to all radionuclides,which emit radi-
ations that can come out from the body of internally exposed person. Thismeans body
activity measurement can be applied to radionuclides that emit various types of radi-
ation, including X- or gamma radiation, positrons (detectable through annihilation
radiation), energetic beta particles (detectable through bremsstrahlung), and alpha
emitters (detectable through characteristic X-rays produced during alpha decay).
This encompasses the majority of fission/activation products and other potentially
important actinides like Pu/Am, U, Th, etc.

The internal contaminant radionuclides which can be assessed by in vivo moni-
toring technique are classified as high-energy photon (HEP) and low-energy photon
(LEP) emitters based on the energy of photons emitted being more or less than 100
keV, respectively. Appropriate detector and shield types required for their measure-
ments are also given as shown in Fig. 7. Sincemost LEP emitters are actinides having
very low ALI, detecting requirements are very stringent. The minimum detectable
activity (MDA) should be lower to account for lower ALI values. Therefore, low
background completely shieldedmonitoring systems are required formeasuring LEP
emitters. ForHEP emitters, being fission and activation products emitters having very
high ALI, even partially shielded systems can be used to achieve sufficient MDA. A
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(a) (b)

Fig. 7 Actinide monitoring systems having Thin NaI (Tl) inside a completely shielded steel room
(a) and shadow shield scanning bed having thick NaI (Tl) (b)

brief description of the systems used for in vivo monitoring system of LEP and HEP
emitters is covered in the next two paragraphs.

To assess radiation workers’ internal contamination caused by LEP emitters
like actinides, various organ-monitoring techniques are employed using specialized
detectors andmeasurement systems. The organsmonitored include lungs (for inhala-
tion of type S material), liver and skull (for long time after intake) and lymph nodes
(for follow-up monitoring). The detectors used include a sandwich of two detector
crystals (phoswich), High-Purity Germanium (HPGe) crystal arrays and thin NaI
(Tl) detectors. These detectors are positioned within a standardized measurement
geometry inside a fully shielded steel room as shown in Fig. 7a. These in vivo
monitoring systems are calibrated using human equivalent phantoms to ensure accu-
rate measurements of radioactivity present inside human body [19]. The efficiency
calibration for measurement in lung geometry is typically performed using realistic
physical or mathematical thorax phantoms that simulate the geometry and distribu-
tion of radioactive sources in the lungs. When radionuclides deposited in the lungs
emit photons, these photons undergo attenuation and scattering as they interact with
the lung tissue and surrounding tissues. The detection system only records the inter-
action of these photons within these crystals, which results in the generation of
discrete numbers of charge carriers. Due to various processes and interactions, these
charge carriers exhibit random fluctuations from event to event within the detector.
In order to ascertain the activity attributed to a particular radionuclide within the
lungs, a subtraction method is employed. The spectrum obtained from the person
being monitored, showing higher counts, is compared to the spectrum obtained from
an uncontaminated person. The net counts, obtained by subtracting the uncontami-
nated spectrum, are subsequently utilized to calculate the deposited activity within
the lungs. This calculation incorporates counting efficiencies (CEs) derived from
realistic thorax physical or mathematical phantoms that are specific to the assessed
radionuclide. For monitoring of other organs, similar methods of calibration and
measurements are carried out. By utilizing these monitoring techniques, calibra-
tion methods and calculations, the internal contamination within the lungs and other
organs of radiation workers caused by actinides can be accurately assessed.
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(a) (b) (c)

Fig. 8 Alpha spectrometry system (a) and liquid scintillation counter (b and c)

For HEP emitters partially shielded systems are used in in vivo monitoring. These
systems have various positioning geometries, like standing, sitting and sleeping for
workers being monitored. As with completely shielded systems, partial shielding is
used to reduce the effects of natural ambient radiation, so that MDA is sufficiently
low. The standing type system has detectors placed in shielding and a person stands in
front of the shielded detector. These standing-type systems is good for quick and gross
measurement of workers but are not useful to identify location of radionuclide inside
body. Most simplistic sleeping-type monitoring system has detector in a shielded
enclosure and the worker lying on a bed below the detector. There is a relative motion
between person and detector so that the detector can scan complete body. One such
system [20] where detector position is fixed and person is moving in a bed is shown
on the left of Fig. 7b. This system is good for knowing the distribution of radionuclide
and the most accurate but takes a larger area and time for monitoring. A third type
of monitoring is carried out in a shielded chair [21] where person sits in a chair and
shielded detector monitors major parts of the body. This system is quick, accurate
cheaper and comfortable but does not provide distribution-related information. All
of these monitoring systems are calibrated using water-filled BOMAB phantoms
with uniformly distributed radioactivity in the phantom. Using the CE and person’s
spectrum, the radionuclide is identified and internal contamination present inside
that person can be quantified.

Using in vivo monitoring systems, we get full or partial body internal contami-
nation. This contamination-related information is valuable for radiation protection
which can be used to ensure the safety of workers in environments where various
radionuclides are present.

6.2.2 In Vitro Analysis

This method involves analysing samples of urine or faeces to detect and quan-
tify radioactive contaminants. Therefore, it provides indirect information about the
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internal contamination based on the excretion rates of the radionuclides. It is also
known as excreta analysis. In vitro analysis is generally less accurate than body
activity measurement but can still provide valuable information when in vivo tech-
nique cannot provide sufficient information [19]. In some incident-related cases nasal
swabs and tissues samples are also analysed using in-vitro techniques. It generally
involves radiochemical analysis and detection as per the radionuclide of interest. So,
pre-knowledge of radionuclide of interest is helpful.

Since the 1940s, the analysis of urine and faecal samples has proven to be a
valuable technique for evaluating the uptake of uranium and other actinide elements
in individuals [22]. Over the period, a variety of radiochemical analysismethods have
been developed to correctly isolate the radionuclides in these samples. The developed
methods include solvent extraction, anion exchange and chromatography. In the field
of identification of radionuclides in urine and faecal samples, there are developments
of autoradiography, kinetic phosphorescence, fission-track analysis, high-resolution
solid-state alpha spectroscopy, liquid scintillation systems, fluorimetry etc. The most
recent trend growing is utilization of various mass spectroscopy techniques for the
detection of trace and ultrarace levels of actinides also. These advancements have
allowed for improvement in sensitivity and accuracy for measurement of various
radionuclide concentrations in in vitro samples.A fewof these radiochemical analysis
techniques and detection system are discussed in this sub-section.

Most likely used radiochemical analysis for excreta samples includes processes
such as sample preparation, chemical separations, purification, and concentration of
the radionuclide of interest. Table 1 outlines the general steps involved in radiochem-
ical analysis for separation of a particular actinide from the samples. It can also be
seen from the table that unlike in-vivo measurement, in-vitro radiochemical analysis
involving preparation of sample for measurement itself is a very time taking process.
Radiochemical analysis is followed by specific analytical technique for identification
and quantification of the radionuclide in this pre-processed sample.

Since most of the actinides are alpha-emitting radionuclides, therefore it is natural
to use alpha spectroscopy technique for identification and quantification of them [22].
This method is favoured for its simplicity, relatively low equipment cost, high sensi-
tivity due tominimal background, and strong selectivity for alpha particles compared
to other types of radiation. Figure 8a shows the preferred alpha detector which is the
passivated implanted planar silicon (PIPS) detector. PIPS detector offers ruggedness
andgood energy resolution.Achievingdetection limits below0.5mBq/d takes around
one day of counting in contamination-free alpha chambers using carefully selected

Table 1 Steps involved in in-vitro analysis for actinides

Sr. No Steps involved in radiochemical analysis Time required (hour)

1 Wet digestion 4–5

2 Pre-concentration 14–16

3 Ion exchange separation 7–8

4 Electrodeposition 2–3
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detector geometry. However, alpha spectrometry is a time-consuming process which
struggles to distinguish peaks of 239Pu and 240Pu due to their similar energies, leading
to combined reporting of their activity concentrations. High radiochemical purity
is also essential to avoid any interference, especially with natural uranium series
elements in environmental and biological samples. Alpha spectrometry requires a
thin counting source (electrodeposition) to prevent alpha particle self-absorption.
Notably, interferences from various radionuclides like 241Am, 228Th, and others can
occur in plutonium measurements.

On the other hand, Liquid scintillation Counting (LSC) is a standard laboratory
method used for quantification of activity of α and β emitting radionuclides. A typical
LSCsystem is shown inFig. 8b and c. Sample preparation forLSC, involvesmixingof
a sample aliquot to a scintillation cocktail to obtain a homogeneous test sample [23–
25]. Because every radioactive atom in prepared sample is essentially encircled by
detector (scintillation cocktail) molecules, 4π geometry is achieved which facilitates
β counting with reasonable CE. Radionuclides having high β energies (≥ 150 keV or
more) are detected with more than 95% efficiency. High CE and the absence of self-
absorption are the leads that make LSC an extensively used analytical technique for
detecting not only beta but alpha emitters also. Over the previous decades, significant
developments have been made in nuclide separation and liquid scintillation sample
preparation techniques, in the optics and electronics of detectors, and in methods
of minimizing background, which has made LSC a practical tool and becoming a
method of choice nowadays.

Using in vitro measurements, concentration of radionuclide in excreta sample
is known. This information can further be used to compute the excretion rate in the
excreta sample. This is very useful in evaluating dose and helps in radiation protection
of workers.

From the earlier subsections, we know that personal monitoring provides valu-
able data on the internal radiation dose received by individual workers. Personal
monitoring allows for the early detection of any excessive exposures and enabling
appropriate actions to reduce further exposure and ensure radiation safety in the
workplace. It also helps in the assessment of compliance with radiation protection
regulations and guidelines.

6.3 Monitoring of Internal Contamination for Medical
Applications

In case of medical application, like molecular imaging and nuclear imaging, intake
for internal exposure is already known. The amount of radioactivity inside patient’s
body is generally very large. For such cases, direct detection of the radionuclide
in the body is the preferred method. One difference from in vivo measurement of
radiation worker is that not much shielding is required as the desired MDA is very
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high. For this purpose, shielded scintillators like Gamma camera or pixel crystals-
based detectors are used. But the aim of detection of this internal contamination in
patient is not to estimate CED of the patient. The detected radioactivity in the part of
body of the patient is used to either find organ dose or create the image of the body
parts.

Patient’s internal contamination has helped the medical professional to identify
various ailments and accurately curing cancer.

6.4 Monitoring of Internal Contamination for General Public

In case of radiological or nuclear emergency members of general public may
get exposed to internal contamination also. For such cases internal contamination
measurement is required to quickly identify the group of people who require special
attention due to large amount of internal contamination. Again, like medical applica-
tionMDA requirement is not high but the number of people required to be monitored
in a given time interval may be very high. For this purpose, hand held systems having
scintillator or GM counter-based systems are well suited. It is better to know the
possible internal contaminants beforehand and remove any trace of external contam-
ination before carrying out any internal contamination monitoring. Based on the
monitored data most contaminated people can be separated from all others. These
people may be further be given special medical attention.

7 Intake Estimation, Dose Estimation and Decorporation

After detection and quantification of radioactivity inside person’s body, it is required
to estimate of intake and CED for radiation workers and general public. For medical
application, only the absorbed dose in the organ or cancer cell is required. If the
CED or some organ dose is very high then decorporation can be carried out to
remove the excess activity and reduce the dose substantially. All these aspects of
internal dosimetry are covered in this section.

7.1 Estimation of Intake and CED for Radiation Workers
and Public

Calculating the dose of radionuclides involves estimating the radiation dose received
by an individual due to exposure or intake of specific radioactive substances. This
process includes various steps to determine the behaviour of radionuclides within
the body and convert their activity into radiation dose. Biokinetic models describe
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the movement and distribution of radionuclides in the body, while intake assessment
considers the route and amount of radionuclide intake.

For occupational intakes, the ICRP biokinetic models are used to convert bioassay
measurements such as whole-body or organ retention or urinary excretion rates into
the intake. Intake can also be estimated by measuring radionuclide concentrations
in the working environment, i.e. by air concentration. For environmental exposures,
estimates of intakes are based on measurements of radionuclides in diet and air, and
may involve the use of food-chain models. In many cases, a major contributor to
uncertainties in dose estimates will be uncertainties on intakes. For occupational
workers uncertainty in the time of intake can be a factor affecting its estimation.
Intake estimation using bioassay measurement is provided in Eq. 9:

Intake = Measured activity

Retaintion fraction or Excretion rate
(9)

Dose conversion factors are utilized to convert radionuclide activity into radia-
tion dose as provided in Eq. 10, accounting for the type and energy of radiation
emitted. Dosimetry models, such as the Committee on Medical Internal Radiation
Dose (MIRD) or ICRP models [10], are employed to calculate organ-specific or
whole-body radiation doses based on biokinetic data and dose conversion factors.
The calculated doses are then evaluated against established dose limits or reference
levels to ensure compliance with radiation protection standards. Accurate radionu-
clide dose calculation requires expertise in radiation dosimetry, the utilization of
appropriatemodels and tools, and adherence to ethical guidelines to ensure originality
and reliability in providing effective radiation protection and risk management.

CED = Intake × Dose coefficient (10)

For public exposure in emergency situation, the time of exposure is known. For
exposure to I-131, we may also need to know the dose to thyroid. To estimate an
organ dose in emergency, it is better to use some ready reckoner than computing
the entire dosimetric quantities. Therefore, international bodies like ICRP [17] are
providing dose per content which can convert

7.2 Estimation of Organs Doses in Medical Exposure

In case ofmedical exposure, the dose computation is a bit simpler. By using the detec-
tion technique radioactivity is well known. Organ dose computation is carried out
by using the MIRD methodology. In this methodology, product of S-values between
a source target organs and number of disintegrations in the source organ is the total
equivalent dose in the organ. These S-values can be pre-determined reference values
or can be derived for patient for more realistic dose estimation.
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7.3 Decorporation of Radionuclide

In the event of an accidental internal exposure, prompt medical intervention can be
crucial. This may include administering chelation therapy to help the body eliminate
certain radioactive substances. Decorporation therapy is a crucial approach to miti-
gate the health risks associated with the intake of radionuclides through ingestion,
inhalation or injection.When radionuclides enter the body and circulate in the blood-
stream or deposit in tissues and organs, they can cause systemic or local radiation
effects. Decorporating agents, also known as chelating agents, are specific drugs used
to facilitate the removal of radioactivematerials from the body or critical tissues [26].
Decorporation therapy involves various strategies, including reducing or inhibiting
the absorption of radionuclides from the gastrointestinal tract, diluting the isotopes,
and employing diuretics, adsorbents, and chelating agents. These approaches aim
to enhance the elimination of radionuclides through urine or faces. Monitoring the
effectiveness of decorporation therapy is essential, and it can be achieved through
the use of a whole-body counter or bioassay techniques. These monitoring methods
enable the quantification and assessment of the reduction in radioactive material
within the body. To assist healthcare professionals in selecting appropriate decorpo-
ration agents, authoritative organizations such as the National Council on Radiation
Protection and Measurements (NCRP) [27] and the International Atomic Energy
Agency (IAEA) [28] have provided recommendations on suitable agents for different
radionuclides. Table 2 presents a list of various decorporating agents recommended
for specific radionuclides, indicating their effectiveness in facilitating the removal
of these radioactive materials from the body. It is important to note that the use
of decorporation therapy and the selection of specific agents should be guided by
medical professionals with expertise in radiation protection and appropriate training
in the management of internal contamination.

Table 2 List of
decorporating agents Radionuclide Treatment

Iodine Potassium iodide

Caesium Prussian blue

Tritium Water

Strontium Strontium therapy

Uranium Sodium bicarbonate

Plutonium DTPA

Americium

Curium
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8 Mathematical Tools, Quality Assurance and International
Guidelines/Standards in Internal Dosimetry

There are many mathematical techniques and computational tools used in internal
dosimetry. These tools help in better internal dose estimation. Since there can be
various sources of uncertainty in internal dose computation, quality assurance forms
an integral part of internal dosimetry programme. In addition, various international
agencies are working for standardization of internal dosimetry procedures. A few of
them are discussed in this section.

8.1 Mathematical Tools Used in Internal Dosimetry

Monte Carlo simulations are used for various applications in internal dosimetry. It
is used to estimate calibration factors for personal monitoring system, estimation
of organ doses for medical applications and computation of dose coefficients for
occupational workers and public. There are several computational phantoms like
MIRD’s stylized phantoms andVoxel phantoms used to represent human body. These
phantoms, when applied with Monte Carlo simulations, are used to compute various
dosimetric quantities like SEE, SAF etc. [29]. Additionally,Monte Carlo simulations
with computational phantoms, enhance the accuracy of dose calculations with the
possibility of individual anatomical and metabolic variations.

Since internal dose estimation depends on the output of biokinetic and dosi-
metric models therefor it can be a very tedious process. A simple solution is to
have readymade tools which can convert the measured bioassay quantity into dose.
A very important readymade tool available internationally includes IMBA and
TAURUS [30] developed by the Health Protection Agency of the UK. It is used
in internal dose estimation of occupational workers. European Radiation Dosimetry
Group (EURADOS) has developed the CADORmed tool for internal dose assess-
ment. There are separate tools likeNCIDose [31] used in nuclearmedicine for internal
dose assessment of patients.

8.2 Quality Assurance in Internal Dosimetry

There are various sources of uncertainties in the internal dose assessment. From
variation in biokinetic parameters, time of intake, measurement errors, individual
variation in metabolic and anatomical parameters, these uncertainties are unavoid-
able. Therefore, quality management is very essential in internal dosimetry [17].
For quality assurance, a robust internal measurement and dose computation setup
is required. Auditing of labs is also useful in this regard. National and international
intercomparison exercises prove any laboratory’s standing with respect to other labs.
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8.3 Internal Dosimetry Guidelines

There are several ICRP documents, which deals with internal dosimetry. The latest
ICRP OIR series 1–5 [10–12, 17, 32] has recommendations on monitoring at work-
place and individual monitoring. OIR series also gives comprehensive idea on devel-
opment and recommended biokinetic and dosimetric models for all possible radionu-
clides. Latest woundmodel can be found in NCRP report no. 156 [33]. For accredita-
tion of laboratories, there are several ISO/IEC Standards onmeasurement of radioac-
tivity and internal dosimetry. For assessment of intake and dose, ICRP OIR series
data viewer provides recommended values of bioassay function and dose coefficients.
Assessment of internal dose is also covered in ISO Standard 27048 [34] and IDEAS
Guidelines byEURADOS [35]. IAEAdocuments onRadiation Protection and Safety
of Radiation Sources: International Basic Safety Standards, General Safety Require-
ments, No. GSR Part 3 [36] is also meant for internal dosimetry of radiation workers
and public.

In addition, based on these standards and recommendations many national regu-
lators make their own standards and regulation. For example, in India, we have
standards developed by BIS and regulations related to internal dosimetry developed
by AERB [37]. Using all these standards and regulations, internal dosimetry is well-
regulated and has done a great contribution to radiation protection and public/medical
service.

9 Conclusion

Workplace radiation safety is essential for preventing internal exposure to radioactive
materials through ingestion or inhalation, which poses prolonged risks compared
to external exposure. To address these risks in industries like nuclear work and
medical procedures, strict protocols, appropriate PPE use and continuous moni-
toring are vital. This internal exposure arises from various scenarios, including acci-
dents and mining, requiring adherence to safety measures, thorough training and
constant vigilance. Methods like biokinetic models estimate substance distribution
in the body, while urine and faecal analysis assess uptake. Advanced techniques such
as mass spectroscopy enhance assessment accuracy. Decorporation therapy, using
chelating agents, minimizes risks by removing radionuclides. Accurate dose calcu-
lation employs dosimetry models and tools like Monte Carlo simulations. Overall,
managing internal exposure risks safeguards employees, patients and general public.
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Biokinetic Models of Radionuclides

Pradeep Kumar Singh

1 Introduction

To assess the dose due to the presence of internal radioactive contamination, it
is required to estimate the most likely value of intake and intake date. Moni-
toring methods such as in vivo and in vitro bioassay provide crucial information
regarding the organ and whole body retained active material, as well as its excretion
rates through urine or faeces. The most probable intake is estimated by dividing
these retained and or excreted material values by reference values of retention/
excretion fractions based on reference biokinetic models for the radionuclides. The
reference models themselves are dependent on intake routes (inhalation, ingestion,
wound/uptake or absorption through wound, etc.), physicochemical properties of
the materials, age and sex of the individual [1].

The International Commission on Radiological Protection (ICRP) compiles and
provides reference biokinetic models for various radionuclides in their most common
physicochemical forms and routes of intake. Retention fractions (retained activity
per unit of intake) and excretion fractions (excreted activity per day per unit intake)
are obtained by solving these biokinetic models for reference populations of different
age groups [2].

This chapter presents the fundamental principles involved in the development
of reference biokinetic models for radiological protection and briefly discusses their
historical development. It also highlights the latest ICRP reference biokinetic models
for specific radionuclides such as Pu, Cs, I, Co and Sr. Additionally, it covers the
NCRPwound model and the mathematical approach used to solve biokinetic models
for a given intake scenario in order to obtain various bioassay functions.
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2 Pathways of Intake, Excretion and Transfer

Activity enters the body through various routes, namely inhalation, ingestion, and
skin absorption or a wound. This initial deposited activity is termed intake. In any
case, activity from the deposited site will dissolve into the bloodstream depending
on its solubility and deposition site. The activity reaching the bloodstream (uptake)
will circulate throughout the body. This circulating activity is termed as systemic
activity [3]. This systemic activity undergoes intricate transfers within the body,
determining how it is distributed among different organs and influencing both the
route and speed of elimination. Removal of activity from the body primarily occurs
through two routes: urinary excretion, which involves eliminating materials from the
plasma and extracellular fluids via urine, and faecal excretion, which includes the
removal of materials from the gastrointestinal tract for systemic faecal excretion, as
well as direct excretion of materials through faeces.

3 Principle of Biokinetic Models

Biokinetic models are mathematical representations of the processes that radionu-
clides undergo within the human body. These models are built upon the principles
of mass balance, compartmental analysis and our understanding of how radionu-
clides are transported within the body. The general structure of a biokinetic model
consists of compartments that represent organs or tissues, connected by transfer
rates that describe the movement of radionuclides between them. The goal of these
models is to capture the complex interactions involved in the absorption, distribution,
metabolism and excretion of radionuclides. A comprehensive biokinetic model for
a radionuclide includes its initial deposition in various organs/tissues upon intake,
the transfer of radionuclide activity within these organs/tissues, absorption into the
bloodstream and subsequent transfer into other organs/tissues. While the metabolic
behaviour and movement of activity within organs are complex phenomena, first-
order transfer approximation is commonly used for simplicity in most cases [4,
5]. If first-order approximation is not applicable, the problem is often divided into
multiple first-order transfer rates bydefiningdifferent transfer rates or dividingorgans
into additional compartments. The results obtained from biokinetic models provide
bioassay functions, denoted asm(t), which represent retention and excretion fractions
of the activity. These functions describe the time-dependent rates of retention within
compartments and the rates of excretion throughurine, faeces, etc. Bioassay functions
offer a framework for assessing the amount of activity that has been incorporated into
the body (intake I in Bq) at the initial time of internal exposure. Figure 1 illustrates
a three-compartment model where compartment A represents intake, compartment
B represents urinary excretion and compartment C represents faecal excretion. The
transfer of activity between compartments A and B, as well as B and C, is depicted
by the transfer rates λAB and λBC , respectively.
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Fig. 1 Depiction of
biokinetic model with three
compartments and transfer
rates

Even though a biokinetic model for a given radionuclide is specific in terms of
its absorption, transfer or clearance from the body, ICRP publications have shown
a trend to develop default models. For example, default respiratory tract models are
developed which are independent of elements, rather the deposition, movement and
elimination of material from lungs depends only on particle size and physiological
parameters of lungs. These models further have flexibility to incorporate element-
specific or subject-specific parameters based on measurements [3, 6, 7]. Similarly, to
represent the movement of ingested and secreted activities, a general alimentary tract
model is used with flexibility to incorporate element/material-specific gut absorp-
tion parameters [3, 6, 8, 9]. The distribution, retention and excretion patterns of
radionuclide material after their absorption or administration into the bloodstream
are typically addressed using element-specific systemic models. However, even in
the case of systemic models, ICRP has tried to develop default models for chem-
ically similar elements, with provision to incorporate element-specific parameters
[2, 3, 10].

4 Development of Biokinetic Models

The development of a comprehensive biokinetic model for a specific radionuclide
and route of intake requires extensive studies involving humans and animals such as
mice, rodents and monkeys. In most cases, systemic models are created by intravas-
cular injection of the radionuclide in a specific chemical form into animals and
measuring its retention and excretion rates. The retention and excretion rates for
humans are then derived using the principle of allometry, mass balance and scaling
factors [9]. Furthermore, corrections are applied using in vivo and in vitromonitoring
data obtained from human individuals who have accidentally been exposed to the
radionuclide. Consequently, parameters for biokinetic models are primarily derived
through four types of measurements:

(a) Direct information onhumans: This involvesmeasurements of the distribution
or excretion of the radionuclide in humans, as well as quantitative data on the
physiological processes that are believed to govern its biokinetics.

(b) Direct information on animals: This includes data on the radionuclide in labo-
ratory animals or mammalian species. It also encompasses quantitative infor-
mation on the physiological processes in laboratory animals that are presumed
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to control the biokinetics of the radionuclide. In vitro data on the radionuclide
or similar elements can also be considered.

(c) Indirect information on humans: A less or nontoxic element having chemi-
cally similar properties is used on volunteer subjects under controlled environ-
ment.

(d) Indirect information on animals: A less or nontoxic element having chemi-
cally similar properties is used on mammals under controlled environment.

It is essential to note that biokinetic models typically incorporate common
behavioural patterns observed in collective data for thematerial of interest. Biokinetic
models based on ‘Direct information on humans’ are considered more reliable and
trustworthy than those relying on other three data types of equal quality and complete-
ness. However, obtaining this kind of data is often challenging for most elements,
and in such cases, it is supplemented with the other three data types. Usually, data
based on mammalian species are extrapolated to obtain data for humans. Extrapola-
tion process is based on the fact that mammals, who exhibit qualitative similarities,
would show quantitatively similar behaviour of radionuclides, after accounting for
differences in physiological parameters, which is not always the case [11]. Even
though for most cases, chemically similar elements show similar metabolic param-
eters for humans (e.g. K and Rb, Cm and Am, Ra and Ba, Sr and Ca, etc.), there are
exceptions to this rule, as certain chemical analogues may not necessarily be phys-
iological analogues (e.g. Na and K). The use of indirect information from animals
poses even more challenges due to the need for both interspecies and inter-element
extrapolations. As a result, it is common to consider a combination of various data
types to increase confidence when constructing a biokinetic model [12].

5 Evolution of Reference Biokinetic Models

When a radionuclide enters the human body, its biological and metabolic processes
are influenced by its physicochemical nature and the intake pathways. As a result,
the biokinetics of the same radionuclide can vary due to its material composition
and their interaction with the metabolic system. Additionally, the metabolism of
a specific chemical can vary from person to person. Therefore, it is not possible
to assign default values for transfer rates (within organs) of radionuclides that are
applicable to all individuals. However, as a first approximation, mean transfer rates
can be derived from various studies for a given age and sex. In the absence of
person-specific transfer rates, these mean values can be used to predict the bioassay
functions. Reference values for deposition, transfer rates and other parameters have
been established for various radionuclides and their chemical forms. Radionuclide
intake can generally be categorized into four forms: inhalation, ingestion, injection
(directly into the bloodstream) andwounds.Once the activity reaches the bloodstream
due to any of these intake forms, it is assumed to behave in similar manner, regardless
of the intake route. The activity within the blood is referred to as systemic activity,
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and the model used to represent its further movement is known as the systemic model
[2, 3].

In the case of inhalation, the initial deposition of the material in different parts
of the lungs depends on the aerosol size and physiological parameters of the lungs,
which are influenced by age and sex. Similarly, in the case of ingestion, the move-
ment of the material within the various parts of the gastrointestinal tract (stomach,
intestines and rectum) depends mainly on the form of the material (solid or liquid)
and physiological parameters such as age and sex. Therefore, reference deposition
and transfer parameters have been developed for different forms of materials and
particle sizes based on human and animal studies for specific age and sex groups.
The following subsections provide a brief review of the reference respiratory tract
and alimentary tract models. The section also describes evolution of radionuclide-
specific systemicmodels for Pu, Cs, I, Co, Sr. This highlights the periodic revisions of
the models, along with their advantages and limitations. The discussion also covers
the current default model parameters and the basis for their determination based
on the Occupation Intake of Radionuclides (OIR 1–4) series of ICRP publications
[2, 13–15].

5.1 Review of Respiratory Tract Model

Respiratory Tract (RT) models consist of three distinct components that describe
different aspects of particle behaviour in the respiratory system. The first compo-
nent deals with particle deposition, estimating where particles will settle based on
individual breathing patterns, Activity Median Aerodynamic Diameter (AMAD),
and physiological factors. The second component focuses on mechanical clearance,
considering how deposited particles are removed from specific locations within the
respiratory tract. Lastly, the third component addresses particle dissolution, consid-
ering the physicochemical properties of particles and how they may interact with the
local environment of the RT [2, 3].

The first comprehensive referenceRTmodel for occupational workers appeared in
ICRP Publication 2 [16]. The model was based on studies of inhaled radionuclides in
animals and workers. Soluble and insoluble forms of activity were treated differently
in this model in terms of its transfer and clearance from lung tissues. In this model,
the following assumptions were made: inhaled material was divided into soluble and
insoluble forms. Half of the activity is assumed to be deposited in the upper RT
and one-fourth in the lower RT region, while the remaining one-fourth was assumed
to be exhaled out immediately. Activity from upper RT was assumed to be quickly
transferred to stomach. If activity in lower RT is soluble, it immediately enters into
bloodstream, while, if insoluble, half of it is swallowed to stomach (immediately)
and the remaining half is cleared to environment with a half-life of 120 days [2].

ICRP Publication 10 [6] presented a slightly modified respiratory tract model, in
which the slowly removed portion of insoluble activity from lowerRTwas assumed to
be absorbed into the bloodstream rather than clearing into environment. ICRP-2 and
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Fig. 2 ICRP-30 lung model with arrows showing clearance and transfer of material (adopted from
ICRP-30, 1979)

-10 RTmodels had their limitations since these models assumedmaterial depositions
and clearance rates irrespective of inhaled particle size. Further, it only describes only
soluble and insoluble aerosol types, clearance rate from RT was arbitrarily assumed
as instantaneous and completely disregarded other material categories altogether.

Later on, ICRP Publication 30 [10] revised its RT model with a more compre-
hensive one, based on a substantial amount of data from human subjects regarding
the deposition and clearance of inhaled substances. This information was gathered
by the Task Group Lung Model (TGLM) from various sources, including measure-
ments in human subjects, predictions based on lung anatomy and airflow patterns and
studies on laboratory animals. In this RT model, lungs were divided into four main
anatomical regions: nasal-pharynx (NP), tracheobronchial (TB), pulmonary (P) and
lymphatic (L) (Fig. 2).

Particle size-dependent depositionwas assumed, and inhaledmaterial is deposited
in theNP,TBandP regions.Materialswere divided into three groups for the clearance
model: D (days),W (weeks) and Y (years), representing rapid, intermediate and slow
clearance, respectively. Clearance from NP and TB was assumed into bloodstream
andgastrointestinal tract (stomach), and fromP regions into blood,GI tract and lymph
regions. Table 1 provides the biological half-times for the TGLM and deposition
fractions (DN-P, DT-B and DP) for 1 µm AMAD.

In 1994, the TGLM was further updated by ICRP, resulting in the Human Respi-
ratory Tract Model (HRTM-ICRP 66). This updated model incorporated a wealth
of data from controlled studies of the deposition and clearance of inhaled substance
in both healthy human subjects and in laboratory animals. Additionally, data from
follow-up studies of occupational workers exposed to hazardous materials were also
taken into account [7].
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Table 1 Solubility classes D, W and Y used in the ICRP-30 lung model

Region Path Class

D W Y

T (day) F T (day) F T (day) F

NP 1 0.01 0.5 0.01 0.1 0.01 0.01

(DN-P = 0.30) 2 0.01 0.5 0.4 0.9 0.4 0.99

TB 3 0.01 0.95 0.01 0.5 0.01 0.01

(DT-B = 0.08) 4 0.2 0.05 0.2 0.5 0.2 0.99

P 5 0.5 0.8 50 0.15 500 0.05

(DP = 0.25) 6 NA NA 1 0.4 1 0.4

7 NA NA 50 0.4 500 0.4

8 0.5 0.2 50 0.05 500 0.15

L 9 0.5 1 50 1 1000 0.9

The half-life (T ) is given in days and fraction (F) is given for the default size of 1 µm of particles
(adopted from ICRP-30, 1979)

In ICRP-HRTM, the respiratory tract is divided into five regions: the extra-thoracic
(ET) airways, includingET1 (anterior nasal passage) andET2 (posterior nasal andoral
passages, pharynx and larynx) and the thoracic regions, which are bronchial (BB:
trachea and bronchi), bronchiolar (bb) and alveolar-interstitial (AI: gas exchange
region). Lymphatic tissue is associated with both the thoracic and extra-thoracic
regions (LNTH, LNET) (Fig. 3).

Deposition efficiencies in the ET regions are determined based on measured data
related to aerosol size and breathing rate, and they are adjusted according to the
anatomy of different sex and ethnic groups. In the thoracic airways, a theoretical
model is used to calculate particle deposition in each region (BB, bb, AI) consid-
ering lung volume and breathing patterns. Particle deposition is modelled by treating
the regions as a set of filters during breathing. Aerodynamic mechanism (gravita-
tional settling, inertial impaction) and thermodynamic diffusion that act competi-
tively were considered for the deposition and filtration efficiency of these regions.
Regional deposition fractions are calculated for aerosols with lognormal particle size
distributions, with the geometric standard deviation (σ g) varying as a function of the
median particle diameter.

For inhalation of radionuclides by workers, a normal breathing adult male (non-
smoker) engaged in light work is considered as the reference subject. Default values
recommended for occupational exposure include an AMAD of 5 µm, which is
deemed more representative of the workplace environment [3]. Table 2 provides
deposition fraction in each region of the RT for aerosols with a 5 µm AMAD for
the reference worker. On the day of intake, about 82% of activity is deposited in
lungs, while remaining 18% is cleared to environment due to nose blow, etc. Activity
deposited in bronchi and bronchiolar regions are about 1.78 and 1.10%, out of which
0.33341 and 0.39748% are deposited in sequestered parts of respective regions.
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Fig. 3 Human Respiratory Tract Model (adopted from ICRP-78, 1997)

Table 2 Gross deposition of
activity in lungs
compartments after
inhalation (adopted from
ICRP-78, 1997)

Region Deposition (%) of 5 µm AMAD

ET1 33.85

ET2 39.91

BB 1.78 (0.33341)

Bb 1.10 (0.39748)

AI 5.32

Total 81.96

In themodel, clearance rates in each region of theRT are considered to be indepen-
dent processes. The total clearance rate from a region is given as the sum of particle
transport and absorption to the blood. This relationship is expressed by Eq. 1:

λi (t) = mi (t) + si (t) = gi (t) + li (t) + si (t) (1)
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Fig. 4 Compartment model for transport from regions of RT (adopted from ICRP-78, 1997)

where mi(t) and si(t) are rates due to transport and absorption, respectively; gi(t)
and li(t) are particle transport rates towards the GI tract and regional lymph nodes,
respectively. Figure 4 shows the compartment model for time-dependent particle
transport rates (transfer rates in d−1) from each region of RT.

In the case of the extra-thoracic regionET1, thematerial deposited is removed back
to environment, due to nose-blowing, etc. For thoracic regions, the clearance process
is competitive between the movement of particles towards the GI tract and lymph
nodes (Fig. 5) and the absorption of material into the blood from the particles in the
respiratory tract. Absorption to bloodstream is assumed to occur at same rate from
all regions (except ET1) depending on the physicochemical properties of materials.

Figure 5 shows a general view of transfer of activity from HRTM to blood and
to GI tract. Activity in blood reaches from lung tissue as well as from lymph nodes.

Fig. 5 Routes of clearance
from respiratory tract
(adopted from ICRP-78,
1997)
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Table 3 Default absorption
rates for type F, M and S class
materials

Model parameter (d−1) Type of compound

F (fast) M (moderate) S (slow)

Sp 100 10 0.1

Spt 0 90 100

St – 0.005 0.0001

From ET1 all the activity cleared out into environment via nose blow or exhalation
and no blood absorption occurs from this region.

The model also has provision to incorporate material-dependent blood absorption
rates from lungs, for this the initial activity deposited in lungs is assumed to undergo
transformations within the same regions and then activity in original and transformed
forms has different absorption half-lives for clearance into bloodstream. Depending
on the transformation fractions for material inside lungs, the materials are classified
into three classes, namely: Fast (F), Moderate (M) and Slow (S). Table 3 shows the
reference absorption half-lives for the original and transformed activities.

Figure 6 depicts a general view of transfer of activity from lungs to blood compart-
ment. A part of activity is directly transferred to blood, while the remaining part is
first chemically transformed (with rates provided in Table 3) and then transfer to
blood with different transfer (absorption) rate.

In the given model, there are three types of absorption characteristics for the
deposited materials:

Type F: This type represents materials that are 100% absorbed with a half-time of
10 min. It means that all the deposited materials in the respiratory tract, including
BB, bb, AI and ET2, are rapidly absorbed into the bloodstream within a short period
of time.

TypeM: Materials of this type have a mixed absorption pattern. Approximately 10%
of the deposit in BB, bb and ET2 are rapidly absorbed with a half-time of 10 min,

Fig. 6 Absorption of
activity into blood in the
initial state as well as in the
transformed state
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while the remaining 90% have a much slower absorption rate with a half-time of
140 days. Additionally, about 7% of the deposit in AI eventually reaches body fluids.

Type S: This type represents materials with minimal absorption. Only 0.1% of the
deposit in ET, BB and bb is absorbed rapidly with a half-time of 10 min, while
the remaining 99.9% have an extremely slow absorption rate with a half-time of
7000 days. However, about 10% of the deposit in AI eventually reaches body fluids.

These absorption characteristics play a significant role in determining the fate
of deposited materials in the respiratory tract and their subsequent distribution
throughout the body [3, 7].

5.2 ICRP-130 HRTM

An updated version of the HRTM was published in 2015 [2], by ICRP report on
occupational intake of radionuclides (OIR-1). The update was prompted by new
insights into the deposition and clearance of substances in different parts of the RT.
Specifically, the updated information was primarily derived from various studies,
including controlled experiments on the clearance of radiolabelled insoluble particles
in the nasal passage under different conditions (resting or light exercise), observations
of the removal of relatively large tagged particles from the bronchial region, a 15-year
follow-up study ofworkers exposed to Co-60 particles, a controlled investigation into
the lung retention of gold-195 tagged insoluble particles in volunteers over a period
of approximately three years, and a 30-year follow-up study on workers who inhaled
Pu-oxides during a fire incident.

Figure 7 illustrates the structure of the revised HRTM. Several key modifications
have been made to the original model’s [3] structure, which can be summarized as
follows:

1. The region previously known as ET2
′ has been redefined to consist of ETseq and

ET2
′ compartments. The subscript ‘seq’ denotes sequestered material.

2. Compartment ET2
′ in the revisedmodel encompasses the posterior nasal passage,

pharynx and larynx.
3. In both the bronchial (BB) and bronchiolar (bb) regions, the revised model intro-

duces a single phase of clearance towards the throat. Previously, there were two
phases of clearance in each of these regions.

4. Figure 5’s compartments BB1 and BB2 have been replaced by compartment
BB′ in Fig. 8. Similarly, compartments bb1 and bb2 have been substituted with
compartment bb′.

5. In the alveolar-interstitial (AI) region of the respiratory tract, the revised HRTM
replaces the three AI compartments from the original model with the alveolar
(ALV) and interstitial (INT) compartments. Particles in the ALV compartment
are cleared either to the ciliated airways or to the INT compartment. Clearance
from INT to the lymph nodes occurs at a very slow rate.
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Fig. 7 Structure of the updated HRTM (adopted from ICRP-130, 2015)

Fig. 8 Human GI tract
compartment model (ST =
stomach, SI = small
intestine, ULI = upper large
intestine, LLI = lower large
intestine) (adopted from
ICRP-30, 1979)

6. In the updated model, the default deposition in ET1 and ET2 are changed to 47.94
and 25.82% rather than 33.85 and 39.91%, respectively. The deposition in other
regions remains the same as the previous model of ICRP-66. For each of the
regions, 0.998 fractions of the assigned activity is assumed to be deposited in
ET1

′ and ET2, BB, bb and ALV, while reaming 0.002 is assumed to be in ET1seq

and ET2seq, BB′, bb′ and INT compartments.
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7. The revised ICRP-130 HRTM has provided AMAD-dependent particle deposi-
tion fractions for various cases of breathing patterns. The parameter values in the
HRTM, both in the original and revised versions serve as reference values and
are intended to represent typical values for healthy, non-smoking individuals in
the general population.

5.3 ICRP-30 GI Tract Model

The gastrointestinal (GI) tract model described in ICRP Publication 30 [10] is based
on research conducted in the mid-1960s by Eve and Dolphin [17]. It represented the
most current knowledge available at that time. Figure 8 depicts the diagram of the
GI tract compartment model presented in ICRP Publication 30, along with the asso-
ciated transfer rate coefficients for adults. This model comprises four compartments:
the stomach (ST), small intestine (SI), upper large intestine (ULI) and lower large
intestine (LLI). The model considers absorption into the circulation from the small
intestine, assuming that inter-compartmental transfer rates and absorption follow
first-order processes. In simpler terms, the movement of contents from one segment
to the next is proportional to the amount present in the current segment. A similar
principle applies to the excretion kinetics from the lower large intestine. The recom-
mended transfer rate coefficients are derived from experimental data. The primary
objective of the ICRP Publication 30GI tract model was to establish radiation protec-
tion standards for individuals exposed to radiation in occupational environment.
However, it is important to note that the model was specifically developed for adult
males and did not account for variables such as gender and age in relation to GI
motility. Therefore, the model did not include female individuals or different age
groups such as paediatrics and the elderly.

5.4 ICRP-100 Alimentary Tract Model

A revised more comprehensive model for ingested and secreted activity was intro-
duced in ICRP Publication 100 [8]. Unlike, an earlier model which included only
four compartments, the updated model of ICRP-100, incorporated more compart-
ments, covering the whole alimentary tract from oral cavity to rectum. Further, in
this model, provisions are made for absorption of materials from tract to bloodstream
not only from SI but also from all compartments (when information is available).

The updated HATM is shown in Fig. 9. In this model, the entry of radionuclide
occurs in oral cavity instead of stomach in case of ingestion and in oesophagus (from
ET regions of RT) in case of inhalation. The model also separates content regions
from wall regions for dosimetric purposes and provides provision to incorporate
blood absorption rates from walls.
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Fig. 9 Structure of the revised HATM (adopted from ICRP-100, 2006)

The ICRP-100 HATM incorporates distinct transit times for solid foods, liquids
and the total diet within the mouth, oesophagus and stomach assuming first-order
kinetics. Table 4 shows default alimentary tract transfer rates (day−1) for adult
workers.

The absorption of radionuclides into the blood is represented as a fraction of the
amount entering from the alimentary tract to blood, denoted as f A. In most cases,
all absorption is assumed to occur in the small intestine as a default ( f SI = f A).

Table 4 Default generic
HATM transfer coefficients
(day−1) for total diet adult
workers

Transfer pathway Rate (day−1)

Oral cavity contents → Oesophagus fast 6480

Oral cavity contents → Oesophagus slow 720

Oesophagus fast → Stomach contents 12,343

Oesophagus slow → Stomach contents 2160

Stomach contents → Small intestine contents 20.57

Small intestine contents → Right colon contents 6

Right colon contents → Left colon contents 2

Left colon contents → Recto sigmoid contents 2

Recto sigmoid contents → Faeces 2
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The extent of absorption depends on the element and its chemical forms, which can
change during digestive processes [3, 8].

6 Evolution of Systemic Models

The earlier systemic models commonly employed in radiation protection tend to be
simplified compartmentalmodels that donot explicitly account formaterial feedback.
These models typically described the retention of a radionuclide in the entire body or
a specific organ using a single exponential term or the sumof a few exponential terms.
The selection of these exponential terms is generally based on fitting data obtained
from human studies or laboratory animal experiments. However, the biological inter-
pretation and significance of the model formulations can vary significantly among
different models. This section describes the evolution of element-specific systemic
models in brief, highlighting systemic models mainly described in ICRP-30, -56, -67
and -78 models.

6.1 Systemic Model of Cobalt

The systemic model for cobalt adopted in ICRP Publication 30 was based on a
study conducted by Thomas et al. [18]. The study involved daily administration of
60Co in form of drinking water for rats. The results of the study showed that the
retention of cobalt in the bones was lower compared to an earlier study by Hollins
and McCullough [19], which claimed that cobalt had the highest retention in bones.
Based on the findings of the Thomas et al. study, the ICRP-30 systemic model for
cobalt assumed that half of the cobalt reaching the bloodstream would be excreted
with a half-life of 0.5 days. Five per cent of the remaining half is deposited in the liver
and the remaining activity is uniformly distributed among other organs. To account
for translocation from the liver and other tissues, both compartments were further
divided into three sub-compartments. Retention half-lives of 6, 60 and 800 days were
assigned to represent 60%, 20% and 20% of the activity deposited, respectively. The
retention function, obtained from a study involving two human subjects over a span of
1000 days, is assumed to be applicable to all cobalt distributed within the body [19].
This function closely resembles the one derived by Letoumeau et al. [20], although
the latter was based on a shorter study period and involved more subjects.

6.2 Systemic Model of Strontium

A comprehensive systemic model for strontiumwas first presented by the ICRP Task
Group on alkaline Earth Metabolism in Adult man [21]. This model was carefully
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developed to account for different processes and to incorporate physiological infor-
mation in the determination of parameter values. The retention of a radionuclide in
the whole body, denoted as R(t), at a given time t (in days) following injection, is
given by the following expression 2:

R(t) = (1 − p)e−mt + pEb(t + E)−b
[
(1 − B)e−srλt

]
(2)

where:
λ = the rate of apposition and resorption in compact bone.
s = the ratio of turnover rates of trabecular and compact bone.
B = the fraction of bone volume activity deposited in compact bone.
r = a factor that corrects for redeposition of activity in new bone.
b = related to diffusion of activity from bone.
E = a small time period related to the turnover of an initial pool in bone.
m = the rate constant of a small early exponential loss.
p = the fraction of R not in the early exponential loss.

6.3 Systemic Model of Caesium

In contrast to the alkaline earth model, most of the models presented in ICRP Publi-
cation 30 [10] are simpler in formulation and haveweaker physiological connections.
In many cases, it is assumed that radioelements are uniformly distributed throughout
the body at all times. However, in some instances, multiple hypothetical compart-
ments with uniform distribution are introduced to account for the need of multiple
exponential terms in fitting the available whole-body data. This can be seen in the
model for caesium, where the retention in the whole body at time t (in days) after
injection is described by Eq. 3. This formulation is derived from extensive data on
measurements of whole-body retention of caesium in individuals who were acutely
exposed to the radionuclide:

R(t) = a × exp
−0.693 t

T1 +(1 − a) × exp
−0.693 t

T2 (3)

where a = 0.1, T 1 = 2 d, and T 2 = 110 d for adult workers.
T 1 and T 2 are biological half-times for short-term and long-term components of

retention, respectively. The caesium systemic model was later on updated in ICRP
Publication 72 [22–24] in which parameters (a, T 1 and T 2) were extended to include
pre-adult ages based on age-specific retention data for 137Cs. The caesium systemic
model was later on updated by Leggett [25], in which a physiological-based compre-
hensive model was introduced. The model predicted peak kidney content of 22 and
0.4%, respectively, following injection of stable caesium.
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6.4 Systemic Model of Iodine

A simple three-compartment model (Fig. 10) was developed by Riggs [26] and used
in ICRP Publications 30, 56 and 78 for estimation of dosimetric quantities. In this
model, it was assumed that 30%of iodine reaching in blood is accumulated in thyroid,
while the remaining 70% is excreted in urine. The retention of half-lives in blood and
thyroid and other tissues of the body were taken as 0.25, 80 and 12 days, respectively.
From other tissues to blood, a feedback of iodine with a half-life of 15 days is also
present in model, while clearance to faecal is with a half-life of 60 days.

A detailed compartmental model for iodine based on various studies involving
human subjects was first presented by Leggett et al. [27]. The ICRP recently adopted
a revised model for iodine aimed at enhancing the accuracy of dose estimates for
short-lived iodine isotopes encountered in nuclear facilities or nuclear medicine.
Figure 11 illustrates this model, which incorporates three sub-models representing
different physiological systems involved in the iodine cycle within the human body.

Fig. 10 Three-compartment
systemic model of iodine
(adopted from ICRP-78,
1997)

Fig. 11 A complete physiological biokinetic model for iodine (adopted from Leggett et al. 2017)
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The first sub-model concentrates on extra-thyroidal inorganic iodide and includes
compartments for blood, salivary glands, stomachwall, liver, kidneys and other extra-
thyroidal tissues. The second sub-model describes iodine behaviour in the thyroid
and consists of compartments for inorganic iodide and organic iodine. The third sub-
model addresses extra-thyroidal organic iodine and encompasses compartments for
blood, liver, kidneys and other extra-thyroidal tissues. The model takes into account
urinary and faecal excretion as the primary pathways for iodine elimination from the
body.

The transfer rate λ from compartment blood iodide to thyroid iodide depends
on the ratio of dietary stable iodine intake (Y ) to the thyroid’s secretion rate (S).
By utilizing typical reference values for Y and S, the estimation of λ is performed,
resulting in transfer rates of 7.26 d−1 for a Y: S ratio of 2.5. However, when the ratio
is lower, the transfer rate is 2.5 d−1 due to the challenges associated with modelling
thyroid uptake in the presence of high dietary iodine levels. The model’s predictions
are compared to observations of iodine distribution in humans after intravenous
injection.

6.5 Systemic Model of Plutonium

Most of the excretion functions for plutonium were based on studies conducted by
Langham et al. [28]. These data, along with data from animal experiments, were used
by Durbin [29] to develop a series of exponential functions representing urinary and
faecal excretion. However, later on, it was seen that these exponential functions were
inadequate to predict the long-term retention of plutonium and provided lower excre-
tion functions than observed [30–33]. Severalmodified excretion functions have been
proposed [34, 35] to address these discrepancies. Due to discrepancies in excretion
rates obtained from different exponential functions, it was recommended that labora-
tories or organizations with sufficient data develop an appropriate excretion function
and use it to interpret monitoring results.

Reference plutoniumbiokineticmodel used in ICRPPublication 2 ismainly based
on studies carried out byLanghamet al. [16, 28]. Themodel considered the total body,
bone, liver and kidneys as the reference organs for absorbed plutonium. The removal
half-times from these organs were assumed to be 178 years, 200 years, 82 years and
88 years, respectively. The model was reviewed later in 1965 by an ICRP task group
and a revised model for plutonium was published in ICRP Publication 30 (Part 1)
[10], which accounted for transfer compartments, deposition on bone surfaces, liver
retention, gonad retention and excretion.

As per the ICRP-30 systemic model, plutonium is primarily deposited in the liver
and skeleton. However, there is significant variability in the relative deposition of
plutonium in these two organs, as observed later in human autopsy studies and exper-
imental data on animals. For example, ICRP Publication 18 recommended fractional
deposition values of 0.45 for liver and bone each and the remaining fraction of 0.10
for other tissues. Biological half-lives of 100 years and 40 years were recommended
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for skeleton and liver retention for Pu, respectively, based on data from human and
mammalian species studies [36]. A permanent deposition of fractional plutonium in
testes and ovaries was 3.5 × 10−4 and 1.1 × 10−4, respectively, was recommended.
The remaining plutonium entering the transfer compartment is assumed to be directly
excreted.

In 1993, ICRP Publication 67 revised the model to reflect updated information
on the long-term distribution of plutonium and recent modifications to the effective
dose concept [22]. However, certain discrepancies were noted, including an underes-
timate of blood plutonium and faecal excretion rates at early and intermediate times
after intake. To address these discrepancies, an updated model for systemic pluto-
nium was proposed. The model structure included additional blood compartments to
account for differences in urinary clearance between initially absorbed and recycled
plutonium. The liver compartment was modified to reflect a gradual shift of activity
from the liver to the skeleton over time. The proposed model addressed the earlier
discrepancies and better aligned with the observed behaviour of plutonium [22].

7 NCRP Wound Models

The ICRP doesn’t offer wound models as they’re outside standard operations and
represent unique situations. In the mid-1990s, NCRP and ICRP formed a committee
to develop default wound models to incorporate the cases of accidental injection of
activity via skin breach, etc. Radioactive materials can move from wound sites into
the body. NCRP created a model for this transfer, used with element-specific bioki-
netic models to calculate doses to organs. It covers soluble and insoluble substances,
simplifying based on the substance’s form. Four retention categories for soluble
radionuclides at wounds were defined: weak, moderate, strong and avid, based on
rat experiments. Release from wounds happens via blood for soluble materials and
lymph nodes for particles. Blood compartment links the wound model and systemic
model of radionuclide (Fig. 12). Skin damage increases radioactive material’s move-
ment. Wound contamination assessment relies on expert judgement. Radionuclide
transfer can be assessed from urine data. ICRP doesn’t endorse dosimetric models
for wound contamination, but NCRP-156 [37] does offer some in their publications,
aiding equivalent and effective dose calculated based on different classes of wound
modes and appropriate systemic models amalgamated to these.

8 Application of Biokinetic Models

Biokineticmodels have extensive applications in various fields of radiological protec-
tion. In radiation protection, these models are used to estimate numbers of nuclear
disintegrations in various source regions of the body using which; committed tissue
equivalent and effective doses are established for radiation workers and the general
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Fig. 12 Schematic representation of the NCRP wound model (adopted from NCRP-156, 2015)

public. These coefficients provide a quantitative estimate of the radiation dose
resulting from radionuclide intake. In nuclearmedicine, biokineticmodels aid in opti-
mizing diagnostic procedures and therapeutic treatments involving radionuclides.
Additionally, these models are valuable tools for environmental risk assessment,
helping to evaluate the potential impacts of radionuclide releases on ecosystems and
human populations.

9 Mathematical Approach to Solve Biokinetic Models

For simplicity, it is assumed that the whole body is made of simple compartments.
Each compartment represents a tissue or an organ of the body. Transfer of activity
from one compartment to another follows exponential decay law over time.

Let ‘i’ and ‘j’ are two compartments, rate of transfer of activity from compartment
‘i’ to ‘j’ isλij and vice versa.Also,λR is the radioactive decay rate of nuclide (Fig. 13).
LetNi andNj be the number of nuclides in the ith and jth compartments, respectively,
at any time. Then, by balancing the equation, we know.

The rate of change of material (dNi/dt) in the ith compartment is given by Eq. 4:
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Fig. 13 Schematic of
radionuclide transfer within
two compartments

dNi

dt
=

n∑

j = 1
j �= i

λ j i N j −
n∑

j = 1
j �= i

λi j Ni − λRNi (4)

Equation 4 is a matrix equation, where matrix R is a square matrix of n × n order,
n being the number of compartments in body and matrixN(t = 0) is a column matrix
of initial values of activity in those compartments. To solve these equations, we need
to simplify the equations by making transformations given by Eq. 5:

ri j = λ j i and rii = −
n∑

j = 1
j �= i

λi j − λR (5)

Substituting these in Eq. 4, we get Eq. 6, which can be rearranged as Eq. 7:

dNi

dt
=

n∑

j = 1
j �= i

ri j N j + rii Ni =
n∑

i=1

ri j Ni (6)

The solution of equation is also given in Eq. 7:

dN

dt
= RN (0) ⇒ N (t) = eRt N (t = 0). (7)

Construction of transfer matrix is clear from the transformations given in Eq. 5.
All the off-diagonal terms rij are merely the transfer rates from compartment ‘j’ to ‘i’
while diagonal terms in a particular row are negative of sum of all the off-diagonal
terms in that row and radioactive decay constant.

Integrating Eq. 7, for a commitment time τ , provides total numbers of nuclear
disintegrations [US(τ )] in each compartment as given by Eq. 8:

US(τ ) = λdecay

R

(
eRt − I

)
N (t = 0) (8)
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10 Conclusion

Recent trends in biokinetic model formulation within the ICRP have shown a shift
towards greater biological realism. Specifically, age-dependent biokinetic models
described in the ICRP publication series on age-dependent doses to the public
from intake of radionuclides have incorporated physiological motivation and explicit
depiction of material feedback and specific excretion pathways. These models aim to
capture the main structures and processes that govern the biokinetics of the radioiso-
topes, allowing for a wider range of relevant information to be considered compared
to earlier, simplistic approaches. These models provide a stronger foundation for
extrapolating beyond observed data to other population subgroups or time periods.
However, it is important to recognize the challenges in representing reality in bioki-
netic models. Even the most detailed physiologically motivated models are not
entirely process models, as some compartments and directions of flow are empir-
ically hypothesized. Additionally, there are many radioelements for which detailed
physiologically motivated models may not be advantageous due to a lack of informa-
tion about their biokinetic processes. As a result, many models in the ICRP publica-
tion series have retained the simple formulation used in ICRP Publication 30 while
assigning physiological significance to the terms whenever possible.
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Monte Carlo in Internal Dosimetry

Hemant Kumar Patni and Deepak Kumar Akar

1 Introduction

The Monte Carlo technique gets its name from the Monte Carlo Casino in Monaco
city, a city famous for its luxurious casinos [1]. From casinos, one can guess about
the inherent randomness expected in this technique. If randomness can be thought
of as a part of the problem, this technique can be thought of as providing a solu-
tion, which has a statistical convergence to the actual solution. The randomness is
introduced by probability-based definitions used in the mathematical construction of
the problem. The simulations in this technique are like performing experiments on a
computer using random numbers. The technique becomes particularly useful when
the problems become multidimensional, and taking care of each dimension during
solving it becomes too complicated by analytical methods.

Informal use of this method can be found in eighteenth-century experiments by
Buffon for the computation of the value of π [2]. The name Monte Carlo tech-
nique was coined by Stanislaw Ulam and Nicholas Metropolis [3] while working
on the Manhattan Project. Neumann and Ulam with their team used the technique
for neutron transport through shielding and weapon related calculations during this
project [4]. This application is assumed to be the first application of this technique in
its present form and later it has been extended for application in more complicated
radiation transport problems. The technique has been considered so powerful that
nowadays it is being used in diverse fields to study and predict complex behaviors
in their respective domains. Some of the fields where this technique is applied are
science, medicine, gaming, finance, energy industry, and many more [5].
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2 Basic Mathematics for Monte Carlo Simulations

In Monte Carlo simulations, a probabilistic model for the problem is created using
all necessary aspects of the system for solution [6, 7]. Random sampling, with these
models and random numbers, is used to simulate the system’s behavior. A quantity
that can itself be taken as the solution or as an indicator of the solution of the problem
is identified and scored in the simulation. The simulations are repeated many times
and the mean value of the scored quantity is a representative of the solution for the
problem. This means, often known as the sample mean approaches solution or the
true value and statistical uncertainty in simulated results decreases following the law
of large number and central limit theorem, respectively. The convergence to true
results depends on several factors including the description of the physical system
by functions to define involved probabilities, coverage of various aspects by random
sampling, and computational speeds.

In the case of internal dosimetry, one of the problems under consideration is
the computation of energy deposition in the detector or organs of the body. For
such problems, the system definition includes the geometry of the system, material
composition and distribution, interactions and their probabilities, source distribution,
radiation emissions and their probabilities, scoring regions, etc. The randomsampling
is used for source point generation, emissions, interactions, energy depositions, etc.
Total energy deposition in the scoring region for each simulation is scored and its
mean is computed. This mean of energy deposition is used for dose computations.

The major components of Monte Carlo methods are described in the next
subsections.

2.1 Probability Density and Cumulative Distribution
Functions

The first step in solving a problem using the Monte Carlo method is to define it
mathematically. One way of thinking it is like creating an experiment to solve a
problem. The first step is to identify the areas which are static and the areas where
random sampling is possible. The problem itself may have a probability associated
with it such as in rolling of a dice the number displayed is probabilistic or the
definition introduces probability tactfully, such as the calculation of the area of a
circle using the ratio of points falling in a circle when they were generated uniformly
in a concentric square. The functions may be discrete or continuous depending on
the variable of interest.

For example, in radiation transport the geometries, composition, overall source
regions, emission and interaction probabilities, and scoring regions are constant
throughout the simulations. However, the initial source point (in a source region
or regions), emissions in each decay, and interaction in individual steps are different
and must be randomly sampled using a probability model often known as probability
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density function (pdf) or cumulative distribution function (cdf). Here the interaction
type may take discrete values such as for photon it may be photoelectric or Compton
scattering, etc., whereas the path covered before interaction can take continuous
values.

Mathematically, let X be a continuous variable such that x ∈ (a, b). If the proba-
bility of x taking a value in a very small region �x, about x, is f (x) �x then f (x) is
defined as its pdf. Its cdf is defined as

F(x) =
x∫

a

f (t)dt (1)

If x = b, integration is over the full range and the cdf, F(x) = 1, and pdf is said
to be normalized. For Monte Carlo simulations pdf must be normalized. If f (t) is not
normalized (F(x) �= 1) it can be converted to pdf, by dividing it with F(x).

In the case of discrete variables, the word probability density is replaced by prob-
ability (mass functions). The set of values X can take values from set {xi : 0 < i < n},
with probabilities {f (xi ): 0 < i < n}. Cumulative probabilities can be created as

F(xi ) =
i∑

k=1

f (xk) (2)

F(x) = 1 if i = n. The set of all possible values of x is known as its sample space
(�).

Figure 1a shows pdf and cdf for an arbitrary continuous distribution. Figure 1b
shows probabilities and their cumulative values for an arbitrary discrete case.

For example, in the continuous case, path length before interaction, for a photon,
follows an exponential distribution, f (t) = μe−μt , where μ is the linear attenuation
coefficient of the medium and t is the distance traversed before interaction. Then,

(a) (b)

Fig. 1 a Probability density and cumulative distribution functions for continuous variable and
b probability and cumulative probability for discrete case
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cumulative probability or probability of no interaction up to distance x is given by

F(x) =
x∫

0

μe−μtdt = 1 − e−μx (3)

In the case of photon transport, possible interactions are photoelectric absorption
(PA), Compton scattering (CS), and pair production (PP). Then sample space for
interactions is taken as [PA, CS, PP]. If linear attenuation coefficients for PA, CS, and
PP are μ (PA), μ (CS), and μ (PP) respectively, then the total attenuation coefficient
is

μ = μ(PA) + μ(CS) + μ(PP) (4)

In case of an interaction, the probability of the interaction to be PA, CS, or PP are

f (PA) = μ(PA)

μ
, f (CS) = μ(CS)

μ
, f (PP) = μ(PP)

μ
(5)

Cumulative probability of PA (F(PA)) and PA with CS (F(PA+CS)) are

F(PA) = f (PA) (6a)

F(PA + CS) = f (PA) + f (CS) (6b)

Cumulative probability including PP is 1whichmeans interaction has taken place.

Random Numbers

An important feature of the Monte Carlo technique is the use of random numbers for
solving problems. They are necessary to cover the sample space as per the probability
distribution of the variable involved so that the results obtained using sample space
converge to those expected from the population.

Random numbers are sequences of numbers where the next number is indepen-
dent of previous numbers. Random events such as noise and radioactive decay can
be used to get an infinite sequence of random numbers. But these sequences are in
general not reproducible and a largememory is required to store them. In simulations,
one requires sequences that are reproducible for quality checks and that can be used
to study the effect of variation in simulation parameters. These sequences are gener-
ated using mathematical algorithms. These algorithms are known as Pseudo-random
number generators or random number generators (RNG). They provide sequences
of uniformly distributed random numbers, which are real numbers and belong to [0,
1). The sequence of these numbers repeats after a long period (ideally the sequence
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never repeats) and passes several tests of randomness related to the uniform distri-
bution and independence of these numbers before their application in Monte Carlo
simulations.

The properties of random numbers are as follows:

1. R is a random number which is uniformly distributed between 0 and 1.
2. Probability density p(R) = 1 in the range [0, 1), zero otherwise.
3. The cumulative distribution function P(R) is given by,

P(R) =
R∫

0

p
(
R′)dR′ = R. (7)

4. They pass several tests devised to check for their independence.

Figure 2 shows pdf and cdf for uniformly distributed random numbers.
The range of random numbers can be expanded to L by multiplying the random

numbers with L. The initial and final number can be translated from 0 to the lower
bound or 1 to the upper bound of the required range by addition/subtraction. So, if
numbers are required in the range [a, b), the lower bound will be a, the upper bound
will be b and the modified range is (b − a). The random number ξ in this [a, b) will
be given by

ξ = a + (b − a)R (8)

In the following sections R will be used for random numbers but in practice, it is
converted to ξ before use with probabilities.

Fig. 2 Probability density and cumulative distribution functions for uniformly distributed random
numbers
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Random Sampling Techniques

Once pdfs and random numbers are available, they have to be combined so that
sample space can be mapped to the solution space. The techniques used for this
purpose are known as random sampling techniques. Random variables are used for
random sampling of the variables defined by pdfs. These are functions to establish
a relation between the sample space and the random (real) numbers. In other words,
during sampling, a random number is generated using RNG, and then a random
variable uses this number to select a point from the sample space.

The sample space can be sampled adequately only if the random numbers are
unbiased, else some partsmay be over or under sampled to give erroneous results. The
idea is to redistribute the uniformly distributed random numbers as per the pdf. The
fundamental techniques for this conversion are inversion and rejection techniques.

Inversion Technique: In this technique cumulative distribution function is used to
derive the sample point using random numbers. The steps are as follows:

(i) Create the cumulative distribution function, F(x)
(ii) Generate a random number R.
(iii) x = F−1(R).

(iv) Repeat steps (ii) and (iii) to generate multiple histories.

This technique is suitable when the cumulative distribution function is invertible.
Here, all the random numbers are used to get values of the variable, so its efficiency
is 100%. However, sometimes the inversion is complicated/not possible or time
consuming. In such cases rejection technique defined later is used.

Examples:

Discrete case:
Interaction probabilities for photon case are sampled using random number R by

following steps,
if R ≤ F(PA) interaction is PA.
if F(P) ≤ R < F(PA + CS) interaction is CS.
if R > F(PC) interaction is PP.
Continuous case:
Path length for photon interaction is sampled as

R = 1 − e−μx (9a)

x = − ln
1 − R

μ
= − ln

R

μ
(9b)

where R is a uniformly distributed random number in range [0, 1). In the last step, R
has replaced 1 − R using the fact that 1 − R also has the same probability of being
sampled as R.

Rejection technique: This technique is used to sample from a pdf which may not
be easy or feasible to sample from. In such cases, sampling from an approximately
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similar function is done using the inversion technique. In the next step, those samples
are accepted or rejected based on a comparison with the required distribution.

The steps used in the rejection sampling technique are as follows:

(i) Sample from an approximate distribution to sample from a space that includes
the required sample space.

(ii) A constant or equation or function is defined which is used to accept or reject
the points sampled in Eq. 1.

Here is an example to illustrate the rejection sampling technique.
Suppose, points in an ellipse having semi-axes as a and b are to be sampled

and this ellipse is centered at the origin. It can be sampled by sampling points in a
rectangle with sides 2a and 2b as Eq. 10, followed by acceptance of points satisfying
the Eq. (11) and rejecting other points as follows.

Using Eq. 8, points in a rectangle centered at (0, 0) and sides 2a, 2b are sampled
as a combination of x in range (−a, a) and y in range (−b, b) as

x = −a + {a − (−a)} ∗ R1 = −a + 2aR1 (10a)

y = −b + 2bR2 (10b)

Out of these points, those falling in ellipses will satisfy the following equation:

x2

a2
+ y2

b2
≤ 1 (11)

Rejection sampling is a powerful technique for functions that are not invertible
or the inversion process is difficult. These are generally not as efficient as inversion,
especially if the approximate distribution to the required distribution is very much
different. There may be situations where a combination of such techniques is useful.
In fact, each rejection sampling uses inversion technique as its first approximation.

The efficiency dependence of the rejection technique on the approximate function
canbe seen in the following example of samplingpoints in an ellipse using a rectangle.
The equations used for sampling are 10 and 11. The red points are accepted as falling
in the area of interest whereas those in green are rejected.

For points in an ellipse of semi-axes length 4 and 3 units can be sampled using
a rectangle of sides 8 and 6 units by Eq. 10 and the efficiency is more than 78% as
some points fall outside the region of interest Fig. 3a. If the same rectangle is used
to sample a circle of radius 3 cm (ellipse with equal semi-axes of length 3 units)
the efficiency reduces to less than 59%. The fraction of points falling outside the
circle is more as can be seen in Fig. 3b. But if a square (rectangle of all equal sides)
of side 6 cm is used for a circle of radius 3 cm the efficiency again reaches about
79%. It has been shown in Fig. 3c. (Although the better way of sampling points in a
circle is by inversion technique using polar coordinates results in 100% efficiency.)
An approximate function closer to the simulated function gives better results.



484 H. K. Patni and D. K. Akar

(a) (b) (c)

Fig. 3 Rejection sampling of points in a ellipse using rectangle as approximate function, b circle
using rectangle as approximate function, c circle using square as approximate function

Law of Large Numbers and Central Limit Theorem

In Monte Carlo simulations, simulations are carried out to estimate a quantity using
the sample sizemuch smaller than the population size.Moreover, the problems solved
here are multidimensional and involve a number of random variables which follow
different distributions. The outcome of the simulations is another random variable
whose distribution depends on all the random variables involved in the problem.

The mean of a random variable is an estimator of the population mean

E(X) = X = 1

n

n∑
i=1

xi (12)

Sample variance, an estimate of the dispersion in values of X about its sample
mean, is given by

V = var(X) = s2 = 1

(n − 1)

n∑
i=1

(
xi − X

)2
(13)

It can be proved that s is an estimate of standard deviation σ (which can otherwise
be estimated by the same formula with n in place of n− 1 if the true mean is known).

Due to the law of large numbers when several random variables with finite
expected values are combined to get the value of a random variable, the mean of
this resultant variable tends to be the true value of the variable with an increase in
the number of simulations.

For any ε > 0

lim
n→∞ P(x − μ ≥ ε) = 0 (14)

Due to the central limit theorem, the resultant distribution is a normal distribution,
provided involved functions have finite means and variances. Further, the variance
of the resulting estimate of the mean is 1

n times the variance of the population



Monte Carlo in Internal Dosimetry 485

Var(x) = Var(x)

n
(15)

The square root of this quantity is the variance of the mean which decreases as
1√
n
, n being the number of histories, the number of times simulations were repeated.

Variation Reduction Techniques

The convergence to a mean value requires the standard deviation of the mean to
be small. In Monte Carlo simulations the standard deviation of the mean decreases
by 1√

n
, whereas the time in simulations increases as n. Reduction in standard devi-

ation of mean by a factor of 10 requires time to be increased by 100 times. This
slow convergence is a drawback of the Monte Carlo technique. The improvement of
efficiency is a major challenge during simulations.

There are several techniques used to improve convergence,which is known as vari-
ance reduction techniques. These rely on the prior information about the expected
behavior of the simulations. Most important of these are biased sampling such
as importance sampling, stratified sampling, and splitting with the use of Russian
roulette.

3 Radiation Transport and Estimators

Radiation Transport

In the case of internal dosimetry, energy deposition in different parts of the human
body or detector is solved using Monte Carlo simulations. The estimation is done
using radiation transport [8] which uses the following steps:

I. Inputs about the system required for the simulation:

1. The geometry of the system: The definition of the physical system such as
the structure and composition of the human body, shielding, and detector
the first step in the estimation of required quantities.

2. Source description: This includes the distribution of radioactive sources in
the geometry such as the human body or organs, description of radiations
emitted by the source.

3. Description of transport parameters: This includes types of definition of
interactions for the radiation emitted from the source or generated during
interactions, their probabilities, cross sections, cut-off energies, etc. for all
the material in the geometry.

II. Simulation of emissions and interactions:

1. Initiate a history by selecting a source point (randomly if an extended source
is simulated).
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2. Assign the radiation, energy, and direction to the emission as per the source
description.

3. Determine the interaction path length, type of interaction, energy deposition,
new direction, and secondary particles generated during interaction, using
cross sections and random numbers.

4. Record the quantities of interest such as energy deposition in different
regions at each interaction.

5. Continue the transport of particles in history until the particle energy falls
below the cut-off or it escapes the region of interest.

III. Scoring the response

1. The quantities recorded in history are averaged to get their mean values.
2. The simulations are continued for a large number of histories for conver-

gence of the mean value as per the law of large numbers.
3. The standard deviation of the mean (indicator of simulation error) reduces

as 1√
n
where n is the number of histories as per the central limit theorem.

Estimators

In Monte Carlo transport, particles are tracked through the problem geometry as
expected by physical processes. In such simulations, detector scoring is done sepa-
rately after storing event data from the particle randomwalk. However, with advances
in computer technology and available algorithms, detector scoring estimations are
now performed simultaneously with the random walk calculation using estimators.
In radiation transport, these mathematical techniques are used to score quantities
such as flux, dose, reaction rates, and other important parameters.

Here are a few commonly used estimators [8] in radiation transport:

1. Track-Length Estimator: This estimator records the total track length of particle
tracks within a specified region of interest. The number of tracks with volume
and interaction cross section can be used to estimate flux, collision rates, and
energy deposition in a region.

2. Collision Estimator: This estimator counts the number of particle collisions
within a specific region of interest. It can be used for interaction rates between
particles and material.

3. EnergyDepositionEstimator: This estimator is used to compute energy deposited
at different points.

4. Flux Estimator: The flux estimator can be used to find the number of particles
crossing between different surfaces.

5. AngularDistributionEstimator: This estimator is used for the angular distribution
of particles.

6. Reaction Rate Estimators: These can be used to estimate interaction probabilities
in different parts of the system.
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Many other estimators can be devised to compute different quantities during
radiation transport simulations. More than one estimator can be used to get the same
quantity, it depends on the user how he wants to approach the problem.

4 Monte Carlo Transport Codes

Many Monte Carlo codes are readily available for users to apply their radiation
transport problems. Many man-hours have been invested to make them efficient
and produce accurate results. These codes use different estimators in an optimized
manner so that the user gets results with the required precision in a smaller amount of
time. Most of them have provisions to implement the variance reduction techniques
to further increase the efficiency of the simulations. The codes try to use the latest
cross-sectional data available at a point in time. Each of these codes was initiated
for some set of problems but now they are versatile enough to solve the problems
of different domains. Over time they have developed their user communities which
help the users to solve their problems in different steps of radiation transport. Most
of the codes have been used for internal dosimetry problems also. A selected number
of codes most wildly used as listed below.

Monte Carlo codes such as FLUKA [9–12], Geant4 [13], MCNP [14], PenEasy
[15], TRIPOLI-4 [16], etc. have been utilized for estimating S-values, absorbed
dose calculations, efficiency estimation of monitoring systems and in various other
applications. All these codes allow for energy deposition studies for monoenergetic
single-particle transport. Apart from those emissions by different radionuclides such
as 18F, 89Zr, 153Sm, 177Lu, and 125I can also be simulated.Most of the codes can simu-
late complete decay chains of the radionuclide in a simulation. Advanced users of the
codes can simulate a mix of particles, radionuclide, and their emissions. They can be
used with different types of phantoms having different types of geometrical distribu-
tions and compositions. The measurements of these values are not directly possible
through experimentalmeasurements. In such cases,Monte Carlo simulations provide
researchers and practitionerswith fast, precise, and user-friendly solutions applicable
in diverse fields such as radiation protection, environmental releases, and medicine.

EGSnrc

EGSnrc [17] released in 2000 was a complete overhaul of the Electron Gamma
Shower (EGS) software package originally developed at the Stanford Linear Accel-
erator Center (SLAC) in the 1970s. It models the propagation of photons, electrons,
and positrons with kinetic energies between 1 keV and 10 GeV, in homogeneous
materials. EGSnrc provides user-friendly interfaces for dosimetric applications, such
as BEAMnrc (for external beams) and DOSXYZnrc (for treatment scenarios both
beam and brachytherapy), which simplify the setup and execution of simulations for
specific applications.
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FLUKA

FLUKA code [9–12], developed in INFN and CERN collaboration is useful for
radiation transport in applications ranging from accelerator shielding to radiotherapy.
It can simulate over 60 particles, including photons, electrons, neutrinos, muons,
hadrons, and heavy ions, covering awide energy range. It uses the EPDL97 library for
cross sections. It can handle complex geometries and supports polarized and optical
photons in different fields. Flair is its user-friendly interface to run the simulations,
visualization, and debugging. It can also be used for different internal and external
source distributions including voxel geometries.

Geant4

Geant4 or GEometry ANd Tracking code [13] is a toolkit for the simulation of the
passage of particles through matter. Its areas of application include high energy,
nuclear and accelerator physics, as well as studies in medical and space science. It
requires basic knowledge of C++ to implement different physical models complex
geometries and user-specific parameters. Geant4 uses cross-sectional libraries, which
are based on evaluated nuclear data files obtained from external sources such as
Evaluated Nuclear Data File/B (ENDF/B), Japanese Evaluated Nuclear Data Library
(JENDL), and others. Usage of Geant4 requires comprehensive training for optimum
utilization of its capabilities. Nowadays scripting in Python is also supported for
the code. Its interface with ROOT can be used to store the data generated during
simulations for solutions afterward. Based on it following two codes were developed
for medical applications. These are listed below.

4.1 GATE

Geant4 Application for Tomographic Emission (GATE) [18] is an advanced open-
source software based on Geant4, developed by the international OpenGate collabo-
ration for numerical simulations in medical imaging and radiotherapy such as Emis-
sion Tomography (Positron Emission Tomography and Single Photon Emission
Computed Tomography), Computed Tomography (CT), Optical Imaging (Biolumi-
nescence and Fluorescence) and radiotherapy experiments. It has an easy-to-learn
macromechanism tomake experimental settings due to which it is used for designing
new imaging devices, optimization of acquisition protocols, and development of
image reconstruction algorithms.

4.2 GAMOS

GAMOS (GEANT4-based Architecture for Medicine-Oriented Simulations) [19] is
also GEANT4-based framework but it is easy-to-use and flexible for modifications.
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The plug-in technology together with a careful modular design, detailed documen-
tation, and a set of examples and tutorials that explain in detail how to extend the
framework in different directions allows to exploit the full flexibility of GEANT4, by
creating new user code or by reusing any piece of GEANT4 code andmixing it seam-
lessly with the existing GAMOS components. Due to its flexibility 2500 GAMOS
users work in other fields than medical physics.

MCNP

The MCNP (Monte Carlo N-Particle) [14] code is a powerful tool for simulating
the transport and interaction of particles, including neutrons, photons, electrons,
ions, etc. It employs a three-dimensional representation of materials in a construc-
tive solid geometry, utilizing user-defined surfaces to define boundaries. Tabu-
lated nuclear and atomic data or physics models are used to simulate the physics
during particle transport, accounting for various reaction channels and secondary-
particle production mechanisms. Mcplib84 cross-sectional data is used for simula-
tions. Different particle types, such as neutrons, photons, electrons/positrons, and
ions, have specific models for scattering, absorption, and secondary-particle produc-
tion. Pseudo-random numbers are used to sample pdfs, ensuring independent and
statistically significant results. The code offers a wide range of tallies for tracking
events, including flux, heating, radiography, and perturbation/sensitivity. MCNP is
widely used in radiation protection, dosimetry, shielding, medical physics, and many
other applications. It supports various operating systems and parallel execution and
provides extensive cross-sectional data.

PenEasy

PenEasy [15] based on Penelope code performs Monte Carlo simulations of coupled
electron-photon transport in different materials for a few hundred eV to about 1 GeV
energies. Photon transport is simulated by means of the standard, detailed simulation
scheme.

Tripoli-4

Tripoli-4 [16], code was developed by the Radiation Safety Information Computa-
tional Center (RSICC) at Oak Ridge National Laboratory. It has been used for radi-
ation transport calculations in different scenarios including in the field of internal
dosimetry calculations by voxel phantoms. The code uses the ENDL-97 library for
cross sections.

5 Computational Phantoms

Computational phantoms aremathematical representations of the human body. These
phantoms are also known as virtual human models. They are an integral part of
computational dosimetry. These phantoms are used for calculations that are partic-
ularly challenging to determine directly from experimental data or measurements.
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By employing computational phantoms, researchers can simulate the interaction of
radiation with the human body’s tissues and organs, allowing for accurate estima-
tion of dose distribution. They are used as a computational tool in external and
internal dosimetry. Additionally, computational phantoms can be customized to
account for specific scenarios or populations of interest. For example, phantoms
representing pregnant women and developing fetuses allow for the assessment of
radiation exposure and associated risks during pregnancy. These specialized phan-
toms incorporate anatomical changes and physiological considerations unique to
the population, facilitating more accurate dose estimations and informed decision-
making. In internal dosimetry, sources of radiation are situated within the human
body, making it impractical and ethically unfeasible to measure doses directly. Here,
computational phantoms serve as valuable substitutes. There are three variations of
computational phantoms, which are described in the following subsections.

Stylized Phantoms

The development of stylized phantoms by Oak Ridge National Laboratory (ORNL)
was initially driven by the need for accurate estimations of internal radiation doses
within the Medical Internal Radiation Dose (MIRD) Committee of the Society of
Nuclear Medicine. Therefore, stylized phantoms are also known as MIRD phan-
toms. These phantoms serve as representations of the human body’s organs, albeit in
an idealized manner, allowing for precise calculations and analyses. Mathematical
expressions were ingeniously utilized to portray a range of shapes, including cylin-
ders, cones, ellipsoids, and spheres, providing a versatile framework for modeling
different organ structures and geometries [20]. The structure of the MIRD phantom
in Geant4 is as shown in Fig. 4. The pioneering adult-stylized phantom served as the
foundation for subsequent advancements, leading to the development of several pedi-
atric phantoms tailored to represent infants and children across various age groups
[21]. Recognizing the significance of encompassing the unique physiological charac-
teristics of pregnant females and their developing fetuses, the ICRP also incorporated
specialized models developed at ORNL into their studies [22]. These models facili-
tate a more accurate estimation of radiation doses during pregnancy, accounting for
the dynamic changes and considerations specific to this population.

Although these phantoms may exhibit noticeable dissimilarities compared to real
human beings, they offer distinct advantages for their intended purposes. Notably,
they are gender-neutral, eliminating the need for separate male and female models.
Additionally, they are designed based on the organ masses and volumes specified
in the Reference Man publication by the International Commission on Radiological
Protection [23], ensuring consistency and standardization in dose calculations.

Overall, the stylized phantoms developed by ORNL and utilized by the ICRP
represent a substantial advancement in radiation dosimetry. Through their mathe-
matical representation of organs and their adaptability to various age groups and
pregnancy scenarios, these phantoms play a crucial role in providing reliable and
standardized data for assessing radiation risks and implementing effective protection
strategies.
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Fig. 4 MIRD phantom as
seen in Geant4

Voxel Phantoms

Voxel phantoms are developed from CT/MRI scan data and digital photographs of
real human body. Utilizing the picture elements (pixels) with the thickness of the
scan, the volume elements (Voxels) are developed. The identification of each voxel
with an organ is known as segmentation. A medical team helps in the process of
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segmentation. Finally, a voxel phantom may have millions of voxels with each voxel
belonging to an organ. There are several voxel phantoms being used around the
globe. Out of them, the one adopted by ICRP [24] is the reference adult male and
female models which were developed using voxel phantoms created at Helmholtz
Zentrum [25, 26]. In order to minimize the need for modifications, individuals with
dimensions as close as possible to the reference [27] were chosen as the basis for
these models. The voxel-based approach resulted in a significant level of detail,
with the male model utilizing approximately 2 million voxels and the female model
using around 4 million. Despite the very good resolution, these models still have
limitations in adequately delineating all-important tissues for various applications.
The rightmost picture in Fig. 5 is the ICRP reference adult male voxel phantom as
seen in FLUKA.

Like the adult phantoms, the reference pediatric phantoms [28] were developed
using medical imaging data from actual individuals, which were carefully modified
to alignwith the established reference parameters. However, instead of directly repre-
senting the organs and tissues with voxel data, the digital information was utilized to
create surfaces that incorporated as much intricate detail as possible, drawing from
anatomical knowledge. These models were then voxelized at an exceptionally high
resolution, considering the age-dependent variations in total skin thickness, in order
to preserve the richness of anatomical detail. With the advancements in computer
hardware and powerful computational codes available today, these high-resolution

Fig. 5 ICRP pediatric and adult male voxel phantoms incorporated in FLUKA and visualized from
flair
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voxel phantoms have become practical for calculating doses and other quantities.
ICRP reference pediatric computational phantoms are shown in Fig. 5.

Mesh Phantoms

Compared to the older stylized phantoms, the voxel phantoms offer improved
anatomical realism regarding internal anatomy. However, they do have limitations
primarily related to voxel resolution, particularly when it comes to small tissue struc-
tures and very thin tissue layers. To address these limitations mesh phantoms were
developed [29]. In mesh phantom, the human body is represented by polygon mesh/
tetrahedron mesh of varying sizes. These phantoms encompass all the necessary
regions of the human body, including even the micrometer-thick regions within
respiratory and alimentary tract organs, skin, and urinary bladder. ICRP adopted the
adult mesh-type reference computational phantoms (MRCPs). The MRCPs enable
seamless implementation into Monte Carlo particle transport for dose calculations,
maintaining the advantages of mesh geometry without the need for voxelization.
ICRP referencemesh-type computational phantomswith polygonmesh viewed using
Freecad [30] are shown in Fig. 6. Figure also shows its internal organs as drawn in
Geant4.

These phantoms can be modified into customized (non-reference) phantoms.
These customized phantoms can be used to calculate person-specific dose coeffi-
cients and other radiation protection quantities. These calculations allow for esti-
mating organ doses in the event of accidental exposure among workers as well as
the public, considering the body size of the exposed individual. Furthermore, the
mesh phantoms can be transformed into phantoms representing different postures,
includingwalking, sitting, bending, kneeling, and squatting.These transformedphan-
toms can be employed to assess variations in various radiation protection quantities
compared to the traditional upright standing position.

Comparison of Computational Phantoms

Each phantom has its own advantages, suitability, and complications depending
on the specific requirements of the simulation study. The stylized phantom offers
simplicity and efficiency, while voxel and mesh phantoms provide more accurate
anatomical representations at the expense of increased computational complexity.
Researchers should consider the trade-offs between required accuracy, available
computational resources, and simulation time while choosing phantom for their
applications. Table 1 compares all the above-mentioned phantom categories for their
characteristics and applications.

Random sampling in these phantoms requires different schemes. Random
sampling of radiation in an organ/tissue of MIRD or stylized phantom requires
sampling within some mathematical shapes. Either inversion or rejection technique
can be used for this purpose. Random sampling within an organ or tissue of a voxel
phantom is a bit more complex. Due to the irregular shape of the organs in voxel
phantoms, it requires the selection of voxels of an organ first. After that, it is as simple
as sampling in a cuboid. The rejection technique of sampling within a regular mathe-
matical shape and only the selection of points belonging to an organ voxel point can
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Fig. 6 ICRPMesh type reference computational male and female phantoms viewed using Freecad
and Geant4

Table 1 Comparison of computational phantoms

Phantom category Characteristics Applications

Stylized phantom Assumes homogeneous distributions
within organs
Simplifies simulation process Limited
anatomical detail

Efficient for simpler simulations
Suitable for dose estimation
studies

Voxel phantom Represents anatomy using
three-dimensional grids (voxels)
Captures anatomical heterogeneity
More accurate geometry representation

Accurate dose calculation in
complex anatomies
Radiation therapy planning

Mesh phantom Utilizes surface-based representation
with interconnected triangles or
polygons
Balances between accuracy and
computational efficiency

Detailed anatomical modeling
Radiation transport studies
Image-based simulations
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also be used as a sampling technique in voxel phantoms. For random sampling in
mesh phantom, tetrahedron or polygon mesh elements belonging to an organ can be
utilized. Due to the very large number of mesh elements, internal organ simulations
are very computationally intensive and require workstations for simulations.

6 Applications of Monte Carlo in Radiation Protection
of Internal Dosimetry

Radiation protection in internal dosimetry deals with the protection of workers from
ionizing radiation emitting radionuclides going into worker’s body. Since for radia-
tion protection in internal dosimetry, we need to quantify radioactivity present in the
human body and dose to various human organs, they require human body represen-
tation. For utilization of the Monte Carlo method, computational phantoms are used
as a representation of the human body. Monte Carlo simulations are used to estimate
the counting efficiency (CE) of various in-vivo monitoring systems [31]. They are
also used to estimate various dosimetric quantities like absorbed dose, S-values, etc.
[32]. Intercomparison exercises involving computation phantoms are also carried out
internationally [33]. There are applications of Monte Carlo simulation to estimate
uncertainties in biokinetic and dosimetric quantities whichmay not require computa-
tional phantoms [34]. All these applications of Monte Carlo for radiation protection
of internal dosimetry are provided in the following subsections.

Estimating CE of In-Vivo Monitors

In-vivo or direct monitoring systems are used to identify and quantify the amount of
radioactivity present in a person’s body. They employ photon detectors/spectrometers
and detect the photon emission from the human body. To quantify radioactivity
present in the human body computational phantoms are used. Monte Carlo simula-
tions to estimate the CE of these monitors involve source sampling in computational
phantoms. In addition to this, the geometry of in-vivo monitoring system is also
simulated. The monitoring system and phantom are simulated to match with actual
monitoring geometry. Some monitoring systems involve the movement of a person
or detector. This relative movement can be simulated by averaging the response of
the detector at many static positions. Using Monte Carlo simulations CE can be esti-
mated for various radioactive isotopes concentrated in different organs or distributed
in the entire body. Researches have done assessments of radionuclides like 131I in
the thyroid, 241Am in the skull, enriched U in the lungs, whole-body distribution of
137Cs, etc. [35–41]. Figure 7 shows experimental and simulated spectra for 137Cs in
the BOMAB phantom [35].

Any validated Monte Carlo study offers a very effective and cost-efficient
approach to derive CE for specific scenarios. Generally, validation of Monte Carlo
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Fig. 7 Experimental and simulated spectra for 137Cs in BOMAB phantom (reproduced from [35]
© 2013 Oxford University Press, with permission from Oxford University)

simulation for CE estimation involves using a mathematical form of physical phan-
toms. Researchers have used the mathematical form of BOMAB and LLNL phan-
toms to do validation of their simulation with experiments in their labs using the
same phantom and monitoring system geometry. Once validated, it can be used for
other geometries and radionuclides. Since these simulations completely replicate
actual experiments, they are very effective in estimating CE. This method of CE
calculation is not only highly accurate but also economical. They remove the need
for creating physical phantoms having various radionuclides other than standards.
Researchers have also used simulations to represent non-standard biokinetic distri-
butions, which are not possible/very costly with physical phantoms. Figure 8 shows
the CE vs photon energy of shadow shield whole-body monitor for source uniformly
distributed in adultmale voxel phantom. Themonitoring systems used in figure incor-
porate 5-inch diameter and 3-inch thick NaI (Tl) detector. Validation for simulation
of this system was done with the experiments carried out in the same system with
Indian reference BOMAB phantom.

Simulations enable radiation safety personnel to obtain reliable and trustworthy
results when assessing andmonitoring radioisotopes in specific organs or conducting
whole-bodymeasurements. By ensuring that CE is properly accounted for, the moni-
toring system can provide accurate data regarding the presence and concentration of
radioactive isotopes. This leads to enhanced radiation management practice.
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Fig. 8 CE versus photon energy of shadow shield whole-bodymonitor (5-inch diameter and 3-inch
thick NaI(Tl) detector) for source uniformly distributed in adult male voxel phantom

Computation of Dosimetric Quantities

Estimating the radiation dosimetry quantities like absorbed dose, S-values (which
represent the absorbed dose per unit activity in different target tissues), etc. is not
possible without Monte Carlo simulations. For estimating these quantities due to
internal contamination, radiation sources are sampled inside organs/tissues of compu-
tational phantoms. After that radiation transport from sources up to other organs is
carried out. Energy deposited in the organs or particle fluence is used to then compute
the required dosimetric quantities. For example, to compute the absorbed dose in an
organ, the energy deposited is divided by the mass of the organ. For dose estima-
tion in skeletal tissues due to photons and neutrons in voxel phantoms, fluence in
conjunction with some pre-estimated response functions are used.

Dosimetric quantities can be estimated for monoenergetic radiations including
photons, electrons, neutrons, etc. and a variety of radiopharmaceuticals such as
223RaCl2 [42], 18F-FDG, and 131I, etc. [32]. Computational phantoms, with their
ability to replicate individualized anatomical features, facilitate the calculation of
organ-specific dosimetric quantities. Since dosimetric quantities form the basis for
radiation protection, Monte Carlo simulations play a very important role here.
Figure 9 shows the S-values for various target organs due to uniform distribution
of 131I in the liver of ICRP reference male voxel phantoms [28] for pediatric age
groups of newborn, 1, 5, 10, and 15 years.
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Fig. 9 S-values for various target organs due to uniform distribution of 131I in the liver of ICRP
reference male voxel phantoms for pediatric age groups of newborn, 1, 5, 10, and 15 years

Intercomparison Exercise

We have seen that dosimetric quantities and CE are two categories of quantities, esti-
mated using Monte Carlo simulation application in radiation protection of internal
dosimetry. Intercomparison exercises provide a valuable platform for evaluating and
improving the accuracy of various radiation dosimetry parameters. Therefore, inter-
comparison exercises are carried out for quality assurance of these. By comparing
the results obtained from different laboratories, these exercises help to identify any
discrepancies and improve the overall consistency and reliability.

The research work published recently has utilized ICRP voxel phantoms as a
common practice in these exercises. In one specific exercise, the activities of 241Am
in three different skull phantoms were investigated. This exercise aimed to evaluate
the accuracy of measuring and quantifying the 241Am activities in these specific
anatomical structures. The results obtained from this exercise contribute to the
improvement of calibration procedures and measurement techniques for skull phan-
toms [43], enhancing the reliability of dose assessments in this region of the body.
Another collection of work was on the application of ICRP voxel phantoms to esti-
mate SAF values for monoenergetic photons and electrons [44]. It also included the
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estimation of S-values for 99mTc and 18F for various source-target pairs. This exer-
cise also tested the labs for their specific method used for the estimation of skeletal
doses. Users have used various Monte Carlo codes like EGSnrc [17], FLUKA [9–
12], Geant4 [13], MCNP [14], etc. for carrying out their simulations. Standardizing
organ dose estimation can help in both the correct incorporation of these phantoms
and the correct computation of dosimetric quantities.

Overall, the intercomparison exercises serve as an essential tool for quality assur-
ance in radiation dosimetry. By participating in these exercises, laboratories can
identify areas for improvement, enhance their computational techniques, and ensure
the accuracy and traceability of their dose estimations. This continuous quality assur-
ance process ultimately leads to improved radiation protection practices and a higher
level of confidence in radiation dose assessments.

Uncertainty Analysis

Uncertainties in internal dose arise from several sources, including variations in the
biokineticmodels used to describe the intake anduptake, distribution, and elimination
of these radionuclides within the body. Additionally, uncertainties in the S-values can
significantly affect the accuracy of internal dose calculations. One crucial aspect of
addressing these uncertainties is to identify the parameters that have a substantial
influence on the internal dose estimates. Sensitivity analysis plays a vital role in this
process by determining the parameters that have the greatest impact on the calculated
doses. By identifying these sensitive parameters, researchers can focus their efforts
on reducing the associated uncertainties and improving the accuracy of the dose
assessments.

Recently published works have estimated uncertainty in doses resulting from
exposure to radionuclides such as 141Ce, 144Ce, 131I, etc. [34, 45–48]. The observed
variations in the geometric standard deviation (GSD) ranging from 1.1 to 3.9 in one
such study highlight the importance of considering anatomical variability in internal
dose calculations. Accounting for this variability is crucial to capture the individual
anatomical characteristics and improve the accuracy of internal dose calculations.
By identifying the sensitive parameters and incorporating anatomical variability,
researchers can enhance our understanding of the radiation dose received by specific
tissues or organs, contributing to improved radiation safety practices and better-
informed decision-making in radiation protection.

7 Medical Applications of Monte Carlo Simulations
for Internal Dosimetry

Since internal sources are used a lot for diagnostic and therapeutic purposes, soMonte
Carlo is also applied in medical applications. This branch of medicine is known as
nuclear medicine. Medical application is related to the protection of patients. Unlike



500 H. K. Patni and D. K. Akar

radiation protection, where the linear no threshold (LNT) hypothesis is used to mini-
mize stochastic effects, patient protection has different concerns. Here identification
of life-threatening tumors is the diagnostic purpose. The purpose of therapy is to
maximize the dose to the tumor and minimize doses in other organs. Internal radia-
tion protection is for cases where there is a chance of internal contamination of low
radioactivity. Medical applications use internal contamination deliberately with very
high radioactivity. Another difference from radiation protection is the level of dose
accuracy required is much more in medical applications, as it is not based on some
hypothesis and judgment. The prime concern is patient safety in medical applica-
tions. The best tool in such situations is very accurate simulations with can represent
the patient itself. In many situations, specific organs are to be targeted, so instead
of using radionuclides, they are tagged with pharmaceuticals. These radiopharma-
ceuticals form the backbone of nuclear medicine. This section will describe the
application of Monte Carlo simulations for patient-specific dosimetry and radioem-
bolization. Since dose estimates are quickly required, so lot of tools are used in patient
dosimetry. This section also includes a discussion on these tools and applications of
artificial intelligence (AI) in patient dosimetry.

Monte Carlo as Gold Standard for Patient-Specific Dosimetry

Monte Carlo simulations have emerged as the gold standard in nuclear medicine
for accurately estimating radiation doses to patients [49]. These simulations utilize
sophisticatedmathematicalmodels to simulate the interactions between radiation and
human tissues, providing detailed insights into the distribution and deposition of radi-
ation within the body. As an initial step, state-of-the-art imaging technologies such
as SPECT/CT (Single Photon Emission Computed Tomography/Computed Tomog-
raphy) using radiotracers like 99mTc, and PET/CT (Positron Emission Tomography/
Computed Tomography) using radiotracers like 18F, physicians can obtain compre-
hensive anatomical and functional information about patients. These imaging tech-
niques enhance the accuracy of dose estimation by creating person-specific phantoms
from these imaging techniques. These imaging techniques also allow for the precise
localization of radiopharmaceuticals within specific organs, tissues, and tumors. By
integrating patient-specific data, such as organ size, shape, and uptake of the radio-
tracer, into the phantom, the simulations can generate personalized dose calculations.
These phantoms are based on individual patient characteristics and information about
the biodistribution of radiopharmaceuticals inside that individual is also incorporated.
Figure 10 (a) axial, (b) sagittal, and (c) coronal projections of the fusion of a CT slice
and 18F-Choline PET image. (d) Axial, (e) sagittal, and (f) coronal projections of the
absorbed dose rate map as resulting from MC simulations [50].

Isotopes like 90Y, 131I [51], 177Lu [52], etc. are utilized for their specific radiobio-
logical properties and ability to deliver targeted radiation therapy. By incorporating
these isotopes into the Monte Carlo simulations, researchers can accurately assess
the radiation doses delivered to the cancerous tissues. This provides valuable infor-
mation for treatment planning and optimizing therapeutic outcomes. This integration
of imaging data, Monte Carlo simulations, and person-specific phantoms has revo-
lutionized the field of nuclear medicine by enabling more precise and personalized
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Fig. 10 a Axial, b sagittal, and c coronal projections of the fusion of a CT slice and 18F-Choline
PET image. d Axial, e sagittal, and f coronal projections of the absorbed dose rate map as resulting
from MC simulations (reproduced from [50] under the terms of Creative Commons Attribution 3.0
licence)

dose estimation. This approach enhances patient safety by ensuring that radiation
doses are tailored to individual characteristics, minimizing potential side effects,
and optimizing therapeutic efficacy. Through ongoing research and quality assur-
ance exercises, the accuracy and reliability of these techniques are continuously
improved.

Radioembolization

Embolization is a process of stopping the flow of blood to tumor cell by using parti-
cles. Embolization of liver tumors employs 90Ymicrospheres.Because of the radioac-
tive nature of 90Y, this process is known as radio-embolization. Radioembolization
is the preferred technique for the treatment of otherwise incurable liver cancers. A
lot of research work is going on for the upgradation of radio-embolization [53]. This
technique involves delivering tiny radioactive spheres directly into the blood vessels
supplying the tumor, thereby selectively irradiating the tumor while minimizing
damage to healthy tissues. To optimize the treatment, various software are utilized
to incorporate tomographic images of the patient’s liver into Monte Carlo simu-
lations. By accurately modeling the patient-specific anatomy and dosimetry, these
simulations enable the optimization of radiation dose delivery to the liver tumor and
surrounding tissues, ensuring effective treatment while minimizing the potential for
adverse effects. This integration of advanced imaging and Monte Carlo simulation
techniques offers a precise and personalized approach to liver tumor embolization
therapy.
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Development and Validation of Tools

Researchers have been actively involved in the development and validation of various
tools [54] for patient-specific dose estimation. These tools, such as DOSIS [55],
RAPID [56], MCID [57], irtGPUMCD [58], etc., play a crucial role in accurately
estimating dose values inmedicine. These tools incorporate advanced algorithms and
techniques to calculate Specific absorbed fractions (SAF) and/or S-values, allowing
for precise estimations of radiation doses to specific organs and tissues. To ensure
the reliability and accuracy of these tools, extensive validation is conducted using
standard software like OLINDA or reference values [59]. The aim is to establish
their consistency with established benchmarks and validate their performance in
real-world scenarios. Most of these standards are based onMonte Carlo simulations.
These tools are designed to be fast, precise, anduser-friendly, enablingpractitioners to
efficiently estimate patient-specificdoses for awide rangeof applications. These tools
make it easy for operators to compute patient organ doses without much knowledge
of image processing. The application of tools validatedwithMonte Carlo simulations
is making patient dosimetry easier, efficient, and simpler.

AI Applications

AI tools have revolutionized the field of dosimetry by providing advanced solutions
for accurate and efficient dose estimation [60]. One prominent development is the
utilization of convolutional neural network (CNN) based dosimetry methods [61],
which leverage deep learning algorithms to analyze SPECT/CT or PET/CT scans
of previous patients. These AI models are trained on large datasets, enabling them
to learn complex patterns and relationships between imaging features and radia-
tion doses. By extracting relevant information from the scans, the models can predict
radiation doses in specific organs with remarkable precision. To optimize the compu-
tational performance of these AI models, Graphics processing unit (GPU) acceler-
ation techniques are employed. GPUs are highly parallel processors that signifi-
cantly speed up the training and inference processes, allowing for rapid dose calcu-
lations. This acceleration enables real-time or near-real-time dose estimations, which
is particularly valuable in clinical settings where timely decision-making is crucial.

To validate the accuracy of theAI-based dosimetry approach, experimental studies
are conducted usingwater phantoms. These validation studies have demonstrated that
the AI models can accurately estimate radiation doses, providing results comparable
to direct Monte Carlo simulations while requiring significantly less computational
resources. One of the key advantages of AI-based dosimetry is its ability to enable
person-specific dose calculations. By incorporating patient-specific anatomical and
physiological information into the AI models, such as voxel-based phantoms and
biodistribution data, personalized dose estimations can be achieved. This personal-
ized approach enhances the precision and safety of radiation treatments by accounting
for individual variations in organ sizes, shapes, and biodistribution of radiopharma-
ceuticals. It has paved the way for more efficient and accurate radiation dose estima-
tions in nuclear medicine, enabling improved treatment planning and personalized
patient care.



Monte Carlo in Internal Dosimetry 503

8 Conclusion

Monte Carlo simulations are the application of random numbers to represent prob-
ability densities. Due to its statistical nature, it converges to the quantity required if
large samples are used or some biasing techniques are utilized. For application in
internal dosimetry various codes and computational phantoms are used. The appli-
cation of Monte Carlo for internal dosimetry can be primely divided into two cate-
gories. They are applied in radiation protection and application in nuclear medicine.
In radiation protection, Monte Carlo is used to estimate the CE of in-vivo moni-
toring systems, various dosimetric quantities, uncertainty analysis, and intercompar-
ison exercise. Monte Carlo is an effective and economical radiation protection tool
for internal dosimetry. In nuclear medicine applications, Monte Carlo simulation
using patient-specific imaging is considered as gold standard. Monte Carlo is also
used for validation in radioembolization. Various computational tools are developed
and validated for nuclear medical applications. Nowadays AI tools validated with
Monte Carlo simulation are also utilized for effective and easy methods of patient
dose evolution. With the brighter future of computational methods, Monte Carlo
simulation will find more utilization for internal dosimetry applications.
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Internal Dose Evaluation, Quality
Assurance and Uncertainty Analysis

Rahul Roy, Sushanta Halder, and Pradeep Kumar Singh

1 Internal Dose Evaluation

Internal contamination of occupational workers due to exposure to radionuclides is
a critical concern in nuclear industries, radiography, or medical procedures using
radioactive materials. Radionuclides, when inhaled, ingested, or absorbed, can
become lodged within the body and emit harmful ionizing radiation, potentially
causing long-term health risks, including cancer. To mitigate this risk, meticulous
monitoring of internal contamination is imperative. Workers are routinely subjected
to radiation exposure assessments through methods like whole-body counting, lung
counting, urine analysis, and bioassays. These assessments help quantify the presence
and concentration of radionuclides in the body, enabling the implementation of safety
measures, such as enhanced shielding, worker rotation, and stricter safety protocols.
By rigorouslymonitoring internal contamination, organizations can ensure the health
and safety of their employees and maintain compliance with strict regulatory stan-
dards governing radiation protection. In contrast, external contamination involves the
presence of hazardous substances on the surface of the worker’s body or clothing.
This contamination occurs when workers come into contact with substances on their
skin, hair, or clothing during their work. Monitoring external contamination typi-
cally involves using instruments like Geiger-Muller counters or chemical detectors
to identify and measure the presence of contaminants on the body or clothing. The
primary goal is to prevent the further spread of contaminants and ensure that they are
safely removed through decontamination procedures. In summary, internal contami-
nation involves hazardous substances within the body, requiring internal monitoring
methods, while external contamination involves substances on the body’s surface
and necessitates external monitoring and decontamination measures. Both types of
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contamination are critical concerns in occupational safety and require strict protocols
to protect the health and well-being of workers.

The main pathways of human exposure leading to internal irradiation are inhala-
tion and ingestion of radionuclides and in certain instances, through intact or injured
skin as described later. Further, in medical procedures involving diagnosis and treat-
ment, radiopharmaceuticals are commonly administered through intravenous injec-
tion. Intake is the cumulative quantity of radioactive material that enters the body.
This section covers the fundamental aspects of the methods used for estimating
internal doses and describes the implementation of these methods in occupational
workers. Figure 1 shows the flow chart of various steps involved in the evaluation of
committed effective dose (CED) in the realm of internal dosimetry.

Fig. 1 CED evaluation in internal dosimetry
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1.1 General Methods for Internal Dose Calculations

The methods used for internal dose calculation are typically categorized into two
groups: biokinetic and dosimetricmodels. Additionally, the biokineticmodel has two
parts: the intake models and systemic models. Intake models describe how activity
is taken in through different pathways, such as inhalation, ingestion, and contami-
nated wounds. The intake of activity through different pathways, initial deposition
of activity at the intake site, and the proportion of intake that is absorbed into bodily
fluids are also taken into account. The systemic model explains the time-dependent
distribution of activity in different organs and tissues, and its excretion in urine and
feces. Dosimetric models are employed to compute the equivalent doses to various
target organs due to radioactive disintegrations occurring in source organs.

1.1.1 Biokinetic Models

Intake Models: Intake of radionuclides refers to the process by which radionu-
clide enters the respiratory tract or gastrointestinal tract from the environment.
Radionuclide intake typically occurs through following routes:

i. Inhalation: Inhalation is one of the most common routes of radionuclide intake.
Workers in industries involving radioactive materials can breathe in airborne
particles or gases that contain radioactive isotopes. These isotopes can become
deposited in the lungs and may irradiate surrounding tissues.

ii. Ingestion: Ingestion occurs when radionuclides are swallowed or consumed.
This can happen if contaminated food, water, or beverages are ingested. The
radionuclides then enter the gastrointestinal tract and may be absorbed into the
bloodstream, potentially irradiating internal organs.

iii. Absorption through the Skin: Radionuclides can also enter the body through
the skin. If a person comes into direct contact with radioactive materials or
contaminated surfaces, especially if they have open wounds or cuts, some of the
radionuclides may be absorbed through the skin.

iv. Injection: In some medical procedures, radionuclides are intentionally injected
into the body for diagnostic or therapeutic purposes.

v. Wounds and Injuries: If an individual sustains an injury or wound in an envi-
ronment containing radioactive materials, radionuclides may enter the body
through the open wound, especially if proper wound care and decontamination
measures are not taken promptly.

vi. Intravenous Administration: Similar to injection, radionuclides can enter the
body through intravenous administration during certain medical procedures or
treatments.

Intake models find extensive application in occupational and environmental settings,
where exposures primarily occur through inhalation and ingestion, and in some
instances, through absorption via intact or injured skin. The respiratory tract model
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developed by ICRPprovides an overviewof the deposition, translocation, and absorp-
tion of various inhaled substances [1]. ICRP has also developed the gastrointestinal
(GI) tract model, which explains the behavior of swallowed materials within the
GI tract. This model, along with element-specific absorption fractions (f1 values),
determines the rate and extent of absorption of materials from the GI tract into the
bloodstream [2]. These ICRP respiratory and GI tract models represent the actual
movement of radionuclides inside the human body, but the biological realism of these
biokinetic models is element specific. Additionally, the NCRP has published amodel
that describes the intake and subsequent uptake (an activity that enters blood stream
from the respiratory or alimentary tract or through the skin) of radioactive materials
through wounds or damaged skin [3].

Systemic Models: After entering the bloodstream, the biokinetic distribution
of radioactive material in various organs relies on the body’s metabolic processes
specific to each element. For instance, radium has a tendency to accumulate in
the bone matrix, whereas iodine is predominantly deposited in the thyroid. These
elements can be deposited in one organ, remain there temporarily, re-enter the blood-
stream, get absorbed by another organ, and continue this pattern before eventually
being eliminated. ICRP has developed comprehensive biokinetic models for almost
all chemical elements. These models describe the movement of elements within the
body. Some models are primarily based on empirical data, providing detailed infor-
mation on the specific routes taken by elements. In contrast, other models consist
of simplified mathematical expressions that provide a reasonable estimation of the
overall activity deposited within major repositories of the body.

Systemic models are commonly employed in occupational and environmental
exposures, but their usage is less prevalent inmedical exposures. Inmedical scenarios,
where the focus is often on predicting the time-integrated concentration of radiophar-
maceuticals in specific organs, measurements of activity in the organ of interest are
frequently taken over a series of time points. The primary outputs of systemicmodels
are time-dependent activities of radioactive materials in various organs of interest.
Additionally, estimations of urinary and fecal excretions are also provided by these
models.

1.1.2 Dosimetric Models

Dosimetric models are utilized to determine the doses to specific organs of interest,
known as target organs. These models rely on calculating the fraction of energy
deposited in the target organs due to radioactive emissions from all organs involved,
known as source organs. These models calculate the absorbed doses by quantifying
the energy deposited in the target organs relative to the total energy emitted by
a radionuclide deposited in the source organs. This allows a more comprehensive
understanding of radiation exposure and its potential effects on the human body.

Themain objective of all internal dose calculations is to determine the absorbed or
equivalent dose received by specific organs or tissues over a designated time period
following the intake. This computed dose is known as the committed dose. Different
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time periods are used for these calculations, such as 1 year for annual doses, 50 years
for committed doses in workers, up to 70 years for committed doses in members of
the public, or an infinite time period where radionuclides have a short effective half-
life as compared to the human lifespan. Typically, the committed dose is computed
by integrating time-dependent dose rate over the specified time period. It’s important
to note that all internal doses mentioned in this context are specifically referring to
committed doses.

There are two widely used systems for internal dose calculations:

i. MIRD system: This system is primarily employed for internal dose assessments
in medical exposures, particularly those involving radiopharmaceuticals and
diagnostic or therapeutic procedures. TheMIRDsystemprovides specificmodels
and methodologies tailored to the unique characteristics of medical applications.

ii. ICRP system: This system is primarily utilized for internal dose calculations in
occupational and environmental exposures. The ICRP system offers comprehen-
sive guidelines, models, and reference data for assessing internal radiation doses
in various scenarios encountered in workplaces and environmental settings.

Both the MIRD and ICRP systems serve as valuable frameworks for estimating
internal radiation doses, with each system focusing on different applications and
contexts. Both systems share similarities but differ in their terminologies and symbols
used. The MIRD system focuses on predicting absorbed doses. On the other hand,
the ICRP system utilizes equivalent doses and effective doses as endpoints, where
absorbed doses and their uncertainties are the primary endpoints, except for a few
exceptions. In the descriptions that follow, it is assumed that the distributions of
activities in the organs of the body have been either measured or estimated. The
organs that emit radiations are referred to as source organs and the organs for which
the absorbed dose (D) is calculated are known as the target organs. The absorbed
dose to a given target organ is defined as the average energy deposited per unit mass
of that target tissue.

i. MIRD System of Internal Dose Calculations

Although initially developed for medical exposures, the equations utilized in the
MIRD system can also be applied to occupational and environmental exposures. The
essential elements of radionuclide dosimetry are described below [4–7].

Mean absorbed – dose rate: The time-dependent absorbed-dose rate Ḋ(rT , t)
which gives a dose delivered to the target tissue rT , due to uniformly distributed
activity within source tissue rS within a patient from a radiopharmaceutical at time
‘t’ post-administration is given as

Ḋ(rT , t) =
∑

rS

A(rS, t)S(rT ← rS, t) (1)

The S values exhibit distinct characteristics based on the radionuclide involved
and the specific anatomical model selected to represent the targeted tissue or patient,
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taking into account their age and gender. These S values are regarded as time-
dependent due to potential alterations in the geometric arrangement between the
source and target tissues over time. For instance, S values may fluctuate over time
if there is tumor reduction following medical treatment in the field of nuclear
medicine, or if a long-lasting radionuclide remains strongly within the body after
being consumed at a young age.

A(rS, t) time-dependent activity of the radioactive material in the source
tissue rS obtained from biokinetic modeling or direct imaging
quantification

S(rT ← rS, t) mean absorbed-dose rate to target tissue rT per unit activity present
in source tissue rS at time t post-administration as obtained from a
dosimetric anatomic model of the patient

S values can be derived from preconstructed computational models of the entire
body that represent reference individuals with specific characteristics such as sex,
age, standing height, and total body mass [8, 9]. This model can also be built using
segmented images of the individual’s anatomy obtained from magnetic resonance
imaging (MRI) or computed tomography (CT) [10]. Additionally, the source and
target regions, denoted as rS and rT , respectively, are defined within the anatomical
model and can encompass various configurations such as complete organs, sub-
organs, voxels extracted from tumors, medical images, cell components, individual
cells, or cell clusters [11–13].

Mean absorbed dose – Time-dependent formulation: The mean absorbed dose
D(rT , TD) to target tissue rT over a specified period TD (dose-integration period)
after administering the radioactive material to the subject is given as

D(rT , TD) =
TD∫

0

Ḋ(rT , t)dt =
∑

rS

TD∫

0

A(rS, t)S(rT ← rS, t)dt (2)

where TD is typically considered to be infinity, since radionuclides commonly used
in nuclear medicine have relatively short half-lives. The absorbed dose is expressed
in joule per kilogram (J kg–1) and is commonly referred to as Gray (Gy).

If A(rS, t) is normalized to a unit-administered activity A0 and represented as
a(rS, t), the absorbed-dose coefficient d(rT , TD) in target tissue rT can be expressed
as

d(rT , TD) =
∑

rS

TD∫

0

a(rS, t)S(rT ← rS, t)dt (3)

where a(rS, t) = fraction of the activity administered in the source tissues rS at time
‘t’ post-administration.

Both the ICRP and MIRD systems utilize numerical methods to obtain the time-
dependent activity in various compartments representing source tissues. This is
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accomplished by solving a set of first-order coupled differential equations that are
definedby compartmentmodels for all relevant organs and sub-organ tissues.Another
approach to obtain the time-dependent activity in source tissues of the patient is
through quantitative imaging or by collecting tissue samples such as biopsy, blood
or urine collection, etc.

The S value is unique to the radionuclide being considered and the computational
phantom that defines the spatial arrangements and tissue compositions of rS and rT ,
as well as the tissues in between, within the reference individual or tissue model.
The S value is expressed as

S(rT ← rS, t) =
∑

i

EiYi
φ(rT ← rS, Ei , t)

M(rT , t)
=

∑

i

Δi
φ(rT ← rS, Ei , t)

M(rT , t)
(4)

where

Ei and Yi mean energy and yield of radiation type ‘i’ emitted by the
radionuclide [14]

Δi product of Ei and Yi
φ(rT ← rS, Ei , t) absorbed fraction (fraction of energy deposited in the target

tissue rT due to radioactive emissions Ei in source tissue rS
at time ‘t’

M(rT , t) target tissue mass rT in the reference individual at time ‘t’

The range of beta particles in tissue is small as compared to the size of the target
tissue. In such case, the absorbed fraction is taken tobeunity and Ei is considered to be
the average value of the energy spectrum. However, if there are significant variations
in absorbed fraction across the range of emission energies, then the summation in
the above equation is replaced by an integral over the entire beta energy spectra. This
situation is described by the quotient of the absorbed fraction to the target mass:

Φ(rT ← rS, Ei , t) = φ(rT ← rS, Ei , t)

M(rT , t)
(5)

such that:

S(rT ← rS, t) =
∑

i

ΔiΦ(rT ← rS, Ei , t) (6)

Mean absorbed dose – Time independent formulation: The assessment of
certain scenarios requires the preservation of the time dependency of the S value.
These situations include:

• Estimating the absorbed dose in tumor regions that experience changes in mass
(either increasing or decreasing) during the irradiation period; and

• Determining the 50-year mean organ doses in individuals who were exposed to
long-lived radionuclides during their childhood.
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Inmost of the cases,when the source and targetmasses remain constant throughout
the irradiation period, the time dependency of the S value may be neglected. In such
situations, Eq. 6 can be simplified to the following time-independent form:

D(rT , TD) =
∑

rS

Ã(rS, TD)S(rT ← rS) (7)

where Ã(rS, TD) is the total number of radioactive transformations occurring in the
source region rS over the specified period TD such that – Ã(rS, TD) = ∫ TD

0 A(rS, t)dt .
The absorbed-dose coefficient d(rT , TD), which represents the absorbed dose in

the target tissue rT per unit activity administered, is expressed as

d(rT , TD) =
∑

rS

ã(rS, TD)S(rT ← rS) (8)

where

ã(rS, TD) =
TD∫

0

a(rS, t)dt = 1

A0

TD∫

0

A(rS, t)dt (9)

and ã(rS, TD) is the time-integrated activity coefficient. In previous versions of the
MIRD schema, ã was referred to as the residence time τ andwas assigned the units of
time (seconds). Here, ã(rS, TD) corresponds to the cumulative number of radioactive
transformations (Becquerel-second) that occur in source tissue rS over the specified
period TD per unit-administered activity A0 (Becquerel).

ii. ICRP System of Internal Dose Calculations

The ICRP system of internal dose calculations quantifies the activities deposited
in the source organs to dose limits, that are defined as equivalent and effective
doses. The ICRP system is primarily employed for regulatory purposes in the assess-
ment of doses resulting from occupational and environmental exposures. The dose-
integration period for adults is standardized at 50 years, assuming a reference age
of 20 years at the time of exposure. For individuals exposed as infants, children, or
adolescents, the time is variable and extends up to 70 years [15]. Figure 2 shows the
steps in the ICRP schema of internal dose calculations.

Taking the example of occupational exposures, the dose equivalent in sievert (Sv)
is calculated for 50 years after intake by means of the following equation, developed
by [16]:

H50,T = 1.6 × 10−10
∑

S

[
US

(
∑

i

SEE(T ← S)i

)]

j

(10)

SEE(T ← S)i = WiYi Eiφ(T ← S)

MT
(11)
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Fig. 2 ICRP schema of internal dose calculations

where

H50,T dose equivalent to tissue T in 50 years after intake of radionuclide j
US total number of radioactive transformations occurring in source

tissue S in 50 years following intake of radionuclide j
SEE(T ← S)i specific effective energy of radiation type ‘i’ absorbed in target tissue

T per transformation of radionuclide j in source organ S (MeV kg–1)
Yi yield of radiation type ‘i’ per nuclear transformation
Ei energy of radiation type ‘i’ (MeV)
Wi radiation weighting factor for radiation type ‘i’
φ(T ← S) absorbed fraction (kg−1)
MT mass of target organ T (kg)

Originally, the simplifying assumption is made that all emitted charged particle
radiation is absorbed solely in the source tissue, and no absorption occurs in other
target tissues. However, more recent dosimetric models consider the contributions
of charged particle radiations when the source and target tissues are different. For
photons, absorbed fractions are computed frommathematical phantoms representing
a stylized anatomy of the human body. These phantoms allow for Monte Carlo
calculations to be made of how much-emitted photon energy is deposited in the
source and target tissues, taking into account the energy of photons [17]. By summing
over all radiations i, the specific effective energy of radionuclide j is given by

SEE(T ← S) j =
∑

i

SEE(T ← S)i (12)
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Finally, the effective dose equivalent (HE ) is estimated by taking the product of
the committed organ dose equivalent to different tissues and tissue weighting factor
(wT ), and summing over all target tissues:

HE =
∑

T

wT H50,T (13)

The tissue weighting factors are used to quantify the relative detriments of radi-
ation to different tissues, taking into account the varying sensitivities of various
internal organs to the development of stochastic effects caused by radiation expo-
sure. Occupational dose limits still rely on this system [18] and require that for all
radionuclide intakes in a single year:

H50,T ≤ 0.05 Sv (14)

to prevent deterministic effects and:

∑

T

wT H50,T ≤ 0.05 Sv (15)

to prevent stochastic effects.
In early 1990s, ICRP published revised guidance [19] and introduced a different

nomenclature for internal dose parameters. The absorbed dose in a tissue T resulting
from exposure to a specific radiation R is represented by DT,R . Radiation-specific
quality factorswere replacedwith radiationweighting factors (wR) and the equivalent
dose (HT,R) to a given target tissue T is given by

HT,R ≤ wRDT,R (16)

to limit stochastic risk to a specified level.
The total equivalent dose, when the absorbed dose is due to different radiations

with different radiation weighting factors is given by

HT =
∑

R

wRDT,R (17)

Finally, the effective dose E is calculated by taking the product of tissueweighting
factors (wT ) and the equivalent doses summed over all organs T:

E =
∑

T

wT HT (18)

According to the ICRP guidance [19], the limit for occupational effective dose
is set at ≤ 20 mSv per year, with a 5-year rolling average time period. There is an
additional provision that the occupational effective dose does not exceed 50 mSv in
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any 1 year. While ICRP [15] published new recommended values for the radiation
weighting factors for protons and neutrons and a revised set of tissue weighting
factors, the 1990 dose limits are unchanged [15].

ICRP recommended values of effective doses per unit intake:

• Publication 30 [16, 18, 20] and Publication 68 [21] for workers;
• Publication 53 [22], Publication 62 [23], Publication 80 [24], and Publication 106

[25] for patients;
• Publication 56 [26], Publication 67 [23], Publication 69 [27], Publication 71 [28],

and Publication 72 [29], for members of the general public;
• Publication 88 [30] for the embryo and fetus from intakes of radionuclides by the

mother; and
• Publication 95 [31] for infants following ingestion of radionuclides frommothers’

milk.

Several organizations have released values for derived quantities useful in occupa-
tional radiation protection. These quantities include the annual limit of intake (ALI)
and the derived air concentration (DAC). ALI is defined as the intake of a specific
radionuclide by a particular pathway that corresponds to an effective dose equivalent
to the regulatory limit. DAC is defined as that concentration of radionuclide in air
that, if an occupational worker were to breathe it at gender-averaged breathing rates
for a full work year (2000 h), would lead to intake equivalent to 1 ALI for inhalation.
The product of DAC and exposure time, in units of DAC-h, can be used to estimate
inhalation intake, since by definition, 1 ALI = 2000 DAC-h.

1.2 Dose Computation

The dose to an occupational worker is computed using the methodology described in
Fig. 3. The calibration factors (cpm/kBq) for a given whole-body monitor (WBM)/
lung counting (LC) or alpha spectrometry system is derived using suitable phantoms
and sources. For WBM’s, Bottle Mannequin Absorption (BOMAB) phantom and
for LC’s Lawrence Livermore National Laboratory (LLNL) or Japan Atomic Energy
Research institute (JAERI) phantoms are used for calibration purposes. Planchette
sources of Pu/Am are used for calibrating the alpha spectrometry system. These
calibration factors are used to quantify themeasured count rate in aworker tomeasure
activity. Then, the intake of radionuclides is estimated by dividing the measured
activity with the retention/excretion fraction of radionuclides at the time ‘t’. In a
routine monitoring scenario, ‘t’ is taken as 180 days, and in a special monitoring
scenario, the time of intake is known. Finally, the dose to the occupational worker
for a given radionuclide is estimated by taking the product of intake calculated from
the previous step, and the dose coefficient is estimated by solving the dosimetric
model.

The dose for a given radionuclide is computed from intake and dose coefficient that
depends upon various parameters such asmode of intake, physical and chemical form
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Fig. 3 Dose computation methodology
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Fig. 4 Variation in whole-body retention of Cs-137 with particle type and size

of the radionuclide, particle size of the aerosol deposited in lung compartments, and
its absorption type (Type-F,M, S), gut absorption factor ( f A) of soluble and insoluble
materials, etc. Figure 4 shows the variation in whole-body retention of Cs-137 with
particle type and its size.

2 Quality Assurance

2.1 Intercomparison Exercise

An intercomparison exercise in the field of internal dosimetry is a controlled and
systematic comparison of the methods and practices used by different laborato-
ries or organizations to assess the radiation doses received by individuals due to
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the internal intake of radioactive materials. It involves the evaluation of measure-
ment techniques, instrumentation, and procedures to ensure accuracy, consistency,
and compliance with regulatory standards. These exercises are essential for quality
assurance, standardization, and improving the reliability of internal radiation dose
assessments.

1. Objective: The primary objective of intercomparison exercises in the field of
internal dosimetry is to evaluate and improve the accuracy and reliability of
methods used to assess radiation doses received by individuals due to the intake
of radioactive materials. These exercises are conducted to ensure the quality
and consistency of internal dosimetry practices and to enhance radiation protec-
tion for workers, especially in industries where there is potential exposure to
radioactive substances.

2. Quality Assurance and Validation: Intercomparison exercises help vali-
date the accuracy of internal dosimetry measurements and calculations. By
comparing results from different laboratories or institutions, it is possible to
identify potential sources of error and improve measurement techniques.

3. Standardization: These exercises promote the standardization of dosimetry
procedures and methodologies across different organizations and laboratories.
Standardized practices ensure that dose assessments are consistent and reliable,
regardless of where they are conducted.

4. Training and Education: Intercomparison exercises provide valuable oppor-
tunities for training and educating personnel involved in internal dosimetry.
Participants can learn from one another and gain experience in handling various
aspects of dosimetry, from sample collection to analysis.

5. Method Development and Optimization: Through intercomparisons,
researchers and practitioners can identify areaswhere dosimetrymethods can be
refined or optimized. This can lead to the development of improved techniques
for assessing internal radiation exposure.

6. Benchmarking: Intercomparisons serve as benchmarks for evaluating the
performance of laboratories and dosimetry systems. Laboratories can assess
their proficiency in accurately measuring and quantifying radioactive materials
in biological samples.

7. Quality Control: These exercises help ensure that laboratories maintain high
standards of quality control and quality assurance in their dosimetry practices. It
encourages the ongoingmonitoring and improvement ofmeasurement accuracy.

8. Regulatory Compliance: Compliance with regulatory requirements is a crit-
ical objective. Many regulatory authorities mandate that organizations involved
in handling radioactive materials participate in intercomparison exercises to
demonstrate compliance with safety standards and dose limits.

9. Emergency Preparedness: Intercomparisons can assess the preparedness of
dosimetry laboratories to respond to emergencies, such as nuclear accidents or
radiological incidents. It helps ensure that accurate dose assessments can be
made rapidly during crisis situations.
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10. Confidence Building: By demonstrating the accuracy and reliability of internal
dosimetry practices, intercomparisons build confidence among workers and
the public regarding the safety measures in place to protect against radiation
exposure.

Overall, intercomparison exercises in the field of internal dosimetry play a crucial
role inmaintaining the highest standards of radiation protection, improvingmeasure-
ment techniques, and ensuring thatworkers and the public are adequately safeguarded
against the potential hazards of internal radiation exposure.

2.2 Intercomparison Exercise on Internal Dose Assessment

Numerous intercomparison exercises have been conducted at both national and
global scales to assess occupational exposure resulting from radionuclide intakes.
These exercises have highlighted substantial variations in assumptions, methods,
approaches, and as a result, the outcomes achieved by different practitioners involved.
Recognizing the importance of this issue for internal dosimetrists, the International
Atomic Energy Agency (IAEA) has coordinated a fresh intercomparison exercise in
collaboration with the IDEAS project. Under the 5th EU Framework Program (EU
Contract No. FIKR-CT2001-00160), the IDEAS project has developed comprehen-
sive guidelines known as “Guidelines for the Evaluation of IncorporationMonitoring
Data”. The objective of this collaborative effort is to address the challenges associated
with harmonizing evaluation practices and promoting consistency in the assessment
of incorporation monitoring data.

With the primary focus on assessing the impact of the harmonization guide-
lines in the field of internal dosimetry, this recent intercomparison exercise aimed to
accomplish the following objectives:

• Participating laboratories were given the opportunity to assess the effective-
ness of their internal dose assessment methods by implementing the most recent
recommendations from ICRP, which included the latest respiratory tract model.

• Comparative analysis of various approaches used to interpret monitoring data
related to internal contamination.

• Quantify the disparities in internal dose evaluations that arise from implementing
the latest guidelines in comparison to other established methodologies.

• Offer insights on the impact of input parameters on monitoring outcomes by
presenting relevant figures.

• Establish a broad forum for the exchange of information among participating
entities, facilitating discussions and knowledge sharing.

By addressing these aspects, the intercomparison exercise sought to enhance
the understanding and consistency of internal dose assessments and promote the
application of harmonized guidelines in internal dosimetry.
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2.3 IAEA/IDEAS Intercomparison Exercise

For harmonizing the methods of assessing the committed effective dose to workers
after an intake of radionuclides using these guidelines, a joint IDEAS/IAEA inter-
comparison exercise viz.” Intercomparison exercise on assessment of occupational
exposure” was organized. Internal Dosimetry Section (IDS) laboratory, RSSD,
BARC, Mumbai has participated in this exercise, which consisted of six cases
covering wide and complex exposure scenarios. The cases given were (i) acute intake
of HTO, (ii) acute inhalation of fission products 137Cs and 90Sr, (iii) acute inhala-
tion of 60Co, (iv) chronic intake of 131I, (v) enriched uranium intake, and (vi) intake
of Pu and Am. The cases were solved using LUDEP, MONDAL/MONDES, and
IMBA dose evaluation software, and the results were submitted to IAEA. Eighty-one
participants from 42 countries submitted the results to the IAEA. Out of these, only
thirty-five participants had solved all the cases. Our laboratory was one of them.
IAEA statistically analyzed the results reported by the participating laboratories,
using Log-Normal distribution for Geometric Mean (GM) and Geometric Standard
Deviation (GSD) for a better graphical representation of the data. Our results were
found to be in good agreement with the IAEA results. Table 1 shows the Intakes and
CED values estimated by our laboratory and the results compiled by IAEA for the
six cases given in the intercomparison exercise.

This table includes only a brief description of the exposure cases. The CED
values given by the IAEA are the GM of all the values reported by the participating
laboratories. These values are given in this table along with their GSD. The detailed
results of the participating laboratories for Case No. 6 (b) as reported by IAEA are
given in Fig. 5. The results of our laboratory are shown by a red arrow. It is seen that
the results have excellent agreement with mean values.

2.4 Development of the General Guidelines

The IDEAS project primarily focused on formulating comprehensive guidelines. The
project partners collaborated in order to formulate a unified approach for evaluating
monitoring data. Through an online workshop hosted on the website http://www.
ideas-workshop.de/, they created and discussed the general guidelines with internal
dosimetry experts. This collaborative discussion strengthened the shared strategy and
facilitated the finalization of the draft guidelines. Several contractors involved in the
IDEAS project were also active members of the ICRP party working on the interpre-
tation of Bioassay data. Their participationwas instrumental in the development of an
ICRP Supporting Guidance Document that deals with Bioassay Data Interpretation.
The goal of this document is to supplement the forthcoming Occupational Intakes
of Radionuclides (OIR) document, which is set to replace ICRP Publications 30, 54,
68, and 78.

http://www.ideas-workshop.de/
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Table 1 Our reported values of Intake and CED for various cases and the compiled results of IAEA

Case
No

Cases Reported results IAEA compilation of the results

Intake
(kBq)

CED
(mSv)

Intake
(kBq)

CED (GM ± GSD)
(mSv)

1 Acute Intake of HTO: urinary
excretion data of 0–274 days
was given. CED is estimated
using the direct method of dose
estimation given in the
guidelines

– 23.36 – 25.7 ± 1.4

2 (a) Acute inhalation of fission
products 90Sr and 137Cs:
Whole-body counting data for
137Cs and urinary and fecal
excretion data from 0 to 634
days for 90Sr were given 137Cs
results

118 0.789 103.2 0.666 ± 0.1

2 (b) 90Sr and 90Y results 60.8 4.68 106.57 8.97 ± 6.61

3 Acute inhalation of 60Co:
Whole-body counting data and
urinary excretion data from 10 to
1010 days were given

404 5 396 5.2 ± 1.7

4 Repeated intake of 131I: thyroid
monitoring data for 0–8 days has
been given following repeated
intake of 131I

118 2.33 169.66 2.58 ± 0.17

5 Acute intake of enriched U:
Lung monitoring data and
urinary excretion data were
given

3.368 23 9.719 39 ± 33

6 (a) Single intake of Pu isotopes and
241Am: 241Am chest, lung, liver,
bone measurement data &
urinary and fecal excretion data
were given. 241Am results

4.59 34.7 4.3 69.5 ± 62.2

6 (b) Single intake of Pu isotopes and
241Am: 239Pu urinary and fecal
excretion data were given. 239Pu
results

13.8 114 14.2 155 ± 78

The Guidance Document shares the same goals as that of the IDEAS project.
Therefore, both documents have been developed in close coordination to ensure
consistency between the ICRP Guidance Document and the IDEAS guidelines.
However, there exist disparities in terms of scope. In particular, the ICRP Guid-
ance Document will be focused on the upcoming ICRP Recommendations and the
revised biokinetic and dosimetric models employed in the OIR document such as the
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Fig. 5 Results of the individual participants as reported by IAEA for 239Pu. The results of our
laboratory are shown by red arrow

Human Alimentary Tract Model (HATM). On the other hand, the IDEASGuidelines
are applicable to the existing models in use.

Nevertheless, the draft ICRP Guidance Document shares common principles and
incorporates systematic assessment approach that draws inspiration from the IDEAS
Guidelines.

2.5 Evaluation of Monitoring Data Based on the IDEAS
Guidelines

2.5.1 Introduction

While usingmonitoring data for evaluating internal committed doses, various factors
are assumed where required information is not available. These factors include the
intake pattern and material properties.

When multiple measurements are accessible, the relative significance assigned to
each set of data can significantly impact the outcome of the assessment. Intercom-
parison exercises conducted recently have demonstrated significant discrepancies in
doses derived from the same dataset, primarily attributable to different choices made
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for these factors. As a result, there is a pressing need for guidance to ensure consistent
evaluations and harmonize the results.

The guidelines put forth a set of procedures that are based on these principles:

• Harmonization: from a given data set, the doses estimated by any two assessors
should be the same when adhered to the procedures.

• Accuracy: the available dataset should be utilized to obtain the most accurate
estimate of dose.

• Proportionality: the level of effort involved in the evaluation should be propor-
tional to the dose being assessed. As the dose decreases, the process should be
simplified accordingly.

2.5.2 Harmonization

The guidelines recognize the importance of having a well-defined procedure, and
therefore, the process is primarily described through a series of flowcharts. The aim
is to make the procedure widely applicable, without assuming the availability of
sophisticated bioassay interpretation software.

It is relatively straightforward to establish a procedure in the case of routine
monitoring scenarios as only one measurement is available for each potential intake.
However, in special monitoring scenarios, multiple measurements and potentially
different types of measurements (such as urine, feces, etc.) are involved. In such
cases, even when using the same parameter values, model, and software, the doses
evaluated are different as various options for data handling are involved.

When it becomes suitable to consider alternative parameter values rather than
solely relying on the ICRP defaults, additional possibilities and opportunities for
different evaluated doses emerge. In order to ensure consistency and standardization
in the evaluation process, the guidelines propose a systematic approach to dose
assessment in all these scenarios. They offer proposals to address these situations
to provide a framework for maintaining consistency and standardization throughout
the evaluation process.

2.5.3 Accuracy

The significant uncertainties related to assessed internal doses, particularly for
actinides, which are difficult to detect within the body and have relatively high dose
coefficients (SvBq−1), are acknowledged. In situations, when the initial dose esti-
mates surpass 1 mSv, there is a possibility that a considerably higher dose, such as 6
mSv, cannot be ruled out easily. In such situations, it becomes crucial to maximize
the utilization of available information in order to obtain the most accurate assess-
ment It can be achieved bymodifying parameter values from the ICRP default, taking
into account the specific circumstances. Therefore, guidance is required to determine
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which parameter values can reasonably be adjusted based on the available informa-
tion. This ensures that the evaluation process takes into consideration all relevant
factors and maximizes the utility of the available data.

2.5.4 Proportionality

The level of effort invested in evaluating monitoring data should be proportional to
the anticipated exposure level and the complexity of the particular case. In scenarios
where the anticipated exposure is significantly lower than the dose limits, it is
permissible to employ simpler procedures for dose evaluation with a higher level
of uncertainty. However, more advanced evaluation procedures are employed, if the
monitoring values are approaching or exceeding the dose limits.

These advanced procedures consider any case-specific information that is avail-
able, aiming to minimize both the uncertainty and bias in the best estimate. The goal
is to achieve the lowest reasonable level of uncertainty and bias by taking into account
all relevant factors and utilizing the available information effectively. This ensures
a more accurate assessment of the incorporation of monitoring data, particularly in
cases where the exposure is significant or approaching the dose limits.

2.5.5 Level of Task

The suggested frameworkof "Levels ofTask" is proposed in the context of operational
radiation protection. This structure fundamentally draws from routine monitoring
scenarios but can also be extended to encompass other scenarios.

i. Level 0: If the annual dose is less than 0.1 mSv in the accounting year, dose
evaluation is not necessary.

ii. Level 1: A straightforward "reference" evaluation is conducted utilizing ICRP
default parameter values. However, if there is better prior information available,
such as particle size distribution for inhalation intakes, it is taken into account.
The typical dose range for evaluations at this level is 0.1 to 1 mSv.

iii. Level 2: An advanced evaluation is performed, incorporating supplemental
information to assess the dose which is more realistic. This level is commonly
employed for special assessments of accidental intakes. Model predictions are
comparedwith the available data ("the fit") for selecting themost suitable param-
eter values or determining the optimal values post-evaluation. At this level,
adjustments are made to parameters related to material, such as absorption type
and AMAD for inhalation intakes. Additionally, adjustments may be made for
the parameters associated with the unknown time of intake. The dose range for
evaluations at this level is typically 1 to 6 mSv.

iv. Level 3:Anevenmore advanced evaluation is conducted in caseswhere compre-
hensive data are available, such as after an accident. This level extends the
evaluation process from Level 2, focusing on parameters related to the subject
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(e.g., particle transport rates in the Human Respiratory Tract Model for inhala-
tion intakes). The fundamental approach at this level is to systematically adjust
model parameter values in a specific order using a "step-by-step" approach
until an acceptable level of goodness of fit is achieved. Evaluations at this level
generally involve doses exceeding 6 mSv.

3 Uncertainty Analysis

Mathematical models are used to assess radiation doses resulting from exposure to
internally distributed radionuclides, but these models often rely on limited or incon-
sistent data. Since the scope of behavior of radionuclides inside the human body is
limited, it is crucial to evaluate uncertainties when estimating internal doses. Uncer-
tainties in dose calculations can have significant implications, such as influencing
the outcomes of epidemiological studies, impacting the remediation of contaminated
areas, affecting compensation programs for atomic veterans and nuclear workers,
as well as influencing radiation-based diagnosis and treatment plans for patients.
Communicating the uncertainties alongside the assessment results can enhance the
credibility of the findings when they are shared with interested parties.

The degree of uncertainty varies depending on the quantity and quality of data
regarding the given exposure scenario, as well as the specific objective of the assess-
ment. While calculating internal doses and their associated uncertainties by utilizing
the established biokinetic and dosimetric models, it is crucial to comprehend the
origins of uncertainty as well as the various types and categories it encompasses.
Figure 6 shows the primary sources of uncertainties in internal dosimetry, including
uncertainties associated with the measurement process, characteristics of intake, etc.

Fig. 6 Sources of uncertainties in the field of internal dosimetry
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3.1 Uncertainties in Measurements

3.1.1 Bioassay Measurements

NCRP (1987) has provided guidance on utilizing bioassay measurements for retro-
spective internal dosimetry, but the focus on uncertainties in these measurements has
only gained significant attention in recent years [32]. Uncertainties associated with
bioassaymeasurements encompass radiationdetectionuncertainties anddata normal-
ization uncertainties. Radiation detection uncertainties often arise from counting
statistics, although certain measurements utilize more complex techniques such as
mass spectrometry. The uncertainty in data normalization for bioassaymeasurements
depends on the specific type of measurement employed.

In in-vivo measurements, which include partial-body, whole-body, and wound
counting, uncertainties in normalization involve variations in subject position, varia-
tions in body dimensions, and activity distribution inside the body. However, in vitro
measurements involve uncertainties stemming from the natural variability observed
when the same type of measurement is repeated multiple times for a single indi-
vidual, as well as uncertainties associated with adapting or standardizing a bioassay
measurement. An example of the latter is inferring the activity excreted in a 24-h
period based on a measurement of activity from a single-voiding urine sample.

The recent report of the European IDEAS Project [32] provides a comprehensive
account of uncertainty in radiation detection and data normalization, including their
magnitudes. In this report, errors that follow a Poisson distribution, such as counting
errors, are categorized as Type A errors, and uncertainties in other components are
labeled as Type B errors. Additionally, uncertainties stem from the interpretation
of bioassay data in relation to biokinetic models or the exposure scenario. These
uncertainties arise because bioassay measurements need to be compared to expected
excretion or retention quantities, which themselves are uncertain due to the unknown
parameters of the biokinetic model.

3.1.2 Environmental Measurements

In cases where bioassay data are unavailable or of questionable quality, activity is
measured in the environmental media such as food, soil, air, water, or material found
in a wound to estimate the radionuclide intake within the body. Alternatively, predic-
tions obtained from environmental transport models can be utilized. However, the
measurement of environmental samples introduces sources of uncertainties. Uncer-
tainties related to environmental measurements include the natural variability of
activity in the media, errors arising from sampling techniques (such as insufficient
sample size or inadequate geographical or temporal distribution of samples), and
errors that occur during radiation detection (such as variations in the number of
counts, calibration, efficiency, and background noise). Similar to bioassay data, the
interpretation of environmental measurements introduces another important source
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of uncertainty. For instance, determining whether the measured activity in air, water,
soil, or food is relevant to the individual for whom dose reconstructions are being
conducted can be a source of uncertainty.

When environmental measurements are lacking for a certain period, location, or
type of environmental media, the intake of a radionuclide is determined through
interpolation or extrapolation of available data. For example, at a given location, the
radionuclide concentration in the air can be estimated using interpolation measure-
ments from surrounding locations. Environmental transport models may also be
employed for intake estimation. However, the process of interpolation/extrapolation
or the use of environmental models introduces uncertainties that can significantly
impact the uncertainties in intake and, consequently, internal dose calculations. In
caseswhere environmental models are utilized to quantify activities in environmental
media, it is preferable to perform an uncertainty analysis. However, often environ-
mental model inputs are assigned with the expectation of resulting in a conservative
overestimate of media concentrations. Consequently, point estimates of environ-
mental media concentrations, without associated uncertainties, are used to estimate
intake rates and doses. As these point estimates are believed to be overestimates,
reported internal doses should be accompanied by statements acknowledging that
an overestimate of radionuclide intake rate was assumed because of the absence of
environmental data, regardless of whether the uncertainty is evaluated or not.

3.2 Sources of Uncertainty Related to the Characteristics
of the Intake

Bioassay and environmental measurements, as discussed in the previous subsection,
play crucial roles in determining the intake of a radionuclide and assessing the internal
dose. This subsection will cover additional quantities and aspects that are necessary
for a comprehensive characterization of radionuclide intake in the human body.

3.2.1 Uncertainties Related to Personal Information

The quantity of activity entering the body is influenced by various factors specific
to the individual being exposed. In cases of inhalation exposure, factors such as
breathing rates, occupancy factors (the fraction of time spent indoors), and filtration
efficiency affect the intake. In cases of ingestion, factors such as consumption rates
of different food items, the time delay between contamination and consumption, the
fraction of contaminated food, and activity loss during culinary preparation (culinary
factors) impact the intake. When specific information about individuals is not avail-
able, these factors can be set equal to average or best estimate values for representative
subgroups of the population. The uncertainty associated with these factors should
reflect the variability within the respective population group. For example, ingestion
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rates for adult males may have a different range of potential values compared to adult
females or children between the ages of 1 and 5.

Exposure information for specific individuals is often collected through personal
interviews, aiming to gather details about the location and types of activities during
the exposure period (for occupational settings) or ingestion rates, food sources, and
residence history (for environmental settings). However, this information is subject
to biases and uncertainties because it relies on recollections of events that may have
occurred a long time before the interview. Additionally, interviewees may struggle
to accurately define certain physical quantities. For example, individuals may have
difficulty recalling their long-term average milk consumption rate but can remember
specific instances when they consumed three to four glasses of milk.

3.2.2 Uncertainties Related to an Unknown Route of Intake

In certain occupational or environmental scenarios, there are situations where the
route of intake of a radionuclide cannot be readily determined due to a lack of
conclusive information from existing bioassay data, environmental measurements,
or health physics records. For example, there are instances where it remains uncer-
tain whether the intake occurred solely through inhalation, ingestion, or through a
combination of both. Even when it is established that both inhalation and ingestion
occurred, accurately determining the precise fraction of activity that was inhaled and
ingested poses a challenge.

3.2.3 Uncertainties Related to an Unknown Physical Form, Chemical
Form, or Isotopic Composition of an Element

The physical and chemical forms of radionuclides in intakes can have a signifi-
cant impact on internal doses. In certain exposure situations, uncertainties in the
physical and chemical forms of radionuclides can directly impact dose estimates,
leading to increased uncertainties in the calculated doses. Inmedical applications, the
forms of active material are typically known. Radioactive compounds with specific
chemical forms are intentionally designed to serve a particular medical purpose,
and therefore, their biokinetics are specialized and usually well understood. It is
also possible to have radioactive compounds with similar biokinetics but containing
different radionuclides.

In occupational or environmental settings, the form (physical/chemical) of active
materials is often unknown. For instance, radionuclides can be attached to particles
of unknown sizes or distributed to an unknown extent within the volume of insoluble
material that enters the body. These factors can have a significant impact on internal
doses, not only in cases of inhalation but also in cases of ingestion or wound contam-
ination. The chemical form of a radionuclide plays a crucial role in its transit and
systemic absorption within the human body. Different chemical forms of the same
radionuclide can coexist in the environment, and changes in chemical form can occur
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during the transport of the radionuclide from the release point to the exposed indi-
vidual. The form (physical/chemical) of a radionuclide that enters the human body
can greatly influence the magnitude of the internal dose. Therefore, uncertainties in
the physical and chemical form of the radionuclide can lead to significant uncertain-
ties in the estimated internal dose. Consideration of uncertainties is important, as
they can impact the accuracy and reliability of dose assessments in occupational or
environmental exposure scenarios.

In addition to the influence of physical and chemical forms, uncertainties in
internal doses can also arise from the unknown level of enrichment of an element.
For instance, when conducting chest counting of uranium, the measurements may be
based on emissions specifically from 235U. However, it may be uncertain whether a
worker was exposed to, natural U, enrichedU (5 or 95%), or depletedU (DU). In such
situations, accurately translating the quantity of 235 U in the lungs into total uranium
becomes challenging. In many cases, the uncertainties associated with interpreting
bioassay data can be even greater than the uncertainties in the actual measurements
themselves.

3.2.4 Uncertainties Associated with an Unknown Time of Intake

Uncertainty in the estimated internal doses can arise from the unknown timing of
events that led to the intake of a radionuclide. The extent to which this uncertainty
impacts the estimated dose can vary depending upon the particular circumstances.
In environmental settings, for instance, the uncertainty in the date of a change in
residence (such as moving in or out of an affected area) may have little to no effect
on the uncertainty in the internal dose if the change occurred before the arrival of the
radioactivematerial in the affected area. However, if the change in residence occurred
around or shortly after the radionuclide reached the affected area, the uncertainty in
the timing of the event will have a substantial influence on the uncertainty in the dose
estimated. It is crucial to take into account and quantitatively assess the uncertainty
associated with the unknown timing of intake events when estimating internal doses.
Understanding the potential impact of this uncertainty can help in interpreting dose
estimates more accurately and assessing the overall uncertainty in radiation exposure
scenarios.

In occupational settings the intake dates or periods normally available from health
physics records could represent one of the following cases:

i. intake date is known precisely because there was a well-documented incident;
ii. facility had a default procedure for assigning an intake date for regula-

tory purposes (e.g., the midpoint of the time since the last routine bioassay
measurement, or a uniform intake rate since the last measurement);

iii. air monitoring suggests a certain pattern of intake during the period since the
last measurement;
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iv. work records indicate that there was potential intake only during a certain time
period (e.g., because at other times the worker was on sick leave or vacation or
only worked in clean areas).

In Case A, the intake date is known precisely and there is no uncertainty related
to the date of intake. This means that the dose estimate can be calculated accu-
rately without any additional uncertainties or biases. In Case B, where there is great
uncertainty in the intake date, it can result in large uncertainties or biases in the dose
estimate. Since the exact timing of the intake is unknown, the dose estimatemay have
a wide range of possible values, making it less precise and reliable. Case C represents
a scenario where the uncertainties in the intake date are reduced compared to Case
B, but significant uncertainties may still remain. While there is some information
available from air monitoring data, it may not provide a precise intake date. There-
fore, the dose estimate may still have sizable uncertainties associated with it. In Case
D, the impact of the uncertainty in the intake date on the dose estimate can vary. If
the urinary excretion pattern is fairly flat around the estimated exposure period, the
dose estimate may be less sensitive to the uncertainty in the intake date. However,
if the urinary excretion curve declines rapidly during the suspected exposure period,
the uncertainty in the exposure date can have a significant effect on the estimated
dose. Overall, uncertainty in the date of intake can introduce varying degrees of
uncertainty or sensitivity in the estimated internal dose, depending on the specific
circumstances and the relationship between the timing of intake and the biological
excretion or retention of the radionuclide.

In routine monitoring scenarios, when only one measurement data is available at
the conclusion of the monitoring interval and the timing of a single intake during that
interval remains unknown, various methods can be employed for intake or dose esti-
mation. The ICRP recommended midpoint method assumes that intake had occurred
at the midpoint of the time interval since the previous bioassay sample. This method
provides a simple estimate, but it has the tendency to overestimate the true intake.
To mitigate this bias, the monitoring interval is recommended to be chosen in such
a way that, the bias in estimated intake is less than a factor of three. The U.S.
Department of Energy (DOE) standards suggest dividing monitoring intervals into
equal intervals and reporting the average of the representative intakes from each
interval. The purpose of the midpoint method is to offer a more precise estimation of
the average intake during the monitoring interval. In contrast, the constant-chronic
method proposed by Puncher et al. [33] assumes a constant intake rate throughout
the entire monitoring interval. This method aims to provide a more accurate estimate
of the average intake during the monitoring interval.

Alternatively, Monte Carlo or Bayesian methods can be employed to estimate
the intake or dose and their uncertainties while considering both the measurement
error and the significant uncertainties associated with the excretion or retention func-
tions. These methods account for the uncertainty propagation and can provide more
comprehensive and probabilistic estimates of the intake or dose. The selection of
the method depends on several factors, including the availability of information, the
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accuracy of the measurement and biological data, and the desired level of detail and
uncertainty characterization.

3.2.5 Missed and Unmonitored Internal Doses

Estimation of intake and dose when bioassay data points are below the limit of
detection (LOD), especially when reported as zero, can pose a significant problem
in internal dosimetry. When data points are below the LOD, it is possible that a
portion of the intake and dose is missed, leading to an underestimation of the actual
dose received. In routine monitoring scenarios, a worker may experience chronic
low-level intakes that result in bioassay samples consistently below the LOD. As
a result, no internal dose would be assigned, even though some level of dose has
been incurred over time. This can result in an underestimation of the cumulative
dose for the worker. Similarly, for an acute intake of a radionuclide which is elim-
inated rapidly from the body, the bioassay samples taken at the beginning and end
of the monitoring period may both be below the LOD, suggesting no irradiation.
However, this does not accurately reflect the actual dose received during the interval
of the acute intake. Dealingwith bioassay data points below the LOD requires careful
consideration. Various statistical methods and techniques, such as statistical impu-
tation or maximum likelihood estimation, can be employed to address this issue.
These methods aim to estimate the true values that lie below the LOD based on
statistical models, measurement uncertainties, and other available information. By
incorporating these techniques, more accurate estimates of intake and dose can be
obtained, even in cases where bioassay data points fall below the LOD. It is crucial to
acknowledge the limitations and potential biases associatedwith handling data points
below the LOD and to implement appropriate statistical approaches to minimize the
underestimation of intake and dose in such situations.

Bioassay data less than the LOD can lead to biases in the assessed doses in various
ways:

• underestimated if the potential for a missed dose is not recognized;
• underestimated if data less than LOD are set to zero;
• overestimated if data less than LOD are set equal to the LOD;
• overestimated if data less than LOD are ignored and only data greater than LOD

are used;
• biased by an uncertain amount if the data less than LOD are set to an arbitrary

fraction of the LOD.

The biases in doses due to bioassay data less than LOD can be reduced or elimi-
nated if the underlying error distribution of the measurement is known or reasonably
estimated [34, 35]. Maximum likelihood or Bayesian methods can be employed,
where the likelihood function for data points below the LOD is substituted by the
probability that the true value lies between zero and the LOD. This probability can
be obtained by calculating the area under the measurement error probability curve.
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In cases where certain workers with low potential for exposure were not moni-
tored, there is still a possibility that they could have been exposed and received a
dose. In such situations, dose reconstruction can be performed by analyzing possible
exposure pathways, similar to environmental dose reconstructions. Another cate-
gory of workers includes those who should have been monitored, but their bioassay
data were not recorded, compromised, or lost. In these cases, unmonitored internal
doses can still be assessed by analyzing possible exposure pathways. Alternatively,
numerical fits to bioassay results from similarly exposed co-workers can be used
to estimate doses, incorporating appropriate biokinetic models. However, using co-
worker data introduces uncertainties due to the variability of bioassay data among
co-workers and the potential differences in relevance to the individual with incom-
plete or no bioassay data. Overall, in situations where bioassay data is missing or
below the LOD, efforts should be made to reconstruct doses by considering available
information, employing statisticalmethods, and analyzing exposure pathways. These
approaches helpmitigate biases and uncertainties associated with unmonitored doses
or incomplete bioassay data.

3.2.6 Uncertainties in Other Initial Conditions

The assessment of intakes and doses can be impacted by the presence of unsuspected
previous exposures. For instance, when a worker begins activities in an area that
requires bioassay monitoring, their bioassay samples may indicate elevated activity
levels. This could be attributed to unintentional or unmonitored intakes of the same
radionuclide prior to their current activities. Mathematically, this situation can be
considered as an unknown initial condition. In other words, the compartments of the
biokinetic model are not empty at the designated starting time but already contain
some unknown amount of the radionuclide from a previous exposure. This unknown
initial condition influences bioassay data interpretation and introduces uncertain-
ties in dose estimation. It is important to recognize the potential impact of previous
exposures on the assessment of doses and to account for this factor when interpreting
bioassay data and estimating internal doses accurately. By acknowledging the exis-
tence of unknown initial conditions, the uncertainties associated with dose estimates
can be better understood and managed.

3.2.7 Uncertainties in Biokinetic and Dosimetric Models

Biokinetic models are developed to predict the movement and deposition of radionu-
clides in different organs, and dosimetricmodels are used for the computation of dose
received by target organs due to radioactive transformations occurring in source
organs of the body. These models are based usually on limited experimental data,
and on a constantly evolving understanding of the real processes occurring in the
human body.



534 R. Roy et al.

i. Uncertainties in Biokinetic Models

The general framework of a biokinetic model is a simplified illustration of known
processes, as certain processes are excluded from themodel and the formulation of the
model relies on mathematical ease instead of a comprehensive understanding of the
processes involved [36]. The structure of the model dictates how data is extrapolated
and reduced beyond the observed region. Different model structures can be devised
for the same radionuclide, and updated data can result in significant modifications
to the model structure [37, 38]. The uncertainty stemming from the model structure
can be assessed by employing various model structures to estimate doses in the same
exposure scenario.

The anticipated accumulation of a radionuclide and the computed doses resulting
from internally deposited radionuclides are influenced by uncertainties in model
parameters, which arise from a lack of precise knowledge (such as an insufficient
number of relevant data) or the stochastic variability of parameter values or temporal
variability due to metabolic and physiological factors. The data sources employed
in the construction of biokinetic models are categorized into four groups based on
their relevance [36, 39, 40]:

H1: directmeasurement in humans (i.e., quantitativemeasurements of the element
in humans);
H2: observations of the behavior of chemically-similar elements in humans;
A1: observations of the behavior of the element in nonhuman species;
A2: observation of the behavior of chemically-similar elements in nonhuman
species.

The primary data source, H1, is preferred, while data from H2, A1, and A2 are
utilized as substitutes for H1. Although H1 data are considered the most relevant,
there exists uncertainty regarding the standard or quality of a given data set. The
limitations associated with H1 data can include:

• Small study groups;
• Short observation periods;
• Usage of small tissue samples, which are potentially non-representative;
• Inaccurate techniques used for measurement;
• Uncertainties surrounding the pattern or quantity of element intake;
• Study conditions that deviate from the norm;
• Inconsistencies in reported values.

H1 data may not always be entirely applicable. Data collected from individ-
uals with illnesses that can alter the biokinetics of the element may not be relevant
for healthy individuals. Additionally, data obtained from adult males may only be
partially relevant for females or children. When dealing with data from individuals
affected by a disease or health condition, there are three potential approaches:

1. Consider the data as unaffected by the disease or health condition and use them
without any modifications.
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2. Acknowledge that the data are influenced by the disease and apply corrections
using adjustment factors, which may introduce uncertainty.

3. Regard the data as not relevant and exclude them from usage.

H1 data may include personal interview information that can be used to adjust
biokinetic parameters. Factors such as smoking history, pre-existing health condi-
tions, and certain habits can affect these parameters. However, personal interview
data may be affected by recall bias and uncertainty, leading to uncertainties in bioki-
netic parameters and internal doses. Alternatively, the use of H2 or A2 data assumes,
elements that are chemically similar exhibit similar physiological behavior.

Chemical analogs such as radium and barium, calcium, and strontium, and
americium and curium exhibit close physiological similarities. Similarities are also
observed to a lesser extent for potassium and rubidium, zirconium and hafnium,
germanium and silicon, gallium and indium, or promethium and samarium [36].
However, there are exceptions to the assumption that chemical similarity implies
physiological similarity. For instance, potassium and sodium, demonstrate oppo-
site behaviors in the body, despite having similar physical and chemical properties
as alkali metals. Potassium is predominantly found in intracellular space, whereas
sodium is primarily located in the extracellular compartment [41].

An example involving potassium and cesium highlights that these elements have
similar physiological behavior qualitatively in the body.However, there can be signif-
icant variations in the quantitative aspect, with cesium being retained three to four
times more than potassium in healthy adults during the early stages after intake [16,
18]. When applying animal data to humans (A1, A2), it is based on the assump-
tion that there are general regularities across different species in terms of cellular or
organ structure, and biochemistry. However, this extrapolation process is uncertain.
The similarities observed across species are primarily qualitative rather than quan-
titative. Two species may exhibit different kinetics of a radionuclide, even if they
handle it in a qualitatively similar manner [36].

In addition to the issue of relevancy, the uncertainty introduced by H2, A1, and
A2 data types is dependent upon the quality of data collection, study design, and
interpretation difficulties associated with using data collected for purposes other
than building a biokinetic model. Inter-subject variability and variability of repeated
measurements on the same subject contribute to the sources of uncertainty in data
collection and interpretation. Accounting for these uncertainties is important when
assessing the reliability of predictions made using biokinetic models. In addition to
H1,H2,A1, andA2 data, supplementary information and constraints are employed to
enhance the biokinetic modeling process. These include physiological information,
mass balance considerations, theoretical models based on fundamental principles,
experimental data from anatomically realistic physical models, and in vitro data
related to compound dissolution in simulated lung fluids.

The level of uncertainty introduced by the additional types of information depends
on the relevance and quality of the available data. A biokinetic model, along with
its parameters, designed for occupational and environmental settings can be further
modified to account for specific characteristics of a dose assessment problem.Default
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parameters in the model are often adjusted by analyzing bioassay data from exposed
workers or considering other specific exposure information, such as the chemical
form of a radionuclide. For instance, the absorption fraction of 137 Cs from the
alimentary tract is typically set close to one, assuming soluble forms of cesium.
However, if an individual ingests insoluble forms of cesium, as found in nuclear
weapons fallout, the absorption fraction needs to be lowered. Moreover, highly
specialized chemical forms of certain radionuclides used in medical applications
may require different biokinetic models and parameters, which may carry smaller
degrees of uncertainty compared to models used in occupational or environmental
settings.

ii. Uncertainties in Dosimetric Models

Estimation of doses using dosimetric models is based on the energy emitted by
radionuclides within tissues. Uncertainty arises in identifying target cells for dose
calculations and determining the location of cells at risk. The debate continues among
pathologists regarding the specific cells from which cancer may arise in thoracic
tissues. Similarly, the risk of lymphoma is estimated based on doses received by
active bone marrow, but indications suggest that mature lymphocytes throughout the
lymphatic systemmay also be at risk. Average values are used for epithelial thickness
and cell nucleus depth, despite their variability across the epithelial region and among
individuals. In GI tract dosimetry, contributions from radioactive disintegrations in
the tract’s contents are significant due to energy deposition by alpha particles and
low-energy electrons.

Recently, ICRP adopted the Human Alimentary Tract Model (HATM) [2] which
acknowledges the fact that the depth of cells at risk extends beyond the range of low-
energy electrons or alpha particles. Consequently, doses from radioactive contents
are considered zero for these particles. However, HATM recognizes an exchange of
radioactive material between contents and the tract’s wall, resulting in the presence
of radionuclides in the wall and potentially higher doses for certain emitters like
210Po. Even when target cells and their location are known, uncertainties arise from
simplified target tissue geometry assumptions, different methods of solving radiation
transport equations, uncertainties in cross-section data, and statistical variations in
Monte Carlo calculations.

Another source contributing to uncertainty in dose assessments is the variability
in mass of organs and tissues among individuals, influenced by factors such as age,
sex, body size, and overall health. In most cases, organ mass is not directly measured
for dose assessment subjects, except in situations where advanced imaging tech-
niques provide such information. It is important to note that, energy deposition in
an organ can be correlated to its mass. Larger organs tend to receive more energy
from their own activity as compared to smaller organs because the escape proba-
bility of penetrating radiation in the case of the former is relatively less. Additionally,
larger organs present larger targets and receive more energy from neighboring source
organs. Accounting for these correlations in dose calculations reduces the uncertainty
compared to ignoring them. Organ mass can also be correlated with the fractional
uptake of radionuclides by that organ. For instance, a person with a larger organ, such



Internal Dose Evaluation, Quality Assurance and Uncertainty Analysis 537

as the thyroid gland,may have a higher fractional uptake than someonewith a smaller
organ if physiological requirements necessitate similar element concentrations in that
organ.

4 Conclusion

The chapter discusses the importance of dose evaluation methods, quality assur-
ance practices, and uncertainty analysis in assessing internal radiation exposure. It
focuses on the different pathways of human exposure to internal irradiation and
highlights the use of intake, systemic, and dosimetric models for dose calculations,
including specific models developed by the ICRP. It also introduces the MIRD and
ICRP systems as widely used approaches for internal dose calculations. It empha-
sizes the significance of quality assurance through intercomparison exercises and
guidelines, emphasizing harmonization and accuracy.Additionally, this chapter high-
lights the importance of uncertainty analysis in measurements and intake character-
istics, emphasizing the need for understanding and evaluating these uncertainties for
accurate dose estimation and reliable communication of results.
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Direct Monitoring Method to Detect
Internal Radioactive Contamination

Minal Y. Nadar, Lokpati Mishra, and I. S. Singh

1 Introduction

In case of internal radioactive contamination, the source/sources will keep on irra-
diating the nearby tissues as long as they are inside the body [1, 2]. Also, activity
in whole body or organ will always evolve due to biokinetic behaviour resulting
in transfer to various organs, radioactive decay and excretion from the body [1, 2].
The objective of internal dosimetry is to estimate the dose received by a radiation
worker due to intake [3]. The doses received by radiation workers serves as an input
to verify the presence of sufficient shielding or adequate exposure control mecha-
nisms of plant. They also help in design of facilities in case of shortcomings. Internal
dose assessment also provides inputs for protective or remedial measures such as
wound excision or decorporation in case of accidents. It is also useful in metabolic
and tracer studies used in medical applications for understanding many complex
processes occurring in the human body.

In direct or in vivo monitoring method, external detectors are placed close to the
body or organ in which internal radioactive contamination has to be measured [2]
as shown in Fig. 1. It is basically a gamma ray spectrometry method and radiation
should reach the detector so that internal activity can be measured. Therefore, direct
monitoring can be carried out for those radionuclides which emit gamma rays of
sufficient energy and yield as well as for high energy beta emitters. This method
is dependent upon standardised geometry used for detection of internal activity.
Calibration of the detector system needs to be carried out in that geometry using
anthropomorphic or anthropometric phantoms and required source distribution [4].
If calibrated properly using required phantoms and used in the calibrated standard
geometry, then this method is fastest and most accurate [4].
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Fig. 1 Direct method of organ/whole body activity measurement

Internal contamination occurs when activity goes inside the person’s body [1, 2].
Inhalation intake is the most common and important pathway [2, 5]. Activity can
also enter inside the body through wounds in case of accidents [1, 2, 6]. Ingestion of
contaminated food or water is the common pathway for general public when activity
becomes airborne in case of nuclear accidents or releases into the atmosphere [3, 7].
Some radionuclides such as iodine and tritium can also be absorbed through skin,
although it serves as a strong barrier for other radionuclides [1]. In case of diagnostic
and therapeutic applications of nuclear medicine, a specific radioactivity tagged with
pharmaceutical is injected or ingested by patients, which is also quantified using
direct monitoring technique.

2 Historical Perspective

Direct measurement of internal contamination using external detectors [8] started
in 1925 for luminous dial workers, majority of whom were young females. The
female workers were tipping their brushes with tongue to keep them pointed which
resulted in ingestion of radium [9]. They were also exposed by absorption through
skin and inhalation of radioactive dust, but major pathway was chronic ingestion of
small amounts of radium [8, 9]. Most of the amount was excreted, but small amount
was deposited in bones, which got built up over a period of time and replaced the
calcium in bones [10]. Lots of workers started showing osteomyelitis (Inflammation)
of the jaw, radium necrosis, bone tumors and bone changes, spontaneous fractures
and anemia after working for ~ 1 to 4 years in the luminous dial industry [9–11].
This resulted in an effort in the quantification of internal contamination.

Initially, to show the presence of radium in the body, measurements were carried
out using Wulf type electrometer by Martland et al. in 1925 [10, 11].

First serious in vivo measurements on luminous dial workers were carried out by
Schlundt et al. in 1929, by Wulf-Hess quartz fibre electrometer [12]. It was kept on a
table behind the middle of the back of the subject who was seated in a chair [8, 13].
Calibration of the chamber was based on body content of radium of a subject who
died later. Based on chemical analysis of bones and other body parts, activity in the
body was determined and used for calibration purpose. The limit of detection was 2.5
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μg of 226Ra free of 228Ra. They also determined the radium present in the body by
measuring radon exhaled from the aspired air. The total activity was the combined
activity obtained though radon measurement and direct whole body measurement
[13].

The drawback of the methodology was its inability to differentiate 226Ra from
short-lived 228Ra [13] and it was assumed that both have same emanating power.
But in reality, once embedded in bone, only 1% of 220Ra (emitted in decay chain of
228Ra) is exhaled in the breath compared to 60–70% of 222Ra (emitted in decay chain
of 226Ra).

The researchers recommended special precautions to reduce the background in
directmonitoring of internal activity. They gave importance to bathing, changing over
fresh clothes and removing the jewellery wore by the subjects before measurement.
These recommendations are still followed up in the direct monitoring laboratories
[8, 13].

3 Evolution of Detectors in Direct Measurement of Internal
Contamination

3.1 Initial Measurements with G.M. Counters

In 1937,measurements of luminous dialworkerswere carried outwithGeiger-Muller
(GM) tube by Evans et al. in MIT [13, 14]. Evans replaced the electroscope by a GM
tube with a direct reading counting-rate meter. Patient was placed on a wooden bed
in an arc geometry of 1 m in radius. Detector was kept at the center of the curvature
of the midline of the patient. Two measurements were carried out, one in supine and
other in prone geometry [14]. Third measurement was carried out to correct for self-
absorption by positioning three radium sources of equal activities at three locations,
i.e., shoulders, hips and thighs. Thus, the detection system doesn’t require a phantom
for calibration but activity was estimated using these three measurements. Limit of
detection was 0.2 μg. The system had a drawback as that of Schlundt et al. that it
could not differentiate between 226 and 228Ra activities [13].

3.2 Measurements with Ionisation Chamber

In 1947, Hess and McNiff carried out measurements on luminous dial workers with
Ionization chamber [15]. The quantification of radium in vivo was possible at a
substantially lower level of 0.11 μg of radium using the chamber. It is of 40.6 cm
hight and 20.3 cm in diameter with a volume of 13 L, and 2.5-mm thick brass wall
and filled with dry nitrogen at atmospheric pressure. Subject was sitting upright
from the vertical axis of chamber at a distance of 35 cm. The subject was monitored
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in supine and prone geometry simultaneously. They used water filled tank in the
shape of human thorax for calibration purpose. Sources of radium was placed at
57 different positions in the water tank. Hess and Mcniff also built the first shadow
shield to reduce the local background. It is of 10.5 cm thick iron wall, 110 cm in
height and 82 cm in width and positioned behind the subject’s chair [15]. They also
described the method of measurement of radon in breath samples.

3.3 Measurements with High Pressure Ionisation Chamber

In 1951, measurements to determine radium content were carried out with high
pressure ionization chamber by Sievert [8]. He used ten cylindrical high pressure
ionisation chambers with 4π geometry around subject. The detection system was
further shielded with concrete and tanks filled with water. The detection level of
0.015 μg of radium was possible. The chambers were 0.22 m in diameter, 1.25 m
long and filled with Nitrogen at 2.45 MPa around a ring 0.5 m in diameter as shown
schematically in Fig. 2. In this ring, the subject lies on a curved aluminium plate.

Fig. 2 Schematic of ten high pressure ionisation chambers used for body activity measurements
(adopted from [8])



Direct Monitoring Method to Detect Internal Radioactive Contamination 545

Later, he installed similar equipment in an underground laboratorywhichwas 50m
below the ground and shielded in all directions by 1 m thick layer of water. His
research paved the way for designing shielded laboratories for direct measurement
of internal contamination.

Burch and spiers used four high pressure ionisation chambers to determine body
radioactivity measurements [8, 16]. Ionisation chambers were steel cylinders 198.12
cm long and 29.2 cm dia. with 0.635 cm thick wall. The subject used to lie on
a couch beneath them. Water shielding was around the apparatus which reduces
the total background by 50%. Another set of seven ionisation chambers were used
to compensate for variation of cosmic ray background. The differential ionisation
current was measured to estimate 40K as well as additional radioactivity present in
the body.

3.4 Measurements Using Liquid Scintillation Detectors

In Los Alamos, Reines et al. [17] developed apparatus to determine radioactivity in
total body. The apparatuswas constructed for neutrinomeasurement, but it was found
that with person it was showing higher background. This observation led to the use
of the counter for whole body activity measurement. They used large volume liquid
scintillator in an annular cylinder of 0.76 m high, 0.76 m outer dia. and a thickness
of 0.13 m. It was viewed by 45 photomultipliers. The equipment was shielded on all
sides by 1.27 m thick Pb, except at the top [8]. The subject was measured in foetal
position in 0.5 m aperture with the top position kept open. As human body was in
the detector, 4π geometry was partially approximated.

This apparatus inspired researchers in developing other systems with 2π and 4π
geometries incorporating liquid scintillators. One of the systems was Geneva walk in
counter [18]. It had 2π geometry with 265 L of triethyl benzene, six 41 cm dia. PMTs
and 8 cm Pb shielding. There was also a human counter situated at Los Alamos [18].
It had 4π geometry with 530 L of scintillation fluid which was viewed by 108 PMTs.
Annular tank can slide into the 20-ton Pb shield of 12.7 cm thick. The subject lies
on the bed which can slide in the annular ring of the detector.

The disadvantage of liquid scintillator systems was their poor energy resolution,
low stopping power, hazard due to fire, explosion and toxicity.

3.5 Measurements Using NaI(Tl) Detectors

In 1950, development of solid NaI(Tl) crystals lead to their incorporation in whole
body counters. In 1955, Marinelli et al. used NaI(Tl) for the first time in whole body
counting [19–21]. They measured radioactivity present in the human body such as
40K, radium and other radionuclides by NaI(Tl) detector. Initially, they used NaI(Tl)
crystal with minimum shielding in a meter arc geometry. Then, measurements were
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carried out in tilted chair geometry which is a modified arc geometry. Later, to
improve the efficiency the detector was kept close to the body at ~ 0.5 or 0.1 m [13].

In tilting-chair geometry, the patient used to sit with ~ 90° angle between the trunk
and thighs and between the thighs and lower legs. A NaI(TI) crystal was positioned
in front of the patient. For homogeneous distribution of activity, an accuracy of± 5%
was possible independent of the subject’s body weight which can be between 50 and
90 kg. The chair geometry has also been used in several clinical tracer studies. For
example, for measuring the retention of gamma emitting isotopes in tracer amounts.
A subjectwas positioned in chair geometry for ameasurement of gamma rays emitted
from the internal contaminant present in the body [18, 21]. The patient reclines on
a metal chair beneath the cylindrical NaI(Tl) detector after wearing clean clothes
supplied by the laboratory.

3.6 Measurements Using Proportional Counters

Initially developed NaI(Tl) crystal has certain limitations due to the difficulties in
making thin crystals, high cost, and high background, also theywere easily breakable.
Therefore, researchers tried other detector systems for whole body counting such
as gas filled proportional counters. These were especially useful for low energy
measurement of actinides. To increase the area, multiwire proportional counters
were used by Taylor et al. in 1969 [22]. They had superior energy resolution than
NaI(Tl) detector and efficiency similar to NaI in low energy regions. But with the
development of Phoswich detector, their use in low energy photon measurement was
stopped.

3.7 Measurements Using Phoswich Detectors

Phoswich is a sandwich of two phosphors [23]. It was developed by Lam et al. in
1965 [24]. To detect lung burdens of actinides, Phoswich was first used by Laurer
and others in 1968 and onwards [25–28]. Initial Phoswich had thin CsI(Tl) and
thick NaI(Tl) phosphors. Later Phoswich with thin NaI(Tl) and thick CsI(Tl) were
developed. It has been irreplaceable in lungmonitoring laboratories all over theworld
since then.

The two crystals of different thicknesses used in Phoswich detector have different
rise time properties [23–25]. Low energy photons (LEPs) will deposit maximum
energy in lowermost detector having low thickness whereas high energy photons
(HEPs) will interact in both the crystals but deposit maximum energy in bigger and
thicker detector. The first thin crystal is called as primary detector and the thick crystal
is called as secondary crystal. It acts as an anti-coincidence shield for thin crystal.
Figure 3a shows the schematic of Phoswich detector. The LEPs will be interacting
in thin crystal; HEPs are partially depositing energy in it and maximum in thicker
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(a) (b)

(c) 

Fig. 3 (a) Phoswich detector schematics, (b) The rise time properties of two crystals and (c) PSD
system

crystal. HEPs emitted due to background sources can enter the detector from any
side and can deposit energy in both the crystals.

Due to different rise time properties of selected crystals, photons after interacting
in the detector form pulses of different rise times as shown in Fig. 3b. Then using
pulse shape discrimination (PSD) technique [29, 30], the required pulses either of
low energy or high energy can be selected. Figure 3c shows the schematics of PSD
system. Thus, by selecting low energy pulses, it can be used for monitoring LEP
emitters, i.e. actinides [31, 32]. The pulses due to interactions in both the crystals as
well as in thicker crystal will be rejected. Figure 4a shows 241Am source spectrum
and Fig. 4b shows 137Cs source spectrum observed with the Phoswich detector. Only
LEPs of 32 keV of 137Cs are visible as HEP pulses are rejected by PSD.

3.8 Measurements Using HPGe Detectors

With the advent of better crystal development methods, hyperpure germanium
(HPGe) solid state detectors were made available with impurity concentration of
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1010 atoms/cm3 [33]. These are p–n junction detectors, one of them is very thin and
heavily doped so that depletion region covers the other whole region and when oper-
ated in reverse bias, it acts as a detector. Researchers started using them for in-vivo
measurement since 1978 [34–36].

HPGe detectors have advantage of high resolution due to their low energy bandgap
which results in large number of charge carriers. A very high resolution of about
1.1% is obtained with HPGe detection system compared to 20% of the phoswich
detector at 60 keV of 241Am and 0.3% (~ 2 keV) at 662 keV compared to 7% of
NaI(Tl). Figure 5a and b shows whole body counter with HPGe detectors used for
measurement of actinides and HEP emitters in the body. These detectors are required
to be cooled to liquid nitrogen temperature 77 K during use to reduce the leakage
current due to thermal generation of charge carriers [33].

A sensitive actinide lung monitor consisting an array of three HPGe detectors
has been in use at IDS, BARC Hospital for measurement of internally deposited

(a) (b)

Fig. 5 (a) HPGe array for lung monitoring of actinides and (b) HPGe detector in scanning WBC
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radionuclides in lungs and other organs of the radiation workers since 2006 [37,
38]. It is very helpful in measurement of mixture of radionuclides. In an array, there
are three HPGe detectors, each of 70 mm dia. and 25 mm thickness positioned
at 120 degrees with respect to each other. An array has a single 30 L Dewar, a
separate preamplifier and power supply with each detector. An array has 0.8 mm
thick carbon entrance window which can transmit photons above 10 keV. The signal
from each detector can be analyzed separately using three separate MCAs as well
as summed with respect to energy. The spectrum of individual detector is used to
obtain information about the distribution of the contaminant in the lungs. The MDA
values obtained with HPGe detector are similar to the Phoswich detector. Still the
identification and quantification of LEP emitters is possible [37] at MDA level due
to its better resolution and lower background.

The interesting fact about the development of in vivo detection system is that
the limit of detection decreases with time from 1929 to 1960 with a half-life of 3
years. Combining the development and use of phoswich detector since 1965 and
use of HPGe detectors since 1980’s, the same trend is continued with the saturation
observed at the end.

4 Evolution of Shielding in Direct Monitoring for Detection
of Internal Contamination

Background radiation is omnipresent due to cosmic rays, terrestrial radiation as
well as airborne radionuclides [33]. To measure the low level of activities, present
inside the body of the worker with precision, it is very important that background
radiation should beminimized. Therefore, appropriate shielding of detection systems
is required [39]. Shielding can be partial such as in shadow shielded bed or shielded
chair whole body counters or complete such as totally shielded steel room.

Shielding for protection of operators was started in 1913 with 2 mm Pb shielding
for X-rays by German radiological society. Till then shielding was at the discretion
of the practitioner [40]. Since 1920s, studies were carried out to provide protection
to operators and workers from gamma and neutrons in the reactors.

4.1 Selection of Shielding Materials

Two important parameters which characterize shielding are background index and
background reduction factor [2]. The former is the count rate per unit detector volume,
cpm per cm3, measured inside the enclosure over energy range 100 keV to 2 MeV
[2]. The latter is the ratio of count rates measured in the same energy range outside
and inside the enclosure. A good shielding produces background reduction factor of
100 [2].
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Main mechanism of photon interaction in the shield is Compton interaction which
reduces the photon energy subsequently. As mass attenuation coefficient is indepen-
dent of material, any material of proper thickness can be used as a shielding material
[2]. The only requirement will be that it should be dense and available in large
quantities. Lead, steel, concrete, and water have been used by the researchers for
shielding.

4.2 Totally Shielded Room Concept

Totally shielded room concept was used by Miller et al. in 1955 for in vivo measure-
ment of Radium in luminous dial workers [41]. This was the aftermath of the in vivo
studies carried out by Sievert et al. in underground laboratories where apparatus was
further shielded with water containers. Miller et al. used NaI (1.5 × 1 in., 4.2 × 1.5
in.), CsI (1.5 × 1 in.) crystals, and a large plastic scintillator (6′′ × 5′′) in 2.4 m ×
2.1 m × 1.9 m room, shielded by 8′′ Iron.

15 cm steel with 1 cm Pb and 0.2 cm steel has background reduction factor of 100
[2] in low energy regions of 150 keV to 2MeV. The 20 cm steel is sufficient to absorb
more than 99% of all incoming photons predominantly with Compton scattering.
The Compton scattered photons have energy less than 500 keV. The photoelectric
interaction with high Z element can absorb incoming photon flux from steel. Several
installations made use of silica sand of ~ 70 cm for outer shield and 10 cm inner
shield of iron which also has an additional graded Z lining [2].

Graded Z lining is an arrangement of shielding in descending order of atomic
number, where photoelectric effect is utilised for absorption of 150–200 keV photons
coming out of large steel shield. It is typically made of 3 mm Pb (Z = 82), 2 mm
Cd (Z = 48) or Sn (Z = 50) and 0.5 mm Cu (Z = 29). Pb absorbs the 150–200
keV photons by photoelectric effect, during which it emits characteristic X-rays of
~ 72–74 keV. These are absorbed by Cd or Tin (Sn) which also emits characteristic
X-rays of ~ 23 keV. These are absorbed by Cu which emits characteristic X-rays of
~ 8 keV and does not contribute in the region of interest formeasuring LEPs of energy
greater than 13 keV emitted by Pu. Instead of Cd/Cu, steel layer is also used due to
toxicity hazard of Cd. Also, other metals can be used having similar Z. An additional
layer of plastic can be used for further attenuation of low energies. Figure 6 shows
the reduction in gamma background due to the use of shield [42].

For measurement of LEPs emitted by actinides in radiation workers, 20 cm thick
steel room with graded Z lining of 3 mm Pb, 2 mm Cd and 0.5 mm Cu is used at
most of in-vivo laboratories and at BARC [43].

There was also an emphasis for low background materials in shield and detector,
and avoiding unnecessary materials in the counting room [2, 8] which increase the
scattering in the detector increasing the background. These factors are taken into
consideration in the design of direct monitoring laboratories.
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Fig. 6 Reduction in gamma ray background of an 8′′ × 4′′ NaI(Tl) crystal for various thicknesses
of shield of internal dimension 2.4 × 2.2 × 1.9 m [42] (reproduced with permission from Elsevier)

4.3 Partially Shielded Concept

There was a need to monitor a subject with an economical, transportable whole-body
counter which will be auxiliary to expensive totally shielded steel room [42, 44].
Also, being transportable, it could be taken to work areas or to places of accidents.
Therefore, partially shielded concept was studied in 1957 by Hine and Rasmussen
in MIT [44]. It resulted in the development of shielded chair and shadow shield bed
whole body counters [44].

4.3.1 Shadow Shield Bed Whole Body Counter

The shield consisting of lead bricks can easily be assembled and dissembled into
shadow shield counter [45]. Subject was shielded from below and all four sides and
NaI detector shielded on all side except the one facing the subject. As the shield
casts a shadow on the detector [44–46] it is called as shadow shield and the photons
reaching the detector directly, are only from the subject’s body. Researchers also
studied various shielding materials for detector and subject such as steel and Pb.
No significant difference is observed in the background spectra of steel room and
shadowshield above 0.3MeV [44]. Thus, it suitable formeasurement ofHEPemitters
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(a) (b)

Fig. 7 (a) Portable Shadow shield counter in the laboratory (reproduced with permission from
Elsevier) [42] and (b) Shadow shield bed counter with NaI(Tl) detector at IDS, BARC

above 300 keV. It is also used to study profile scan of the subject to evaluate activity
distribution.

Due to portable nature of these counters, they are also used to monitor people
at distant places to study their internal contamination. Figure 7a shows the portable
shadow shield counter situated in the laboratory for monitoring of radiation workers
[45]. It was also used in the field of Alaska for monitoring people to detect their
internal contamination. The presently available shadow shield counter is shown in
Fig. 7b. They are made up of ~ 6 tons of mild steel with 3 mm of Pb lining [46].

4.3.2 Shielded Chair Whole Body Counter

Earlier chair was used in the shielded room for measurement of whole-body activity.
Later, economical, transportable shielded chairwas developed for quantifyingwhole-
body activity. At BARC, a shielded chair whole-body monitor has been in use since
late 1960s and is shown in Fig. 8. It is now automated, computer controlled, walk-
in type of whole-body counter [3, 47]. The chair is shielded by 15 cm thick mild
steel from all sides except at the front and the top. A 4′′ × 3′′ thick NaI(Tl) detector
shielded with 5 cm lead from all sides except the face views the body from head
to knees. The shield weighs ~ 3 tonnes. The counting time normally used is ~ 10
min. The steel and lead for chair and detector shielding respectively are used for the
background reduction.

4.3.3 Portable Whole-Body Counter

These are low-cost portable systemsmainly used for screening of personnel in remote
areas from the laboratory [48]. As inhaled activity is deposited in the lungs and some
fraction will be transferred to GI tract, detector was collimated to view thorax region.
Pb shielding of 1.9 cmwas provided to the 3′′ × 3′′ NaI(Tl) detector. The subject was
shielded by 1.27 cm Pb positioned in back and side of chair and under the seat. The
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Fig. 8 Chair geometry used
for whole body monitoring
[3] (Courtesy: BARC
Newsletter)

effect of shielding thickness was studied and 1.27 cm Pb was used as the optimum
thickness of shield in portable counter with total shield of ~ 0.3 tons [48].

At present, systems such as Quickscan [49] whole body monitors are available
for monitoring the large number of subjects to detect internal contamination due
to fission and activation products during nuclear accidents or emergency scenarios.
Person has to stand in these counters for few minutes for monitoring.

5 Evolution of Measurement Geometry

Measurement geometry is the arrangement of detector and subject [2]. It is selected
based on various parameters such as physical characteristics of radionuclide incorpo-
rated in the body, anatomical characteristics of the organ to be measured, biokinetic
behaviour of the radionuclide and available infrastructure and workload.
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(a) (b) (c)

Fig. 9 Various geometries used for whole body counting (a) arc geometry, (b) chair geometry and
(c) bed geometry (adopted from [50])

5.1 Various Measurement Geometries

The first geometry which was used for the measurement of radium in luminous dial
workers was an arc geometry developed by Evans [13] (see Fig. 9a). This geometry
has the advantage that response of the detector is independent of source distribution
in the body which is the main objective of whole body counting. The next geometry
developed was a chair geometry which is a modified arc, inside totally shielded steel
room as shown in Fig. 9b.

Later, bed geometry is evolved by placing subject on the bed and viewed by
detector. It is commonly used for monitoring with one or more detectors kept above
or below the bed [50]. In the scanning geometry, either subject moves or detector
moves. The schematics of these geometries are shown in Fig. 9c. Bed geometry with
partial shield incorporating NaI and HPGe detector are shown in Figs. 5b and 7b.
The modified chair geometry where the chair was shielded from all the sides and
detector was collimated and shielded to reduce the background is shown in Fig. 8.

Comparison of various geometries used in the whole-body counting is given in
Table 1. It can be seen from the table that totally shielded steel roomwith either static
or scanning bed geometry gives good response, source distribution information and
has high sensitivity. Shadow shield chair gives the poor response and no information
about distribution of source. It also has low sensitivity.

5.2 Lung Measurement Geometry for Actinides

Lung measurement is carried out to detect internal contamination due to actinides
using Phoswich, thin NaI(Tl) or HPGe detectors. In lungmeasurement geometry, one
end of the Phoswich detector or HPGe array is kept tangential to the sternal notch of
the radiation worker and detector center is kept on the midline of the person’s body
[6, 50]. In the same geometry, phantom measurements were carried out to estimate
calibration factors for various radionuclides. Figure 10 shows the Phoswich detector
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Table 1 Characteristics of various geometries used in the whole body counting

Geometry Shield Mechanical
arrangement

Uniformity of
response

Distribution
information

Sensitivity

Arc Steel room Fixed Very Good No Low

Tilting chair Steel room Fixed Poor No Medium

Static array Steel room Fixed Good Yes High

Scanning Steel room Moving
detector

Good Yes High

Shadow shield
bed

Partial Moving bed Good Yes Medium

Shadow shield
chair

Partial Fixed Poor No Low

Standing Partial Fixed Poor No Medium

positioned over the JAERI phantom in standard lung measurement geometry. Lung
measurements of the all the radiation workers were carried out in this geometry to
minimize the positional errors [51].

Fig. 10 Phoswich detector over JAERI phantom in standard lung measurement geometry
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5.3 Wound Monitor for Measurement of Embedded Activity
of Pu/241Am

To estimate the embedded activity of Pu/241Am in the wound, wound is kept at 10
cm below the HPGe array as shown in Fig. 11a. HPGe array is calibrated in this
geometry to estimate wound activity. LEPs emitted by 241Am such as 13.9 (13.03%),
17.6 (18.86%), 20.82 (4.81%), 26.3 (2.4%) and 59.5 (35.78%) keV having different
yields, attenuate differently in the overlying tissue of wound [52]. This property is
used to estimate the depth of a wound and embedded activity [52–55]. 241Am source
spectrum is shown in Fig. 11b for a point source without attenuation and a source
kept under a 3 mm Perspex [53]. Attenuation of 13.9, 17.6 and 20.82 keV photons
is visible in the spectrum.

Ratio of counts in 17.6 and 59.5 keV energy regions or ratio of counts of 26
and 59.5 keV energy regions are used to estimate the depth. Embedded activity
is estimated using calibration factor at that depth. Figure 12a gives variation of
calibration factor with depth. Variation of ratios of counts of 17.6 and 59.5 keV as
ratio1 and ratio of counts of 26 and 59.5 keV as ratio2 are given in Fig. 12b [54].
The influence of attenuating material such as soft tissue and Lucite is also given in
Figs. It can be seen that at 59.5 and 26 keV, there is not much difference between
the two materials at lower depths, but as depth increases, the variation increases. At
17.6 keV, the variation in attenuation is observed at lower depths which increases
with depth [54].

5.4 Skeleton Measurement Geometries

In case of internal contamination of long-lived actinides by inhalation or injection
pathway, a major portion of activity will be deposited in the skeleton over a period
of time as they are bone seekers [1, 56]. As actinides are LEP emitters, first the skull
or knee activity is estimated [2] which is then converted into skeletal activity using
fractional bone mass of those sites.

Earlier detectors used for in vivo knee or skull measurements were calibrated
using physical knee or skull phantoms [3]. Later knee and skull voxel phantoms are
derived from ICRP reference voxel phantom [56]. These were used for calibrating
Phoswich and HPGe array detectors. The skull and knee voxel phantoms are shown
in Fig. 13a and b. The combined bone masses of the skull and a single knee phantom
were found to be 10 and 9.3% of the total skeletal mass of 10.45 kg. Using fractional
skeletal mass, the total skeletal activity can be estimated frommeasured skull or knee
activity.
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Fig. 13 (a) Skull voxel phantom and (b) knee voxel phantom (reproduced from [56] with
permission from Oxford University Press)
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5.5 Liver Measurement Geometry for Actinides

Pu/241Am gets accumulated in the liver [1], also activity in the liver can contribute
in the response of detectors to lung measurement [2]. To measure liver activity, the
detector is placed close to the body with one end near to sternum end and other end
tangential to the midline of the body [57, 58].

5.6 Whole Body Measurement Geometry for Fission
and Activation Products

Internal contamination due to fission and activation products in whole body is
obtained by using large volume NaI(Tl) or HPGe detector incorporated in steel room
or shadow shield bed or chair type of whole-body counters. The worker is scanned
from head to toe in scanning bed system of whole-body counters [3]. In chair geom-
etry, subject sits on a shielded chair andwhole body activity is determined by shielded
and collimated detector which views upper thorax region [2]. In a standing type of
whole body counter, subject stands in front of the detector inside shielded enclosure
and measurements were carried out [49].

5.7 Thyroid Measurement Geometry for 125I, 131I

Due to the volatile nature of Iodine, it may be released in the atmosphere in case of
leakages or fuel clad failure, which may lead to intakes of radiation workers as well
as public by inhalation or ingestion pathway. Thyroid produces T4 and T3 hormones,
with Iodine as one of the constituents, thus, Iodine gets accumulated in thyroid gland
[59]. It leaves thyroid with a biological half-life of ~ 90 to 120 days [59]. Therefore,
Iodine intakes are determinedby thyroidmonitoring [2]. The systemused atTrombay,
Mumbai for 131I and 125I measurements is shown in Fig. 14. To determine the thyroid
activity with minimal interference from other organs, the detector is collimated and
shielded [60]. The chair is also provided with shielding to reduce the background.

6 Evolution of Calibration Methods and Phantoms

The calibration methods used in internal dosimetry has undergone significant
advancements over the years [2]. Efficiency calibration involves establishing the
correlation between themeasured count rate, and radioactivity present in the person’s
body for a particular radionuclide and for a particular measurement geometry [2, 50].
It is a crucial that source distribution as expected in person should be simulated in
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Fig. 14 Thyroid monitoring system at Trombay, Mumbai

realistic way for accurate organ activity measurement. In 1930s, calibration of the
in vivo detection system for measurement of radium was carried out by distributing
11 radon sources in the cadaver [12]. Then in 1950, researchers started using tank in
the shape of human thorax filled with water and radium sources at different positions
[15]. Half skeleton of the cadaver of dead luminous dial worker was also used for
calibration purpose. The efficiency of the in vivo detection systems for assessment
of internal contamination can be evaluated either by absolute method or by relative
method [2].

Absolute calibration method requires the knowledge of measurement geometry,
overlying tissue composition and source distribution in the organ or body [2]. It is
rarely used as it is difficult to approximate source distribution and absorbing material
configuration.

Relative efficiency evaluation method requires phantoms or human surrogates
with source distribution similar to the one expected in the humans [2, 50]. The phan-
toms can be anthropometric, having same measurement characteristic as a human
but not exactly look like human. Anthropomorphic phantoms have same measure-
ment characteristic and they also look like human. Phantoms have various tissue
substitutes. Different phantoms are used for LEPs and HEPs measurement. Rela-
tive calibration of direct measurements can be carried out by three methods, in vivo
calibration for LEP emitters, physical phantoms and computational phantoms.
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6.1 Tissue Substitutes

Tissue substituent is amaterial which simulates transmission properties of the various
tissues [2]. Important tissues in the humanbody aremuscle, soft tissue, adipose tissue,
lungs and bones. Mass attenuation coefficient, μ/ρ, of all these tissues becomes
similar above 100 keV. Also, μ/ρ of soft tissue is similar to water, therefore, water
is used in phantoms as soft tissue and all the other tissue substituent for efficiency
evaluation of detection systems used for measurement of HEPs emitters such as
fission and activation products.

At low energies less than 100 keV, attenuation depends upon tissue thickness
as well as tissue composition. Therefore, realistic phantoms having realistic tissue
substitutes for each tissue are required for efficiency calibration. Polyurethane plastic
with varying amounts of CaCO3 is used to simulate various tissues [4]. Foamed
polyurethane is used for creating lung tissue substitute having similar density and
attenuation characteristics [4].

6.2 In-Vivo Method for Efficiency Evaluation

In vivo calibrations were especially carried out to estimate efficiency of lung moni-
toring detection systems for LEP emitters, especially Plutonium [43]. In this method,
a simulant (single or a combination of radionuclides) with similar emission charac-
teristics as of Pu, is administered to the volunteers [43]. The principle used was that
simulant radionuclide will emit X-rays similar to U L X-rays of Pu and it will also
be quantified by other method such as whole body counting by measuring HEPs
emitted by it [43].

The labelled aerosol with both low and high energy gamma emitter tracer is
generated and is inhaled by a human volunteer [61]. It is required that the distribution
should be similar to the radionuclide of interest, the simulant should be non-toxic, it
should have low effective half-life to reduce dose to the volunteers and the volunteers
should have the physique which is a representative of the radiation workers [43]. Pu-
simulant also called as mock Pu, was inhaled by volunteers ensuring very low dose
to the lungs. Examples of mock Pu are 103Pd and 51Cr, 92mNb.

103Pd undergoes electron capture and emits low-energyX-rays of ~ 20 keV (67%),
has a half-life of approximately 17 days [61]. It is tagged with 51Cr which also under-
goes electron capture and emits γ-rays of ~ 330 keV and has a relatively long half-life
of about 27.7 days [62, 63]. IAEA carried out Intercomparison with volunteers who
inhaled 103Pd/51Cr aerosols between 14 US and European laboratories [4, 62, 63].
Intercomparison was also carried out between Trombay and Harwell laboratories on
volunteers who inhaled 103Pd [63].

Similarly, 92mNb is used as a Pu simulant, it emits both low energy and HEPs. It
has been adjudged as a better ‘mock Pu’ than 103Pd as there is less uncertainty in
its determination which can be carried out by both lung monitoring and whole body
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counting. It is mainly used to validate LLNL phantom by comparing the detection
efficiencies obtained using LLNL phantom with the lung set containing uniformly
distributed 92mNb and volunteers with known amount of 92mNb in their lungs [64].

6.3 Phantom Calibrations

Phantom calibration can further be categorized in two subcategories (i) experimental
calibration with realistic physical phantoms, and (ii) calibration with computational/
mathematical phantoms using Monte Carlo simulations [43].

An important requirement for accurate estimation of organ or whole-body activity
is realistic phantom. It should have source distribution similar to the one expected
in the radiation worker of internally deposited radionuclides, should be made up of
tissue equivalent materials and it should be rugged.

Based on the photon energy emitted by radionuclides deposited in the organ
or whole body, specification of the phantom changes. For estimating fission and
activation products which emits HEPs, BOMAB phantoms are used [2] for efficiency
calibration.

Realistic phantoms are required when LEPs from the radionuclides of interest are
severely attenuated by body tissues. LEPs of energy less than 100 keV are totally
attenuatedwithin the first few centimetres of the body. Therefore, the detector is posi-
tioned close to the human subject to achieve higher efficiency, it results in a large solid
angle. When detectors are placed close to the body, their response becomes highly
dependent on source distribution. Hence, realistic phantom becomes a necessity to
simulate exact source distribution [2, 4]. Different phantoms are available to estimate
activity in various organs such as lung, liver, knee, skull, thyroid, whole body [2].
They are based on ICRP reference man [65]. The realistic composition is achieved
using tissue equivalent material like polyurethane, to simulate muscles, fat, bones
and other tissues [4]. Examples of these phantoms are LLNL [64, 66] and JAERI [67]
phantoms. There are other phantoms such as REMAB and REMCALwhich are used
for whole body calibration and nuclear medicine studies. REMAB (radiation equiv-
alent manikin absorption) phantom consists of a plastic shell with a full skeleton. It
is filled with water or tissue equivalent solution [50]. REMCAL (radiation equiva-
lent manikin calibration) phantom consists of a plastic shell with cavities for major
organs such lungs, thyroid, heart, kidneys, spleen, pancreas, stomach, bladder and
lower intestinal tract. Phantom and organs are filled with water or tissue equivalent
and radioactive solutions [50].

The emergence of computational modelling and Monte Carlo simulation tech-
niques further revolutionized calibration methods in internal dosimetry [43]. These
methods involve creating virtual models of the human body and simulating the trans-
port of radiation within these models based on known anatomical and physiological
data [68]. The first computational MIRD phantom consists of a set of mathematical
equations and geometric representations of various organs and tissues in the body
[68]. In recent years voxel phantoms [69] have replaced MIRD phantoms.
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6.3.1 Physical Phantoms

A. LLNL Phantom

The LLNL (Lawrence Livermore National Laboratory) Phantom is used for calibra-
tion of detection systems for LEP emitters. It is a realistic anthropomorphic phantom.
It is based on Caucasian man with weight of 75 kg and height of 177 cm [66]. It
consists of thorax region that includes simulated rib cage and removable lungs, heart,
liver andmajor trachea bronchial lymph nodes. It also has various chest overlay plates
corresponding to different chest wall thicknesses. Lung sets uniformly distributed
with 239Pu, 241Am, natural Uranium and enriched Uranium sources are available for
calibration of detection systems. LLNL phantom has been validated with the inhala-
tion experiments with 103Pd–51Cr and 92mNb, using human volunteers during IAEA
intercomparison exercises [64].

This phantom ismade up of a tissue-equivalent material polyurethane and calcium
carbonate [4] that closely resembles soft tissue and bone respectively in terms of its
radiation interaction properties. Foamed polyurethane is used to achieve the low
density of the lungs [50]. The realistic thorax physical LLNL phantom and detection
efficiencies estimated for various chest wall thicknesses is shown in Fig. 15a and b
respectively.

LLNL phantom simulates a human male torso without head and arms. The torso
and organ molds are based on a male cadaver of 1.77 m height and 75 kg weight [66].
In initial phantom, rib cage from cadaver was used in the phantom. It was first cleaned
to remove soft tissue, further cleanedwith beetles to remove traces of soft tissues. The
rib cage cavities then filled with mix D tissue simulant. In later versions, artificial
rib cage was used. Uniform source distribution was simulated in various organs
by labelling the tissue equivalent organ with the appropriate radioactive materials.
Thus, phantom is availablewith 239Pu, 241Am, natural Uranium, enrichedU lung sets,
lymph node and liver with uniform source distribution with 241Am. Chest overlays
of thicknesses from 1.7 to 4.2 are available so that detection efficiencies can be
evaluated for various chest wall thicknesses (CWTs) covering radiation workers of
different physiques.

B. JAERI Phantom

It is developed by JapanAtomic EnergyResearch Institute (JAERI) [67]. It represents
a reference Asian man of weight 63.5 kg and height 168 cm. The torso is based on
solid plaster cast of an average Japanese adult male. It also has artificial rib cage
and different body organs such as lungs, liver, heart, and kidneys. It has solid and
sliced lungs and different muscle equivalent chest overlays to simulate different chest
wall thickness. In this phantom, polyurethane and epoxy resins are used as a base
material for soft tissue substitutes and bones respectively. It has 6 different lung sets
uniformly distributed with 239Pu, 241Am, natural Uranium, enriched Uranium (3%),
232Th and blank lung set. The phantom has basic overlay containing rib bones. Using
the lung set of radionuclides of interest, the detection efficiency can be evaluated as
a function of CWT for that radionuclide. JAERI phantom is shown in Fig. 16.
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Fig. 16 JAERI Phantom with lungs, heart, and chest overlay with rib bones

One of the drawbacks of the physical phantoms is that they represent reference
man and are not available for varying anatomies.Most of them have arrangements for
uniform distribution of activity for few radionuclides but it is difficult to get different
activity distributions of various radionuclides in them. Also, the composition, shape
and size variations are difficult to incorporate in them. The cost of these phantoms
is very high. Theoretical methods which make use of mathematical phantoms and
Monte Carlo photon transport techniques are useful in addressing these issues.

C. BOMAB phantoms

The Bottle Mannequin Absorber (BOMAB) phantom is a standard anthropometric
phantom used for calibration of detection systems used for detection of HEP emitters
such as 60Co, 137Cs, etc.

It consists of ten cylindrical polyethylene bottles which can be filled with water
and other liquid based tissue substitutes that mimics the human body tissue in terms
of radiation interactions [50]. The complete phantom consists of torso, pelvis, head
and neck, arms and legs. Indian reference BOMAB phantom and family of BOMAB
phantoms were developed by Mehta et al. [70]. Family of BOMAB phantoms is
developed to perform efficiency calibration for different age groups. Figure 17 shows
the family of BOMAB phantoms [49].



Direct Monitoring Method to Detect Internal Radioactive Contamination 567

Fig. 17 The family of BOMAB phantoms (Courtesy: BARC newsletter [49])

By placing known quantities of radioactive sources within the various parts of the
phantom according to weight fraction of each organ, uniform source distribution is
achieved. Detection efficiencies for HEP emitters were evaluated for shadow shield
bed and chairwhole-body counting systems aswell asQuickscanmonitoring systems
using these phantoms.

6.3.2 Computational/Mathematical Phantoms

Theoretical calibration of detection systems can be carried out using mathematical
or computational phantoms and radiation transport codes. Using this method, effi-
ciencies and other dosimetric parameters can be calculated for any photon energy,
source distribution, shape and size of the organ, detector and detection geometry as
well as the physique of the radiation workers [3]. Earlier, MIRD phantoms were used
for the efficiency calibration of the detection systems as well as for evaluating impor-
tant dosimetric parameters such as absorption fraction, dose conversion coefficients;
recently voxel phantoms and mesh phantoms are being used.

A. MIRD Phantom

The MIRD (Medical Internal Radiation Dose) phantom is a standardized mathemat-
icalmodel. The principal internal organs are defined by simple geometric shapes such
as ellipsoids, elliptical cylinders, and cones, or portions of these shapes [68]. These
simple shapes were chosen to facilitate the computer calculations. This phantom
was later adopted by the MIRD Committee of the Society of Nuclear Medicine for
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evaluation of doses to patients from nuclear medicine diagnosis studies. They are
known as MIRD phantom [71].

It consists of a set of mathematical equations and geometric representations of
various organs and tissues in the body. It divides the body into a series of compart-
ments or regions, each representing a specific organ or tissue. The size, shape, and
composition of each compartment are based on average anatomical data [71].

MIRD phantom has been used in internal dosimetry to estimate dosimetric param-
eters such as absorption fraction, specific absorption fraction using Monte Carlo
radiation transport and anatomical data of reference man [65, 68, 71]. The phantom
was further used to estimate detection efficiencies for different types of source
distributions in the different organs such as lungs, skull and whole body [3].

Over the years, there have been significant advancements in the phantoms used
in the internal dosimetry computations, and one notable development has been the
evolution of voxel phantoms.

B. Voxel Phantoms

Voxel phantom is a computational anthropomorphic phantombasedonmedical tomo-
graphic images of a single individual, having external dimensions similar to ICRP
reference man [69]. It consists of large number of small three-dimensional volume
elements (voxels), each assigned a specific number corresponding to the organ or
tissue to which they belong [69] by a segmentation process. The specific number
contains information of the position of that voxel as well as information regarding
composition, density of the tissue to which it belongs.

Voxel phantoms revolutionized internal dosimetry by providing a more accurate
and realistic representation of human anatomy. Monte Carlo simulation techniques,
which use random sampling to model radiation interactions within the body, were
coupledwith voxel phantoms to estimate radiation doses to specific organs and tissues
for both internal, external, medical and occupational exposure scenarios. The adult
reference male and female voxel phantoms are provided in ICRP 110 [69]. Flair
[72], an advanced user interface of the FLUKA code [73, 74], has been used for the
creation of the input file and the visualisation of the geometry using voxel phantom,
at BARC.

ICRP reference male and female voxel phantoms have ~ 2 million and 4 million
voxels with in-plane resolution of 2.137 mm and 1.775 mm and slice thickness of
8 mm and 4.84 mm respectively. ICRP reference male voxel phantom corresponds
to reference man of height 176 cm and weight 73 kg. ICRP reference female voxel
phantom corresponds to reference female of height 163 cm and weight 60 kg.

ICRP reference voxel phantoms are used to calculate equivalent and effective
dose coefficients for internal, external and medical exposures using ICRP 103
methodology [75]. At present, a series of reference paediatric phantoms representing
different age groups and anatomical characteristics were developed.

These phantoms were used to estimate dosimetric parameters [76, 77], to esti-
mate detection efficiencies [56, 78] as well to estimate uncertainties of monitoring
systems for organ or whole body activity determination [51, 79, 80]. These reference
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phantoms were also used to estimate organ doses and dose coefficients for occu-
pational, medical, internal and external exposure scenarios as part of EURADOS
intercomparison exercise [81, 82].

6.3.3 Mesh Phantoms

Voxel phantoms though realistic have in-plane resolution and voxel thickness of
few mm. Therefore, dose evaluation of few micrometer thick target layers of the
alimentary tract and respiratory tracts as well as lens of eye and skin regions was
not possible [83, 84]. To overcome this, most advanced, ‘Mesh’ phantoms were
constructed by converting voxel phantoms provided in ICRP 110 to a high-quality
mesh format to include thin target and source regions. These phantoms will be used
in future to estimate radiation doses to different organs and tissues within the human
body as well as to estimate dosimetric parameters [83].

Mesh phantoms employs polygon mesh or tetrahedral mesh geometry to describe
the human anatomy. They have an advantage that they can be implemented directly
into Monte Carlo codes without voxelisation process [83, 85]. Mesh phantoms offer
greater flexibility in representing complex anatomical structures of few micrometer
thick such as eye lenses, and cell layers of respiratory and alimentary tract, skin,
urinary bladder, lymph nodes, etc. They provide effective dose coefficients similar
to voxel phantoms for penetrating radiations and more accurate results for weekly
penetrating radiations. Mesh phantoms have an additional advantage of deformation
[83]. Thus, it is possible to create phantoms of various body sizes and postures
[83, 85, 86].

7 Estimation of Whole Body/Lungs/Wound/Skeleton
Activity from Direct Monitoring Method

The efficiency calibration of the detection systems is carried out using relevant anthro-
pometric or anthropomorphic phantoms for quantification of HEP or LEP emitters
present in the whole body or lungs or wound or skeleton. The calibration is carried
out for the range of photon energies for the radionuclides of interest. Efficiency
response function is generated for 10–300 keV [4] for estimation of LEP emitters
and for 300–2600 keV [4] for estimation of HEP emitters. Prior to efficiency cali-
bration, energy calibration is carried out using reference 241Am, 57Co, 137Cs, 60Co
point sources in standard geometry. In this geometry, point source is kept at a 10 cm
from the detector.
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7.1 Lung Activity Estimation

When measuring LEP emitters incorporated into lungs, emitting less than 200 keV,
it is usually necessary to correct for the thickness of the overlying tissue. It is carried
out by using proper chest wall thickness (CWT). The effects of overlying tissues are
the change in distance between the radioactive source in the organ and detector and
the absorption of the low-energy photons by the overlying tissues.

CWT is defined as the exponential average of tissue thickness from the surface of
lungs to the points in the intercostals space in between the ribs [87]. CWT depends
upon linear attenuation coefficient, μ. Tissue overlying lungs consists of muscle and
adipose which have different μ. To remove this discrepancy, the concept of MEQ-
CWT has been established. The MEQ-CWT is the thickness of muscle-equivalent
absorber that reduces the photon flux from the lungs by the same amount as the actual
combination of muscle and adipose tissue in the chest [4]. It is estimated from CWT
using following equation

MEQ-CWT = X

μM
[μA A + μM(1 − A)] (1)

where A is the fractional content of adipose tissue, (1− A) is the fractional content of
muscle, μA is the linear attenuation coefficient for adipose tissue (cm−1), μM is the
linear attenuation coefficient for muscle tissue (cm−1), and X is the measured chest
wall thickness. Using this equation, MEQ-CWT was evaluated for ~ 70 radiation
workers using ultra-sonography, at BARC.

An empirical equation is generated by correlating MEQ-CWT data of these
workerswith their physicallymeasurable parameters [87]. One such equation derived
at IDS, BARC is given by following equation

MEQ-CWT = 1.427 ∗
(
W

H

)
+ 0.014 ∗ (Ch) + 0.0025 ∗ (Y ) − 0.156 (2)

where, W/H is weight to height ratio, Ch is chest circumference in cm and Y is age
in years.

Calibration for LEP emitters is carried out using realistic thorax phantom, LLNL
or JAERI, with various overlying tissue substitute plates corresponding to various
MEQ-CWTs and 241Am, Nat. U., Enr. U. and 238Pu lung sets containing uniform
distribution of activity [4]. The efficiency as a function of MEQ-CWT is then eval-
uated from the measurements of the realistic phantom. It can also be evaluated with
computational voxel phantoms using Monte Carlo simulations.
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7.2 Whole Body/Organ/Wound/Skeleton/Liver Activity
Estimation

Whole body/organ/wound/skeleton/liver activity can be estimated using the net
counts in the required energy region and counting efficiencies of detection systems in
that energy region for that calibrated geometry.Net counts are obtained by subtracting
the background of an uncontaminated person having similar physical characteristics
from the gross counts of the monitored subject.

8 Conclusion

Direct monitoring methods, are commonly used for measuring internal radioactive
contamination using external detectors. Calibrated direct monitoring system using
suitable phantom in a standard geometry with suitable radionuclides is the fastest
and most accurate method for measuring body radioactivity.

Historically, measurements of internal contamination began in the 1920s for lumi-
nous dial workers who ingested radium. Various detectors such as electrometers,
ionization chambers, GM counters, proportional counters and inorganic scintillators
were used for the in-vivo measurements. The development of inorganic scintillators
in 1950s and HPGe detectors in 1970s revolutionized the field of direct monitoring
technique. These developments have resulted in accurate identification and quantifi-
cation of internally deposited radionuclides in the person. These developments also
helped in the nuclear medicine applications for the effective diagnosis and treatment.

Shielding materials such as lead, steel, concrete and water were used to reduce
background radiation in detection systems. Different measurement geometries,
including arc, chair, bed, and scanning geometries, have been developed based on
radionuclide characteristics and anatomical considerations.

Efficiency calibration is a crucial aspect of internal dosimetry and involves estab-
lishing the relationship between measured count rate and radioactivity for accurate
estimation of organ activity. Calibration techniques have evolved from using radon
sources in cadaver to employ realistic anthropomorphic phantoms and computa-
tional models based on anatomical and physiological data. Phantoms such as LLNL,
JAERI, BOMAB and voxel are used for calibration. Voxel phantoms based on CT
scan data of individual provide a more accurate representation of human anatomy.
Mesh phantoms offer greater flexibility and accuracy in thin target regions.

Overall, advancements in detectors, calibration methods and the use of real-
istic and computational phantoms have significantly improved the accuracy of body
activity measurements, enabling better understanding and management of internal
contamination.
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In-Vitro Monitoring Techniques

Supreetha Prabhu, Prakash Mandal, and Nanda Raveendran

1 Introduction

In-vitro monitoring is an important technique used for the measurement and anal-
ysis of radionuclides in biological samples. This method is particularly useful for
assessing internal exposure to radionuclides that cannot be detected by in-vivo moni-
toring, typically because they emit α or β radiation and lack sufficient gamma
energy.

The contents of chapter start from type of samples collected and analysed for
in-vitro monitoring which includes urine, feces, breath, blood, nasal swab, tissue
samples, etc. The biological samplemost commonly used for the estimation of intake.
The biological sample most commonly used for the estimation of intake is urine as it
provides systemic excretion of radionuclides and also due to ease of sample collec-
tion. Other biological samples such as feces, breath, blood or other samples are anal-
ysed in special cases. It also includes analysis of filter papers collected fromstatic and/
or personal air samplers, surface swipes, etc. After, sample collection, the radionu-
clides present in the samples are separated using various radiochemical methods. The
most commonly used separation methods include precipitation, solvent extraction,
ion exchange, and extraction chromatography. Further, the quantification of radionu-
clide content is carried out by using various analytical techniques. This includes alpha
spectrometry, beta counting, liquid scintillation counting, gamma spectrometry,mass
spectrometry, fission track analysis, etc. In addition recent advancements and inno-
vations in the field of in-vitro monitoring is also described. This includes application
of novel technologies such as nanomaterials and automation of sample preparation
and analysis. The latest advances include development of Radioisotope Identifica-
tion Systems (RIS), combining automated radionuclide separation with subsequent
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identification and quantification of the separated radionuclides. Radioisotope Identi-
fication Systems are crucial tools in the field of actinide bioassay. They improve the
efficiency, accuracy, and speed of analysis while maintaining high precision.

By addressing these four main areas, the chapter provides a comprehensive
overview of in-vitro monitoring for radionuclide assessment, covering sample
collection, separation techniques, analytical methods, and recent advancements.

2 Type of Samples

When selecting a bioassay sample for assessing internal radiation exposure, various
factors need to be considered beyond the major excretion route dictated by the bioki-
netic model for the element and the physico-chemical form of the intake. Other
important factors are ease of sample collection, ease of analysis and result inter-
pretation [1]. Assessment of internal contamination by in-vitro monitoring requires
collection of various biological samples such as urine, feces, breath, blood, nasal
swab, tissue samples, etc. It also includes physical samples such as filter papers
collected from static/personal air samplers, surface wipes, etc.

2.1 Urine

Urine samples are preferred for in vitro monitoring of radionuclides as it provides
valuable information about the systemic excretion of radionuclides from the body.
Also, due to the ease of sample collection and result interpretation, urine samples
are preferred for in vitro monitoring [2]. The sample size required for in-vitro radio-
bioassay is variable and can range from a spot sample for 3H to total 24 h samples for
actinides (Pu, U, Am, etc.). Ideally, 24 h urine samples are preferred for assessment
of radionuclide intake and dose, because the biokinetic models used for bioassay
analysis are mainly based on daily excretion rates. However, 24 h urine samples are
often neither practical nor convenient, and for routine monitoring usually overnight
urine sample is collected which is normalized to 24 h urine result. Normalizing to 24
h is done using by: Sampling interval, e.g. 12 h sample result would be normalized
by applying correction factor = 24 ÷ 12; Sample volume, e.g. Reference excretion
of 1.6 (adult male) or 1.2 L d–1 (adult female) [3], sample result is adjusted using
the ratio of sample volume to reference volume; Normalizing sample result using
creatinine or specific gravity has been also suggested in earlier studies [4–6]. The
methodology for collection of urine samples is thoroughly described in AERB safety
guide [2].
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2.2 Feces

Fecal analysis is useful when a radionuclide is preferentially excreted via feaces or
to assess clearance of type-S material from the respiratory tract. Reference value of
fecal excretion for an adult male and an adult female are 150 g d–1 and 120 g d–1

respectively [3]. Typically, the collection of a single bowelmovement is construed as a
representation of 24-h excretion. Normalization to reference values is recommended
in cases of low sample mass. Normalizing to 24 h is done using sample mass to the
reference mass [7]. The methodology for collection of fecal samples is thoroughly
described in AERB safety guide [2].

2.3 Blood

Blood samples offer a direct means of gauging ongoing internal contamination.
However, the majority of radionuclides are cleared rapidly from the bloodstream,
coupled with recirculation in the body, can lead to blood activity measurements
that might not accurately reflect the complete systemic presence of radionuclides.
There are a few exceptional circumstances where blood samples may be useful
for monitoring systemic activity. Examples include 51Cr labelled erythrocytes (red
blood cells), tritiated water (HTO), and radionuclide complexes attached to carriers
in the blood. Blood samples are not normally used due to medical constraints on the
sampling procedure; they should be collected only by qualified medical personnel
within meticulously controlled hygienic settings.

2.4 Nasal Swabs

The nasal swab sampling is a semi-quantitative monitoring technique used in situa-
tions where an inhalation incident is suspected. It involves collecting a sample from
the nasal cavity, and it is important to collect the sample soon after the suspected
exposure [8]. A positive result from the nasal swabmeasurement (above the detection
limit), suggests an unexpected exposure may have occurred. Further measurements,
such as excreta (urine or feces) analysis or in vivo monitoring, should be carried out
to confirm the intake and to provide a more accurate quantitative assessment of the
exposure. Sawant et al. has reported the procedure for collection of nasal swabs [9].
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2.5 Tissue Specimens

Analysis of tissue extracted from a radionuclide-contaminatedwound, or thematerial
removed during wound debridement, enables the identification and quantification of
the radionuclides present. This information is important for evaluating the total intake
of the radionuclide through the wound pathway [9]. The wound excision is carried
out by a surgeon when the wound is contaminated with an isotope that has a very
long half-life, such as plutonium.

2.6 Breath Analysis

For few radionuclides breath is the significant route of excretion, examples include
gaseous decay products (radon, thoron) or metabolized to gases (CO2). Breath anal-
ysis needs the worker to breathe into a breath collecting apparatus for a period up to
30 min depending upon the sample volume required [2].

2.7 Other Biological Samples

Other biological materials removed from the body, encompassing saliva, teeth, hair,
nails, etc. can be used as indicators of radionuclide intake. Quantifying body burdens
using these in-vitro techniques is generally not possible since biokinetic models
for these techniques have not been developed. However, they may be useful as an
indicator of exposure. For example, facial and scalp hair analyses have been useful
in detecting exposures from radon and thoron. Fingernails are also integrators of
exposure for some radionuclides like U, Th, etc. Analysis of saliva and perspiration
samples may reflect systemic body burdens [10].

2.8 Filter Papers

Filter papers from personal/static air sampler and surface swipes are analyzed to
estimate the type of radionuclide inhaled and its isotopic composition. Such infor-
mation is important for assessing the total intake by inhalation pathway. Assessment
of internal exposure based on activity in these physical samples is rarely done due
to large variability in working conditions and potential intakes by workers.
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3 Radiochemical Separation Methods

Radiochemical separation of radionuclides in bioassay samples involves isolation and
purification of radioactive elements from biological samples followed by quantifica-
tion of the radionuclide content. The method of radiochemical separation depends
primarily on the type of emissions. Separation from matrix is necessary for radionu-
clideswithα/β emissions or if the yield/energies of photon emissions are very low. For
radionuclides emitting penetrating photons, radionuclide content can be quantified
in bulk samples. Examples of various analytical techniques obtained from literature
to determine few selected γ-emitting radionuclides is given in Table 1.

For beta (β) emitting radionuclides, liquid scintillation counting technique is
commonly adopted after radiochemical separation of the radionuclide from the bulk
sample.

This chapter mainly focuses on radiochemical separation of α-emitters (actinides)
from bioassay samples followed by analysis using various analytical techniques. The
radiochemical separation techniques are designed to remove interfering substances

Table 1 Analytical methods used to determine γ-emitting radionuclides (131I and 137Cs) in
biological samples

Sample Separation Measurement
method

References

Radionuclide: Iodine

Urine Collect and measure urine γ-spectrometry [11]

NS Collect and measure nasal swab γ-spectrometry [11]

Radionuclide: Cesium

Urine Method 1: Sample is acidified, Cs separated using
molybdate precipitate followed by dissolution in
NaOH solution for radioactive measurements
Method 2: The above NaOH solution is passed
through cation IX column, Cs was later precipitated
as cesium perchlorate

γ-spectrometry
β-counting

[12]

Urine Sample is acidified and concentrated on a KCFC
column

γ-spectrometry [13]

Urine Direct counting of sample after transferring to
Marinelli beaker

γ-spectrometry [14]

Urine Direct counting of sample after transferring to
Marinelli beaker

γ-spectrometry [15]

Feces Direct counting γ-spectrometry [16]

Urine Direct counting of acidified urine γ-spectrometry [17]

Urine Direct counting of sample after transferring to
Marinelli beaker

γ-spectrometry [18]

Feces Ashing in electric furnace for 10 h at 550°C followed
by dissolution in 6 M HCl for radioactive
measurements

γ-spectrometry [18]
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and concentrate the radionuclides of interest. Following is a general overview of the
radiochemical separation process:

(1) Sample pre-treatment: The bioassay sample, such as urine, feces, tissue, or
air filter, is collected and prepared for analysis. Sample pre-treatment, such as
digestion or ashing is carried out to break down the biological matrix and for
release of the radionuclides.

(2) Sample preconcetration: Biological samples like urine and feces contain large
amounts of dissolved organic matters and inorganic salts, which can lead to
notable sensitivity reduction during analysis, even after appropriate dilution.
Hence prior to any quantitative analysis sample preconcentration is carried out.

(3) Chemical Separation: After sample pre-treatment various radiochemical separa-
tion techniques are employed to selectively separate and purify the radionuclides
from the sample matrix. The specific method used depends on the radionuclide
to be analyzed and the characteristics of the sample.

3.1 Sample Pre-treatment

Urine sample: Wet digestion of urine sample is carried out by transferring it into a
beaker, addition of conc. HNO3, H2O2 keeping it on hot plate (Fig. 1) [19].

Fecal sample: Fecal samples are subjected to dry ashing within a muffle furnace
set at a temperature of 450°C [20]. Fecal samples contain silicates and refractory
components. Hence, hydrofluoric acid digestion step is required, to bring analytes
present in sample in solution form. For this, fecal sample is treated using either
hydrofluoric acid in combination with mineral acids (Acid leaching) or by fusion
with various fluxes, e.g. Na2CO3 and alkali borates (Alkali fusion) is also carried out
[20].

For nasal swab, tissue samples and filter paper samples, wet digestion is carried
out using conc. HNO3, H2O2 [21, 22].

Fig. 1 Wet digestion of urine sample
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3.2 Sample Preconcentration

The most commonly used preconcentration techniques used in urine bioassay are
evaporation and coprecipitation [23, 24]. Coprecipitation using Ca phosphate is
normally adopted for preconcentrationof actinides and strontium fromurine and fecal
samples [25–30]. Other reagents adopted for coprecipitation are: bismuth phosphate
(BiPO4) [31–35], calcium oxalate (CaC2O4) [36, 37], etc. Recently use of HTiO has
been reported to preconcentrate actinides present in urine samples [38, 39].

3.3 Chemical Separation Techniques

For radionuclide bioassay, various separation techniques are employed to isolate
and quantify radioactive elements present in biological samples. These techniques
include: precipitation, solvent or liquid–liquid extraction, ion exchange, and extrac-
tion chromatography. The utilization of these techniques in context of radionuclide
bioassay is elaborated upon in the subsequent sections.

3.3.1 Precipitation

Precipitation: Precipitation techniques have beenused since the early days of radionu-
clide analysis. They involve the addition of a reagent to the sample, which forms an
insoluble precipitate with the target radionuclide. The precipitate can then be sepa-
rated from the samplematrix through filtration or centrifugation. Separationmethods
based on precipitation were mainly developed for fission products, some of them are
still used (Table 2).

Table 2 Radionuclide separation by precipitation or coprecipitation [12, 40–42]

Radionuclide Precipitation or Coprecipitation Separation
89,90Sr Nitrate precipitation using

HNO3

Separation of Sr from Ca

Ba(Ra)CrO4 precipitation Separation of Sr from Ba, Ra

Carbonate precipitation Removal of interfering components from
Sr

Y2(CrO4)3 precipitation Separation of Y from Sr

SO4
2− precipitation Separation of Sr

137Cs Coprecipitation using
(NH4)3PMo12O40·3H2O

Separation of Cs

32P Precipitation using
(NH4)3PMo12O40·3H2O

Separation of P

131I Precipitation using AgI Separation of I
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The principle behind precipitation is the formation of insoluble compounds
containing the radionuclides by adding specific reagents. In order for precipitation to
occur, the solubility product (K sp) of the compoundmust be exceeded. The solubility
product of a compound AxBy is determined by using Eq. 1:

Ksp = [A]x [B]y (1)

where

[A] is concentration cation and [B] is concentration of anion in the solution;
x and y are respective charges on the cation and anion.

Radionuclides concentration in bioassay samples are present in trace or ultra-trace
levels. Due to these extremely low concentrations, it is rare for the solubility product
to be exceeded without the addition of a carrier. Therefore, in radionuclide separation
by precipitation, an isotopic carrier is added. The carrier has the same chemical form
as the radionuclide of interest. In cases where an isotopic carrier is not available for
a particular radionuclide, a non-isotopic carrier can be added for precipitation. This
process is known as coprecipitation. The carrier serves to enhance the precipitation
by providing additional atoms or ions that can form insoluble compounds along with
the radionuclide, aiding in their separation from the solution.

By using carriers in precipitation-based separationmethods, the solubility product
can be exceeded, allowing for efficient precipitation and subsequent separation of
radionuclides from bioassay samples. This technique enables the concentration and
analysis of radionuclides present in extremely low concentrations.

Use of precipitation/co-precipitation technique for radionuclide separation

Use of precipitation/co-precipitation method for radiochemical separation of 89,90Sr,
137Cs, 131I, 32P from urine samples has been reported in earlier works [12, 40–42]
and is given in Table 2. Radiochemical separation by precipitation method for 32P
from urine samples is shown in Fig. 2 [41].

3.3.2 Solvent or Liquid–Liquid Extraction

Solvent extraction is a separation technique that exploits the unequal distribution of
a solute (such as a radionuclide) between two immiscible solvents, typically water
(aqueous phase) and an organic liquid (organic phase). This technique is commonly
used for the separation of radionuclides, including Sr, Pu, U, Am, and Th, from
bioassay samples.

The principle behind solvent extraction is that the radionuclide, often in the form
of a metal, is selectively extracted from the aqueous phase into the organic phase,
while interfering elements remain in the aqueous phase. Solvent extraction enables
the separation and concentration of specific radionuclides from complex bioassay
samples.
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Fig. 2 Flow chart for the estimation of phosphorus-32 in bioassay samples [41]

The choice of appropriate organic solvents for solvent extraction depends on
the specific radionuclide of interest (Table 3), e.g. for the extraction of Sr, solvents
containing crown ethers or phosphonic acid derivatives are commonly used. These
solvents have a high affinity for Sr and facilitate its transfer from the aqueous phase
to the organic phase. For the extraction of Pu, U, Am, and Th, organic solvents
such as tributyl phosphate (TBP) or di(2-ethylhexyl) phosphoric acid (D2EHPA)
are frequently employed. These solvents exhibit strong affinity for these actinide
elements, allowing for their efficient extraction into the organic phase.

Various steps involved in solvent extraction are
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Table 3 Radionuclide separation by solvent or liquid–liquid extraction

Sample Radionuclide Extractant References

Urine Pu Cupferron in chloroform [43]

Bone, urine Pu Primene J-MT [44]

Urine 237Np TTA [45]

Urine U, Np, Pu Tri-iso-octyl amine [46]

Urine U, Np, Pu Alamine 336 [47]

Biological
samples

Am, Cm, Cf TOMAC dissolved in toluene containing
scintillators p-terphenyl and POPOPa

[48]

Biological
samples

U, Pu, Th 25% TLA in xylene [49]

Bone U, Pu, Th 20%TLA in xylene [50]

Urine U Calixarene [51]

Urine Pu HTTA in xylene [27]

Urine, Hair U TBP in xylene [52]

Nasal swab Pu, Am HDEHP [21]

aExtractive scintillator

• Extraction Step: The bioassay sample is mixedwith the selected organic solvent in
an extraction vessel or centrifuge tube. The solvent forms two immiscible phases
with the sample, with the radionuclides partitioning preferentially into the organic
solvent phase due to their affinity for the solvent. The extraction step allows the
transfer of the radionuclides from the aqueous sample phase to the organic solvent
phase.

• Separation Step: After extraction, the organic solvent phase containing the
extracted radionuclides is separated from the aqueous phase by either centrifuga-
tion or decantation.

• Stripping Step: The next step is to selectively strip the radionuclides from the
organic solvent phase into a new aqueous phase. This is done by mixing the
organic solvent with a suitable stripping solution that has a higher affinity for
the radionuclides than the organic solvent. The radionuclides transfer from the
organic phase to the aqueous phase during this step.

• Collection and Analysis: The aqueous phase containing the separated radionu-
clides is collected, and the radionuclides can be further analyzed using techniques
such as gamma spectroscopy, alpha spectrometry, or liquid scintillation counting.
These methods allow for the quantification and identification of the radionuclides
in the bioassay sample.
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Use of solvent extraction technique for radiochemical separations

Radiochemical separation of Sr, Pu, U, Am, and Th from urine samples using solvent
extraction has been reported in earlier works and is mentioned in Table 3. Radio-
chemical separation of Pu and Am from nasal swab sample by solvent extraction is
given in Fig. 3.

There are several limitations of solvent extraction techniques, such as the require-
ment for large amounts of solvents, multiple steps for quantitative separation,
moderate selectivity, and the labour-intensive nature of the process. However,
advances have indeed been made to address these challenges and improve the
preconcentration ability in liquid–liquid extraction.

One such advancement is the development of dispersive liquid–liquid microex-
traction (DLLME) as an analytical technique. DLLME was first introduced in 2006
and has gained popularity due to its simplicity, speed, and the use of only a small
volume of organic solvents.

Fig. 3 Schematic flowchart for efficient separation of Pu and Am in nasal swab using HDEHP
based extractive scintillator (reproduced from [21] © 2022 Elsevier Ltd., with permission from
Elsevier)
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Table 4 Radionuclide separation by DLLME

Sample Radionuclide Dispersion solvent Extraction solvent References

Urine Pu Methanol HDEHP in
tetrachloroethylene

[53]

Urine 226Ra Acetonitrile Mixture of
hexafluoroacetylacetone and
dibenzo-21-crown-7 in
toluene

[54]

Dispersive liquid–liquid microextraction (DLLME)

DLLME is based on ternary component solvent systems, typically consisting of an
aqueous phase, an organic extraction solvent, and a dispersing solvent. The aqueous
and organic phases are immiscible, while the dispersing solvent aids in the formation
of fine microdroplets of the extraction solvent in the sample solution.

In the DLLME process, the mixture of the extraction solvent and the dispersing
solvent is injected into the sample solution. This leads to the rapid dispersion of
microdroplets of the extraction solvent throughout the aqueous sample, resulting in
the formation of a cloudy solution. This cloudy solution provides a large interfacial
area between the extraction solvent and the aqueous sample, facilitating the efficient
transfer of analytes of interest from the aqueous phase to the extraction phase.

After the dispersion step, the mixture is typically separated by centrifugation,
which causes the microdroplets to coalesce and separate from the aqueous phase.
The extraction solvent, now containing the extracted analytes of interest, is collected
using a microsyringe. This is followed by the identification of analytes in the extrac-
tion solvent, which can be performed using analytical instrument. The DLLME
method offers several advantages, including simplicity, rapidity, and reduced solvent
consumption compared to traditional solvent extraction techniques. Radiochemical
separation of Pu, Ra from urine samples using DLLME method is given in Table 4.

3.3.3 Ion Exchange Chromatography

Ion-exchange chromatography operates on the principle of reversible exchange of
metal ions between a liquid phase and a solid ionic resin of opposite charge. Resin
is a polymer matrix (polystyrene cross linked divinylbenzene) with charge bearing
functional groupwhich acts as a stationary phase. These functional groups are perma-
nently bonded ionic groups and have a counter ion of opposite charge which is labile.
Ion exchange resins are of two types based on the exchangeable or labile ion, i.e.
cation exchange resin and anion exchange resin (Fig. 4). The common functional
groups for the two types of resins are given in Table 5.

Cation exchangers generally allow separation of metals with valence states +
1, + 2 and + 3. The cation exchangers rely on pH adjustment for separation and
the pH required to retain a cation on the exchanger decreases as the charge of the
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Fig. 4 Ion-exchange process

Table 5 Common functional groups in ion exchange resins

Resin type Functional group Functional range

Cation resin (strongly acidic) Sulphonate-SO3
− Function as cation exchangers

over entire pH range

Cation resin (weakly acidic) Carboxylate-CO2
− Function as cation exchangers in

neutral and basic conditions

Anion resin (strongly basic) Quaternary ammonium
ion-N(CH3)3+

Function as anion exchangers
over entire pH range

Anion resin (weakly basic) Tertiary amino-N(CH3)2 Function as anion exchangers in
neutral and acidic conditions

cation increases. As a result of these limitations, cation exchangers are not widely
used in radioanalytical separations, particularly for the separation of metals with
similar valence states. On the other hand, anion exchangers are commonly used
in radiochemical separations, including the separation of actinides. Actinides form
strong anionic complexes in acidic media, and these complexes are retained on anion
exchangers based on their charge. The higher the charge of the anionic complex,
the stronger its retention on the anion exchanger. The commonly used acids for
the formation of anionic complexes in radioanalytical separations are HNO3 (nitric
acid) and HCl (hydrochloric acid). The resulting complexes are typically nitrate and
chloride complexes, respectively.

Overall, anion exchangers are preferred over cation exchangers in radioanalytical
separations due to their effectiveness in separating anionic complexes, particularly for
actinides. The use of appropriate acids and anion exchangers allows for the selective
retention and subsequent analysis of these anionic complexes, aiding in the accurate
determination of actinides in bioassay samples.
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There are also ion exchangers in which functional group is a chelating group, such
as amino phosphate (–CH2–NH–PO2

2−). The functional group can form a chelate
(complex) with the metal ion.

The ion exchange techniques, particularly anion exchange, play a vital role in the
radiochemical separation of actinides from bioassay samples. The choice of specific
resins and eluents depends on the target actinides and the analytical requirements.

Various steps involved in ion exchange separation

Column Preparation: A column is packed with the selected ion exchange resin. The
resin is typically loaded into a glass or plastic column to form a stationary phase.
The column is conditioned with suitable solvents or solutions to ensure optimal
performance and remove any impurities.

Sample Loading: The bioassay sample is carefully loaded onto the ion exchange
column. The target radionuclides selectively bind to the ion exchange resin while
other ions or compounds pass through or are retained less strongly.

Washing: After the sample is loaded, a series of washing steps are performed to
remove unwanted impurities or interfering substances that may have bound to the
resin. This helps to improve the purity of the target radionuclides. Washing steps
involve the use of appropriate solvents or solutions, ensuring efficient removal of
contaminants.

Elution: The elution step involves selectively releasing the target radionuclides
from the ion exchange resin. This is achieved by passing a suitable eluent through
the column that disrupts the binding between the radionuclides and the resin. The
eluent may be a solution containing specific complexing agents, pH modifiers, or
other eluting agents that can desorb the radionuclides.

Collection and Analysis: The eluate, containing the separated radionuclides, is
collected and subjected to analysis using suitable techniques such as gamma spec-
troscopy, liquid scintillation counting, or alpha spectrometry for quantification and
identification of the radionuclides in the bioassay sample.

Use of ion exchange chromatography technique for radiochemical separations

Table 6 gives examples of ion exchangers used for radiochemical separation in
bioassay samples. Figure 5 exemplifies the radiochemical separation of uranium
(U) from a urine sample using anion exchange resin (AG 1 × 8).

High radiochemical recoveries using anion exchange methods is the main advan-
tage of this technique. However, its disadvantages include laborious separation
procedure and the need for substantial quantities of acidic reagents to achieve the
separation.

3.3.4 Extraction Chromatography

Extraction chromatography technique have been developed for radiochemical sepa-
rations only a few decades ago and is now being widely used. Extraction chromatog-
raphy combines the principles of solvent extraction and chromatography, utilizing a
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Table 6 Ion-exchangers used for radiochemical separation

Sample Radionuclide Ion exchanger References

Urine 238U Dowex anion exchange [55]

Urine 237Np Anion-exchange (AG-MP1) [56]

Urine Pu, U, Am Dowex 50 × 8 and Dowex 1 × 8 [57]

Urine 239+240Pu Dowex 1 × 8 [58]

Urine 239+240Pu Dowex 1 × 8 [59]

Urine Pu Dowex 50 × 8 and Dowex 1 × 8 [35]

Urine U Dowex 1 × 8 [60]

Urine 231Pa Dowex 1 × 8 anion exchange [61]

Urine 90Sr 1 × 8 anion exchange [62]

Faeces Pu Amberlite 1 × 8 anion exchange [20]

Urine 239Pu AG1 × 2 [63]

Urine Pu Dowex 1 × 8 anion exchange [64]

Urine 239Pu AG1 × 2 [65]

Urine U(nat.) Dowex 1 × 8 anion exchange [26]

Urine Pu AGMP-1M [38]

Urine Pu, Np AG MP-1M anion exchange [66]

Urine U Biorad 4 × anion exchange [67]

chromatography column with a stationary phase composed of extractants sorbed on
a porous support material.

The extractants used in extraction chromatography resins, such as HDEHP, TBP,
TOPO, CMPO, TTA, and TNOA, have high affinity and selectivity for actinides and
lanthanides. These resins offer advantages such as faster exchange kinetics, simpler
operational procedures, and generation of less liquid radioactive waste compared to
anion exchange and solvent extraction methods.

In bioassay samples, extraction chromatography resins are commonly employed
for the separation of Pu, U, Am, Sr, and Th.

Further advancements in extraction chromatography include the use of vacuum
boxes, which have demonstrated faster separation times compared to gravitational-
based extraction chromatography techniques. These improvements contribute to
reduced analysis time for separation of radionuclides using solid-phase extraction
chromatography.

Table 7gives details of someextraction chromatography resins and resins designed
for specific radionuclides that are available from Eichrom Technologies and Triskem
International. Figure 6 gives the extractant present in the extraction chromatography
resins [68].

Use of various extraction chromatography resins in radionuclide separation
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Fig. 5 Flow chart of
separation of uranium from
urine samples using Dowex
1 × 8 [26]
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Table 7 List of extraction chromatography resins commercially available

Resin Extractant Application

Actinide-resin P-P′-di(2ethylhexyl) methane diphosphonic acid Group actinide
separations/gross alpha
measurements

DGA resin N,N,N′,N′-tetra-n-octyldiglycolamide Y, Lu, Tb, Am, Cm, Ac, U

Sr-Resin bis-4,4′(5′)-tertbutylcyclohexano-18-crown-6 Sr, Pb

TEVA-Resin Tri-n-octylmethylammonium chloride (Aliquat
336)

Tc, Th, Np, Pu, Am/
lanthanides

TRU-Resin octylphenyl-N,N-di-isobutyl
carbamoylphosphine oxide (CMPO)

Fe, Th, Pa, U, Np, Pu,
Am, Cm

UTEVA Resin diamyl amylphosphonate (DAAP) Th, U, Np, Pu

Fig. 6 a Quaternary amine salt within TEVA resin, b 18-crown-6 within Sr-resin, c dipentyl-
pentylphosphonate within UTEVA resin, d mixture of TBP and CMPO within Sr resin and e N,
N,N′,N tetraoctyldiglycolamid in DGA resin

• TEVA resin, based on aliquot-336, exhibits high retention for plutonium (Pu)
and neptunium, with improved performance compared to conventional anion
exchange resins. It is widely used for separation of Pu and Np, from bioassay
samples [29].

• TRU resin, functionalized with TBP, is widely used for the separation of
transuranic elements such as Pu, U, and Am [40, 69]. TRU resin has a
strong affinity for these radionuclides, allowing for their efficient extraction and
separation.

• UTEVA resin, functionalized with D2EHPA, is commonly employed for the sepa-
ration of U and other tetravalent actinides, including Th [70, 71]. UTEVA resin
has excellent selectivity and separation efficiency for these radionuclides.

• DGA resin, functionalized with diglycolamide (DGA) ligands, is utilized for the
separation of trivalent actinides, such as americium (Am) [72, 73]. It exhibits
a high affinity and selectivity for trivalent actinides, enabling their effective
separation.
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• Sr resin, specialized for the separation of strontium (Sr), typically contains a crown
ether ligand, such as dicyclohexano-18-crown-6 (DCH18C6), immobilized on a
support material. Sr resin demonstrates a strong affinity for strontium, allowing
for its efficient extraction and separation [40].

These resins are used alone for radionuclide separation or in combination
with other extraction chromatography resins for determination of radionuclides in
bioassay samples [74–76].

Table 8 gives examples of various extraction chromatography resins used for
radiochemical separation in bioassay samples. Figure 7 gives an example for the
radiochemical separation of Sr from a urine sample using Sr-spec resin.

In literature use of various combination of ion exchange resins and SEC resins
have also been reported for radiochemical separation of bioassay samples (Table 9).

4 Radioanalytical Techniques/Determination Methods

4.1 Alpha Spectrometry

Alpha spectrometry is a highly sensitive technique used for the identification and
quantification of alpha-emitting radionuclides present in a biological sample.

Principle

Alpha spectrometry is a technique used to detect and analyse alpha particles emitted
by radioactive materials. It involves several key steps like sample preparation, alpha
particle detection, energy loss, electrical signal generation, signal amplification and
processing, alpha spectrum analysis, radionuclide identification and quantification.
The sample containing alpha-emitting radionuclides is prepared by chemically sepa-
rating the analyte of interest from the sample matrix. This purification step is crucial
to obtain a clean alpha spectrum. The source preparation of purified radionuclide is
carried out either by electrodeposition or micro-precipitation (Fig. 8). For counting,
the electro-deposited planchet is placed inside the detector, typically a solid-state
silicon or semiconductor detector. When an alpha particle enters the detector mate-
rial, it interacts with the atoms of the material, losing energy through ionization and
excitation processes. This energy loss causes the alpha particle to slow down and
eventually stop within the detector. As the alpha particle loses energy, it produces
electrical signals in the detector. These signals are generated by the ionization of
atoms in the detector material. The signals are typically in the form of electrical
pulses which are amplified and processed by specialized electronics. This amplifica-
tion step helps to increase the detectable signal level and improve the signal-to-noise
ratio. The processed signals are then converted into digital form for further analysis.
The resulting signals are analysed using software and algorithms to construct an
alpha spectrum. The alpha spectrum displays the number of detected alpha parti-
cles as a function of their energy (Fig. 8). The block diagram of alpha spectrometry
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Table 8 Radiochemical separation by extraction chromatography

Sample Radionuclide Resin References

Urine Pu TRU [77]

Urine U TRU [78]

Urine U, Th, Np, Pu, Am TRU [79]

Urine Pu TEVA [25]

Urine Pu TEVA [80]

Urine Pu TRU [81]

Urine U UTEVA [82]

Urine Pu TEVA [83]

Synthetic fecal 239Pu TEVA [84]

Urine U TRU [85]

Urine Th, U, Np, Pu, Am TEVA, TRU [86]

Urine Np, Pu, Am, U TEVA, TRU, DGA [87]

Fecal Pu, Am, U TEVA, TRU, DGA [88]

Urine U TRU or UTEVA [89]

Urine Np TEVA [90]

Urine Pu, Np TEVA [91]

Urine 90Sr TRU, Sr-resin (vacuum box) [92]

Urine Sr SR-resin [40]

Urine Am, Cm TEVA, DGA [39]

Urine Pu, U, Am, Th DGA [93]

Urine 237Np, 241Am, Th, Pu and
U

TEVA, TRU [76]

Biological sample 90Sr Crown ether on teflon powder [94]

Urine Pu TEVA, UTEVA, DGA [74]

Feces 238Pu, 240Pu, 241Am, and
natural U

TEVA, TRU, DGA (vacuum
manifold)

[95]

Urine Pu, Th, Am, U, 90Sr TEVA, TRU, Sr-resin
cartridges

[96]

Urine 210Po, natural uranium, Th TEVA, UTEVA (vacuum
manifold)

[97]

Urine 226Ra, U UTEVA [71]

Urine 90Sr (vacuum system) [98]

Urine Pu TEVA [99]

Urine U TRU [69]

Urine 90Sr Sr-resin (vacuum box) [100]

Urine Pu, U, Am, Sr TRU, Sr-spec [101]

Brain tissue Pu, U, Am TEVA, UTEVA, DGA [75]
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Fig. 7 Flow chart of separation of Sr from urine samples using Sr-spec [40]

Table 9 Radiochemical separation using combination of ion-exchange and extraction chromatog-
raphy techniques

Sample Radionuclide Ion exchanger References

Urine Np, Pu TRU, Chelex [102]

Synthetic fecal Am, Cm AGMP-1, UTEVA, DGA [103]

Urine 239Pu TEVA, Dowex 1 × 4 [104]

Urine 90Sr Diphonix, Sr-spec [105]
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system including the primary components is shown in Fig. 9. The alpha spectrum
contains distinct peaks corresponding to specific alpha energies emitted by different
radionuclides present in the sample. The identification and quantification of radionu-
clides in a sample are achieved by comparing the energies and intensities of the peaks
observed in the alpha spectrum with those from known reference standards.

Fig. 8 Source preparation for alpha spectrometry and observed alpha spectrum for Pu isotopes
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Fig. 9 Block diagram of alpha spectrometry system

Advantages

Alpha spectrometry offers several advantages as a radioanalytical technique for the
detection and estimation of alpha emitters in terms of selectivity, sensitivity, energy
resolution, wide radionuclide range, reliability and stability, cost-effectiveness, etc.
Alpha spectrometry is highly selective for alpha-emitting radionuclides. This selec-
tivity allows for specific identification and estimation of actinides in complex
samplematrices. Alpha spectrometry is known for its exceptional sensitivity, capable
of detecting very low amounts of alpha-emitting radionuclides. The minimum
detectable amount (MDA) in alpha spectrometry can range from femtograms to
picograms, depending on various factors including the type of detector used, the effi-
ciency of the setup, and the characteristics of the radionuclide being analysed. This
high sensitivity makes it suitable for trace-level analysis of alpha emitting radionu-
clides in biological samples. Alpha spectrometry provides excellent energy resolu-
tion. It can detect and analyze a variety of alpha-emitting radionuclides, including
isotopes of U, Pu, Ra, Th, Am, etc. Alpha spectrometry technique is particularly
useful for measuring radionuclides with short half-lives such as plutonium isotopes
(238Pu). Compared to other analytical techniques, alpha spectrometry is relatively
cost-effective. The equipment required for alpha spectrometry, such as detectors and
electronics, is readily available and can be more affordable compared to special-
ized equipment used in other analytical methods. Its reliability, stability, and cost-
effectiveness make it a valuable tool in various fields involving the analysis and
monitoring of alpha radiation.

Disadvantages

While alpha spectrometry has numerous advantages, there are also some limitations
and disadvantages associated with this technique. Sample preparation for alpha spec-
trometry can be complex and time-consuming. Achieving a clean and pure sample
matrix can be challenging, especially in complex biological samples with multiple
radionuclides andmatrix interferences. Any impurities or contaminants in the sample
can interfere with the analysis, causing overlapping peaks or background noise.
Achieving high radiochemical purity can be difficult andmay require additional sepa-
ration techniques. Due to high ionization power, large mass and short range in matter
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not all emitted alpha particles from the radionuclides in the sample are detected and
registered by the detector. Because of that the counting efficiency of alpha spectrom-
etry is relatively low compared to other techniques. This lower counting efficiency
may require longer counting times to achieve desirable statistical precision, espe-
cially for samples with low activity levels. Although alpha spectrometry can provide
accurate identification and quantification of known alpha-emitting radionuclides, it
may face challenges in identifying unknown or unexpected radionuclides present
in the sample. Despite these disadvantages, alpha spectrometry remains a valuable
technique for the detection and estimation of alpha-emitters in biological samples.

Applications

Alpha spectrometry is a widely used radioanalytical technique for determining the
activity concentration of actinides in biological samples, particularly for monitoring
of radiation workers [86, 106, 107]. Detection limit of alpha spectrometry technique
can be achieved up to 0.5 mBq for 24 h counting time however below this level this
technique is not much sensitive particularly for ultra-trace level estimation of Pu and
Np in urine sample [108]. Using alpha spectrometry technique 239Pu, 241Am in urine
samples were determined by Alvarez and Navarro [109]. Radiochemical recovery of
~ 85% for 239Pu with MDA of 0.5 mBq for 24 h counting time was achieved. MDA
of 0.2–04 mBq L−1 was obtained in urine samples for uranium isotopes [110].

Traditional alpha spectrometry methods can be relatively slow due to the time
required for sample preparation, instrument setup, and counting. However, there have
been efforts to develop faster and more streamlined alpha spectrometry techniques,
particularly for specific applications like bioassay analysis of urine samples.Maxwell
and colleagues developed such methods, achieving a sample turnaround time of less
than 8 h in their reported procedures [86, 107, 111].

4.2 LED Fluorimetry

LED Fluorimetry technique is widely used mainly for estimation of ultra-trace level
of uranium present in biological samples. Principle of an LED fluorimeter is based
on the phenomenon of fluorescence, which is the emission of light by a substance
after it absorbs light of a shorter wavelength. LED fluorimeters utilize light-emitting
diodes (LEDs) as the light source to excite the sample and measure the emitted fluo-
rescence as shown in Fig. 10. The LED emits light at a specific wavelength, typically
in the ultraviolet (UV) or visible range. The emitted light passes through a filter that
selects the desired excitation wavelength, which matches the absorption character-
istics of the fluorophore or fluorescent substance present in the sample. The emitted
light from the LED excites the fluorophore present in the sample. The fluorophore
absorbs the excitation light and moves to a higher energy state, known as the excited
state. As the excited fluorophore returns to its ground state, it emits light of a longer
wavelength than the excitation light. This emitted light is referred to as fluores-
cence. The emitted fluorescence passes through another filter that selects the desired
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Fig. 10 Schematic diagram of LED Fluorimeter

emission wavelength, blocking any remaining excitation light and other unwanted
background signals. A photodetector, such as a photomultiplier tube (PMT) or a
solid-state detector, detects and measures the intensity of the emitted fluorescence.
The photodetector converts the incoming light into an electrical signal, which is then
amplified and processed to provide a measurable output. The measured fluorescence
signal can be analyzed and quantified to provide information about the sample. This
may involve comparing the fluorescence intensity to known standards or using cali-
bration curves to determine the concentration of the fluorescent substance in the
sample. LED fluorimeters offer several advantages, such as their compact size, dura-
bility, long operational life, low power consumption, and the ability to emit light at
specific wavelengths.

LED based fluorescence spectroscopy is a sensitive, selective, and versatile tech-
nique, especially for trace-level analysis of uranium in various fields [112–116].
Uranium is indeed a strong fluorophore with well-defined absorption and emission
spectra. It absorbs light in the UV range (260–350 nm) and emits strongly in the
visible range (450–600 nm) with a high quantum yield. However, complications
arise when dealing with real-life samples due to presence of various quenching
species in the analyte solution [117, 118]. Effect of quenching in uranium analysis
by some of the important ions such as Cl−, Na+, SO4

2−, Mg2+, Ca2+, K+, HCO3
−,

Br−, etc. were studied by Sanjukta et al. [112]. They have achieved a detection limit
of approximately 3 ng mL−1 in the environmental samples without prior separation
of matrix. Uranium phosphate species exhibit high fluorescence quantum efficien-
cies, making them suitable for studying uranium at low concentrations. Phosphate
containing chemicals such as sodium pyrophosphate, penta-sodium tri-poly phos-
phate, sodium hexameta phosphate, ammonium dihydrogen phosphate, phosphoric
acid, etc. are quite established uranium fluorescence enhancing reagents [114–116,
119]. Advantage of using fluorimetric technique is the simple analytical procedure,
rapid counting and capable of estimating 0.1–0.2 ppb uranium in complex matrices
like urine. Disadvantage of this method is that it is applicable to limited number
of radionuclides commonly used for uranium and also this method cannot provide
isotopic information of the radionuclide present in the sample.
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4.3 Adsorptive Stripping Voltammetry

Adsorptive stripping voltammetry (ASV) is utilized for the estimation of heavy
metals such as uraniumconcentrations in samples. The technique involves the precon-
centration of uranium ions onto an electrode surface through adsorption, followed
by the stripping of the adsorbed ions and subsequent measurement of the resulting
current. Here is a general outline of the steps involved in utilizing ASV for uranium
estimation. Select an appropriate working electrodematerial, such asmercury, glassy
carbon, or gold, which can facilitate the adsorption of uranium ions. The electrode is
typically polished and cleaned prior to use. Immerse the working electrode into the
sample solution containing uranium ions. Apply a suitable potential to the electrode
to induce the adsorption of uranium ions onto the electrode surface. The adsorption
time and potential may need optimization to achievemaximum adsorption efficiency.
After the preconcentration step, initiate the stripping process by applying a specific
potential waveform or potential scan. This causes the desorption of the accumulated
uranium ions from the electrode surface. Measure the resulting current response
during the stripping step using an appropriate electrochemical technique, such as
square wave voltammetry or differential pulse voltammetry. The current response
is proportional to the concentration of uranium ions in the sample. Calibration and
Analysis: Construct a calibration curve using standard solutions of known uranium
concentrations. The obtained current responses from the unknown samples can be
compared to the calibration curve to determine the uranium concentration in the
original sample. It’s important to note that the specific experimental conditions and
parameters for uranium estimation using ASV may vary based on factors such as
the choice of electrode material, supporting electrolyte, pH, and the presence of
interfering species.

For the estimation of trace level uranium by Adsorptive Stripping Voltammetry,
L-3-(3, 4-dihydroxy phenyl) alanine (LDOPA) was used as a selective complexing
agent [120]. Spectrophotometric study shows the formation of ML2 complex of
uranium with the ligand LDOPA in solution. Minimum detection limit of 0.27 ng
mL−1 for uraniummeasurement was achieved by adsorption of the uranium-LDOPA
complex at hanging mercury drop electrode. The promising behavior of this reagent
in relation to uranium analysis holds significant potential for bioassay monitoring.

4.4 Neutron Activation Analysis (NAA)

Neutron Activation Analysis (NAA) is a powerful analytical technique used to deter-
mine the elemental composition and concentrations of a wide range of elements in
various samples. It involves the irradiation of a sample with neutrons, which induces
nuclear reactions resulting in the production of radioactive isotopes. The emitted
radiation from these isotopes is then measured to quantify the elemental composi-
tion of the sample. Basic steps involved in Neutron Activation Analysis are sample
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Fig. 11 Flow diagram of two types of Neutron Activation Methods

preparation, irradiation, decay, radiation measurement and data analysis (Fig. 11).
The sample of interest is collected and prepared in a suitable form for analysis. The
sample may need to be dried, ground, or homogenized depending on its nature and
the desired analysis. The prepared sample is exposed to a neutron source, typically
in a research reactor or a neutron generator. Neutrons bombard the sample, resulting
in nuclear reactions where stable isotopes in the sample capture neutrons, becoming
radioactive isotopes. After the irradiation, the sample is allowed to undergo a period
of radioactive decay. During this time, the radioactive isotopes formed during irradi-
ation undergo radioactive decay and emit characteristic radiation. The emitted radi-
ation from the radioactive isotopes is measured using suitable detection techniques.
This can involve gamma-ray spectrometry, beta particle counting, or other relevant
methods depending on the type of radiation emitted by the isotopes. The measured
radiation spectra are analyzed to identify the specific radioactive isotopes present and
their respective activities. The activities are used to determine the elemental concen-
trations in the original sample based on known cross-section data and decay prop-
erties of the isotopes. Neutron Activation Analysis is known for its high sensitivity
and accuracy in elemental analysis, particularly for trace elements.

NAAhas proven to be a valuablemethod for the accurate determination of thorium
(Th) and U at ppb (parts per billion) or even lower levels in various scientific fields,
including material sciences, geo- and cosmo-sciences, environmental sciences, and
bio-sciences [121–123]. NAA is particularly effective for trace element determina-
tion due to its ability to achieve virtually blank-free and matrix-insensitive measure-
ments. This makes it suitable for accurate low-level determinations of trace elements
such as Th and U. A radiochemical NAA method developed by Byrne and Benedik
[121] was successfully used to study ultra-trace levels of uranium in blood, hair,
and urine samples from occupationally exposed individuals and a control group
without known uranium exposure. In this method, 24-h urine samples were collected
in clean polythene bottles and stabilized with concentrated nitric acid. Subsamples
were immediately taken from a single voiding and frozen until analysis. After irra-
diation in a TRIGA MK II reactor, the samples were wet-ashed, and uranium was
extracted using tri-n-butyl phosphate (TBP) in toluene. The extracted uranium was
then measured using a high-purity germanium (HPGe) detector and a multichannel
analyzer system for gamma spectrometry. The isotopic tracer technique used in this



In-Vitro Monitoring Techniques 603

method allowed for the calculation of the chemical yield based on the relative activ-
ities of 239U in the sample and a standard. The minimum detectable limit achieved
for uranium in urine samples was approximately 1–2 pg mL−1 using this method
[124]. NAA offers the advantage of being highly sensitive and capable of providing
accurate low-level determinations of Th and U. It has been successfully applied in
various research areas where precise measurements of these elements at trace levels
are required.

4.5 Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)

ICP-MS (Inductively Coupled PlasmaMass Spectrometry) is an analytical technique
used for the quantitative and qualitative analysis of elements in a wide range of
samples. It combines two powerful methods: ICP (Inductively Coupled Plasma) and
mass spectrometry. Primary components of ICP-MS system include sample intro-
duction system, ICP torch, Mass Spectrometer, ion optics, detector, data system and
software, vacuum System and cooling system (Fig. 12). Inductively Coupled Plasma
(ICP) is the ionization source in ICP-MS. It is generated by introducing a sample into
a plasma torch, which is a high-temperature ionized gas (typically argon) sustained
by radiofrequency (RF) energy. The plasma reaches temperatures of 6000–10,000
K, causing the sample to atomize and ionize. In the ICP, the high temperature causes
the sample elements to convert into ions. The sample atoms are stripped of their elec-
trons and form positively charged ions. The ions are then excited to higher energy
states by collisions with other ions and electrons in the plasma. The ions generated
in the plasma are extracted and introduced into the mass spectrometer. Inside the
mass spectrometer, the ions are separated based on their mass-to-charge ratio (m/
z). This separation is achieved using various methods, such as quadrupole, magnetic
sector, or time-of-flight analyzers, depending on the instrument design. Once the
ions are separated according to their mass-to-charge ratio, they are detected by a
suitable detector, typically a Faraday cup or an electron multiplier. The detector
generates an electrical signal proportional to the abundance of the ions reaching
it. This signal is then amplified and processed by the instrument’s data acquisition
system. The signal obtained from the detector is processed and analyzed to determine
the concentration of various elements in the sample. Calibration curves are typically
constructed using standard solutions of known element concentrations. The unknown
sample concentrations are then quantified based on the response obtained from the
calibration curve. ICP-MS offers excellent sensitivity, allowing the detection and
quantification of trace elements down to parts per trillion (ppt) levels. It’s important
to note that proper sample preparation techniques and calibration methods should be
employed for accurate results. Interferences from isobaric interferences and poly-
atomic species can be addressed through the use of various correction techniques
and isotopic measurements.
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Fig. 12 Schematic diagram of ICP-MS

Application of ICP-MS in the scientific world particularly in analytical chemistry
has opened a new era inmodern research as it providesmuch faster and sensitive anal-
ysis of a wide range of analytes in various sample matrices. It is capable of detecting
femtogram quantities of radionuclides having half-lives more than 104 years, present
in urine or faecal samples [80, 125].Many literatures are reported for successful appli-
cation of ICP-MS for the determination of uranium, plutonium, neptunium, thorium,
etc. in urine samples with detection limit ranging from picogram to femtogram level
[77, 102, 126–128]. Use of solid phase extraction chromatography resins (UTEVA,
TRU, TEVA, etc.) for radiochemical separation followed by quantification by ICP-
MS showed better sensitivity for U and Pu isotopes in urine samples [80, 89, 129–
132]. These studies highlight various methods and approaches for the determination
of uranium and plutonium in urine samples using ICP-MS, employing different sepa-
ration techniques and sample introduction systems to achieve low detection limits
and accurate measurements.

4.5.1 Direct Urine Analysis by ICPMS

Often urine samples are analyzed directly for actinides like U and Th using ICP-
MS without extensive sample pre-treatment. One popular direct analysis technique
is dilute and shoot method where the sample is treated with nitric acid for dilution
followed by actinide quantification by ICP-MS [133, 134]. Such methods although
slightly compromised to the detection limits (0.05–10 ng L−1) but much faster due to
simple analytical method for sample preparation [134–137]. Depleted uranium, its
isotopic ratio in urine was determined using magnetic sector ICP-MS [80, 138, 139].
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Such rapid analysis with significant sensitivity could be a useful technique during
emergency exposure situations. Studies without sample pre-treatment achieved a
detection limit for 239Pu 230 pg L−1 whereas with sample digestion the detection
limit obtained was 4.7 pg L−1 [140]. In emergency situations where there is a need
to quickly evaluate elevated levels of 239Pu due to exposure, the speed of analysis
becomes crucial. In such cases, direct analysis of urine without sample digestion or
extensive chemical separation steps are preferred.

4.5.2 Thermal Ionization Mass Spectrometry (TIMS)

Thermal Ionization Mass Spectrometry (TIMS) is an analytical technique used for
the precise measurement of isotopic ratios and elemental concentrations of various
elements, particularly those with stable isotopes. It involves the ionization of atoms
in a solid or liquid sample using thermal energy, followed by mass spectrometric
analysis.

Principle of TIMS

Sample Preparation: The sample of interest is typically prepared in the form of a solid
metal or oxide. It is loaded onto a metal filament or a graphite rod, which serves as
the ion source.

Ionization: The sample-loaded filament or rod is heated to a high temperature in a
vacuum. The thermal energy causes the atoms in the sample to vaporize and ionize.
The ions formed are typically positive ions (cations).

Mass Separation: The ion beam generated from the ion source is then introduced
into a mass spectrometer. TIMS usually employs a magnetic sector mass spectrom-
eter, which separates ions based on their mass-to-charge ratio (m/z). The magnetic
field bends the ions according to their m/z values, allowing their separation.

Ion Detection: As the ions pass through the mass spectrometer, they are detected
by ion detectors such as Faraday cups or electron multipliers. The detectors generate
electrical signals proportional to the number of ions reaching them, allowing for the
quantification of the isotopes of interest.

Key Components of TIMS

Ion Source: The ion source consists of a filament or a rod made of a refractory metal
or graphite. The sample is loaded onto the ion source and heated to release the ions.
The ion source temperature is carefully controlled to ensure reproducible ionization.

Mass Spectrometer: TIMS employs a magnetic sector mass spectrometer. It
consists of a magnet that creates a magnetic field perpendicular to the ion beam path.
This magnetic field causes the ions to be deflected based on their mass-to-charge
ratios, enabling their separation.

IonDetectors: Themass spectrometer includes ion detectors positioned at specific
locations along the ion beam path. Common detectors used in TIMS are Faraday cups
and electron multipliers. Faraday cups measure the ion beam current, while electron
multipliers provide higher sensitivity for low ion beam currents.
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Vacuum System: TIMS requires a high vacuum environment to minimize gas-
phase interferences and preserve the ion beam integrity. The vacuum system typically
includes pumps, valves, and pressure gauges to establish and maintain the desired
vacuum conditions.

Data System and Software: The data system records and processes the ion beam
currents measured by the detectors. The software facilitates instrument control, data
acquisition, and data analysis, allowing for the determination of isotopic ratios and
elemental concentrations.

TIMS is known for its high precision and accuracy in isotopic ratiomeasurements,
making it valuable in bioassay applications.

This technique is preferred for analysis of accurate isotope ratio but it involves
extensive sample preparation which make this technique quite slower as compared to
ICP-MS [141]. Using this technique, a minimum detectable activity of ~ 5 mBq L−1

and ~ 20 mBq L−1 was achieved in urine for 239Pu and 240Pu respectively [34, 142].
Comparative studies for different analytical techniques, in synthetic biological

samples using different isotopic ratios of uranium, showed lowest MDA for total
uranium by quadrupole ICP-MS (0.1 pg g−1) as compared to other techniques such
as sector-field ICP-MS, TIMS, NAA, etc. [143].

Accelerator mass spectrometry (AMS) is also a rapid analytical technique used
for trace level estimation of actinides in biological samples with detection limits of
~ 6 mBq L−1 for 239Pu and ~ 15 mBq L−1 for 240Pu [144].

4.6 Kinetic Phosphorescence Analyzer (KPA)

Kinetic Phosphorescence Analyzer (KPA) is a sensitive analytical instrument used
for the detection and estimation of uranium in various samples [145, 146]. This tech-
nique is particularly useful for detecting trace amounts of uranium in environmental
samples, such as water or soil, as well as in industrial and nuclear-related applica-
tions. The first step involves preparing the sample for analysis. Sample may need to
be dissolved or extracted to obtain the uranium in a suitable form for measurement.
In the next step, the sample is exposed to a specific wavelength of light, typically
UV light, which excites the uranium atoms in the sample to higher energy states.
After the photoexcitation, the uranium atoms return to their ground state by emitting
characteristic phosphorescent light. The emitted light has a longer decay time than
the fluorescence, allowing for better differentiation from background fluorescence
and other interfering signals. The emitted phosphorescent light is detected using a
sensitive PMT or other light detectors. The signal is then amplified and processed,
and the decay time of the phosphorescence is measured. The measured decay time is
related to the concentration of uranium in the sample through calibration curves or
standard reference materials. This allows for the accurate quantification of uranium
content in the original sample. Advantages of kinetic phosphorescence analysis for
uranium include its high sensitivity, ability to detect trace levels of uranium, and
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relatively fast analysis times compared to other traditional methods like alpha spec-
troscopy or mass spectrometry. However, in general, KPA instruments are known
for their high sensitivity, allowing for the detection of trace levels of uranium. The
MDA for uranium using KPA is typically in the range of picograms (10–12 g) to
femtograms (10–15 g) of uranium per sample.

4.7 Fission Track Analysis (FTA)

Fission Track Analysis (FTA) technique is used for estimation of fissile materials in
biological and environmental samples [147–149]. It relies on the natural process of
nuclear fission, which occurs in certain isotopes of uranium and plutonium.

In FTA, the analyte is deposited on a suitable planchette, which is covered with
polycarbonate solid-state nuclear detector. It is then bombarded with neutrons in
a nuclear reactor. During fission, two energetic fission fragments are released in
opposite directions. One of these fragments impinges on the detector and create a
highly localized track, which are counted under an optical microscope after chemical
etching. Thismethod is used for the assessment of Pu in biological samples [147–149]
due to high sensitivity and lower detection limits. FTA has also been standardized
in India, for estimation of μBq levels of actinides in biological and environmental
samples [35]. However, the limitation of FTA technique is that it cannot differentiate
between tracks formed by unlike fissile nuclides (Fig. 13). 235U generally present
as trace levels in biological samples which make troubles during estimation of low
concentration of Pu in biological samples. Hence, extensive separationmethods need
to be adopted to estimate trace level 239Pu in biological samples. These separation
procedures are described in the work by Sawant et al. [35].

4.8 Solid State Nuclear Track Detectors (SSNTDs)

Solid State Nuclear Track Detectors (SSNTDs), particularly CR-39 detectors, are
widely used for the detection of ionizing particles, including alpha particles, protons,
and other heavy charged particles [150–152].

When charged particles pass through the material of the detector, they create
spatially correlated zones of damage known as latent tracks. These latent tracks
are then visualised by chemical etching using solutions like NaOH or KOH. The
chemical reaction during the etching process, is more pronounced along the latent
tracks as compared to the surrounding bulk material. This etching process is referred
to as detector etching or track visualization, and the resulting effect is known as the
track effect. The etched tracks become visible under a standard optical microscope
[153–157].
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Fig. 13 Fission tracks per
field (1.91 × 10–3 cm2)
observed under 400 × due to
239Pu

Mass, charge and energy of the incident particles plays a vital role on the size of
the visible tracks [158–163]. Track size also depends on the properties of the detector
material, etching solution, etching time, temperature, etc.

The alpha track registration technique utilizing CR-39 detectors has been stan-
dardized for the estimation of plutonium in bioassay samples, as developed bySawant
[59]. This technique allows for the detection and quantification of alpha particles
emitted by plutonium isotopes in urine samples. The CR-39 detector’s ability to
record and visualize these alpha tracks provides a reliable method for plutonium
assessment in bioassay samples.

4.9 Gross Alpha and Beta Measurement Technique Using
LSC

Alpha and beta emitting radionuclides mainly actinides, fission products and activa-
tion products present in environmental and biological samples are assessed by gross
alpha–beta measurement technique. It involves the determination of the combined
intensity of all alpha or beta-emitting radioactive isotopes present in the sample.

The process of gross alpha and beta analysis typically involves the following:
Collection of the biological (urine, nasal swab, etc.) followed by sample preparation
either by direct addition (e.g. urine) into the scintillator or after processing like
separation or pre-concentration techniques. Further measurement for gross alpha
and beta in these samples is carried out using liquid scintillation counting (LSC)
[164].
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4.10 Gross Beta Measurement Using GM Counter

Gross beta measurement is also carried out using Geiger-Muller (GM) counter [165]
mainly for samples in solid form. A GM counter consists of a tube filled with a gas,
typically a low-pressure inert gas such as argon or helium, with a small amount of
a quenching agent. The tube contains an anode and a cathode, and when radiation
enters the tube, it ionizes the gas, creating an electrical current. When a beta particle
enters the GM counter tube, it ionizes the gas along its path. The resulting ion pairs
(positive ions and free electrons) create an electrical pulse. The high voltage applied
between the electrodes causes the free electrons to accelerate, creatingmore ion pairs
and amplifying the signal. The electrical pulses generated by the ionization events
are detected and counted by the GM counter’s electronics. The pulses typically
correspond to individual alpha or beta particle interactions. To determine the activity
or intensity of beta radiation, the GM counter must be calibrated using known beta
radiation sources with known activities. By comparing the counts obtained from
the sample to the calibration data, the approximate activity or intensity of the beta
radiation can be estimated.

The gross beta measurement technique is easy and rapid but this technique cannot
provide the isotopic composition of the sample it only measures the gross activity.

4.11 Solid State Scintillator

A solid-state scintillator is a type of scintillator material that is in a solid state rather
than a liquid or crystal form. It is used in radiation detection and measurement
systems to convert ionizing radiation into detectable light signals. Solid-state scintil-
lators offer several advantages over traditional liquid or crystal scintillators, including
improved stability, ruggedness, and ease of handling. They can be easily fabricated
into various shapes and sizes, making them suitable for a wide range of applications.

The basic principle of solid-state scintillators

Absorption of Radiation: When ionizing radiation, such as gamma rays or beta parti-
cles, interacts with the solid-state scintillator, it deposits energy into the material.
This energy excites the atoms or molecules within the scintillator.

Light Emission: The excited atoms or molecules in the solid-state scintillator
subsequently return to their ground state, releasing the excess energy as visible or
near-visible light photons. The wavelength and intensity of the emitted light depend
on the specific properties of the scintillator material.

Light Detection: The emitted light photons are then detected using a suitable
light sensor, such as a PMT or a solid-state photodetector, such as a photodiode
or a silicon photomultiplier (SiPM). These detectors convert the detected light into
electrical signals that can be further processed and analyzed.
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The choice of solid-state scintillatormaterial depends on the specific requirements
of the application. Common examples of solid-state scintillator materials include:

Organic scintillators: These are based on organic compounds or plastics, such
as polyvinyltoluene (PVT) or polystyrene. Organic scintillators offer good energy
resolution and can be easily moulded into various shapes.

Plastic scintillation is indeed an increasingly valuable technique for radionuclide
analysis, offering several advantages alongwith some limitations. One of the primary
advantages of plastic scintillation is its capability for alpha/beta discrimination based
onpulse shape analysis [166].By analyzing the shape of the scintillation pulses gener-
ated by the detected particles, it becomes possible to distinguish between alpha and
beta particles, providing additional information about the type of radiation present
in the sample.

However, there are certain limitations associated with plastic scintillation. One
significant limitation is the low detection efficiency for low-energy beta emitters.
Low-energy beta particles may not generate sufficient scintillation light in the plastic
scintillator, leading to reduced sensitivity in detecting these radionuclides. This can
be a drawback when analyzing samples that contain predominantly low-energy beta
emitters.

Inorganic scintillators include NaI(Tl), CsI(Tl), ZnS(Ag). The ZnS(Ag) is solely
used for the detection of alpha particles (Fig. 14). ZnS(Ag) has a high radiation
conversion efficiency ~ 20%. The main drawback is ZnS is available only as poly-
crystalline powder, due to which it cannot be used spectrometric measurements. A
thin layer of 20–30 mg/cm2 thickness is used because thicker layer of ZnS becomes
opaque to the incident light. NaI(Tl) and CsI(Tl) detectors are primarily used for
γ-spectrometry.

5 Recent Advancements in Radiochemical Separations

Recent advancements in radiochemical separation of bioassay samples have focused
on improving separation efficiency, reducing analysis time, enhancing sensitivity and
reducing manual handling. Here are a few notable advancements:

5.1 Development of Novel Separation Media

The development of novel separation media, including advanced resins and sorbents,
has contributed to improved separation performance. These media offer enhanced
selectivity, increased capacity, and faster kinetics. For example, functionalized silica
materials or composite sorbents with specific ligands or nanoparticles embedded
within them have shown improved radionuclide separation capabilities. The related
literature is enlisted in Table 10.
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Fig. 14 ZnS(Ag) detector

5.2 Automation in Radiochemical Separation

Automated separation of radionuclides from bioassay samples involves the use of
automated systems or instruments that streamline the separation process, reducing
manual handling and improving efficiency.

Automatic separation systemsbasedon ion-exchange/extraction chromatography:
Automated extraction separation systems utilize robotic arms or automated platforms
to perform the various steps involved in the separation process. These systems often
include column containing ion-exchange resins or pre-packed columns with specific
resins for targeted radionuclide separation. The automated process controls sample
loading, washing, elution, and collection of the eluate. The related work obtained
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Table 10 Radiochemical separation using molecular sorbents and nanoparticles

Sample Radionuclide Separation media References

Urine 210Po, 226Ra, 233U, 241Am Fe3O4 and a composite
nanoparticle (Mn-Fe–O)

[167]

Urine U Fe3O4 and Mn-doped Fe3O4
(MNPs)

[168]

Urine 239Pu, 241Am, 90Sr AnaLig Pu-02, AnaLig Sr-01,
DGA Resin

[169]

Urine Pu, U Polymeric sorbents [170]

Urine, blood serum U Magnetic iron oxide
nanoparticles (MIONPs)
modified by sodium dodecyl
sulfate (SDS)

[171]

Urine 90Sr molecularly imprinted
polymer (MIP) comprising
dicyclohexano-18-crown-6

[172]

Table 11 Radiochemical separation using automation system

Sample Radionuclide Automated separation system References

Urine 90Sr PrepFast pre-analytical system (Elemental Scientific,
Inc)

[173]

Urine 90Sr, 241Am, Pu Automated ion chromatographic (IC) system [174]

Urine U, Th, Am, Pu, Sr Automated separation based on FIA [25]

Urine Pu, U, Am Automated separation based on ion-exchange [175]

from literature is enlisted in Table 11 and Fig. 15 shows photo of automation system
using ion-exchange at Bioassay Lab., BARC, Trombay.

These automated systems and instruments play a significant role in improving the
efficiency, accuracy, and throughput of radionuclide separation in bioassay samples.
They minimize manual handling, reduce operator exposure to radiation, and enhance
the reliability of the analysis process.

5.3 Radioisotope Identification Systems (RIS)

RIS combines automated radionuclide separation with subsequent identification and
quantification of the separated radionuclides. For this automated or rapid or simpli-
fied separation methods are coupled with ICP-MS systems. These systems show
improved turnaround time and efficiency, high accuracy and precision, minimum
cross contamination risk, reduced sample and reagent requirements and improved
detection limits. These parameters are very much crucial in bioassay analysis of
radionuclides. This method also minimizes human error and human exposure to
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Fig. 15 Photo of automation system for radiochemical separation of actinides based on ion-
exchange

radioactive samples and improves reproducibility and worker safety through opera-
tion of the automation platform. The related work on RIS obtained from literature is
enlisted in Table 12.

Table 12 Application of RIS in in vitro monitoring

Sample Radionuclide Separation Analytical
technique

References

Urine 241Am, 239Pu, 237Np, 232Th,
and 238U

In-Line Extraction
Chromatography

EC-ICP-MS [176]

Urine 239Pu 1-probe prepFAST
MC-4

SF-ICP-MS [130]

Urine Pu, U, Am and Sr Flow injection, EXC Triple
quadrupole
ICP-MS/MS

[177]
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6 Conclusion

This chapter presents an all-encompassing layout of the in-vitro analysis, exploring
its different features. From sample collection to separation strategies, radiochemical
procedures, and measurements, the portion incorporates the full range of this basic
approach. This chapter also offers a brief look into the state-of-the-art improvements
reforming the field of bioassays. Novel advances, for example, nanomaterials and
automation of sample preparation and analysis envoy another time in proficiency and
accuracy. A recent development is the Radioisotope Identification System (RIS),
a unique advantage in actinide bioassay. As innovation develops and information
extends, in-vitro monitoring stands ready to proceed with its innovative procedures
in the field of radiological evaluation.
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Radon Inhalation Dose Monitoring

Bijay Kumar Sahoo, Rosaline Mishra, Arshad Khan, and B. K. Sapra

1 Introduction

Radon isotopes, namely 222Rn and 220Rn, are inherent components of the air we
breathe, constituting the predominant share (~ 55%) of the natural background radi-
ation dose (~ 2.4 mSv/y) through inhalation [1]. These isotopes raise significant
radiological health concerns both in public spaces and occupational settings like
uranium mining and thorium processing industries. Prolonged exposure to elevated
concentrations of these gases and their decay byproducts heightens the risk of lung
cancer [1–3], a fact underscored by numerous global epidemiological studies [4–7].

Monitoring radon inhalation dose aligns with several national and international
imperatives:

1. Raising public awareness about natural background radiation exposure.
2. Establishing foundational radon-thoron data for future nuclear facilities,

contributing to background radiation mapping.
3. Facilitating national low-dose epidemiological inquiries into radon exposure and

its health ramifications.
4. Identifying regions prone to radon and proposing preemptivemeasures for public

safety.
5. Contributing to international initiatives by renowned organizations such as

UNSCEAR, IAEA, and WHO.

Radon emanation from the Earth’s crust stands as the foremost contributor to
indoor radon. Other sources encompass radon release from building materials and
radon dissolution in groundwater. Stemming from the decay of radium trapped in soil
grains, radon atomsmigrate to soil pore spaces due to nuclear recoil, a process known
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as radon emanation. Subsequently, radon diffuses and moves through soil pores, a
phenomenon termed radon exhalation [8, 9]. Upon entering the atmosphere, radon
accumulates indoors due to inadequate ventilation. Within enclosed spaces, radon
decays to form Po, Bi, and Pb decay products, which adhere to aerosol particles,
leading to a size distribution categorized into fine/unattached and coarse/attached
fractions. Accurate inhalation dose assessment necessitates measuring both size
modes.

While earlier studies primarily focused on 222Rn and overlooked the shorter-lived
220Rn due to its rapid decay, it’s crucial to reconsider this stance. The inhalation dose
from 220Rn progeny surpasses that from 222Rn progeny by fourfold [1], warranting
attention, particularly in high natural background radiation areas (HNBRAs) rich
in thorium and in occupational settings involving thorium and Naturally Occurring
Radioactive Materials (NORMs) [10–12]. Emerging interest in 220Rn and its decay
products measurement pertains to both residential and occupational environments
[13–15].

Various techniques exist for measuring radon, thoron, and decay products, each
with distinct merits and demerits. Indoor concentrations vary due to building mate-
rials, ventilation patterns, and temporal fluctuations, necessitating monitoring for at
least three months, preferably a full year, for accurate annual averages. Standardized
protocols are paramount for harmonizing techniques in large-scale surveys, ensuring
accuracy and comparability across studies.

This chapter aims to provide researchers in universities and R&D institutes with
information, recommendations, and technological insights for radon, thoron, and
decay product measurements.

2 Special Quantities and Units for Radon Monitoring

Various specialized metrics are employed to quantify the presence of 222Rn, 220Rn,
and their respective decay products, as outlined in the following section [16].

Potential Alpha Energy (PAE)

The Potential Alpha Energy (PAE) of an atom within the 222Rn/220Rn decay chain
is the cumulative sum of alpha energies (in MeV) released during its decay through
the chain to the stable radionuclide 210Pb for 222Rn or 208Pb for 220Rn.

Potential Alpha Energy Concentration in Air (PAEC)

The Potential Alpha Energy Concentration (PAEC) characterizes the collective alpha
energy potentially emitted by all radon and thoron decay product atoms within a
given volume of air. Traditionally expressed inWorking Level (WL), its International
System of Units (SI) equivalent is J m−3. One Working Level (WL) corresponds to
2.08 × 10−5 J m−3, originating from 100 pCi l−1 (3700 Bq m−3) of 222Rn gas in
equilibriumwith its decay products. Table 1 illustrates a representative calculation of
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potential alpha concentration from 3.7 Bq l−1 (100 pCi l−1) of each progeny nuclide
related to 222Rn, as shown.

Equilibrium Equivalent Concentration (EEC)

The Equilibrium Equivalent Concentration (EEC) for radon represents the concen-
tration at which radon is in a state of secular equilibrium with its decay products,
thereby leading to an equivalent Potential Alpha Energy Concentration (PAEC) for
the decay products present in the air. The mathematical representation of EEC is as
follows:

EEC = 0.136Ca + 0.660Cb + 0.488Cc

1.284
= 0.106Ca + 0.514Cb + 0.380Cc

where Ca, Cb, and Cc denote the concentrations (Bq l−1) of 218Po, 214Pb, and 214Bi,
respectively.

Notably, one Working Level (WL) corresponds to an EEC of 3700 Bq/m3 for
radon and 275 Bq/m3 for thoron.

Equilibrium Factor (F)

A streamlined approach to estimate EEC involves measuring the concentration of
radon gas and utilizing an equilibrium factor tailored to the particular environment.
The Equilibrium Factor (F) denotes the relationship between the EEC and the radon
concentration present in the environment. While this factor does exhibit variability
contingent upon environmental circumstances, it remains relatively consistent for
typical indoor locations such as houses. The global average for radon Equilibrium
Factor is approximately 0.4. However, when it comes to thoron, due to its brief half-
life and wide-ranging concentration distribution, it is not advisable to estimate EEC
through the thoron gas concentration and equilibrium factor approach.

Table 1 Potential Alpha Energy Concentration (PAEC)

Daughter nuclide Half-life (s) Ni PAE Ei (MeV) NiEi (× 105 MeV)
218Po 183 976 13.69 0.136
214Pb 1608 8583 7.69 0.660
214Bi 1194 6374 7.69 0.488
214Po 0.0002 0.001 7.69 < 0.001

Total 1.284

Assuming 3.7 Bq l−1 for each 222Rn daughter
Ni = number of atoms per liter of ith daughter
Ei = alpha-particle energy released for ith daughter



626 B. K. Sahoo et al.

Working Level Month (WLM)

Exposure to the concentration of radon and thoron decay products is measured in
terms of Working Level Months (WLM), which corresponds to an equivalent expo-
sure of 1 Working Level (WL) over the course of one month (equivalent to 170 h of
work).

In summary, these specialized metrics play a pivotal role in enhancing our under-
standing and evaluation of radon, thoron, and their respective decay products across
diverse environments.

3 Radon Generation and Transport

Radon and thoron emerge predominantly from the soil due to the presence ofminerals
containing 238U and 232Th. Similarly, building materials housing these minerals also
serve as sources. Technological processes, like mining and industrial treatment of
sands and ores, can further elevate radon/thoron production. Radon or thoron in the
earth’s crust or porous materials can migrate only by infiltrating pores or capillaries.
The migration of radon to indoor air occurs via emanation and exhalation processes
(see Fig. 1). Emanation involves nuclear recoil, where 222Rn atoms generated within
solid mineral grains escape into air-filled pores within the soil matrix. On the other
hand, exhalation is the transfer of 222Rn gas from these air-filled pores to the atmo-
sphere. This process hinges on the mechanisms of diffusion and advection. Various
factors like rainfall, snowfall, freezing, and atmospheric pressure changes can impact
diffusivity, thereby influencing exhalation rates.

Exhalation

Emanation

Grain

Pore space

Transport
(Diffusion, Advection)

Fig. 1 Processes of radon emanation and exhalation to the environment [16]
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3.1 Formulation of the Radon Diffusion Equation for Soil
Matrix

Consider a soil matrix where radon continuously emanates into the pore space. Let’s
denote byS the radon activity released per unit of time into the unit volumeof the pore.
Cp represents the radon concentration in the pore space at any given point and time.
Radon is transported within pores with a local flux density Fp, indicating the radon
activity transported per unit pore area per unit time. The governing transport equation
emerges from the time rate of change of radon activity within an infinitesimal pore
volume. This change arises from the difference between the generation rate and the
loss rate due to transport and radioactive decay (with decay constant λ) [17]:

∂Cp

∂t
= S − ∇ · Fp − λCp (1)

In general, Fp comprises two components: (i) pressure-driven advective flux and
(ii) gradient-driven diffusive flux. Typically, the pressure difference between the pore
space and the atmosphere is negligible and can be disregarded. In a one-dimensional
(1-D) system, applying Fick’s law of diffusion, the diffusion flux is related to the
concentration gradient [18]:

Fp = − D
∂Cp

∂z
(2)

where, D is the radon diffusion coefficient in the pore space in the soil matrix.
Substitution Eq. (2) in Eq. (1) yields the following diffusion equation:

∂Cp

∂t
= S + D

∂2Cp

∂z2
− λCp (3)

The source term, S can be expressed in terms of soil parameters as follows:

S = λRρE

nT
(4)

where
R is the radium content of the soil (Bq/kg),
ρ is the bulk density of the matrix (kg/m3),
E is the emanation coefficient of radon from soil grain to pore volume and
nT is the total porosity of the matrix.
Using Eq. (4), Eq. (3) can be simplified to

∂Cp

∂t
= D

∂2Cp

∂z2
− λCp + λRρBE

nT
(5)
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The exhalation rate at the soil surface encompasses the overall area, which
comprises both the pore area and the area occupied by solid grains. If we assume
that the fractional pore area at the surface is equivalent to the fractional pore volume
within the entire soil matrix, the radon surface exhalation rate (flux density) can be
connected to the concentration within the pore space as depicted in the following
manner [18]:

F = − nTD
∂Cp

∂z
(6)

In general, pore space may be partly filled with air and partly with water. It is the
correct approach to recast the diffusion equation in terms of radon concentration in
pore air. IfCw andCa, denote radon concentration in water and in air respectively and
nw, na denote air-filled and water-filled porosity respectively, then the conservation
law demands that:

nTCp = naCa + nwCw (7)

Cw can be related to Ca using law of equilibrium partitioning as follows:

Cw = K · Ca (8)

where K denotes the water-to-air radon partition coefficient.
Combining Eqs. (7) and (8), one can arrive at

nTCp = Ca(na + Knw) = ne · Ca (9)

where,

ne = (na + Knw) (10)

ne represents the partition-corrected effective porosity. It may be expressed in terms
of the volumetric moisture saturation (m), defined as m = nw/nT, as follows:

ne = nT[1 − (1 − K )m] (11)

With this, Eq. (5) may be formulated in terms of Ca as follows:

∂Ca

∂t
= D

∂2Ca

∂z2
− λCa + λRρE

ne
(12)

For steady-state conditions, Eq. (12) becomes

D
∂2Ca

∂z2
− λCa + λRρE

ne
= 0 (13)
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And the corresponding expression for radon surface exhalation rate can be written
as

F = − neD
∂Ca

∂z
(14)

3.2 Analytical Models

Analytical models grounded in diffusion theory are extensively employed to assess
the potential radon exhalation fromboth soil and buildingmaterials. The rate of radon
surface exhalation holds crucial significance as an input parameter for concentration
dispersion models, facilitating the prediction of radon activity distribution in the
atmosphere and indoor settings. Presented here are two exhalation models tailored
for soil matrices and building walls.

3.2.1 Model for Radon Exhalation from Soil Matrices

Consider a soil matrix where radon diffusion transpires in a one-dimensional vertical
direction following emanation from soil grains to the pore space (refer to Fig. 2).
In this context, soil characteristics like porosity, diffusion coefficient, and radium
content are presumed to remain consistent throughout the matrix.

Fig. 2 Depth profile of radon in soil [16]
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Under a steady state condition, the concentration profile of radonC(z)will satisfy
the following mass balance equation:

Ds
∂2C

∂z2
− λC + λ

RρE

n
= 0; (15)

where,
Ds is the diffusion coefficient of radon in the soil matrix (m2 s−1),
λ is the radon decay constant (s−1),
R is 226Ra content (Bq kg−1) in the soil,
ρ is the dry bulk density (kg m−3) of soil,
E is the radon emanation factor and λ is the radon decay constant (s−1),
n is the porosity of the soil matrix.
Once the radon atom reaches the atmosphere, it immediately get diluted and radon

concentration becomes negligible in comparison to the concentration in soil pores.
With this, boundary conditions of the problem may be formulated as:

C(z = 0) = 0 (16)

C(z = −∞) = RρE/n = C∞ (17)

Using these Boundary Conditions, the solution to this equation may be derived
to get the expression of the concentration profile of radon in the soil matrix as:

C(z) = C∞{1 − exp(z/ ls)} (18)

where ls is the radon diffusion length defined as ls = √
Ds/λ.

Using Eq. (18), the radon surface exhalation rate at the soil surface (Fs) may be
derived as:

Fs = − nDs
dC(z)

dz

∣
∣
∣
∣
z=0

= nDs

ls
C∞ = λlsRρE (19)

Equation (19) demonstrates how the radon exhalation flux from the soil surface
can be evaluated based on various soil properties such as radium content, radon
diffusion length in soil, radon emanation factor, and bulk density. This equation
can be restructured to include the radon mass exhalation rate as the primary input
parameter. The mass exhalation rate of radon (denoted as Jm in Bq kg−1 h−1) is
traditionally defined as the radon activity released per unit time from a unit mass of
the soil matrix. Mathematically, this can be represented as:

Jm = REλ (20)
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With this, the expression for radon surface exhalation rate given in Eq. (19) may
be simplified to

Fs = Jmρls (21)

Equation (21) indicates that the radon surface exhalation rate at the soil surface can
be readily computed by knowing just two primary parameters: the mass exhalation
rate (Jm) and the radon diffusion length in soil (ls).

3.2.2 Model for Radon Exhalation from Building Walls

Radon exhalation from a wall transpires through two faces of the wall, resulting
in a symmetric concentration profile, with zero flux at the wall’s center. The radon
diffusion process follows a one-dimensional pattern as depicted in Fig. 3. The steady-
state equation for radon concentration (C(z)) in the pore space of the wall matrix
can be formulated as [9]:

Dw
∂2C(z)

∂z2
− λ(C(z) − C∞) = 0 (22)

where the notations correspond to parameters for the building material instead of
soil as defined in the previous problem.

The boundary conditions of the problem may be written as:

C(z = ± t) = 0 (23)

nDw
∂C

∂z

∣
∣
∣
∣
z=0

= 0 (24)

Using these BCs, the solution to Eq. (22) may be derived as:

C(z) = C∞
[

1 − cosh(z/ lw)

cosh(t/ lw)

]

(25)

Fig. 3 Coordinate system for radon diffusion in the building wall [16]
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Applying Fick’s law of diffusion, the radon flux at the surface of the building wall
(Fw) can be expressed as:

Fw = − nDw
dC(z)

dz

∣
∣
∣
∣
z=t

= λlwRρE tanh
t

lw
(26)

In terms of mass exhalation rate of radon in building materials, Eq. (26) may be
simplified to

Fw = Jmρlw tanh
t

lw
(27)

3.2.3 Indoor Radon Concentration Model

Armed with the data regarding radon exhalation rates from both walls and floors,
it becomes feasible to anticipate the radon concentration within a standard room
through the consideration of ventilation rates. Such a model is commonly referred
to as a concentration dilution model. Under conditions of steady-state equilibrium,
the speed at which the radon is generated from wall exhalation will match the pace
at which it is eliminated through ventilation and radioactive decay.

I.e.,

∑

Fwi Ai = CV (λ + λv) (28)

where
Fwi refers to radon exhalation flux from the ith building wall (Bq m−2 s−1),
Ai is the surface area of the ith building wall (m2),
C is the radon concentration in the room (Bq m−3),
V is the volume of the room (m3),
λ is the radon decay constant (s−1) and
λv is the ventilation rate (s−1).
Combining the aforementioned elements, the ultimate model to foresee radon

concentration within a standard room takes the form:

C =
∑

Fwi Ai

V (λ + λv)
(29)

This model serves as an invaluable tool during the building’s design phase for
projecting the average radon concentration within a room. It utilizes measured radon
exhalation data from both soil and building materials. Subsequently, this estimated
concentration can be harnessed to predict the anticipated inhalation dose for an
individual by leveraging the standard dose conversion factor.
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4 Radon and Thoron Gas Monitoring

The field of radon/thoron measurement has witnessed significant advancement.
Numerous instruments and techniques are nowaccessible for assessing radon, thoron,
and their decay products. These measurement techniques rely on detecting indepen-
dent or combined alpha, beta, or gamma-ray radiations emitted by these substances.
These instruments can be categorized into three groups based on their sampling
methods: grab (or instantaneous), integrating, and continuous types. They further
fall into either active or passive categories. This section outlines some of the popular
measurement methods.

4.1 Scintillation Cell Method

A prevalent method for spot measurement of radon in air involves the use of a scin-
tillation cell (commonly referred to as LUCAS cell) for air sample collection. This
cell, with an approximate volume capacity of 150 cc, incorporates a particulate filter.
The interior surfaces of the scintillation cell are coated with a zinc sulfide phosphor
layer. The cell is hermetically sealed and features a transparent glass window at one
end. This window is connected to a photomultiplier tube that registers light pulses
(scintillations) arising from the interaction of alpha particles with the ZnS: Ag scin-
tillator due to the disintegration process of radon and its decay products within the
cell’s volume.

The quantity of registered alpha pulses is directly proportional to the radon activity
concentration within the cell. The alpha counting takes place after a delay period
of approximately 3 h following sampling. This delay ensures the establishment of
radioactive secular equilibrium between the short-lived radon decay products and
the radon gas.

The 222Rn activity concentration (CR) can be estimated from the counts using the
following relation:

CR
(

Bqm−3
) = X

3η V exp(− λT )
(30)

where:
X—is the net count rate, CPS (s−1) after subtracting the background
η—is the counting efficiency (~ 75%)
V—is the volume of the sampler (m3)
λ—is the decay constant of radon (s−1)
T—is the time delay post-sampling (s).
Factor 3 accounts for contribution from three alphas (222Rn, 218Po and 214Po).
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4.2 Double Filter Method

In this approach, an air sample is drawn through a cylinder equipped with high-
efficiency particulate filters positioned at both ends to capture decay products. The
cylinder’s volume typically falls within the range of 0.5–1000 L, and the sampling
duration spans about 5–30 min, depending on the desired radon concentration level.
The inlet filter serves to exclude short-lived decay products from the sampled air,
while the exit filter collects progeny formed inside the cylinder during its transit from
one end to the other. Analyzing the activity accumulated on the exit filter provides
insights into the radon or thoron concentration. The radon decay product activity
recorded on the second filter is directly proportional to the radon concentrationwithin
the sampled air. If CRn represents the radon concentration in the air (measured in
Bq m−3), X signifies the counts measured between t1 and t2, which are determined
from the end of sampling over time T, and f denotes the fraction of radon progeny
reaching the exit filter, with V representing the volume of the cylinder between the
filters, then:

CRn
(

Bqm−3
) = X

EV f Z(t1, t2)
(31)

where:
E—is the counting efficiency of the setup used
Z—is the theoretical count depending on the radioactive build-up in the cylinder.
Larger cylinder volumes, with a sensitivity of approximately 0.7 Bq m−3, can be

effectively employed for environmental sampling. To establish accurate correction
factors in this method, it’s essential to draw samples at various humidity and temper-
ature levels. Calibration exercises should encompass diverse flow rates and sampling
durations to validate adherence to acceptable limits.

4.3 Ionization Chamber-Based Radon Monitor

The ionization chamber-based technique stands as the most sensitive approach for
radon detection, serving as a primary method in this field. In this methodology, radon
gas within the atmospheric air diffuses into the ionization chamber via a particulate
filter. Inside the chamber volume (Fig. 4), the disintegration process of radon and
its decay products yields alpha particles that generate ion bursts. These ions are
gathered at the central electrode, translating into electrical pulses corresponding to
each disintegration event. Subsequently, these pulses undergo processing and ampli-
fication by the monitor’s electronics. They are then converted into radon activity
concentration through the utilization of calibration factors embedded in themonitor’s
microcontroller.
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Fig. 4 Schematic of ionization chamber-based radon detection system [16]

4.4 Semiconductor-Based Radon Monitor

Among the notable online radon monitors, the RAD7 and RTM-2200 stand out for
their utilization of semiconductor detectors. Figure 5 illustrates a schematic of this
particular type of radon monitor. Within this approach, a solid-state silicon detector
is harnessed to perform spectroscopic differentiation of the alpha particles emitted
during radon decay. The detection process commences by pumping ambient air into
the detection chamber through a particulate filter. As radon undergoes decay within
the chamber, charged polonium atoms (radon’s decay products) are captured onto
the detector surface via an electric field.

Subsequently, alpha particles emitted by these polonium atoms are spectroscopi-
cally identified and subsequently transformed into radon concentration using estab-
lished calibration factors. This detector type facilitates the differentiation between
radon and thoron. Notably, this technology boasts lower background counts, thereby
mitigating measurement errors. However, it’s important to note that these detec-
tors are susceptible to interference from humidity and trace gases present in the
surrounding air.

4.5 Scintillation-Based Radon Monitor

This variant of online radon monitor employs a scintillation chamber coated with
ZnS: Ag scintillator to detect radon and thoron. The Smart Radon Thoron Monitor
(RnDuo) is a widely adopted portable instrument that relies on this technology.
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Fig. 5 Schematic of silicon detector-based radon monitoring system [16]

Figure 6a illustrates the schematic of the microprocessor-based RnDuo, while its
photograph is depicted in Fig. 6b.

For radon measurements, ambient air traverses through a “progeny filter” and a
“thoron discriminator,” both of which eliminate radon/thoron progenies and thoron
gas. The design of the thoron discriminator hinges on a “diffusion-time delay”
concept. This approach ensures that almost all of the thoron 220Rn (with a half-
life of 55.6 s) undergoes substantial decay during the air’s diffusion from the exterior
to the scintillation cell. However, this setup allows nearly 99% of the exterior radon
gas to pass through. Within the system, alpha particles generated during the decay
processes of radon and thoron are detected by the ZnS: Ag scintillation cell coupled
with a photomultiplier. A sophisticated algorithm, embedded within the microcon-
troller, serves to compensate for the contributions arising fromdecay products formed
by radon gas at the conclusion of each cycle. This algorithm plays a pivotal role in
enabling the continuous measurement of radon concentration. The algorithm oper-
ates based on the theoretical decay and growth patterns of radon’s decay products
during the ongoing measurement cycle, as well as historical radon concentration
data. The alpha counts acquired are subjected to this algorithmic processing, leading
to the presentation of radon concentration.

In the realm of thoron monitoring, ambient air is drawn into the scintillation cell
(150 cc) through the integrated pump of themonitor. The inlet particulate filter serves
to exclude progenies while permitting gas that might encompass both thoron and
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(a) 

(b) 

Fig. 6 a Schematic of the radon measurement process in RnDuo [16]. b Photograph of the Smart
Radon-Thoron Monitor (RnDuo) [16]

radon. During the initial phase of each measurement cycle, the sampled gas under-
goes total alpha counts, encompassing contributions from radon, thoron, and their
long-lived decay products (background activity with a half-life of several minutes).
As the cycle progresses, the sampling pump is automatically deactivated by the
microcontroller. This pause, lasting 5 min, enables nearly complete decay of thoron
(over 5 half-lives) while in the remaining activity, a combination of radon and back-
ground activity, is quantified after the delayperiod.Uponcycle completion, the thoron
concentration is deduced by calculating the difference between the two counts and
applying an appropriate calibration factor.

This method, utilizing a scintillation-based monitor, exhibits heightened sensi-
tivity to radon compared to semiconductor detector-based monitoring systems due
to its larger detector size. Notably, the radon and thoron monitoring facilitated by
the scintillation-based monitor remains immune to fluctuations in humidity and trace
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gas concentrations within the ambient air. This versatile technique finds application
across various domains, including (i) radon/thoron measurements in air, water, and
soil, (ii) indoor radon surveys encompassing dwellings, caves, and office spaces,
(iii) functioning as a reference monitor for calibrating passive detector systems, (iv)
workplace monitoring within contexts such as uranium mines and NORM facilities,
(v) uranium exploration studies, and (vi) earthquake precursory investigations.

4.6 Solid State Nuclear Track Detectors (SSNTDs)

Solid State Nuclear Track Detectors (SSNTDs) have found extensive application in
surveys involving radon and thoronwithin residential environments, owing to a range
of compelling advantages they offer. These advantages encompass cost-effectiveness,
the elimination of power supply requirements, easy portability, and straightforward
deployment. Notably, these detectors employ cellulose nitrate (LR-115) and allyl
diglycol carbonate (CR-39) as their primary materials.

Specifically, LR-115 film features a red-dyed cellulose nitrate emulsion, with a
thickness of 12µm,coatedonto an inert cellulose acetate substratemeasuring100µm
in thickness. The chemical etchant commonly used for LR-115 is sodium hydroxide
(NaOH). The exposure to alpha radiation induces damage within the SSNTD film,
resulting in the formation of tracks that become visible through subsequent chemical
etching. The quantification of these registered tracks on the film serves as an indicator
of radon and thoron exposure. Nevertheless, achieving accurate assessments of radon
and thoron concentrations, as well as the corresponding inhalation doses, requires
careful consideration when selecting the appropriate exposure mode. Furthermore, a
meticulously defined protocol for etching and track counting is imperative to ensure
dependable and trustworthy outcomes in these measurements.

4.6.1 Twin Cup Dosimeter

To ensure accurate measurements of radon gas utilizing Solid State Nuclear Track
Detectors (SSNTDs), the selection of an appropriate exposure mode is paramount.
Historically, the bare mode of SSNTD exposure was prevalent. However, the inter-
pretation of results in the baremode encountered complexities arising from responses
to decay products and thoron. To surmount this limitation, the cup mode of exposure,
often referred to as the diffusion chamber, has been devised. A notable contribution
in this realm is the ‘twin cup dosimeter,’ pioneered by BARC, which has proven
highly effective for extensive and long-term radon and thoron measurements within
dwellings. This dosimeter employs two compartments, each characterized by a length
of 4.5 cm and a radius of 3.1 cm (as illustrated in Fig. 7).

In these compartments, glass fiber particulate filters and latex membrane filters
are strategically positioned. The disparate permeabilities of these filters facilitate the
selective diffusion of radon and thorongases into their respective compartments. Each
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Fig. 7 Schematic diagram of twin cup dosimeter [16]

compartment accommodates a type II LR-115 film (12 µm thick, Kodak cellulose
nitrate). The film within the membrane-filter compartment records tracks attributed
solely to radon gas, while the one in the glass fiber filter compartment registers tracks
resulting from both radon and thoron gases.

After an exposure period of approximately 90 days, the films are retrieved and
treated with a 10% NaOH solution for about one hour at 60 °C while maintaining
continuous stirring. The resulting etched films are then meticulously scanned using
a spark counter to enumerate the tracks that have developed. Subsequently, these
tracks are converted into radon and thoron concentrations by applying appropriate
calibration factors.

However, this particular dosimeter is designed with two distinct entry points that
are positioned opposite each other. Both entry points utilize glass fiber filters to
prevent the entry of decay products. One of these entrances incorporates a cello-
phane membrane that selectively blocks the transmission of 220Rn, allowing only
222Rn to enter the designated ‘radon’ chamber. The second entrance is designed to
admit both 222Rn and 220Rn into the ‘radon + thoron’ chamber. To determine the
thoron concentration, a subtraction technique is employed to eliminate the radon
contribution from the tracks recorded in the ‘radon + thoron’ chamber.

However, in some instances, it has been observed that the track densities of the
Solid State Nuclear Track Detector (SSNTD) within the ‘radon’ chamber surpass
those within the ‘radon + thoron’ chamber. This unexpected outcome leads to a
seemingly implausible negative 220Rn concentration. One possible explanation for
this inconsistency is linked to variations in the entry rates of 222Rn through the
two entrances of the dosimeter, potentially stemming from differences in airflow
direction. To address this uncertainty, an innovative approach has been developed: the
“pin-holes based twin cup dosimeter.” This novel design features a single-entry face
that accommodates both 222Rn and 220Rn gases from the surrounding environment.
Further exploration of this advancement is detailed in the subsequent discussion.
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4.6.2 Innovative Pinhole-Based Dosimeter System

The breakthrough pinhole-type dosimeter system introduces a pioneering approach
to radon and thoron measurements, as depicted in Fig. 8. This dosimeter system
ingeniously integrates a single entrance mechanism to streamline the entry of gas
into its two distinct chambers, namely the “radon+ thoron” chamber and the “radon”
chamber. The gas ingress occurs via a glass fiber filter paper (with a porosity of
0.56 µm), setting off a series of diffusion processes. Notably, the diffusion from the
“radon + thoron” chamber to the “radon” chamber is mediated through precisely
crafted pinholes, strategically excluding the entry of 220Rn into the latter chamber.
The design philosophy behind this dosimeter is illustrated in the following schematic.

Fig. 8 Schematic diagram of the pin holes-based radon thoron dosimeter [19]
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5 Monitoring Radon Progeny

Radonprogeny, arising from 222Rn and 220Rn, are solid particles that, upon inhalation,
deposit in the respiratory tract and subsequently irradiate nearby tissues due to their
radioactive decay. Their contribution to the dose surpasses that of their parent radon
isotopes, accounting for over 95% of the total inhalation dose. This emphasizes the
significance of progeny measurements for accurate dose assessment.

Both active and passive techniques are employed for progeny monitoring. Among
the active techniques are instantaneous filter-paper sampling and continuous moni-
tors. Short-term samplings lack representativeness due to diurnal fluctuations, while
employing continuous monitors for extended periods is impractical. Hence, a preva-
lent approach involves deriving progeny concentration (EECR—Equilibrium Equiv-
alent Concentration of Radon) from measured 222Rn concentration (C0) using the
Equilibrium factor (F) [20], given by:

F = EECR

C0
(32)

It’s important to note that progeny activity concentration never equals that of
the parent gas due to factors like radioactive decay, ventilation, and deposition onto
surfaces. EECR reflects the activity concentration of Radon in equilibrium with its
short-lived progeny, mirroring the potential energy alpha concentration of the actual
non-equilibrium mixture [21].

Conventionally, F for Radon is assumed to be 0.4 [1, 21], but research reveals
its dependence on environmental parameters like aerosol concentration, attachment
rate, ventilation rate, and humidity [12, 22–27]. Observations underscore that F
varies with these parameters, leading to the introduction of the “reduced equilibrium
factor” to enhance F’s accuracy in dose estimation [25]. The present study endeavors
to explore the frequency distributions and variability of F in an indoor environment
by considering lognormal distributions for these parameters.

A comprehensive understanding of F’s behavior is essential. Mishra et al. [28]
established that F varies linearly with deposition flux, revealing a weak correlation
with dose. This suggests that the deposition flux, not F, offers a superior measure of
true dose [29]. Consequently, deposition-based progeny measurement using direct
sensors emerges as amore accurate approach for inhalation dose assessment [30, 31].

Radon progeny, being solid particles, exhibit a deposition characteristic when
exposed to surfaces [32]. This principle underpins their measurement. Air is drawn
through a predetermined filter-paper rate, causing progeny particles to deposit on the
paper. Subsequent decay is then detected using an appropriate detector.

Thesemethods can be groupedbased on collection techniques into three categories
[33]:

(a) Active Grab/Instantaneous
(b) Active Continuous
(c) Passive Time-Integrated.



642 B. K. Sahoo et al.

Furthermore, instrumentation is categorized based on sampling devices into two
groups:

(a) Active (requiring power for sample collection)
(b) Passive (relying on natural diffusion, devoid of power supply).

5.1 Grab/Instantaneous for Radon Progeny

This is an active sampling technique in which air is sampled at a fixed flow rate for a
specified time and the progeny atoms deposited on the filter paper are counted during
and after sampling at different counting regimes [33].

As per the counting regimes, there can be a 1-count method, 2-count method, or
3-count method.

5.1.1 One-Count Method

PAEC = N/tc
ηV tsK

(33)

where N /tc is the count rate, η is the alpha counting efficiency of the counter, ts is
the duration of sampling, V is the air volume sampled per unit of time, and K is the
factor (based on the sampling and counting durations).

Air is sampled for 5 min and then after a delay time of 40 min the gross alpha
activity on the filter is counted, usually by a scintillation detector [33, 34].

5.1.2 Two-Counts Method

These methods give an estimate of PAEC in a shorter period and with lower uncer-
tainty than the 1 count method. This Markov method is the oldest where the two
counting regimes are taken as one between 1 and 3 min and the other between 7 and
10 min.

5.1.3 Three-Counts Method

This method allows the exact determination of radon daughter concentrations. Ci is
the concentration of the three daughters 218Po, 214Pb, and 214Bi are calculated from
three Nj counts by the following formula [35]:

Ci = 1

ηV

3
∑

j=1

Ki j N j (34)
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214Po is always in equilibrium with 214Bi activity concentration owing to its short
half-life. So, only 3 counts are sufficient for an exact determination ofRadon progeny.

5.1.4 Counting Factor-Based Approach (Z-Factor)

This method is based on Z-factors which are based on sampling time, and initial and
final counting times [32].

In the case of Thoron progeny, a delay time of ~ 5 h is given after sampling to allow
the complete decay of the radon progeny. Then Thoron progeny atoms deposited per
unit time (�T) are obtained from the counts (X) by alpha-counting of the filter paper,
using η (alpha-counter efficiency) and ZT (counting factor) using the equation:

�T = X

ηZT
(35)

Thoron progeny (212Pb) activity concentration C2 in the room is calculated using
the flow rate (q) as:

C2 = �Tλ2

q
(36)

In the case of Radon progeny, 218Po, 214Pb, and 214Bi atoms deposited per unit
time of exposure are denoted by�1,�2, and�3 respectively, and can be obtained by
multiple regression analysis ofD (disintegrations per unit time) against the counting
factors [32].

The total atom concentration of 218Po, 214Pb, and 214Bi can be calculated as the
ratio of the total atoms deposited per unit sampling time to the flow rate (q), using
the following formulation:

N = ϕ1 + ϕ2 + ϕ3

q
(37)

In an indoor environment, the sampling should be carried out preferably in the
center of the room at least 30 cm away from any surface. The sampler should face the
center of the room. The flow rate should not vary significantly during the sampling
period. The initial and final flow rate, time of sampling, delay time, and counting
time should be carefully monitored.

5.2 Continuous Monitoring

Continuous monitoring offers real-time activity concentration measurement of
progeny through active sampling and simultaneous counting. This method employs
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Fig. 9 Schematic diagram of the detector element [36]

filter-paper sampling at a fixed flow rate, with an anion-implanted solid-state detector
placed facing the filter-paper [33]. As progeny atoms decay on the deposited filter
paper, the emitted alpha particles are detected by the solid-state detector. The resulting
quantity of electrons across the semiconductor diode junction is proportional to the
alpha particle energy, which is further categorized by a multichannel analyzer based
on emitted energy.

5.3 Integrated Monitoring

Integrated monitoring provides long-term measurements, integrating data to offer an
average value over the monitoring period [35].

5.3.1 Direct Radon/Thoron Progeny Sensors (DRPS/DTPS)

DRPS and DTPS are time-integrated, passive measurement techniques for 222Rn
and 220Rn progeny. These sensors comprise LR115 (cellulose nitrate-based) solid-
state nuclear track detectors mounted with aluminized-mylar absorbers (Fig. 9).
The absorber thickness is selected to reduce emitted progeny alpha particle energy
to < 4 MeV. Progeny atoms deposited on the absorber film decay, and the alpha
particle energies are selectively detected by LR115 film. Sensitivity factors, derived
from track-registration efficiency and deposition velocities, convert track density
into progeny activity concentration. These passive detectors offer direct progeny
concentrationmeasurement and are suitable for long-term surveys, ensuring accurate
and interference-free results.

5.3.2 Direct Radon/Thoron Progeny Sensors Based Integrated Sampler

The integrated sampler features a sampling head and pump. A wire-mesh and
filter paper arrangement, coupled with DRPS/DTPS sensors, captures unattached
and attached fractions of progeny atoms. Unattached fractions are captured by the
wire mesh, while attached fractions deposit on the filter paper. Subsequent decay
of deposited progeny atoms emits alpha particles detected by DRPS/DTPS sensors.
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Fig. 10 Schematic diagram of the integrated sampler with WM (wire-mesh) and FP (filter-paper)
arranged in an array each facing the detector surface [38]

Track density converts to unattached and attached activity concentrations using sensi-
tivity factors, providing accurate measurements for both radon and thoron progeny
[37].

5.3.3 Direct Radon/Thoron Progeny Sensors Capped with Wire-Mesh

In extreme conditions with high ventilation rates, sensitivity factors of DRPS/DTPS
may vary due to unattached fractions. To address this, wire-mesh capped DTPS/
DRPS detectors are employed. These detectors consist of DRPS/DTPS sensors
capped with a wire mesh (Figs. 10 and 11), rendering them solely attached fraction
detectors. Sensitivity factors of wire-mesh capped DTPS and DRPS are determined,
offering robust measurements under challenging environmental conditions.

These integrated monitoring methods provide valuable insights into the behavior
of radon and thoron progeny, allowing for accurate and interference-free assessments
of potential health risks associated with their inhalation.

6 Calibration Procedures

The calibration factor serves as the pivotal value for converting the observed track
densities into the activity concentration of the specific species under examination.
If T represents the track densities observed on a Solid-State Nuclear Track Detector
(SSNTD) resulting from exposure to a concentration C of a particular species for a
duration of time t, the relationship is defined as follows:

T = k · C · t (38)

where,
k = Calibration factor (tracks cm−2 per Bq d m−3)
t = time in the day
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Fig. 11 Schematic diagram of the operation of the capped DRPS/DTPS [39]

C = concentration in Bq m−3

T = tracks cm−2.
The calibration factor, denoted as k, is contingent upon several parameters. These

include the dimensions of pinholes and characteristics of the progeny filter, along
with the energy of the alpha particles during cupmode exposure. Additionally, factors
related to the etching process, characteristics of spark counting, and other relevant
aspects play a role in determining the calibration factor.

6.1 Calibration of Pinhole-Based Twin Cup Dosimeter

The recently developed dosimeter, featuring side-entry pinholes, necessitates expo-
sure within a calibration chamber with a volume exceeding 0.5 m3 to ascertain the
calibration factor. To introduce 222Rn gas into the chamber, utilize the designated
inlets in conjunction with a standardized 222Rn source. Initiate the experiment by
activating fans for approximately 5 min to achieve uniform spatial distribution of
the 222Rn concentration. Employ a continuous 222Rn monitoring device, such as the
RnDuo, for precise measurements. Suspend the dosimeters within the chamber by
affixing them to the arms of the central rod approximately 3 h after the initial gas
infusion. Refer to Fig. 12 for a depiction of the typical experimental arrangement
employed in determining the 222Rn calibration factor. For this calibration process,
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Fig. 12 A typical experimental setup for calibration of pin-hole based twin cup dosimeter [16]

expose around 10 dosimeters to a chamber environment with a 222Rn concentra-
tion of roughly 1000 Bq m−3 for a period exceeding 7 days. Upon completion of
exposure, extract all dosimeters from the chamber and allow them to sit in an open
environment for approximately one day, ensuring the LR-115 film remains intact on
the dosimeters.

Subsequently, remove the films and subject them to etching using the established
standard procedure, involving a 2.5 N NaOH solution for 90 min at a temperature
of 60 °C, without agitation. Consistently assess the etching parameters to confirm
the removal of 4 mm thickness from the film during the etching process. Following
etching, meticulously rinse the films with distilled water before setting them aside
to dry. Once dry, detach the base from the films and tally the recorded tracks using
a spark counter.

The track densitiesmeasured as tracks cm−2, duly adjusted using a spark counter’s
relative factor, serve as the basis for establishing the calibration factor. This process
is achieved by applying the subsequent two equations:

kR,1 = TR,1

tCR
(39)

kR,2 = TR,2

tCR
(40)
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where, kR,1 and kR,2 are the calibration factors, TR,1 and TR,2 are the track densities
in the first and second compartment of the pin holes dosimeter, respectively. CR is
the average 222Rn concentration and t is the exposure period.

While the exposure chamber typically utilized for 222Rn exposure is unsuitable for
220Rn exposure due to significant differences in decay rates, the calibration chamber
boasts a larger volume (around 0.5 m3). Given the short-lived nature of 220Rn, it
rapidly decays, posing challenges in maintaining a consistent concentration within
the chamber. The potential for 220Rn to exhibit a non-uniform distribution within the
chamber should also be considered. To mitigate this concern, chamber design should
prioritize uniform thoron (220Rn) concentration throughout the volume. Care must
be taken to minimize turbulence to ensure gas diffusion is the primary mechanism
for dosimeter entry.

The subsequent steps for exposure, etching, and counting remain analogous to the
procedure outlined for radon exposure. The derived track densities can be harnessed
to ascertain the 220Rn calibration factor through the following equations:

kT,1 = TT,1

tCR
(41)

kT,2 = TT,2

tCR
(42)

where kT,1 and kT,2 is the calibration factor, TT,1 and TT,2 is the track densities in the
first and second compartments respectively. CT is the average 220Rn concentration
and t is the exposure period.

6.2 Calibration of DRPS/DTPS

The DTPS (Direct Thoron Progeny Sensor) and DRPS (Direct Radon Progeny
Sensor) function as passive detectors designed to directly measure the integrated
concentration of progeny (EEC) over time. The Sensitivity factor (S) establishes a
relationship between the alpha-track density registered per unit exposure time due
to progeny (T ) and the progeny activity concentration (EEC), as defined by the
following equation [29, 36, 37]:

EEC
(

Bqm−3
) = T

(

Tracks cm−2 d−1
)

S
(

Tracks cm−2 d−1
)

/EEC
(

Bqm−3
) (43)

The sensitivity factors for DTPS and DRPS are composed of two essential
elements: the geometric parameter referred to as “Track Registration Efficiency,”
intrinsic to the detector itself, and the “DepositionVelocity” of progeny atoms, which
is influenced by environmental factors.
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To determine track registration efficiencies, a known amount of radon and thoron
decay product activities should be electrodeposited onto DRPS and DTPS respec-
tively. This is followed by chemical etching and subsequent alpha track counting. The
ratio of alpha track density to the deposited atom density provides the track registra-
tion efficiency. The deposition velocity can be estimated by calculating the ratio of
deposited atom flux to atom concentration present in the environment. The deposited
atom flux can be assessed by exposing DTPS and DRPS in controlled indoor
settings. Meanwhile, atom concentrations can be directly measured through filter-
paper sampling and subsequent alpha counting within the mentioned environments
during the exposure period of DRPS and DTPS.

Determining sensitivity factors for DRPS and DTPS requires both controlled
laboratory conditions and real indoor environments. In a calibration chamber with a
known progeny activity concentration, DTPS and DRPS should undergo exposure
for a defined duration. After exposure, subject the detectors to chemical etching and
track counting to determine the track density per unit exposure time. The sensitivity
factor can then be calculated by dividing the track density per unit exposure time by
the initial progeny concentration in the chamber.

For real indoor environmental conditions, approximately 50DTPSs/DRPSs can be
placed in a naturally ventilated room environment for around 3 months. Throughout
this period, consistent filter paper sampling and alpha counting efforts should be
carried out to assess the atom concentration in the room. Commercially avail-
able working-level monitors can also be used to measure progeny concentration.
Following the 3-month exposure, process the detectors chemically and perform alpha
track counting using established protocols. The resulting ratio of track density per
unit exposure time to progeny concentration provides the sensitivity factor specific
to that environment.

7 Assessment of Inhalation Dose

The estimation of Annual Inhalation Doses (mSv y−1) for radon (AIDR) and thoron
(AIDT), considering both gas and progeny concentrations, can be determined using
the measured gas and progeny concentrations through the following equations
[40, 41]:

For radon:

AIDR = [(CR × 0.17) + (EECR × 9)] × 8760 × 0.8 × 10−6 (44)

For thoron:

AIDT = [(CT × 0.11) + (EECT × 40)] × 8760 × 0.8 × 10−6 (45)

Here, the dose conversion factor (DCF) values are 0.17 and 9 nSv Bq−1 h−1 m3

for radon gas and radon progeny, respectively. Similarly, the dose conversion factor



650 B. K. Sahoo et al.

(DCF) values are 0.11 and 40 nSv Bq−1 h−1 m3 for thoron gas and thoron progeny,
respectively [1]. The occupancy factor (OF) is assumed to be 0.8 for a typical
dwelling.

8 Radon Monitoring: World Scenario

National radon mapping initiatives across various continents have been instrumental
in understanding the spatial distribution of radon gas and its potential health impli-
cations. These mapping efforts provide crucial insights into radon exposure levels,
enabling governments, researchers, and policymakers to formulate effective strate-
gies for radonmitigation and public health protection. Here is an overview of national
radon mapping initiatives across different continents:

North America

Countries in North America, including the United States and Canada, have imple-
mented comprehensive radon mapping programs. These initiatives involve extensive
radon measurements in residential and occupational settings, contributing to the
creation of detailed radon potential maps. These maps offer insights into regions
with high radon concentrations, guiding the development of targeted radon miti-
gation strategies. In the United States, for instance, the Environmental Protection
Agency (EPA) offers a Radon Potential Map that classifies areas into zones based
on radon potential.

Europe

Many European countries have embarked on extensive radon mapping projects,
often collaborating at regional and international levels. The European Atlas of
Natural Radiation provides detailed information on radon distribution across Europe.
National agencies and research institutions in countries such as the United Kingdom,
Germany, and France have conducted large-scale radon measurement campaigns,
leading to the creation of radon hazard maps. These maps enable governments to
prioritize areas for radon prevention measures.

Asia

SeveralAsian countries have initiated radonmapping programs to assess the potential
health risks associated with elevated radon levels. Japan, for example, has conducted
radon surveys to understand indoor and outdoor radon concentrations. India has
also been active in radon research and mapping due to the presence of uranium and
monazite deposit and elevated radon risk in some regions. These mapping efforts
aim to provide valuable data for public awareness and health protection.

Australia

In Australia, where radon levels can vary significantly due to geological factors,
comprehensive radon mapping projects have been carried out. These initiatives help
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identify areas of higher radon potential, which is crucial for designing building codes
and regulations. The Australian Radiation Protection and Nuclear Safety Agency
(ARPANSA) provides radon maps and information to the public and policymakers.

South America

Countries in South America, such as Brazil and Argentina, have recognized the
importance of radon mapping to safeguard public health. These countries have
conducted radon surveys in residential and occupational environments to assess
the risk of exposure. Collaborative efforts between governments, research institu-
tions, and international organizations contribute to a better understanding of radon
distribution and exposure patterns.

Africa

While radon mapping initiatives in Africa are relatively limited compared to other
continents, there is a growing awareness of the need to assess radon exposure risks.
Some African countries have conducted radon measurements and surveys, particu-
larly in areas with known uranium deposits. These efforts contribute to building a
comprehensive understanding of radon distribution across the continent.

National radon mapping initiatives across different continents have significantly
advancedour understanding of radondistribution, exposure risks, and potential health
impacts. These mapping efforts provide essential data for the formulation of effec-
tive radon mitigation strategies, building codes, and public awareness campaigns.
Continued collaboration between governments, researchers, and international orga-
nizationswill play a pivotal role in enhancing radonmapping accuracy and protecting
public health globally.

9 Conclusion

Accurately assessing the inhalation dose stemming from Radon, Thoron, and their
progeny holds utmost significance due to their profound radiological implications.
Within occupational environments like Uranium mines and Thorium plants, the
precise measurement of individual inhalation doses and comprehensive area moni-
toring are imperative. This chapter serves as a comprehensive exploration of the latest
developments in Radon research, with a particular focus on monitoring techniques,
the transport and distribution of Radon, Thoron, and their progeny.

The chapter systematically examines Radon transport mechanisms and the asso-
ciated analytical models, delivering a comprehensive grasp of this intricate subject.
It endeavours to stand as an essential technical resource catering to researchers
and industry professionals, compiling the cutting-edge progressions and insights
within the realm of Radon research. Introducing the concept of Pin-hole dosimeters,
a notable advancement over the conventional Twin-cup dosimeter system is outlined.
By managing turbulence effects through a singular entry for both Radon and Thoron
gases, the dosimeter’s performance is notably enhanced. Furthermore, the adoption
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of a single glass fiber filter paper in lieu of polypropylene film significantly bolsters
the detector’s response time. In terms of continuousmonitoring of Radon and Thoron
gases in mining areas, a scintillation-based Radon and Thoron gas monitor has been
developed and is elaborated upon within the chapter. This monitor proves to be
particularly advantageous for comprehensive area monitoring purposes.

The chapter extensively delves into the innovative technique of Direct Radon
and Thoron progeny sensors, elucidating their operation within both passive and
active sampling modes. These sensors offer a direct assessment of progeny activity
concentration, enabling accurate inhalation dose calculations. Given the significant
contribution of progeny to inhalation doses, the adoption of direct progeny sensors
obviates the need to assume an equilibrium factor, thereby enhancing the precision
of dose estimation.

This chapter serves as a thorough compendium, encapsulating the forefront
advancements in the realm of Radon research. Its comprehensive coverage addresses
various dimensions of the field, providing a valuable resource for researchers,
professionals, and anyone seeking a nuanced understanding of this critical subject.
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Liquid Scintillation Based In-Vitro
Analysis of Various Radionuclides
in Bioassay Samples

Sonali P. D. Bhade and Priyanka J. Reddy

1 Introduction

Liquid Scintillation Counting (LSC) is a standard laboratory method generally
employed for activity estimation of alpha (α) and beta (β) radionuclides. Sample
preparation for LSC, involves mixing of a sample aliquot to a scintillation cocktail to
obtain a homogeneous test sample. Because every radioactive atom in the prepared
sample is essentially encircled by detector (scintillation cocktail) molecules, 4π
geometry is achieved which facilitates β counting with reasonable counting effi-
ciency. Radionuclides having maximum β energies ≥ 150 keV or more are detected
with more than 95% efficiency. High counting efficiency and the absence of self-
absorption are the leads that make LSC an extensively used analytical technique
for detecting not only β but α emitters also. Over the previous decades, significant
developments have been made in nuclide separation and liquid scintillation sample
preparation techniques, in the optics and electronics of detectors, and in methods of
minimizing background, made α LSC a practical tool and becoming a method of
choice nowadays.

LSC technique has been established in 1950s and since then, for more than
70 years, it is employed as an efficient detection technique for β emitters. LS instru-
mentationwas launched commercially in 1953with introduction of Packard Tri-Carb
series LSCs. By 1980s, almost all the modern LSCs used the coincidence detection
along with pulse summation techniques, which facilitate its use for measurement of
low energy β emitters. Also, during this period, one of the most prominent features,
analysis of pulse height energy spectrum was introduced in the LSCs. With the
introduction of this technology, windowless counting was enabled with pulse height
distribution that ranged from 0 to 2000 keV [1]. In a new generation LSCs, various
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background reduction features were incorporated which enable them to measure
much lower activities that were earlier feasible. Besides, the assimilation of Multi-
channel Analysers (MCAs) and Pulse Shape Analysis (PSA) technique into modern
LSCs has enhanced their data handling capability. These key features make LSC, a
prominent analytical tool for analyses of α and β nuclides in various fields.

The competence of LSC tomeasure α activity concentration has been documented
in the past few years. Much of the prime innovative work on PSA based α/β discrim-
ination was carried out by several researchers [2–4]. Enduring progress in LSC
instrumentation from gross counting to α spectrometry permits the deconvolution
and detection of different α spectral peaks [5]. Ultra-low background and simul-
taneous quantification of α/β events are the major features of PSA technique and
facilitate determination of actinides even at low concentrations. In Modern LSCs,
α events can be discriminated efficiently as interference from β/γ pulses is entirely
(> 99.95%) rejected [6]. Application of PSA technique in numerous fields such as
biomedical [7], environmental [8–12], geological [13], food sample testing [14, 15]
and to assess nuclear waste [16, 17] is reported earlier. Its extensive use for measure-
ment of α activity in effluent waters, urine samples and other matrices, made LSC
an adaptable and popular technique. LSC has emerged as a prevalent technique for
assessment of various radionuclides due to several significant advantages such as
high counting efficiencies, simple and rapid sample preparation procedures, auto-
matic sample loading and spectral data processing capabilities [18]. Generally, LSC
is used for β quantitative assay, but doesn’t have the capability of energy identi-
fication. Nevertheless, improvements in instrumentation, scintillators, and sample
preparation techniques have proved that liquid scintillation is a prominent option
for α assay also. Nuclide identification with LSC can be brought into reality using
deconvolution technique [19, 20].

1.1 Principle of Liquid Scintillation Counting

The traditional method used for estimation of tritium in the biological matrix is LSC.
A liquid scintillator is made up of solvent and phosphor which is added into the liquid
sample hence allowing close contact between the isotope atoms and the scintillator
[21]. Energy from the radionuclide is absorbed by the solvent which is transmitted
to the solute. The solute converts the energy to photons. The released photons are
detected by the Photo Multiplier Tube (PMT) as shown in Fig. 1.

2 Estimation of Tritium (3H) in Urine

Tritium is a pure β emitter [Emax:18.6 keV, Eav: 5.6 keV] with a half-life of 12.3 years
[22]. Anthropogenic 3H is produced in Nuclear Power Plants (NPP’s) due to activa-
tion of deuterons or as a fission product. Heavy water exposure to thermal neutrons
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Fig. 1 Principle of liquid scintillation counting

determines the rate of production of 3H. It is present in the plant environment through
leakage, maintenance, etc. resulting in an important occupational exposure to radi-
ation workers. 3H contributes to about 20–30% of the annual radiation dose to the
radiation workers [23]. It is also encountered in the nuclear decommissioning [24].
The maximum range of 3H is approximately 6 mm in human tissues. Hence, inhala-
tion and ingestion are the source of exposure to 3H and primarily exist in the form
of tritiated water (HTO) in the moderator and coolant of heavy water reactor NPPs.
3H exposure pathways are as follows:

(i) Inhalation through the nose and mouth
(ii) Skin absorption
(iii) Ingestion through food and drink.

2.1 Tritium Concentration in the Body

97% of HTO rapidly passes in the bloodstream and mixes with body water. Hence,
biokinetics of body water is followed by 3H retention in the body. Few hours of
post-exposure 3H activity in urine is expected to be the similar as in other body
fluids. Biological half-life of 3H is approximately 10 days [25, 26]. Organically
Bound Tritium (OBT) is present in the body as a result of exchange of 3H atoms
with hydrogen atoms in organic compounds such as proteins and carbohydrates. The
short-term component has biological half-life of about 40 days and the long-term
component follows one year half-life. Figure 2 depicts the exposure pathways and
metabolism of HTO incorporated into according to UNSCEAR and ICRP [25, 27].

Urine sample analysis is usually performed to determine internal exposure of
radiation workers due to 3H. Urine is one of the most universally used matrices for
internal contamination assessment due to its non-invasive sample collection, easy
availability and adequate sensitivity to meet the requirements [28].
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Fig. 2 HTO metabolism in the human body [29]

2.2 Urine Sampling Frequency for HTO

HTO rapidly distributes all over the blood stream and within 60–120 min, all over
water in the body. After equilibrium, the 3H activity in blood, sputum and urine are
found to be the same. In case of bioassay, urine is the common matrix for estimating
3H activity in body water. Exposed workers are required to submit urine samples
for the bioassay periodically. Depending on the potential for substantial exposure,
sampling duration may vary viz., daily, biweekly, or longer. The worker must empty
the bladder 60–120 min later after probable exposure. A representative of the body
water concentration is obtained for the sample collected after the bladder is emptied.
However, the sample collected earlier to this might be an useful indication of the
potential exposure.

2.3 Methodologies for Sample Preparation

Sample preparation for urine is affected by various metabolites present in it. Chemi-
luminescence and quenching are the main interferences in the measurement of 3H in
urine and it is necessary to remove these interferences prior analysis. Distillation is
the conventional method for purification of the samples. A distinct distillation appa-
ratus is suggested by Coops et al. and Nogawa et al. for urine sample purification [30,
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31]. In order to achieve low detection limit, azeotropic distillation has been proposed
[32]. For separating aqueous and non-volatile organic fractions, vacuum distillation
has been used [33]. Distillation and ion chromatography combined methods were
reported by Ishii et al. [34]. Urine samples can be decolorized using activated carbon
prior LSC as suggested by Momoshima et al. [35–38]. Mingote et al. proposed low-
cost and quick substitute in place of distillation of urine using active carbon [38].
According to the authors, active carbon adsorbs quenching and also controls lumi-
nescence. The authors proposed addition of 2 g of the powdered active carbon to
20 mL of urine. Recently, Watanabe and Kuwabara proposed ultraviolet photolysis
to suppress colour quenching [39]. Butler reported addition of 1 mL urine sample
to 15 mL scintillation cocktail [40]. According to Shen et al. 10 g of potassium
persulfate is to be added to the distillation apparatus containing 50 mL urine sample
followed by 30 min oxidation. 20 mL of the distillate is collected prior analysis [41].
Four mL of the distilled sample was added to 14 mL of scintillation cocktail for
analysis [42].

Pedehontaa-Hiaa et al. studied conditions to obtain a quench free sample [43].
Also, a two-stage procedure involving filtration on activated charcoal to remove
organic molecules [38, 44] and distillation to avoid the inorganic content [44, 45]
was developed byPedehontaa-Hiaa et al. 2.5 g activated charcoal at a concentration of
50 g L−1 was added to 50mL urine. In order to remove the colour of sample followed
by rapid filtration, the amount of charcoal was optimized. The mixture was shaken
vigorously for 2–6 min until the white foam ceased. Charcoal and absorbed organic
matter were removed by filtration. Following filtration, 45 mL aliquot was collected
for distillation. 10 mL of the distilled sample was added to 10 mL of scintillation
cocktail and 10 mL was used for 3H measurement.

2.4 Quench Correction Methods

Urine sample when mixed with scintillation cocktail gives rise to a different chem-
ical and colour quench because of its variation in chemical composition and partic-
ulate matter. Hence, variation in detection efficiencies is observed in urine samples
under measurement. Such variability in sample composition is accounted for while
calibrating LSC.

2.4.1 Internal Standard Method

An internal 3H standard technique was proposed by Okita et al. for the determination
of counting efficiency of each sample [46]. In the said method, net count rate of the
sample (N sample) is determined. A known standard of the same radionuclide under
measurement is added to the sample. The sample is recounted under same conditions
(N std+sample). Increase in count rate due to the internal standard (N std) is obtained by
subtraction. Counting efficiency for the internal standard is found using the following
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equation.

Efficiency = Nstd+sample − Nsample

dpmstd
(1)

Addition of an internal standard does not change the quench level and therefore,
the counting efficiency determined using this technique is applicable for the original
sample.

2.4.2 Spectral Index of the Sample (SIS)

SIS uses the sample isotope spectrum to monitor the quench of the sample.
Calculation of SIS is given by the following formula:

SIS = K ∗
∑u

x=0 x ∗ n(x)
∑u

x=0 n(x)
(2)

where n(x) is the number of counts with pulse heights between X and X + �X
x = pulse height
u = upper level of pulse height distribution.

2.4.3 External Standard Method

Transformed Spectral Index of the External Standard (tSIE) is a quench indicating
parameter to determine the counting efficiency corresponding to the quench present
in the sample. It is calculated from the Compton spectrum induced in the scintillation
cocktail by 133Ba gamma as an external source. From mathematical transformation
of this spectrum, tSIE value is generated. For most quenched samples, tSIE is 0 and
for the unquenched sample its value is 1000.

Series of quenched standards is prepared by adding 3H standard in the vials
containing the scintillation cocktail. Activity per vial is constant with increasing
amount of quench. The standards are then counted in LSC and the variation in the
count rate and quench as shown in Fig. 3 is obtained. Counting efficiency is calculated
corresponding to each tSIE and a plot of tSIE versus counting efficiency is generated.
Yellow food dye was used as the colour quenching agent to prepare quench curves
by L’Annunziata et al. due to its color near to that of urine [47].

Priyanka et al. [48] adopted Zero Detection Threshold technique to quantify the
activity of 3H in urine samples. An unquenched 3H standard was used as a tracer
to determine the zero-detection threshold of Packard Tri-Carb 2900TR LSC. Zero
detection threshold of LSC was determined by counting unquenched 3H standard
different counting regions and plotting count rates corresponding to the lower levels
of the counting regions. A similar procedure was adopted for urine samples and
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Fig. 3 Calibration curve of
tSIE verses counting
efficiency (%) for 3H
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the activity was obtained by extrapolating the integral pulse-height spectra to the
determined detection threshold of LSC.

2.5 Dose Control

3H activity in urine is classified under ‘CAUTION’ category (2 M Bq L−1) and
‘REMOVAL’ category (4 M Bq L−1) respectively to control internal 3H contam-
ination in NPP’s [49]. In case urine samples exceed 4 M Bq L−1, occupational
workers are not allowed to do radioactive jobs till his/her urine sample shows less
than 1 M Bq L−1 of 3H.

Procedure for Calculation of Dose

(a) 3H activity in urine for a given period for a given worker is collected date-wise.
(b) The method of average is used to calculate the dose for the interval between

successive samples which is 10 days or less.
(c) When the sampling interval between successive samples is more than 10 days

then the period is divided into 2 parts. The first part of the period is the exact
multiple of 10 days, and the second part is the remaining period. Dose for the
first part is calculated by the method of exponential decay. For the second part
it is the method of average.

(d) Thus, an internal dose for an individual up to a particular day will be the summa-
tion of the dose calculated by either the average method or by the exponential
method based on his/her urine sample frequency and committed dose due to the
last sample submitted. When he/she submits the next sample, the committed
dose of the earlier sample is suitably adjusted.
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(e) Dose for a particular month is calculated by truncating the uptake at the last day
of the month. The calculated uptake is carried forward to the first day of the
following month for subsequent dose calculation.

2.5.1 Principle of Dose Calculation

The equivalent dose (D mSv) due to average 3H activity in urine (Q M Bq L−1) for
a period of t (days) will be:

D = [
Q ∗ 106

] ∗ [0.0057] ∗ [
1.6 ∗ 10−13

] ∗ [86,400] ∗ [1.11] ∗
[
2

3

]

∗ [
103

] ∗ [t]

(mSv) (Bq/1) (Mev/dis) (J/Mev) (Sec/d) (Remark 1 and 2) (mSv/Sv) (d)

= 0.0583 ∗ Q ∗ t (mSv)
(3)

Remark 1: According to ICRP 78, 97% of 3H activity in the form of HTO equili-
brates with body water and follows biological half-life of 10 days for
a standard man [50]. However, 3% activity which forms OBT follows
biological half-life of 40 days. Thus, the total dose due to both compo-
nents is 11% higher than the dose calculated by body water activity
calculation.

Remark 2: While calculating the dose using the 3H activity in body water, it is
assumed that 60% of body weight receives dose i.e., only the water
component. However, all tissues containing water receive the dose.
Thus, except bones all soft tissues in the body receive the dose. The
soft tissues comprise 90% of the body weight. Therefore, 0.90 * W is
the mass of the organ that receives the dose whereas 0.60 * W mass of
the organs was assumed to receive the dose. Hence, the multiplication
factor of 2/3 is introduced to arrive at the correct dose to the body.

(i) Method of Average: Method of average is used for chronic exposure cases
where samples are submitted regularly at the prescribed frequency

D = 0.0583 ∗ Q ∗ t (mSv) (4)

where, D is the dose in mSv during the interval of t days and Q is

(Q1 + Q2) ∗ 0.5

Ql is tritium activity in urine (M Bq L−1) on day tl and
Q2 is tritium activity in urine (M Bq L−1) on day t2 and t = t2 − t1.

(ii) Method of Exponential Decay: This is used in cases where the period between
two successive samples is more than 10 days.
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D = 0.0583Q1

t2∫

t1

e
−0.693t

Tb dt (5)

(iii) Committed Dose: Committed dose is calculated for acute exposure cases
where no successive samples are submitted.

D = 0.0583Q1

∞∫

0

e
−0.693t

Tb dt (6)

2.6 Medical Intervention for 3H

Medical intervention need not be considered for 3H intake less than 1 ALI as it
is allowed for normal operation of the facility. Annual effective dose (internal and
external as well) in the calendar year is the deciding criteria to exceed up to 1.5 ALI.
In case worker’s dose history is close to the regulatory dose limits, individuals may
be advised for short period diuretics. Short-term treatment may be considered for
maximum Committed Effective Dose (CED) reduction with 3H intake in the range
of 1–10 ALI (20–200 mSv). Special treatment of kidney dialysis or 0.5% NaCl
solution may be advised for a long time for 3H intake > 10 ALI, however, if the
estimated intake is ≥ 100 ALI, prolonged strong therapeutic or medical intervention
may be advised in view of the severity of exposure reduction under constant medical
administration.

Diuretics like, water, coffee, tea, beer or wine can be used to lower 3H concentra-
tion of the body for low/intermediate uptakes. The excretion rate can be increased by
water, coffee, tea, beer or wine to reduce dose resulting into the regulatory dose limit
for corresponding to 1.0–1.5 ALI. Chemical diuretics under medical supervision to
keep suitable vital contents in the body are administered in case of acute 3H intake.
A peritoneal or kidney dialysis machine may reduce 3H half-life up to 4–13 h in the
event of life-threatening situation [51].

3 Estimation of High Energy Beta Emitters in Urine

3.1 Strontium-90 (90Sr)

90Sr is an anthropogenic radionuclide that can be released into the environment,
during any nuclear or radiological emergency scenario. It is produced in nuclear
fission (yield: 4.5%) in Nuclear Power Plants and is a probable source of exposure in
radiation dispersal devices [52]. 90Sr is radiotoxic due to its moderately long physical
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(28.6 y) and biological (49.3 y) half-lives. It decays to 90Y which emits high energy
β (Emax = 2.27 MeV) particle. Since 90Sr is chemically analogous with calcium, it
amasses chiefly in bone tissues.

In radiological and nuclear emergency incidents, rapid bioassay techniques for
detection and quantification of 90Sr in urine samples are desirable for estimation
of internal dose due to radio-strontium [53–56]. Several well-known techniques
are employed for the separation and quantification of 90Sr such as gravimetry, ion-
exchange and extraction chromatography, and gas flow proportional counting [57].
Although these techniques offer reliable results and high sensitivity, the major short-
comings of these methods are requirement for large sample volume, low sample
throughput, and substantial losses during radiochemical separation leading to small
strontium recovery. Liquid scintillation spectrometry stands out contrarily as it offers
high counting efficiency,minimumsample preparation steps, and high sample output.

To cater to any nuclear or radiological emergency involving 90Sr, it is crucial
to monitor a large number of people for internal contamination and hence a rapid
extractive liquid scintillation spectrometric technique was developed to estimate 90Sr
in spot urine samples. A technique that has been developed by Ritika et al. is a fusion
of solvent extraction and LSC employing Sr-selective crown ethers as the extracting
agent [58]. Interference of various metal ions like calcium, potassium and lead was
also taken into account in the extraction of strontium by crown ethers. Repeatability
of the method and reusability of the extracting agent for subsequent analysis have
been reported.

Use of Sr-spec resin in the estimation of radio-strontium, is the most significant
advancement which offers incomparable separation of Sr from Y. The size selective
extraction of Sr2+ by crown ethers relies on two important factors viz.: crown size
of the extractant and the ionic size of Sr2+ ion. The cavity of 4,4′, (5′′)-di tertbutyl
cyclo-hexano 18-crown-6 (DCE) has a radius of 1.3–1.6 Å which captures Sr2+

ions (hydrated ionic radius 1.32–1.40 Å) precisely. Sr-spec resin effectively retain
Sr, and thus gets separated from Yttrium (eluted from the column) as reported by
Visser et al. and Wankhede et al. [59, 60]. Kramer separated low level 90Sr/90Y from
wet ashed urine using co-precipitation and solvent extraction techniques [61]. The
extracting agent used was di (2-ethylhexyl) Phosphoric Acid (HDEHP: 1.5 mol L−1)
in n-heptane and radionuclides were separated by a series of extractions. A rapid
technique for estimation of 90Sr in urine samples was developed by Dai et al. [55].
Themethod comprises column separation of Sr from20mLurine usingEichromTRU
and Sr resin followed by LSC measurement using a Hidex TDCR LSC. A detection
limit of 10 Bq L−1 was reported for 10 min counting time. Due to its simplicity,
Cerenkov Counting technique can also be used as a rapid screening technique for
estimation of 90Sr in urine samples [62].
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3.2 Phosphorus-32 (32P)

Phosphorus-32 is an extensively used radio-labelled compound in radiopharmaceu-
ticals and tracer studies. 32P is employed to lower the pain in bones in terminal
cancer patients in several hospitals. To meet the cumulative demand, production and
synthesis of 32P, has increased throughout the years.

32P is a pure β emitting radionuclide (Emax = 1.709 MeV) with a half-life of
14.3 days. Following inhalation, 32P gets deposited in the respiratory tract and then
is cleared from lungs into the body fluids depending on its solubility. From the
plasma, it is then removed with a biological half-life of 0.5 days and dispersed to
cell fluids, soft tissue, bone, and excreta. Therefore, internal contamination of 32P is
monitored rapidly after the possible intake to confirm a measurable signal. A rapid
bioassay method for 32P in urine samples would be desirable to evaluate the internal
dose [63, 64].

Yanghas developed a simple and rapid screening technique for 32Pmeasurement in
urine samples and also established an empirical correlation betweenTDCRparameter
and Cerenkov efficiency [64]. To reduce the interference from colour quenching and
chemiluminescence, he adopted simple processes like acidification and oxidization.
Minimum Detection Activity (MDA) of 11 Bq L−1 was obtained for urine sample
(15 mL) with 30 min counting time. Moreover, he suggested that with selection of a
shorter monitoring interval (7 days) and a long counting duration (2 h), the method
would offer an adequately lower detection limit so as the sensitivity requirement for
32P in urine samples corresponding to 0.1 mSv (annual committed effective dose for
routine bioassay) can be met.

Wankhede et al. explored the viability of Cerenkov counting technique for detec-
tion of 32P in bioassay samples, and the results obtained were validated with the
routine gross beta technique. The detection limit reported is ~ 10 Bq day−1 using
Hidex 300 SL LSC [65].

Even though Cerenkov counting generally offers lower counting efficiency than
LSC, it has several advantages over LSC such as (1) insensitive to α and low energy
β/γ nuclides, (2) non-destructive in nature and (3) free of chemical quenching.

4 Estimation of Electron Capture Radionuclides in Urine
Using LSC Technique

4.1 Iodine-125 (125I)

125I is usually used in clinical medicine for radio-labelling and tracer studies [66].
It decays by electron capture with a half-life of 60.1 d. 125I emits γ (35.5 keV) and
K X-rays (27.4 keV) along with auger electrons. Workers handling radio-iodine are
monitored routinely for internal contamination. This is to ensure workplace controls



666 S. P. D. Bhade and P. J. Reddy

and for timely estimation of intakes [67, 68]. Due to low energy emissions by 125I,
common survey meters are unable to detect contamination due to 125I. Therefore,
bioassay monitoring is the solitary technique for estimation of 125I intake. Bioassays
are conducted for radioactive workers handling unsealed radio-iodine sources to
evaluatewhether any intake has occurred. This practice is beneficial for (1) estimation
of internal doses, (2) determination of airborne radioactive particles which contribute
to dose and (3) evaluation of work conducts and integrity of safety designs of plants.

Jimenez et al. described the development of a methodology for estimation of
airborne 131I using activated charcoal canisters followed by the measurement by
liquid scintillation spectrometry [68]. Reported MDA value for estimation of 131I
using this technique was 140 m Bq m−3. The author revealed the benefits of using
LSC in comparison to gamma spectrometry are simple and rapid sample processing
and better sensitivity.

Generally, in-vivo monitoring of 125I is carried out using a thin NaI (Tl)-based
Thyroid Monitoring System [69]. LSC based methodology is reported for quan-
tification of 125I in urine samples, as an alternate technique to thyroid monitoring.
The proposed technique doesn’t require any chemical separation and further it was
revealed that the technique is sensitive to detect CED < 1 mSv within 3 days of
incidental exposures [70].

4.2 Iron-55 (55Fe)

Radiation workers get internally contaminated with 55Fe, due to particles of corroded
steel in the form of iron oxide. Iron is one of the major components in structural
material in nuclear reactors. In these structural components, 55Fe is produced by
neutron activation of stable iron isotopes, 56Fe and 54Fe with natural abundance of
5.845% and 91.754% respectively. 55Fe (t1/2 = 1001.0 ± 2.3 d) decays via electron
capturewith the emission ofAuger electrons (4.95–6.49, 60%) and lowenergyX-rays
(5.89 keV, 24.9%) to stable 55Mn [71].

In the bioassay, urine being collected with an ease, is an ideal sample matrix for
assessment of dose over feces or blood. Reported values of Fe excreted out of the
body by various routes is ~ 0.6 mg d−1 [feces (60%), skin (30%) and urine (10%)]
[72]. Subsequently, urinary excretion rate of Fe is 0.07 mg L−1 [73].

Usually, 55Fe is measured by X-ray spectrometry and gas flow proportional
counting techniques, with counting efficiencies < 5% [74]. However, the advan-
tage of measurement of 55Fe by LSC technique is lack of self-absorption and nearly
40% counting efficiency. In case of pure β emitting radionuclides, Triple-to-Double
Coincidence Ratio (TDCR) is directly proportional to the overall efficiency within
± 15% [75]. However, in case of 55Fe, it was observed that TDCR deviated largely
from the experimentally derived CE depending upon the sample quench [76]. For
standardization of TDCR based LSC technique for 55Fe measurements, an empirical
Correction Factor (CF) (ratio of TDCR/CE), was derived for various sets of quenched
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standards. A consistent value of CF (0.5) was obtained for TDCR ranging from 0.40
to 0.15.

Guerin has discussed a methodology for determination of 55Fe in urine samples
by LSC [73]. In NPP, other components of steel, such as Ni, Cr, Mo, Mn, Co, and
Zn apart from Iron, are also getting neuron activated and therefore interfere in the
measurement of 55Fe using LSC. To remove these interferences, chemical separation
techniques such as NH4OH co-precipitations [77], solvent extractions [78], ion-
exchange [73] and extraction chromatography [79] were employed previously. Two
analytical techniques such as solvent extraction using isopropyl ether and Tri-n-
Octylamine (TOA) chromatographywere discussed byCregan et al. for 55Fe bioassay
[78].

Reported recovery and MDA values for estimation of 55Fe in urine samples using
LSC are 90 ± 10% and 0.18 Bq L−1 respectively [73]. The developed methodology
is useful for assessment of the internal dose received by radiation workers following
an inadvertent intake of 55Fe.

5 Rapid Screening Method Based on LSC Measurements
for Estimation of Gross α/β Activities in Urine

5.1 Basis of α/β Discrimination

Photon intensity generated from a scintillation event is a function of time and displays
prompt (fast) and delayed (slow) components. The prompt component decays in few
nanoseconds,while the slow component decays in around 200–300 ns. The respective
light component in the prompt and delayed constituents is a function of specific
ionization and hence the type of particle instigating it [80]. Alpha particles give rise
to longer pulses due to the higher specific ionization. This phenomenon provides
the basis of Pulse Shape Analysis (PSA) for particle recognition and subsequent
discrimination of α particles from β.

Alpha radionuclides emanate high energy particles in the range 4–7 MeV. Alpha
being a highly ionizing (high Linear Energy Transfer (LET)) radiation, produces
fewer photons upon interaction with the liquid scintillation media. Their light yield
is 10 times lower than β. Regardless of being monoenergetic, α particles, exhibit
wider pulse height distribution peaks as compared to β particles. Accordingly, the
poor light yield, short range and higher specific ionization in case of α, eventually
results in deficient energy resolution (200–300 keV). Pulse height spectral peak of
5 MeV α particle will occur at 500 keV on the LSC pulse height scale. Thus, pulse
height spectra of α and β nuclides overlay despite the fact that energy of the α nuclide
is ~ 10 times higher than the β nuclide. Hence, it is challenging to quantify actinides
in the presence of β radionuclides in LSC.
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5.2 Radio-Analytical Technique Based on LSC
for Quantification of Actinides and β Emitters

In bioassay laboratories, conventional methods for the quantification of actinides and
beta emitters (90Sr) in urine samples involve radiochemical separation processes and
long counting time to obtain lower MDA values. Though these adopted techniques
are accurate and highly sensitive, themajor shortcomingwith the radiochemical sepa-
ration method is the longer turnaround time (nearly 1–2 weeks). Consequently, small
number of samples can be analysed in a given time interval, and hence these time-
consuming separation methods cannot to be employed in an emergency scenario [81,
82]. It is essential that in-vitro laboratories should develop alternate rapid methods
which can be implemented efficiently and adequately in radiological emergency
situations.

By employing LSC and PSA techniques, potential interference from β emitters in
the determination of actinides in urine samples, can be removed entirely without the
need of tedious and time-consuming radiochemical separation procedures. Alpha
LSC in combination with specific solvent extraction technique provides a viable
alternate for the determination of actinides without any intervention in urine samples.
Incentives of α LSC include insignificant quenching effects, nearly 100% counting
efficiencies, and lower background which results in an improved MDA.

InLSC, quenching is the detrimental feature that hinders the yield of light photons.
In LSC technique, three different quenching types are encountered viz.: physical,
chemical and colour quenching.These interferingprocesses are compensated through
careful sample preparation, use of quench calibration plots anddata correction.Viable
results using LSC will be obtained only when the impact of quench in the sample
matrix will be taken into account. In LSC, various factors such as quenching, type of
sample and scintillation cocktail used and the sample preparation techniques affect
the counting efficiencies [18]. Users need to optimize these parameters for efficient
determination of gross alpha/beta activities in urine samples.

Chemical conformation of urine can diverge for each person and even varies for
the same person from day to day. For this reason, chemical and colour quench vary
extensively from sample to sample. Therefore, initially impurity/quench associated
with each individual sample is quantified and quench parameter was obtained from
the LSC system. This primarymeasurement, in conjunctionwith a quench calibration
plot, allows calculation of the counting efficiency in consequence to a sample’s
quench level. To obtain optimal discrimination of α and β emitters, PSA has to be
set for each sample, vial type and scintillation cocktail used.

Generally, to calibrate the LSC system and for optimization of the PSA setting,
it is a usual practice to scan a pure α (214Am) and a pure β standard (36Cl or 90Sr/
90Y) at various PSA levels and then depending on the minimum misclassification of
α events in β and vice versa, PSA level is selected subsequent to a particular quench
level [20].

Nowadays there is an increasing trend of utilizing extractive reagents that are
miscible with liquid scintillation cocktails for the separation and analysis of actinides
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in urine samples. Development of extractive scintillators that facilitate minimum
quenching and improved α energy resolution has proven to be the key element in
practical LS spectrometry [83]. Alpha spectral resolution and sample quenching rely
on the type of extractant and the amount used to prepare the extractive cocktail [84].

Reese in his report in 2007, explained the detailed procedure for optimization of
various counting parameters for efficient and simultaneous alpha beta discrimination
in urine samples [85]. For radioactivity characterization of urine samples using LSC
as a screening technique in an emergency scenario, he suggested a novel concept
of ‘typical urine’. He employed Tri-Carb 2500TR LSC for measurement. Quench
is measured in this LSC, using a standard scale known as the transformed spectral
index of an external standard or tSIE. Quench value encountered for typical urine
samples was determined through a study of historic samples. Corresponding to a
quench parameter value of typical urine further counting parameters such as opti-
mized PSA, blank count rate, counting and spillover efficiencies and MDA values
were determined. These parameters can be used for quick and accurate measurement
of gross alpha and beta activities in urine samples in case of emergency scenarios
using LSC technique.

Sas, in 2017, discussed the direct addition of untreated urine sample to the scintil-
lation cocktail for determination of gross activities in urine sample [86]. The author
optimized various counting parameters based on Pulse Length Index (PLI) for effi-
cient discrimination of α and β radionuclides in the urine sample. He also studied the
dependence of the sample volume on the measurement efficiency. It was exhibited
that LSC proved to be a rapid and precise technique for the determination of gross
α and β activity in the urine matrix. Further various benefits of using LSC, such
as easy sample preparation, small counting time, high efficiency and measurement
sensitivity were highlighted in the study. Another advantage he emphasized while
employing TDCR instrument is that it corrects for probable chemical and optical
quenching which is crucial for activity quantification of β radionuclides.

5.3 Application of LSC Technique for In-Vitro Analysis
in Emergency Scenario

In radiological or nuclear emergency incident, valued evidence could be gained by
using LSC technique as it offers fast screening of urine samples collected from
probably contaminated persons. Recently Piraner et al. described the optimization
of LSC parameters for Tri-Carb and Quantulus GCT systems for rapid screening of
urine samples in an emergency scenario [87].

During emergency, valuable information could be gained using LSC technique
by rapidly screening urine samples of the affected inhabitants. For receiving timely
information, various methods have been examined, such as (1) usage of portable and
field-deployable LSC for the preliminary analysis of radionuclide concentrations in
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nasal swabs and urine samples [52], (2) gross α and β counting using LSC technique
for preliminary screening of bioassay samples [88, 89].

In view of this, various studies were carried out to investigate and optimize
different LSC parameters such as sample volume, counting time, quenching and
discriminator settings [90]. Optimization of time discriminator setting is a crucial
factor in LSC to identify and quantify individual radionuclides present in mixed
α/β sample. In modern LSCs, PSA or PLI software are provided. This adaptable
α/β discriminator offers simultaneous measurement of α and β nuclides in a single
sample without using time consuming, tedious radiochemical separation procedures.
Using this valuable feature, various researchers have employed LSC successfully as
a screening tool for rapid assessment of gross α and β activities in bioassay samples
[91–93].

In LSC, quenching poses major challenge in the assessment of the radiological
characterization of the sample. Particularly, in case of urine samples, varying amount
of chemical and colour constituents largely affect the counting efficiencies as well
as discriminator settings. In view of this, quench correction is mandatory for the
quantification of gross α and β activities in urine samples. These strategies assist the
researchers to determine optimum analysis time so as to hasten the decision for rapid
medical intervention, in case of radiation emergency [94, 95].

5.4 Rapid Determination of 226Ra in Urine Samples

226Ra is a long-lived radionuclide (t1/2—1600 years) which emits α particles with
energies of 4.60 MeV (5.9%) and 4.784 MeV (94.0%) to its daughter 222Rn. This
decay process is also accompanied by a γ emission of 186.2 keV (3.5%). The radi-
ological impact of radium on human health is not only due to radium isotopes
themselves but also due to exposure to their daughters in decay series.

US Environmental Protection Agency signifies 226Ra as a class A carcinogen, as it
amasses in bones and due to the agility of its gaseous daughter, 222Rn [96].Also, as per
the USNRC document, 226Ra is the precarious radionuclide in emergency scenarios,
such as a nuclear accident or Radiological Dispersal Device (RDD) detonation [52].

For determination of radium, commonly employed techniques are α spectrometry
[97], γ spectrometry [98], Inductively Coupled Plasma Mass spectrometry [99],
Cerenkov [100] and LSC [101, 102]. Among all these techniques, α spectrometry
is the most sensitive technique that facilitates isotopic analysis of radionuclides,
however it involves a complex sample preparation procedure for the separation of
radium from other alkaline earth metals [103]. Whereas in case of γ spectrometry,
γ rays emitted from 235U (185.7 keV) interfere with 226Ra gamma (186.1 keV).
Therefore, sample matrix effects (self-attenuation) and paired coincidence decays
need to be taken into account when analysing samples by γ spectrometry [104]. LSC,
instead, is proved to be rapid and precise technique for determination of radium and
radon in water samples due to its simplicity and promising results.
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Subsequent to the proposed medical intervention dose of 0.1 Sv (CED), for quan-
tification of 226Ra in urine matrix, an action level of 2.0 Bq L−1 is obtained [88].
Accordingly, MDA of 0.2 Bq L−1 is desirable for 226Ra in emergency urine samples.
As mandatory in emergency scenarios, high sample throughput and rapid analysis
time are prerequisites in cases involving 226Ra exposure [105]. The method proposed
by Sadi et al. was based on organic removal and urine decolourisation by a poly-
meric sorbentmaterial.While extraction and pre-concentration of 226Rawas achieved
using a dispersive liquid–liquid micro extraction technique and was done using LSC
technique. The MDA reported was 0.15 Bq L−1 which is lower than the required
sensitivity of 0.2 Bq L−1 for 226Ra in human urine samples.

5.5 Plutonium/Americium Estimation in Nasal Swab
Samples

Fuel reprocessing and fuel fabrication plants, come across different compounds of
Plutonium/Americium (Pu/Am). The predominant route of internal contamination
for radiation workers in these facilities is the airborne Pu/Am. It undergoes dissolu-
tion and reaches the circulatory system generally in a monomeric and soluble form
following inhalation/injection/wounds and/or ingestion [106] and gets deposited on
the bone surface, liver, gonads etc. with biological half-life of 50 y, 20 y and 10 y,
respectively [107]. Quick decisions concerning medical intervention and dose esti-
mation need to be taken in the event of incident related and/or emergency situation.
Nasal swab (NS) analysis for Pu/Am activity using LSC is the best indicator of
possible internal contamination by inhalation which provides isotopic composition
of the inhaled radionuclide a crucial input for CED.

However, additionally lung monitoring and bioassay analysis is carried out for
further confirmation. Overnight or 24 h collected urine sample is analysed to deter-
mine internal exposure. Analytical techniques like HR-ICPMS [108] or α spectrom-
etry [109] are adopted for the estimation of Pu/Am activity in bioassay samples.
Nevertheless, pre-concentration of actinides followed by ion exchange to separate
Pu/Am from the sample matrix is a pre-requisite prior measurement. A single sample
takes about 4–5 working days for complete analysis. Solvent extraction technique
coupled with LSC with α/β discrimination is a rapid method due to rapid measure-
ment and simple sample preparation for sequential isolation and determination of Pu
and Am activity in NS.

McDowell et al. studied the possibility of detecting and identifying α emitters in
low count-rate samples usingLSC techniques [110]. Techniques to control quenching
in extractive scintillators for α emitting nuclides have been developed by McDowell
and Coleman [111]. Quenching effects of 7 extractants were studied in detail and it
was observed that tributyl phosphate offers the least quenching. Quick and simple
nuclide specific determination of α emitters is possible with the application of LSC
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Fig. 4 Pu recovery with
various concentrations of
KBrO3
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coupled with selective extracting agents. Rapid determination of Pu activity on filters
and smears using α LSC was developed by Shaw [112].

Yang et al. [113–115] studied the interference of β and γ radionuclides in the
estimation of α emitters using extractive LSC. Panda et al. developed a rapid solvent
extraction technique coupled with LSC for sequential separation and estimation of
Pu/Am in NS samples [116]. HDEHP was used as an extracting agent in the Toluene
based scintillator. Various parameters for optimum extraction of Pu and Am were
standardized. Pu was converted into Pu(IV) state using KBrO3 as an oxidizing agent.
The authors obtained 96% Pu recovery at 0.05 M conc. of HNO3 and KBrO3 as
shown in Fig. 4.

About 95% Am was stripped into the aqueous phase using 0.35 M HNO3. 12 mL
of Optiphase HiSafe III cocktail was used to count 8 mL of extracted Am fraction in
LSC. Estimation of 241Pu is a very significant input parameter for CED computation
and in in-situ build-up of 241Am in lungs due to its decay as well.

6 C-14 Urea Breath Test for the Detection of H. pylori
Infection in Patients Using LSC

Helicobacter pylori is a large family of related spiral shaped bacteria which are
present in the stomach of vertebrates for the whole life span of the host [117].
Studies suggest that all human beings carry some or other closely related bacteria of
H. pylori family in their stomach. As per the studies these bacteria enter the human
body during childhood and carried by the host for the whole life span. It can be
transferred from human to human through body secretion and excretions such as
saliva, vomit or faeces [118].

H. pylori present in the stomach may cause cellular infiltration in the gastric
mucosa, known as chronic gastritis. Most people may not show any symptom, while
some may have increased risk of developing peptic ulcer, adenocarcinoma in the
antrum and body of the stomach. Researches also suggest an increased risk of non-
Hodgkin’s lymphoma of stomach (MALToma) in people who carry H. pylori. The
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cases of peptic ulcer and the gastric cancers of the antrum and body of the stomach
are declining in many countries where lesser cases of H. pylori colonisation in the
human stomach are reported. Elimination ofH. pyloriwith antimicrobial drugs heals
the ulcers and further reduces the risk of development of gastric cancers [118].

6.1 Urea Breath Test (UBT)

UBT is considered to be the gold standard technique to detect H. pylori worldwide.
It is based on the presence of an enzyme Urease in human body. The presence of
Urease enzyme in the body indicates the presence of some microbes. The most
common microbe which is urease positive that could be present in human stomach is
H. pylori. Urease enzyme hydrolyses the urea to ammonia and carbamate, which is
later converted to soluble carbon dioxide [119]. Hence introducing ‘Urea’ labelled
with either non-radioactive or radioactive carbon isotope to human stomach can be
to ammonia and labelled carbon dioxide, in the presence of H. pylori. This labelled
carbon dioxide will enter the blood stream and will be released through exhala-
tion. Thus, by collecting the breath samples of the patient in a specific medium and
analysing it with an appropriate technique can detect the presence ofH. pylori [120].

6.2 UBT Labelled with 14C

14C is a radioactive isotope of carbon which emits low energy beta of 156 keV(max)

and 49 keV(mean) energy. In 14C labelled UBT, the urea labelled with this radioac-
tive carbon isotope is prepared as a capsule which the patient takes orally after a
fasting period of 6 h. The radioactivity content is normally very low as 37 k Bq.
After 10 min of ingestion of the capsule breath sample of the patient is collected in a
specific trapping solution. The samples are further measured using Liquid scintilla-
tion technique. In case of H. pylori positive patients, an increase in 14CO2 happens
due to hydrolysis of 14C-urea by the urease enzyme from H. pylori. The 14C-urea
will remain unhydrolyzed in the absence of H. pylori, which will be absorbed in the
stomach and will enter the bloodstream. This will be further excreted through urine.

Studies on application of 14C UBT for detection of H. pylori is widely carried
out internationally by researchers while the studies and published data of the 14C
labelled UBT are limited in India. A few Indian researchers have published the
data on detection of H. pylori using 14C labelled urea breath test [121–123]. Tiwari
et al. in their study explains that the test is not so widely used in the country due
to limited availability of 14C labelled urea capsules. Board of Radiation and Isotope
Technology (BRIT) is the only institution authorised for the production and supply
of these capsules in India. Import of these capsules is very expensive. BRIT has
produced 37 k Bq 14C labelled urea gelatin capsules absorbed in non pareil seeds
in dry form. Efficacy of these capsules is studied by Tiwari et al. They have also
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Fig. 5 Schematic diagram of 14C labelled urea breath test [123]

studied the modified direct trapping of exhaled air into a trapping solution to replace
the previously used method of collecting the breath samples in a balloon and then
transferring it to a trapping medium. Tiwari et al. had set 3.3 Bq as cut off for trapped
breath sample being positive and value less than 3.3 Bq is negative for H. pylori
detection. The authors studied the use of 14C UBT in the breath samples collected
from the patients from a hospital in Mumbai [121]. Figure 5 shows the schematic
diagram of 14C labelled urea breath test.

The exhaled breath samples from the patients suspected withH. pylori is collected
before (blank) and after administration of 14C labelled urea capsules. The patient is
asked to ingest labelled urea capsulewith an activity of 37 kBqprepared indigenously
by BRIT.

The patient blows into the precisely titrated solution of Hyamine hydroxide with
thymolphthalein blue indicator (2mL) till the solution turns colourless. This trapping
solution changes its colour once a definite volume of CO2 is solubilized (normally
1 or 2 mmol of CO2). The amount of CO2 exhaled will vary from person to person,
hence the colour changing property of the medium helps in collecting a fixed amount
of CO2 from all patients. When sufficient CO2 is exhaled into the solution it becomes
acidic and turns colourless. The medium with dissolved exhaled breath is the sample
for the analysis and detection of H. pylori. A selected scintillator solution (10 mL
of scintillator to 2 mL sample or as optimised) is added to this and it is counted in
Ultra Low Level Liquid Scintillation Counter (Quantulus 1220) for 300 min (5 h).
The MDA of the system for this measurement is 45 m Bq. The net counts of the
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samples are converted to activity by using the standard radioactivity calculation. If
the sample has any 14C activity the subject is considered to be positive.

7 Conclusion

LSC has emerged as one of the major radio-analytical techniques for assessment of
various α and β radionuclides due to several substantial advantages such as utmost
~ 100% counting efficiencies for high energy β and α emitters, simple and rapid
sample preparation procedures, and spectral data processing capabilities. LSC is
widely employed for estimation of low (3H and 14C) as well as high energy (90Sr and
32P) β emitters in urine samples. A rapid extractive liquid scintillation spectrometric
technique using various extracting agents such as Sr-selective crown ethers, HDEHP
is developed and used extensively for the interference free estimation of 90Sr in
spot urine samples. Cerenkov counting technique is also used as a rapid screening
technique for estimation of 90Sr and 32P in urine samples. The detection limit reported
is ~ 10 Bq day−1 using Hidex 300 SL LSC for these high energy β emitters. LSC
is also used for estimation of electron capture radionuclides such as 125I and 55Fe.
The developed methodologies are useful for assessment of the internal dose received
by radiation workers following an inadvertent intake of 125I and 55Fe. Ultra-low
background and simultaneous quantification of α and β events are the key features of
PSA based LSC technique which facilitate determination of actinides at reasonably
low concentrations. A screening method for rapid estimation of gross-α and gross-β
activities in urine samples using LSC technique is advantageous for high throughput
screening of large number of individuals following a radiation emergency. Quick
decisions concerning medical intervention and dose estimation need to be taken in
the event of incident related and/or emergency situation. Nasal swab analysis for Pu/
Am activity using LSC is the best indicator of possible internal contamination and
also provides isotopic composition of inhaled radionuclide which is a crucial input
for CED. Development of LSC based rapid methods for analysis of various α and
β radionuclides, provide feasible alternative and can be implemented efficiently and
adequately in radiological emergency situations.
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Radiation Dose Assessment in Nuclear
Medicine

Kamaldeep

1 Introduction

NuclearMedicine is a branch of clinicalmedicinewhere unsealed radioactive sources
(radiotracers or radiopharmaceuticals) are used for diagnosis and/or treatment of
various diseases. Radiotracers or radiopharmaceuticals are the chemical compounds
which consist of a target specific molecule, labeled with a radioactive substance, and
used to deliver the radioactive substance to specific parts of the body. These radio-
tracers or radiopharmaceuticals, are administered to the patients via intravenous
or oral route. The distribution of a radiotracer and its temporal changes in the
body are traced by using external measurement of emitted penetrating radiations
for obtaining diagnostic information of various diseased states. During the treat-
ment of various disease states by using radiopharmaceuticals, higher amount of
radioactivity is administered to the patients with the intent of exploiting the ability
of radiations emitted from the radiopharmaceuticals, to kill the cancerous/diseased
cells at the target site [1]. In nuclear medicine it is desirable to assess the benefits
and risks from a particular nuclear medicine procedure, and assure that the benefits
accrued from the procedure outweigh the radiation related risks [2]. This assess-
ment can only be performed provided one knows the radiation dose delivered to
the patient for the given nuclear medicine procedure. In nuclear medicine it is diffi-
cult to estimate the radiation absorbed dose directly using some radiation detector
system. Instead, dose is estimated with the help of standardized phantoms or math-
ematical models using physical and biological data of the patients [3]. In diagnostic
nuclear medicine procedures, absorbed dose estimates from standardized phantom
or models may be appropriate as the amount of radioactivity administered is less,
hence absorbed dose levels are far less. In case of therapeutic nuclear medicine,
more individualized dose estimations are preferred. Several studies published in the
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literature [4–9] suggested that individualized dose estimates can prevent unwanted
therapies, improve therapeutic efficacy, and provide the platform for advancement
in the field of radionuclide therapies. In nuclear medicine procedures, the absorbed
dose to an organ/tissue is governed by radiopharmaceutical uptake, its retention and
clearance from the organ/tissue along with radioisotope physical half-life. Nuclear
medicine community currently does not have adequate resources for collection of
useful biokinetic or dosimetric data for radionuclide therapy procedures.

Currently, radionuclides therapies are conducted with the ‘one-size-fits-all’
protocol where all the patients are injected with similar amount of the radiophar-
maceutical compound [5]. Consequently, a large inter-patient variability in dose to
organ at risk and the tumor target, which is far from optimal, were observed and
reported in literature [6, 7]. The empiric, fixed dose regimen adopted widely may
result in suboptimal treatment with a low dose to the tumor in patients, particularly
those having high tumor burden. In view of this, there is need of patient-specific
dosimetry in patients undergoing radionuclide therapy. The administered activity
may be tailored for each individual patient such that the highest possible absorbed
dose may be delivered to the tumor while restricting the absorbed dose to critical
organs/tissues below the threshold dose to limit the onset of any deterministic effect to
these organs. This chapter describes the method for calculating the absorbed doses to
the tumor and normal organs from radionuclides administered for cancer treatment.

2 Nuclear Medicine Radiation Dosimetry

For successful therapy, dosimetry has been considered as a useful tool, and this
would allow maximizing the therapeutically administered radioactivity in patients
with low risk for toxicity thus reducing the administered radioactivity in patients
with high risk for toxicity. In principle, a personalized dosimetric approach based on
patient specific measurements can ensure the administration of a minimal effective
radiopharmaceutical compound, thereby minimizing the potential for long-term risk
to the patients. The fixed dosage administration protocols result in the delivery of a
very wide range of absorbed doses to the target organs [10]. In 1946, Seidlin et al.
[11] had calculated the cumulative absorbed doses to the metastases and later many
studies published in literature [12, 13] have used a blood absorbed dose of 2 Gy as
a surrogate biomarker for bone marrow toxicity, 300 Gy to ablate thyroid remanent
tissue, and 80 Gy to eradicate lymph node metastases.

The professional bodies which have immensely contributed in the development
of radiation dosimetry in nuclear medicine are the International Commission on
Radiological Protection (ICRP) and the Medical Internal Radiation Dose (MIRD)
Committee of the American Society of Nuclear Medicine [14, 15]. However, the
objective of both professional bodies is somewhat different. ICRP mission is to
emphasize the radiological protection of the worker who is occupationally (know-
ingly or accidentally) exposed to ionizing radiation. On the other hand, the MIRD
Committee provides guidelines, reports, and methods of absorbed dose estimation
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exclusively for the nuclear medicine patient. Since 1968, the MIRD schema has
provided a broad framework for the assessment of the absorbed dose to the organs
(as a whole), subregions in the tissue, voxelized tissue structures, and individual-
ized cellular compartments from internally deposited radionuclides for use in both
diagnostic and therapeutic nuclear medicine [16, 17]. At the same time ICRP also
formulated an almost identical dosimetry schema that includes physical quantities
such as absorbed dose, in addition, it has defined the radiation protection quantities;
equivalent dose and effective dose, to take account of relative biological effectiveness
(RBE) of all types of emitted radiations from the radiation sources and the radiosen-
sitivity of the individual organs to radiation induced stochastic effects (cancer induc-
tion due to mutation of somatic cells or heritable effects due to mutations of germ
cells) [18, 19]. ICRP has also come out with a series of publications on radiation
absorbed dose profiles of many radiopharmaceuticals used in nuclear medicine and
give recommendations on medical radiation exposure safety [20–24]. Both profes-
sional bodies i.e., ICRP andMIRD committee have developed parallel algorithms for
internal dose estimation, and these algorithms developed by both these professional
bodies are virtually identical as each uses the concepts of the source region where
the radiopharmaceutical is concentrated, and the target region where the absorbed
dose to be estimated, absorbed fraction in the target region, specific absorbed fraction
in the target region, reference computational phantoms for dosimetry and compart-
mental models for dosimetry describing biokinetic distributions of activity in the
human body. These two-dosimetry schema differs in nomenclature of fundamental
quantities and target application. To bridge this gap MIRD committee has published
a pamphlet Number 21 [15]. In this pamphlet; (1) the MIRD Committee restates
the MIRD schema for absorbed dose estimation in a manner consistent with the
needs of both the radiation protection and nuclear medicine communities using a
standardized nomenclature, (2) adoption of equivalent dose and effective dose by
MIRD committee for carrying out comparative evaluation of radiation-induced risks
of stochastic effects in patients who had undergone nuclear medicine procedures,
and (3) committee also advocates the need of dosimetry quantities for addressing the
deterministic effects (due to cell death or impairment of organ function after high
absorbed doses and dose rates) associated with radionuclide therapy.

2.1 The International Commission on Radiological
Protection Method

The ICRP internal dosimetrymodel is almost identical to that of theMIRDcommittee
[25]. Since ICRP mainly focuses on radiological protection of radiation workers,
hence, in ICRP method, the committed equivalent dose is calculated rather than the
absorbed dose. The committed equivalent dose is the total equivalent dose received
by the target region T in a period of 50 years following uptake of a radionuclide. As
per ICRP Publication 30 [25], its expression is,
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H50,rT = k
∑

rS

UrsSEE(rT ← rS) (1)

where, k is a constant (k = 1.6 × 10−13 Gy kg/Bq s) for the matching of units (the
committed effective dose has units of sieverts), Urs is the total number of trans-
formations in source region rS over a period of 50 years following intake of the
radionuclide (cumulated activity in the source region rS) (Bq s) and SEE(rT ← rS)
is the specific effective energy, equivalent to the modified MIRD S-factor with the
radiation weighting factor wR, its unit is Sv/(Bq s). In this equation, rT represents a
target region and rS represents a source region.

SEE(rT ← rS; t) =
∑

i wREiYiAF(rT ← rS; Ei ; t)
m(rT, t)

(2)

where, wR is the radiation weighting factor, Ei is the energy in MeV of radiation i ,
Yi is the yield of radiation i of energy E , AF(rT ← rS; Ei ; t) is the absorbed fraction
i.e. fraction of radiation energy Ei absorbed in the target region rT per emission of
radiation i within the source region rS at time t, and m(rT, t) is the time-dependent
mass of the target region rT in the reference individual.

For decades, ICRP has developed dose coefficients and other guidance related to
calculating doses to patients undergoing nuclear medicine procedures using radio-
pharmaceuticals. The dose coefficients presented in ICRP publications 106 (ICRP,
2008) [23], 128 (ICRP, 2015a) [24], 53 (ICRP, 1987) [20] and 80 (ICRP, 1998) [22]
are intended for diagnostic nuclear medicine and not for therapeutic applications.
Recently, ICRP in its publication ICRP 140 [26], provided a framework to perform
individual dosimetry to plan therapeutic procedures and to verify the absorbed dose
delivered to various organs and to the tumors.

2.2 Medical Internal Radiation Dose (MIRD) Schema

The MIRD schema was primarily developed for estimating the radiation doses
received by patients whowere administered with radiopharmaceuticals. This scheme
is not intended to be applied to a system of dose limitation for workers. In 1968,
MIRDCommittee provided its first set of instructions on nuclear medicine dosimetry
calculations [27]. Since then, the MIRD schema has evolved to accommodate
modern anatomical views by computed tomography (CT) or magnetic resonance
imaging (MRI), voxel-level activity distributions, Monte Carlo energy transport
codes, pharmacokinetic compartment models, and radiobiological response param-
eters. In recent years, nuclear medicine dosimetry has become a well-known field
and it provides a measure of the absorbed dose (i.e., the integral of the absorbed dose
rate) to a target region due to a temporally varying amount of activity in a source
region (Fig. 1). The source region and target region may be the same region, in fact in
radionuclide therapy the most important contributor to the radiation absorbed dose is
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Fig. 1 Absorbed dose
delivered to a target region
from one or more source
region containing
radioactivity. Adapted from
gray’s anatomy for students
[28]

cumulative activity present in the target region itself. The estimation of the radiation
absorbed dose to the target region from the radioactivity present in the source organ is
a three-step process [17]; (1) Quantification of amount of radioactivity and the dura-
tion of time for which the radioactivity is present in the source region, (2) Calculation
of total amount of radiation energy emitted by the time integrated activity present
in the source region, (3) Determination of fraction of radiation energy emitted from
the source region that is absorbed by the target region. The separate absorbed dose
contributions to the target region are summed over the various source regions and
the result provides the total absorbed dose to the target region.

2.2.1 Time Integrated Activity

Time integrated activity (MIRDpamphlet 21, 2019 [15]), previously known as cumu-
lative activity (MIRD Primer, 1991 [29]) is defined as the product of amount of
radioactivity and the duration of time for which the radioactivity is present in the
source region. It is denoted by ÃrS . Its SI unit is becquerel-second (Bq s) and the
traditional unit is µCi h (1 µCi h = 1.332 × 108 Bq s). It gives the total number
of disintegrations occurring during the time-period when radioactivity is present in
the source region. It has a direct relationship with the absorbed dose to the target
region; higher the cumulative activity present in the source region, higher will be
the absorbed dose to the target region. In case of nuclear medicine procedures, each
radiopharmaceutical has its own biodistribution pattern in the body depending upon
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Fig. 2 Time activity curve for a radiopharmaceutical in a source region

the uptake of the radiopharmaceutical in the organ/tissue, its metabolism, biolog-
ical clearance and excretion from the source region, and the physical decay of the
radionuclide labeled in the radiopharmaceutical. Therefore, the amount of radioac-
tivity present in a source region changes with time. If the time-activity curves of a
given radiopharmaceutical, for a particular-source region is known, then cumulative
activity in the source region can be obtained by calculating the area under the curve
(Fig. 2).

Mathematically, cumulative activity is expressed as:

ÃrS =
∞∫

t

A(t)dt (3)

It is assumed that the radiopharmaceutical is administered to the patient at time t
= 0 and is measured for complete clearance from the source region (t = ∞).

ÃrS = 1.44 TeffA0 (4)

where, A(t) is the radioactivity present in the source region rS at a given time= t ; A0

is the administered activity at t = 0; Teff is the effective half-life of the radionuclide
in the source region.
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Teff = TPTB
(TP + TB)

(5)

where, TP is the physical half-life of the radionuclide; TB is the biological half-life
of the radionuclide in the source region or it is the time-period in which radioactivity
from the source region is cleared to half of its original value by biological means.

2.2.2 Equilibrium Dose Constant

It is defined as the average energy emitted per nuclear transformation in the source
region. It is denoted by �. Its SI unit is Gy kg/Bq s and traditional unit is rad g/
µCi h. Equilibrium dose constant mainly depends on the energy of the radionuclide
emissions and their frequency of emissions.

Consider a radionuclidewhich emits only one type of radiation of energyE (MeV)
per decay.

1 Bq of this radionuclide will, thus, emit energy at a rate of

� = 1 × E
MeV

Bq s
(6)

� = 1.6 × 10−13 × E
J

Bq s
(7)

� = 1.6 × 10−13 × E
Gy kg

Bq s
(8)

where, 1 MeV = 1.6 × 10−13 J and 1 J = 1 Gy kg.
If a radionuclide emits more than one radiation then

�i = 1.6 × 10−13
n∑

i

Yi Ei
Gy kg

Bq s
(9)

where, Ei is the energy emitted by the ith radiation and Yi = yield of the ith radiation.
In traditional unit:

�i = 2.13
n∑

i

Yi Ei
rads g

µCi h
(10)

2.2.3 Absorbed Fraction

Absorbed fraction is defined as the ratio of the energy absorbed by the target region
rT from the ith radiation to the energy emitted from the source region rS by the ith
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radiation. In other words, it is the absorbed dose in the target region per nuclear
disintegration in the source region.

It is denoted by φi(rT←rS)
. It is a unitless quantity and is given by:

φi(rT←rS)
= Energy absorbed in the target organ per nuclear transformation

Energy released in the source organ per nuclear tranformation
(11)

The absorbed fraction depends on the size, shape and geometry of the target and
source organs, and on the characteristics of radiation.

In case of non-penetrating radiations

When source organ and target organ are same; φi(rT←rS)
= 1.

When source organ and target organ are different; φi(rT←rS)
= 0.

The absorbed fraction for the penetrating radiation varies from 0 to 1 depending
on the size and shape of the source and target organs, and the distance between the
source and target organs and energy of the radiation.

In a dosimetry calculation, a value of φ must be determined for each type of
emission from the radionuclide and for each source–target pair in the calcula-
tion. The values of the absorbed fractions are calculated based on the Monte Carlo
nuclear transport code that accounts for individual geometry, tissue compositions,
and absorber densities. These values are tabulated in many MIRD pamphlets and
MIRD primers for different types and energies of emissions from the radionuclide
and different source–target pairs.

The total energy absorbed by a specific target organ is given as

Total energy absorbed (Gy kg) = ÃrS

∑

i

φi(rT←rS)
�i (12)

2.2.4 Mean Absorbed Dose

The total energy absorbed by a specific target organ divided by the target organ
mass, MrT gives the mean absorbed dose (D(rT←rS)) to the target region from the time
integrated activity in the source organs.

D(rT←rS) = ÃrS

MrT

n∑

i=1

�iφi(rT←rS)
(13)

This equation is also called as general absorbed dose equations in the MIRD
schema which apply to all types of radiations and targets. The simplified form of the
general absorbed dose equation is:

D = ÃrS · S(rT←rS) (14)
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The value of S is given as

S(rT←rS,T) =
∑n

i=1 �iφi(rT←rS)

MrT

(15)

S is the mean absorbed dose per unit cumulated activity, commonly referred to as
the S-value (sometimes also known as the dose factor, DF). It has SI units of Gy/Bq s
and traditional unit of rad/µCi h. MIRD has complied ‘S’ factors for more than 110
radionuclides’ and 20 source target combinations [2]. Now a days, many dosimetry
software are commercially available, which have built-in S values and the weight
of the organs of human phantoms, in these software, where the users enter the total
number of disintegrations in the source regions and the absorbed dose to the target
organs can be computed.

2.2.5 Specific Absorbed Fraction and Dose Reciprocity Theorem

The absorbed fraction per unit mass of the target organ is known as the specific
absorbed fraction

�i(rT←rS) = φi(rT←rS)

MrT

(16)

In other words, it is defined as the fraction of radiation emitted in the source region
that is absorbed per unit mass of the target region.

According to dose reciprocity theorem for a given pair of source and target regions
the specific absorbed fraction is the same, regardless of which region is the source
or target;

�i(rT←rS) = �i(rS←rT) (17)

3 Radiation Dosimetry Softwares

Carrying out radiation dosimetry by using manual calculations for different source
and target combinations is a daunting and time-consuming proposition.Alternatively,
a software presents a practical means of calculating the absorbed dose to the target
region fromdifferent source regions. There aremany software developed for radiation
dosimetry and some of them are in current use. Few examples of available software
are MIRDOSE (MIRDOSE 1, MIRDOSE 2 and MIRDOSE 3), OLINDA/EXM
(OLINDA 1.0, OLINDA 1.1, OLINDA 2.0, OLINDA 2.1, OLINDA 2.2), IDAC-
Dose 2.1, DOSIsoft and many others based on the Monte Carlo code (OEDIPE,
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MABDOSE, MINERVA) [30]. In literature, the OLINDA/EXM software is exten-
sively used in many dosimetric studies in nuclear medicine therapeutic procedures
and details of this software are given below.

OLINDA/EXM

OLINDA/EXM, short for Organ Level Internal Dose Assessment/Exponential
Modeling, is a computer program created in 2004 to compute radiation absorbed
doses and kinetic modeling for radiopharmaceuticals [31]. This software determines
the radiation doses absorbed by various organs, tissues, or tumors of individuals
receiving systemically administered radiopharmaceuticals. It also conducts regres-
sion analysis on biokinetics data provided by users to facilitate calculations for
nuclear medicine drugs.

These computations play a vital role in assessing the risk-versus-benefit ratio
of both established and newly developed pharmaceuticals for diagnostic and ther-
apeutic purposes in nuclear medicine. They involve the utilization of various stan-
dard body models designed for adults, children, pregnant women, and other specific
demographics, widely recognized and employedwithin the internal dose community.
OLINDAversion 1 adopted largely similar calculationmethodologies asMIRDOSE,
with several updates. These include the incorporation of nearly 600 additional
radionuclides, encompassing alpha emitters, introduction of new organ phantoms,
refinement of the bone model, implementation of a code for analyzing biokinetic
data kinetics, and the capability to adjust organ masses to patient-specific values.

OLINDA version 2 introduces several significant enhancements [32], including:

• Incorporation of over 1000 radionuclides, encompassing alpha emitters.
• Introduction of next-generation, voxel-based realistic phantoms representing both

male and female subjects across six different age groups: newborn, 1 year, 5 years,
10 years, 15 years, and adult, including pregnant women at 3, 6, and 9 months of
gestation.

• Integration of voxel-based realistic phantoms for 3mouse, 5 rat, and 2 dogmodels,
enabling more precise animal dosimetry assessments.

• Adoption of a new set of decay data based on ICRP 107 standards, ensuring
updated and accurate data for dosimetry calculations.

• Inclusion of an option to incorporate radionuclide decay series, allowing for more
comprehensive dosimetry analyses.

• Incorporation of new tissue weighting factors based on ICRP 103 guidelines,
improving the accuracy of dose calculations.

• Implementation of a code for kinetic analysis of biokinetic data, facilitating more
detailed analysis of radionuclide kinetics.

• Capability to adjust organ masses to patient-specific values, enhancing individu-
alized dosimetry assessments.

• Ability to assign activity to the walls of hollow organs, providing more accurate
dosimetry calculations for these structures.
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4 Challenges in Radiation Dose Assessment

Accurately assessing radiation doses in nuclear medicine procedures poses a signifi-
cant challenge, primarily due to the need for precise determination of the biokinetics
of radiopharmaceuticals within normal organs and tumors. This involves under-
standing the uptake time, retention time, and clearance of radiopharmaceuticals
from these regions. Biokinetics are typically determined through direct measure-
ments, such as nuclear medicine imaging, as well as direct bioassays involving
blood, excreta, and tissue biopsy counting. Direct measurements using imaging tech-
niques must consider various factors to ensure accuracy. These include the geom-
etry and density of the source organ or tumor, its size and mass, potential overlap
by surrounding tissues or organs, the distance between the tissue or organ and the
detector, and the spatial distribution of activity within the tissue or organ. Addition-
ally, factors such as detector background, detector dead time, and photon attenuation
and scatter can influence the accuracy of direct counting when measuring the correct
amount of time-integrated activity.

In nuclear medicine, organ activity measurements are often conducted using cali-
brated nuclear imaging systems, which include planar gamma cameras (anterior/
posterior imaging), SPECT, PET, and single crystal photon detectors (such as sodium
iodide or other scintillators). When precise quantification of radiopharmaceuticals
in tumors or organs isn’t feasible, estimates of radioisotope quantity can be derived
using biokinetic modeling for those organs. The accuracy of this assessment relies
heavily on the validity of the biokinetic model employed. Dosimetric modeling can
be valuable in situations where data are scarce, but these models are typically not
customized for individual patients. Therefore, potential inaccuracies introduced by
such models should be taken into account when interpreting the results.

5 Conclusion

The growing application of radiopharmaceuticals in cancer treatment holds promise
for offering new therapeutic avenues to patients. A key challenge in all radionu-
clide therapies is to transition from a “one-size-fits-all” approach to a personalized
dosing regimen. The goal is to optimize the efficacy of radiopharmaceuticals in
treating cancer while minimizing the potential side effects and complications in
normal tissues, aiming to maximize the therapeutic benefit.

In radionuclide therapy, the amount of radiation absorbed by an organ or tissue is
influenced by individual patient biokinetics, including uptake, retention, and clear-
ance, which can vary significantly from one patient to another. Therefore, measuring
the biokinetics of radiopharmaceuticals is crucial for accurately assessing the internal
radiation dose in patients undergoing radionuclide therapy. Given the variations
in biokinetics among patients, personalized dosimetry must be conducted for each
individual.
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In essence, a fully personalized dose strategy based on patient-specific measure-
ments can ensure that radionuclide therapy is administered at an appropriate
radioactivity level without surpassing toxicity thresholds in normal organs and
tissues.

References

1. Volkert WA, Hoffman TJ (1999) Therapeutic radiopharmaceuticals. Chem Rev 99(9):2269–
2292

2. Cherry SR, Sorenson JA, Phelps ME (2012) Physics in nuclear medicine, 4th edn. ISBN:
978-1-4160-5198-5

3. Chandra R (2004) Nuclear medicine physics: the basics, 6th edn. ISBN: 978-0-7847-4753-0
4. Stabin MA, Flux GD (2012) The use of dosimetry in the planning of patient therapy. In: Baum

RP (ed) Therapeutic nuclearmedicine,medical radiology. Radiation oncology. Springer-Verlag
Berlin Heidelberg, Berlin. https://doi.org/10.1007/174_2012_739

5. Stabin MG (2008) Fundamentals of nuclear medicine dosimetry. ISBN: 978-0-387-74578-7
6. JonssonH,Mattsson S (2004) Excess radiation absorbed doses from non-optimised radioiodine

treatment of hyperthyroidism. Radiat Prot Dosim 108:107–111
7. Sisson JC, AvramAM, Rubello D et al (2007) Radioiodine treatment of hyperthyroidism: fixed

or calculated doses; intelligent design or science? Eur J Nucl MedMol Imaging 34:1129–1130
8. Strigari L et al (2014) The evidence base for the use of internal dosimetry in the clinical practice

of molecular radiotherapy. Eur J Nucl Med Mol Imaging 41(10):1976–1988. https://doi.org/
10.1007/s00259-014-2824-5

9. Chiesa C, Castellani MR, Vellani C, Orunesu E, Negri A, Azzeroni R, Botta F, Maccauro
M, Aliberti G, Seregni E, Lassmann M, Bombardieri E (2009) Individualized dosimetry in the
management ofmetastatic differentiated thyroid cancer. Q JNuclMedMol Imaging 53(5):546–
61. PMID: 19910908

10. Flux GD, Haq M, Chittenden SJ et al (2010) A dose–effect correlation for radioiodine ablation
in differentiated thyroid cancer. Eur J Nucl Med Mol Imaging 37:270–275

11. Seidlin SM, Marinelli LD, Oshry E (1946) Radioactive iodine therapy; effect on functioning
metastases of adenocarcinoma of the thyroid. JAMA 132:838–847

12. BenuaRS, CicaleNR, SonenbergMet al (1962) The relation of radioiodine dosimetry to results
and complications in the treatment of metastatic thyroid cancer. Am J Roentgenol RadiumTher
Nucl Med 87:171–182

13. Maxon HR 3rd, Englaro EE, Thomas SR et al (1992) Radioiodine-131 therapy for well differ-
entiated thyroid cancer—a quantitative radiation dosimetric approach: outcome and validation
in 85 patients. J Nucl Med 33:1132–1136

14. ParlandBJM (2010)Nuclearmedicine radiation dosimetry. In:Advanced theoretical principles,
vol XXXII. Springer-Verlag, London, p 610

15. BolchWE,EckermanKF, SgourosG,ThomasSR (2009)MIRDpamphletNo. 21: a generalized
schema for radiopharmaceutical dosimetry—standardization of nomenclature. J Nucl Med Off
Publ Soc Nucl Med 50(3):477–484

16. Bolch WE, Bouchet LG, Robertson JS et al (1999) MIRD pamphlet no. 17: the dosimetry
of nonuniform activity distributions: radionuclide S values at the voxel level. J Nucl Med
40(suppl):11S–36S

17. Howell RW, Wessels BW, Loevinger R, Watson EE, Bolch WE, Brill AB, Charkes ND, Fisher
DR, Hays MT, Robertson JS et al (1999) The MIRD perspective 1999. Medical Internal
Radiation Dose Committee. J Nucl Med Off Publ Soc Nucl Med 40(1):3s–10s

18. International Commission on Radiological Protection (2007) The 2007 recommendations of
the international commission on radiological protection. ICRP publication 103. Ann ICRP
37(2–4)

https://doi.org/10.1007/174_2012_739
https://doi.org/10.1007/s00259-014-2824-5


Radiation Dose Assessment in Nuclear Medicine 693

19. International Commission on Radiological Protection (1990) 1990 recommendations of the
international commission on radiological protection. ICRP publication 60. Ann ICRP 21(1–3)

20. International Commission on Radiological Protection (1987) Radiation dose to patients from
radiopharmaceuticals. ICRP publication 53. Ann ICRP 18(1–4)

21. International Commission on Radiological Protection (1991) Radiation dose to patients from
radiopharmaceuticals: addendum 1 to ICRP publication 53. ICRP publication 62. Ann ICRP
22(3)

22. International Commission on Radiological Protection (1998) Radiation dose to patients from
radiopharmaceuticals: addendum 2 to ICRP publication 53. ICRP publication 80. Ann ICRP
28(3)

23. International Commission on Radiological Protection (2008) Radiation dose to patients from
radiopharmaceuticals: addendum 3 to ICRP publication 53. ICRP publication 106. Ann ICRP
38(1/2)

24. International Commission on Radiological Protection (2015) Radiation dose to patients
from radiopharmaceuticals: a compendium of current information related to frequently used
substances. ICRP publication 128. Ann ICRP 44

25. InternationalCommissiononRadiological Protection (1979)Limits for intakes of radionuclides
by workers. ICRP publication 30. Ann ICRP 2(3–4)

26. International Commission on Radiological Protection (2019) Recommendations of the inter-
national commission on radiological protection. ICRP publication 140. Ann ICRP 40(1)

27. Loevinger R, Berman M (1968) A schema for absorbed-dose calculations for biologically-
distributed radionuclides. MIRD pamphlet no. 1. J Nucl Med 9(suppl 1):7–14

28. Richard LD, Wayne AV, Adam WMM (2015) Gray’s anatomy for students, 3rd edn. ISBN:
978-0-7020-5131-9

29. Loevinger R, Budinger TF, Watson EE (1991) MIRD primer for absorbed dose calculations,
Revised. The Society of Nuclear Medicine, New York, NY

30. McParland BJ (2010) Nuclear medicine dosimetry. In: McParland BJ (ed) Nuclear medicine
radiation dosimetry: advanced theoretical principles. Springer London, London, pp 455–477

31. Stabin MG, Sparks RB, Crowe E (2005) OLINDA/EXM: the second-generation personal
computer software for internal dose assessment in nuclear medicine. J Nucl Med Off Publ
Soc Nucl Med 46(6):1023–1027

32. Stabin MG, Siegel JA (2018) RADAR dose estimate report: a compendium of radiopharma-
ceutical dose estimates based on OLINDA/EXM version 2.0. J Nucl Med Off Publ Soc Nucl
Med 59(1):154–160



Internal Radioactive Contamination
Monitoring During Off-Normal
Situations

Rajesh Sankhla, Prathibha Pradosh, and Rahul Roy

1 Introduction

Hazards related to the radiation emergencies are due to the energy released from a
nuclear chain reaction or from the daughter products or radiation exposure from a
source.

The radiation emergencies can be classified as nuclear emergencies or radiological
emergencies.

Nuclear Emergency

Nuclear emergencies involve the release of energy from a nuclear chain reaction or
decay of the products from a chain reaction [1]. Nuclear Emergency may occur due
to accidents at nuclear reactors (e.g., Chernobyl, Three Mile Island and Fukushima
accidents), nuclear explosions/nuclear attack, sabotage of a nuclear facility (with
fissile chain reaction initiated), detonation of Improvised Nuclear Device (IND), etc.

Radiological Emergency

Radiological emergencies are situations involving a radiation exposure from a
radioactive source. It can involve a non-fissile radioactive material undergoing
spillage, spread (e.g., Goiania) or due to accidents involving medical or industrial
radiation sources, transport accident involving consignment of radioactive mate-
rial, radioactive dispersal device (RDD)/Radiological exposure device, fire incidents
involving radiation sources etc. When referring to an emergency situation regardless
of its type, “radiation emergency” term is often used [1].

Radiation emergency is a major concern as it can impact human health and the
environment considerably. The intensity of the impact will be dependent on the scale
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of emergency, type of radiation and exposure pathways, duration and the individual
factors (age, gender, health condition) of the exposed individual. During a radia-
tion emergency, people may get exposed to very low radiation doses which may
not cause any clinical manifestations or to high doses which can cause radiation
injuries and can even be fatal [1]. During a radiation emergency, there should be an
immediate response from authorities, regulatory bodies, etc. for urgent protective
actions to ensure that the damages caused by such a situation is minimum. Emer-
gency preparedness and response strategies play a significant role in nuclear safety
and security.

1.1 Scale of Nuclear and Radiological Emergencies

The International Nuclear and Radiological Event Scale (INES) was introduced in
1990 [2] by IAEA and the OECD Nuclear Energy Agency (OECD/NEA). The scale
designed is used for prompt communication to the public about the safety significance
of events. The nuclear events are classified into seven categories. Levels “1–3” are
classified as incidents and Level “4–7” are classified as accidents. Events without
nuclear safety relevance are classified as “Below scale/Level 0”. In order of increasing
severity, the distinct phrases have been attributed to each level of INES.

1.2 Scenarios Under Which Internal Contaminations Can
Occur

A nuclear and radiological emergency can lead to radioactive contamination of the
environment as well as human subjects. The radioactive contamination could be
external or internal depending on the severity of the incident/accident. Different off-
normal situations that may lead to internal radioactive contamination can be listed
as

(i) Use of radiological dispersal device (RDD)
(ii) Sealed radioactive source incidents
(iii) Incidents involving contamination of food or water supplies
(iv) Transport accidents involving radioactive materials
(v) Improvised nuclear device
(vi) Nuclear reactor accidents
(vii) Incidents at other nuclear facilities.

Radiological Dispersal Device

A radiological dispersal device (RDD), which is commonly referred to as a “dirty
bomb”, uses either conventional explosives or some other mechanism to spread
radioactive contamination [3]. A radioactive material can be incorporated into an
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explosive device, detonation of which may lead to an explosion causing the spread
of radioactive materials over a large area. Such an explosion can lead to high levels
of external contamination as well as internal contamination of general public either
by inhalation and ingestion or injection of radioactive materials through the wound.
The commonly encountered radionuclides in such an emergency include 60Co, 137Cs,
192Ir.

Sealed Radioactive Source Incidents

There are many incidents reported as a lost radioactive source that have resulted
in human injury [4]. The radiological hazard associated with a sealed radioactive
source depends on many factors such as the activity, the type of radiation emitted,
distance from the source, and time of exposure. Most of the sealed sources may
contain many terabecquerel of activity and an intact source will not cause radioactive
contamination. But any accidental release from a physically damaged source can
cause large-scale contamination to the environment and can also result in internal
contamination of the public. The accidental exposures happened in Goiânia, Brazil
[5] and accidental melting of a radioactive source at the Acerinox Facility in Los
Barrios, Spain in 1998 [6] are examples of such incidents. The contamination due to
Goiânia incident caused four deaths. Most of the sealed radioactive sources in use
are 137Cs or 60Co.

Contamination of Food or Water Supplies

Food and water supplies may become contaminated following an accident involving
radioactive materials or by introducing radioactive materials to food or water supply
deliberately and surreptitiously.

Improvised Nuclear Device

An improvised nuclear device (IND) is a nuclear weapon and it refers to any type
of explosive device designed to cause a nuclear explosion [3]. Such a nuclear explo-
sion can cause a mass casualty as well as extensive radioactive contamination. The
radioactive contamination due to a nuclear detonation will include a number of
radioactive fission products such as radioisotopes of iodine, cesium, strontium, etc.

Nuclear Reactor Accident

An accident at a nuclear reactor facility can cause a widespread radioactive contami-
nation in and around the site. A large-scale contamination incident at a nuclear power
plant will have fission and activation products. It may lead to the contamination of
workers and residents. Two nuclear power plant accidents that were of heavy impact
are Chernobyl and Fukushima NPP accidents. The major radionuclides of concern
during these two accidents are presented in Table 1.

Large-Scale Fires and Incidents

Many nuclear facilities have experienced large-scale fire incidents and such an inci-
dent can cause accidental spread of radioactive materials. A fire incident or explosion
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Table 1 Major radionuclides
released to the environment
due to Chernobyl and
Fukushima Daiichi NPS
accidents

Radionuclide Radioactivity (PBq)

Chernobyl NPSa Fukushima Daiichi NPSb

Xe-133 6500 11,000

I-131 1760 160

Cs-134 47 18

Cs-137 85 15

Sr-90 10 0.14

Pu-239 1.3E−2 3.2E−6

a Reference [7]
b Report of Japanese Govt to the IAEA ministerial conference on
nuclear safety (June 2011)

will initially lead to have the radioactive material to be airborne with varying particle
sizes, resulting in external and internal contamination.

2 Radiation Emergency Preparedness

The growing global concern of nuclear and radiological accidents/incidences has
intensified the planning and preparedness for effective response to dealwith such kind
of emergencies worldwide. For successful implementation of emergency manage-
ment program, the practical goals of emergency response plan should be established.
To achieve these goals, the inputs required should be specified and quantified.

The establishment of criteria for planning, preparedness, and response for nuclear
and radiological emergency as recommended by IAEA takes into account the
projected dose, averted dose, and residual dose during an emergency [8, 9].

2.1 Reference Levels

In emergency exposure situations, the reference levels are defined as the levels of
doses or risks, above which it is judged to be inappropriate to plan to allow exposures
to occur and for which protective actions should be planned and optimized. The
establishment of reference levels helps in the decision-making by nodal authorities
and regulators not only during emergency situations but also during post-emergency
recovery phases of nuclear or radiological accident. As recommended by IAEA [8]
andAERB [9], the reference level for protection of public during emergency situation
is set within an effective dose (in terms of residual dose from all exposure pathways)
range of 20–100 mSv, where the residual dose is defined as the dose expected to be
incurred in the future after protective actions have been terminated (or a decision has
been taken not to implement protective actions).
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The 1–20 mSv per year; reference-level band is recommended for existing expo-
sure situations which include the post-accident recovery phase. Actions during this
phase include decontamination of environment, waste management and the return of
the population following an evacuation or long-term relocation.

The overall aim of protection strategy followed during an emergency scenario is
the reduction of the exposure below the reference level. Protective and other actions
carried out during emergency is based on generic and operational criteria to ensure
that the exposure does not exceed the reference level.

2.2 Operational Criteria for Deciding Reference Levels

The operational criteria are based on the generic criteria. Operational criteria include
(a) EmergencyActionLevels (EAL)—a specific, predetermined, observable criterion
used to detect, recognize, and determine the emergency class, i.e., abnormal facility
condition, (b)Operational InterventionLevels (OILs)—a set of ameasurable quantity
that corresponds to a generic criterion. OILs [10] are typically expressed in terms of
dose rates or activity of radioactivematerials released like time integrated air concen-
trations, ground or surface concentrations, or activity concentrations of radionuclides
in environmental, food or water samples, i.e., field and laboratory measurements
and (c) Observables—condition on the scene (by operator or first responders); for
decision-making on emergency categorization and initiating the protective actions.
Operational criteria are established in advance by using the generic criteria and these
are normally the observables (control room indications, radiation and contamination
levels in public domain etc.).

2.3 Basis for Decorporation Decisions

The radionuclides that enter the human body will be deposited based on intake
pathway and chemical behavior of the radionuclide. When high intake of radioac-
tive substance happens, as in case of a radiation emergency scenario, the natural
removal mechanism of the body will not be sufficient for the fast excretion of these
contaminants from the body. The natural excretion processes need to be accelerated
by the use of some specific drugs or chemical agents to impede the deposition of
radionuclides in organs or tissues, thereby avoiding accumulation and retention of
radionuclides in the body. The process of enhancing the biological removal mecha-
nism of the body by chemical or biological agents is known as decorporation [11].
The decorporation includes the procedures for reduction in absorption, prevention of
incorporation and internal deposition of radionuclides within organs, and promotion
of elimination or excretion of absorbed nuclides. The decorporation is achieved by
methods such as blocking and isotopic dilution, displacement, use of ion exchange
resins, mobilization, and chelation.
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Table 2 Generic criteria for decorporation in emergency exposure situations [11]

Risk Value
(%)

Actions

Risk of development of
sever deterministic effect

> 0.5 Reasonable decorporation action is expected to be
undertaken as early as possible

Risk of development of
radiation induced cancer

≥ 1 Reasonable decorporation action is required to minimize
lifespan risk of radiation induced cancer

Risk of development of
radiation induced cancer

< 1 No decorporation required

The decorporation mechanism and therapies may also have its own side effects.
Hence, decorporation therapy should be carried out based on the risk identifica-
tion. Sometimes an immediate decorporation therapy may be required based on
the strength of evidence, preliminary or early assessments and/or clinical judgment.
Long-term decorporation procedure should be followed only after proper assessment
of intake. If there is a severe risk of deterministic effect, reasonable decorporation
actions are expected to be carried out [11], promptly. Table 2 gives the generic criteria
for decorporation. If risk of stochastic effects is identified, decorporation should be
carried out in accordance with the appropriate operational intervention level (OIL).

2.4 Basis for the Use of OILs for Decorporation

IAEA Safety Standards Series No. GSR Part 7 [8], defines an OIL as “A set level of
a measurable quantity that corresponds to a generic criterion” or “A calculated level,
measured by instruments or determined by laboratory analysis, that corresponds to
an intervention level or action level [12]. An OIL is a type of action level that is used
immediately and directly (without further assessment) to determine the appropriate
protective actions on the basis of an environmental measurement.” Table 3 presents
the list of some radionuclides with reference level of intake (RLI). These values
correspond to the generic criteria for use of decorporation treatment [11].

Table 3 Minimum values of
reference level of intake
(RLI) for important high
energy photon emitters
corresponding to the generic
criteria [11]

Radionuclide RLI (Bq) Radionuclide RLI (Bq)

H-3 2.6E9 Ru-106 1.7E7

Mn-54 6.3E7 Ag-110m 8.2E6

Co-58 4.7E7 Sb-125 2.2E7

Co-60 3.7E6 I-131 4.5E6

Rb-86 2.8E7 Cs-134 7.2E6

Zr-95 1.8E7 Cs-137 9.9E6
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The intake of radioactive material by an individual can be quantified by measure-
ment of radionuclides distributed in whole body or retained in an organ or tissues or
from the excretion rates of radionuclides from the body (using biokinetic models).
OILs for decorporation are based on this relationship. In-vivo bioassays and invitro
bioassays can be used for internal dose assessment and for calculation of and estab-
lishment ofOILs.OILs are calculated quantities that can bemeasured by instruments,
either directly or after analyses in a radiochemical laboratory followed by measure-
ment. These values correspond to Reference Level of Intake for the decision on
decorporation to avoid severe deterministic effect or future occurrence of stochastic
effects.

TheOIL is the radionuclide specific, time (t) dependent function of corresponding
RLI:

OILR(t) = RLI ∗ fT,R(t)

where f T,R(t) is the time dependant radionuclide specific retention function for in vivo
monitoring or the radionuclide specific excretion function for in-vitro bioassaymoni-
toring. To limit harmful effects of decorporation, the decorporation therapy need not
be used for intake less than one tenth of the minimum value of RLI [11].

3 Importance of Internal Contamination Monitoring
During Radiation Emergency Situation

The reactor accidents like Chernobyl, Fukushima have demonstrated that environ-
mental radioactive contamination due to nuclear accident cannot be completely elimi-
nated in spite of strict regulations. Similarly, accidents involvingmedical or industrial
radiation sources, transport of radioactive materials, misuse of orphan sources etc.,
can also lead to radiological emergencies causing exposure to the public. In such
radiation emergency situation, radioactive release may cause contamination at on-
site/or off-site and may require rapid response to assess contamination and mitigate
potential exposure to workers at nuclear facility and the general public.

In the management of radiation emergency, it is essential to assess the radiation
exposures to the people in the affected areas. Hence, an essential component in the
emergency management program is the monitoring of internal contamination [13].
In such circumstances, the existing fixed set-ups or installations may be of limited
use because they may be located far from the affected site and also it is difficult to
ferry large number of contaminated (external + internal) individual public to such
facilities. However, some of the affected public may be referred to such facilities
after initial screening of radioactive contamination for precise measurements.

During the assessment and remedial actions taken following the Chernobyl,
Fukushima, and Goiania accidents, the experience showed that there is an acute need
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of Internal ContaminationMonitoring Units (ICMU) for conducting large-scale indi-
vidual monitoring of internally contaminated people using simple, readily available
systems/equipments and improvised techniques. It is necessary to arrange required
suitable portable monitoring systems, which can be easily assembled, transported
and used for long duration even during power outages. Such systems must be able
to acquire useful data in a reasonably short time so that monitoring of a large group
of contaminated people can be carried out.

In a nuclear accident, the gamma emitters such as 131I, 132Te,–132I, 137Cs, 134Cs,
and 103Ru are the main contributors [14] to the radiation dose to human body mainly
entering through inhalation. Therefore, following a nuclear accident, whole body
and thyroid monitoring are essentially required for a correct dose assessment of the
individual.

For whole body and thyroid measurement, the system mostly consists of one or
more spectrometry instruments (for identifying and quantifying different gamma
emitters in mixture of radionuclides) and handheld NaI(Tl) instruments (both
unshielded and shielded). For internal contamination monitoring, different radio
nuclides incorporated in the body give rise to different doses as each radionuclide
follow specific biokinetic and dosimerty behavior result in different doses. There-
fore, it is necessary to use spectrometry systems for identification and quantification
of individual radionuclide incorporated in the body.

4 Guidelines for Internal Contamination Monitoring

4.1 Monitoring Program: Objective and Design

The International Commission on Radiological Protection (ICRP) has formulated
basic principles for planning urgent actions following major radiation accidents and
these are reflected in the IAEA’s Safety Series documents [3]. In establishing the need
for certain counter measures and judging their effectiveness, assessments of internal
radioactive contamination are required on a large scale. The aim is to identify those
at risk who could benefit from early medical intervention and those whose lower
levels of contamination may justify a recorded assessment of committed dose [13].

In this situation, nodal agency must plan to set up, independent internal contami-
nation monitoring units using equipment which has either been developed/acquired
specially for emergency preparedness plan or which can be brought from other facil-
ities in short notice. The nodal agency should also formulate a plan for monitoring
which makes the best use of resources to get the required information as quickly as
possible.

During the primary screening procedure, people are categorized [13] into three
groups according to predetermined levels of estimated internal contamination after
screening/triage.
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Group I People with internal contamination below action level A. The group is
not of particular concern. They may be monitored at a future stage for
statistical or epidemiological purposes (withmore sensitive equipment).

Group II People with internal contamination between action levels A and B.
After the initial survey they would be directed to separate facilities
for more thorough evaluation, may require gamma ray spectrometry
measurements.

Group III People with internal contamination above action level B. They are
referred to specialists for prompt and accurate assessment with gamma
ray spectrometers suited to investigate high levels of contamination. If
required appropriate medical treatment to be considered for the group.

IAEA has provided a general guideline [13] for setting up the decision levels
for A and B, depending on the emergency scenarios such as number of persons
to be screened, available monitoring systems/equipments, measurement range and
capacity for more rigorous monitoring, etc. IAEA TECDOC-746 mentions an
example for this as, CED values of 0.5 and 50 mSvmay be considered as appropriate
decision levels and the equivalent internal contamination levels as action level (A
and B). The document clearly mentions that the action levels are to be established by
the authorities such as, the decision-making nodal agency and regulatory board. The
authorities should select appropriate action levels in terms of Committed Effective
Dose (CED) based on the prevailing situations.

Internal contamination monitoring during emergency scenario includes in-vivo
(direct monitoring) and in-vitro bioassay (indirect monitoring). Figure 1 presents
the procedure followed during internal contamination monitoring during emergency
situations.

5 Important Considerations of In-Vivo Monitoring Systems
for Field Deployment During Emergency Monitoring

5.1 Location of Internal Contamination Monitoring System

The field deployable in-vivo monitoring units or monitoring systems should be
deployed where the levels of natural background radiation are not unusually high
and the place where the minimum contamination from the incident is present. The
preliminary screening and segregation should be carried out in an area appropriate to
the potential demand. It should be spacious enough for adequate separation between
(i) people awaiting initial monitoring, (ii) those being monitored, (iii) those awaiting
transfer for further assessment, and (iv) there should be enough place for temporary
collection of contaminated clothing [13].
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Is person 
is severely 
injured?  

Send for medical 
treatment 

No

Yes

Present for screening

Register

Check for radia on 
contamina on

Allow to leave, advice to 
shower and change clothes

Is contamina on 
<= instrument 
background?  

Yes

No

Check for external contamina on

Send for personal 
decontamina on 

Is external 
contamina on 

present?  

Yes

Confirm decontamina on 
done No

Check for internal contamina on

Fig. 1 Flowchart for recommended procedures of internal contamination monitoring during
radiation emergency [13]
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Medical interven on  or 
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Fig. 1 (continued)

5.2 Control on External or Surface Contamination
on the Subject

During the initial screening, there is a possibility of spurious assessments as the
subjects may have loose surface contamination on their clothing and/or on the body.
A screening should be carried out for external contamination on persons involved
in a radionuclide contamination incident and if external contamination is observed
the person should be sent for decontamination. Care should be taken to avoid the
contamination of monitoring probe and the staff handling the survey instruments
should wear Personal Protective Equipment (PPE). For subjects showing levels >
A (level A decided by the nodal agency/the regulatory board), then the subjects
should be instructed to take bath/shower, change of clothing and to be checked for
external loose contamination if any before re-monitoringwhich should be undertaken
preferably with other internal contamination monitoring unit (duplicated facility).
Sometimes the external decontamination may be incomplete or may not be practical
as it can damage the skin. Studies report that ~ 80–90%of contamination is eliminated
if outer clothing of the contaminated individual is changed [11]. There is always
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a possibility of persistent external contamination which needs to be considered.
Any difference between anterior or posterior survey results can be considered as an
indicator of external contamination due to gamma-emitting radionuclides.

In case of field deployable monitoring units, the effects of fluctuating airborne
contamination may be difficult to be avoided. So, in such scenario, it is advisable to
check the background response of the systems as frequently as possible. This may
also help to identify if is there any system contamination.

Once the issues associated with external contamination are sorted out, the persons
should be screened for internal contamination. It should be ensured that medical care
is not delayed irrespective of screening for external or internal contamination.

5.3 Systems Required for Internal Contamination Monitoring

The basic requirements for the instruments being used for screening are adequate
sensitivity, portability, ease of handling, durability for long operation in the field and
also the system should have malfunction indicator. The system should be sensitive
enough to detect the lower level “A” of the action level (CED).

The instruments that will be used for internal contamination monitoring should be
calibrated for whole body (or organ) content, both while measuring in contact or at
an increasing distance. If, the radionuclides that are expected to be present is widely
dispersed or uniformly distributed in the body then the measurement at abdomen
region is the suggested choice.

Initial measurements are to be carried out by keeping the detector probe in contact
with the subject’s abdomen. If a positive response is obtained, then the probe should
be moved to larger distance for which both (i) a statistically adequate response could
be recorded and (ii) efficiency calibration is available. Measurements at increasing
distances are particularly important when the survey monitor is a GM detector to
exclude the possibility of overloading effects. Survey monitors incorporating scintil-
lation detectors are preferable than a Geiger–Muller (GM) detector due to the lower
detection level and capability to identify contaminants.

The background response of the instrument should be recorded periodically during
the daily monitoring program. For a more detailed monitoring of the subjects,
spectrometry-based field deployable or laboratory-based whole body monitors,
thyroid monitors, lung monitors and wound monitors, etc. should be used. A more
detailed description of the systems is given in Sect. 8.

5.4 Calibration and Testing of the System

The systems that will be deployed for internal contamination monitoring at the site
should be calibrated, and the response of the systems should be evaluated with
radioactive sources of known activities (i) over the required range of energies, (ii)
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for a series of locations in contact with the chosen region of the body (thyroid and
thorax part of the body), and (iii) at distances from the body.

5.5 Shielding and Other Requirements

The shielding approach adopted depends on several factors such as detectors, the
distribution of the radionuclides in the body, requirement to accommodate injured or
sick people and availability of shielding materials. Applications of shielded systems
are required to achieve statistically reliable results in shorter counting time while
carrying out the measurement at the lower range of activity. General guideline is the
lead shield of 50 mm thickness [13] or its equivalent material. The weight limitation
should be considered while selecting the shielding material. For thyroid monitoring
for radioiodine, small size detector [15] with collimation is sufficient.

5.6 Identification of Radionuclide(s) Involved

Most of the beta, gamma emitters can be identified and quantified by portable gamma
spectrometry instruments incorporated with solid state detectors like HPGe and scin-
tillation detectors such as NaI(Tl), LaBr3. The presence of alpha contamination can
be detected using ZnS(Ag) scintillation counter but identification and quantification
of alpha emitters can be carried out with bioassay monitoring in a radiochemical
laboratory. Most of the survey instruments are also equipped to display dose rate,
usually in units of µGy h−1 or µR h−1.

It is observed that in radiological incident, most of the emitted radionuclides
were having gamma energy > 0.1 MeV. This facilitates the direct internal contam-
ination monitoring of persons using suitable whole body/partial body monitors. In
other situations when in-vitro monitoring is required and the logistics and analytical
requirement will be different. The possible strategy to identify the group that may
need a detailed internal contamination monitoring is to segregate people into groups
based on the possibility of contamination as per the inputs followed by screening a
few from each group.

Dose computation and assessment can be carried out by in-vivo measurement of
retained activity in the whole body or organ like Whole Body Retention (WBRt),
Lung Retention (LRt) and Thyroidal Retention (TRt), and invitro measurement of
excretion of radioactive content (Bq/d) such as Daily Urinary excretion (UEx) and
Daily fecal excretion (FEx). The effective dose can be computed using the biokinetic
models proposed by ICRP for each radionuclide. In-vivo measurements are the most
rapid measurement methods that can be adopted for total activity of the radionuclide
in whole body or organ during an emergency scenario. The measurement methods
for individual monitoring applicable to some selected radionuclides are presented in
Table 4.
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Table 4 Measurement methods for individual monitoring of some selected radionuclides

Radionuclide Absorption
type

In-vivo measurement In-vitro
measurement

Whole body
counting

Lung/organ
monitoring

Thyroid Urine Fecal

H-3 F •

Fe-59 M • • •

Co-57 S • • • •

Co-58 S • • • •

Co-60 M, S • • • •

Sr-89 F, S •

Sr-90 F, S •

Ru-106 F, M, S • • •

I-125 F • •

I-131 F • •

I-133 F • •

Cs-134 F • • •

Cs-137 F • • •

Ra-226 M • • •

Ra-228 M • • •

Th-228 M, S • • • •

Th-232 M, S • • • •

U-234 F, M, S • •

U-235 F, M, S • • •

U-238 F, M, S • • •

Pu-238a M, S • •

Pu-239a M, S • •

Pu-240a M, S • •

Am-241 M • • •

F fast,M moderate, S slow
a In-vivo lung/organ monitoring using Am-241 as a tracer

5.7 Acceptable Level of Accuracy in the Measurement

An estimated accuracy factor of 2 or better is adequate for CED computation, in
case of intermediate level of activity (Level between A and B, measured in the site/
field) [13]. For the high level of activity that is equal or more than level B, the in-
vivo monitoring systems with high precision are required. The in-vivo monitoring
systems with adequate statistical precision for short-term counting are scintillation
or HPGe detectors. In case of heavily contaminated subjects, multiple or series of
assessments with an accuracy of 20% or better are used to determine the committed
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effective dose. These computationswill be based on the individualmetabolism for the
selected radionuclide and its relevant physical characteristics rather than based on the
parameters as per ICRPmodels. The final computation of dose will be in conjunction
with the results of in-vitro monitoring and information on the effectiveness of de-
corporation therapy, if administered.

6 Monitoring of Internal Contamination

6.1 Initial Survey

The main purpose of initial screening with a field survey equipment is to identify and
group people according to their internal contamination levels, which can be helpful
in further actions.

The basic instrument required for the initial screening should be of adequate
sensitivity, easy to handle, suitable for long hours of continuous operation and it
should have indicators if any malfunctioning of the system happens. The system
should be sensitive enough to detect activity at the lower level of committed effective
dose (Level A).

Survey monitors with scintillation detectors are the preferred choice for initial
screening, than a GM survey meter. But if the GM detector-based survey meter is the
only option available, the operator should be aware that a zero response may result
from overloading in a high radiation field from the subject.

The initial survey should be carried out with due regard to the possibility of
external contamination and if it is observed then follow the decontamination proce-
dure and return back to internal contamination survey. The background response
of the system should be recorded prior to the measurement as well as before and
after the measurement. The general procedures mentioned here are for contami-
nation which is widely spread on the body, the required modifications are to be
made for organ-specific contamination, e.g., thyroid monitoring for radioiodine
contamination.

(1) over the relevant range of energies the survey meter should be carried out
over the relevant range of energies, (2) for a series of locations in contact with the
chosen region of the body, (3) at distances up to several meters from the body, and
(4) with radioactive sources whose activities are known. In case of radionuclides
that could be widely dispersed in the body measurement at abdomen is the suitable
choice. Initial measurements should be done by detector kept on contact with the
subject’s abdomen and if the response is positive the detector should be moved to a
larger distance which has an established calibration factor and a statistically adequate
response could be recordable. As a check of localized surface contamination, a rapid
scanning of the most likely regions (head, feet, hands) may be appropriate.
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6.2 Investigation of Internal Contamination at Intermediate
Levels (Level Between A and B)

Subjects with internal contamination in the activity range A–B during initial assess-
ment should be referred for more rigorous assessment by appropriate methods. The
setting of the action levels A and B decides the range of intermediate activity. IAEA
TECDOC-746 gives an example by assuming the body contents in the range 104–
107 Bq as intermediate level (this value may vary as per the actual scenario), and that
there is abundant gamma radiation at energies > 0.1 MeV. For intermediate level of
monitoring, highly sensitive detectors are not required. An extensive shielding can
be used if contamination is present in the local environment. If the gamma ray fluxes
are well outside this range, alternative arrangements may be required like high level
monitoring procedures or referral to an established laboratory that can handle the
measurements at low levels of whole-body content for precise quantification of the
activity for dose computation.

The requirements of instruments at intermediate level monitoring are (1) trans-
portability; (2) flexible mechanical arrangements for individual monitoring (e.g.,
whole body or specific regions); (3) rapid processing of monitoring for subjects in
succession; (4) prompt data evaluation. When a mixture of radionuclides could be
present, gamma spectrometry instruments to be used to achieve proper identification
and quantification of specific radionuclide composition. The accuracy should be at
least within a factor of 2 [13].

Any suitable gamma spectrometric system with appropriate shielding and porta-
bility with scintillation spectrometers or semi-conductor detectors can be used
for monitoring purpose. The system should be flexible to allow (i) adjustment of
the detector-subject position in optimizing count rate and accuracy and (ii) fitting
collimators for measurement of activity in specific organs.

Various geometries for whole body monitoring include standing geometry, arc
geometry, simpler arrangements with subject lying down on a bed below the detector
arrangement, chair geometry, etc. The approach opted will depend on factors like
availability of detector, probable distribution of radionuclides in the body and avail-
ability of proper shielding, etc. At the lower end of the activity range under consider-
ation (104–107 Bq) to achieve adequate statistical reliability in a short counting time,
partial shielding would be required. Shielding of the subject, on all sides except that
exposed to the detector, is recommended. Weight limitation is the practical difficulty
that may affect the effectiveness of shielding.

The system should be calibrated for the large energy range of interested radionu-
clides. Procedures are also required to establish the linearity of response with respect
to activity up to the highest count rates. The calibration should be performed with
suitable phantoms. For a measurement accuracy of a factor of 2, the phantom need
not be closely realistic, but roughly it should simulate the relevant conditions of atten-
uation and scattering. An improvised array of point sources in stacks of polyethy-
lene plates may be used to simulate a localized deposit. For measurement of thyroid
activity, a neck phantomwith standardized solution in appropriately shaped chamber
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is sufficient. For widely spread radionuclides, BOMAB-type phantoms may be used
to simulate subjects of various sizes. Calibration factors for gamma rays that cover
the range can be used for unrepresented radionuclides. The system performance and
calibration should be checked daily using appropriate point source. The continued
validation of an adopted calibration should be carried out daily by measuring a
designated reference point source, in a fixed and reproducible geometry.

Regular background checks should be carried out to limit the possibility of
measurements in high background or contamination in the shielded area and check for
any background variation is present due to weather conditions. When organ-specific
measurements are required, the system should be fitted with a shielded collimator. In
specific applications like thyroid monitoring, it is advisable to use collimated small
detectors. Whenever body parts have irremovable surface contamination those parts
to be shielded with appropriate shielding to avoid spurious assessment of internal
contamination. If extensive contamination of the body has happened where applica-
tion of shielding is not possible bioassay analysis will be required to provide a basis
for the assessment of committed effective dose.

A computer-based data processing system for data acquisition, storage, spectrum
analysis should be used. An estimated accuracy of a factor of 2 or better is adequate
for the purposes of calculating the CED for the individual, based on the standard
metabolic models provided in ICRP Publications [13].

6.3 Investigation of Internal Contamination at High Levels
(> B)

The monitoring systems or equipments required to assess internal contamination in
subjects whose level of activity is > B are decided from preliminary screening results
or following re-evaluation from “intermediate” level monitoring results. The basic
requirement for high level monitoring system (gamma ray spectrometer) should be
a detector that can be positioned at sufficient distance from the body. The count rate
should be at an acceptable level in the presence of high activity in the person’s body.
A systematic error of up to 20% is acceptable [13]. When relative activity estimates
from sequentialmeasurements aremade to establish a retention pattern, amuch better
precision is required. For continuity in measurement program for retention studies,
the range of measurable activity by the instrument should overlap with intermediate
level of activity.

The efficiency calibration techniques using phantoms are to be carried out for the
in-vivo monitoring systems used to assess whole body radioactivity or organ activity
as the case may be. These can provide accuracy within 10% or better, depending on
photon energy.

The computation of committed effective dose is carried out from the results of
a series of measurements/assessments in heavily contaminated subjects, with an
absolute accuracy of 20% or better. The determination will be based on the actual
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Table 5 Atypical format for internal contaminationmonitoring records during radiation emergency

Registration No Date

Personal details

Name Date of
birth

Sex M/F/T

Identification No Contact
No

Email

Address

Radiological data sheet

Contamination survey

External contamination present Yes No

If yes, specify location

Recommendation

Decontamination is required Yes No

External decontamination procedure
performed

Yes No

Internal contamination measurement Date Time

Instrument type Serial No

Lower action level
(kBq)

Upper action level (kBq) Background
reading

Measurement data sheet

Date and time Geometry
and
distance

Reading
with
subject

Background
reading

Net
reading

Calibration
factor

Activity

CED (mSv)

Recommendation

Name of analyst Signature

metabolism rate in the individual rather than the values used in ICRP models. The
results should be in conjunction with excreta analyses and decorporation therapies
used. The format for monitoring records is provided in Table 5.

7 Indirect (In Vitro) Determination of Internal
Contamination

Indirect (in vitro) measurement of internally-deposited radionuclides are carried out
by analyzing the material removed or excreted from the body. These include radio-
chemical processing and further analyses of nasal swabs, urine and fecal samples.
Blood samples are not used for monitoring of internal contamination, routinely and
as part of screening for a radionuclide exposure. The concentration of a radionuclide



Internal Radioactive Contamination Monitoring During Off-Normal … 713

of concern in circulation will be too small for detection by field survey instruments
and also by typical radiochemical methods, at any point of time. Nasal swabs can
be an indicator of a possible internal contamination, urine samples are helpful to
demonstrate systemic uptake and fecal samples provide a direct evidence of internal
contamination. Nasal swabs are crude indicators of intake and should be considered
qualitative and not quantitative with regard to dose intervention measurement.

Urine and fecal samples are the most common part of an in-vitro bioassay moni-
toring to assess intake and dose. The indirect method needs to be carried out by
properly trained staff of radiochemical laboratory and sensitive instrumentation and
difficult to have prompt analysis for large population. The preferred method for rapid
screening by indirect bioassay in an emergency situation is collection of a single void
(50–100 mL sample) of urine. The samples are to be collected in clean, tightly sealed
containers with proper care to avoid cross-contamination or external contamination.
Samples should be labeled properly to identify the person and sample collection date.
The results of the samples taken before 4–6 h post-exposure should be interpreted
carefully as the metabolism and transfer to urine may be insufficient to provide a
valid indication of intake.

On dealing with a large population with potential exposure, the collection and
analysis of fecal samples renders them relatively ineffective as rapid screening tools.
Fecal samples cannot be taken as smears or swabs and total voiding is required for
radio analysis and dose assessments.

Fecal samples can be considered to be a useful tool post-crisis dosimetry investi-
gation or a long-term registry program for individual monitoring when inhalation of
radionuclides in a relatively-insoluble form has happened.

8 Systems Required for Internal Contamination
Monitoring (for High Energy Photons Eγ > 200 keV)

8.1 Basic Requirements for the Choice of Contamination
Monitoring Equipment

1. The system should be sensitive to the type of radiations.
2. Results of survey of external contamination should be reported in units of Bq or

cpm.
3. Results of surveys for external radiation exposure rates should be reported in

mGy h−1 or mR h−1.

Instrument Checks and Measurement

Several checks are required before using any radiation survey instrument to ensure
that the instrument is operational. The following checks should be performed,

a. Calibrated for the radionuclide(s) of interest.
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b. Cable connectivity and power supply/batteries should be checked.
c. Set zero on survey meter if required.
d. Use a check source to confirm that the instrument detects radiation.
e. Turn “On” the instrument and check for the usable reading. This reading is the

background for the system.
f. Hold the detector ~ 1 cm from the person to be surveyed.
g. When surveying people, spot-check themouth, nose, chest, hands, fingers, knees,

and feet. Scan other areas as per the situation.
h. Specific location (e.g., the nose or fingertips), should be surveyed at least for

10 s.
i. While surveying large areas, the detector should bemoved slowly [~ 3–5 cm s−1].
j. Note the highest count rate (in counts per minute above background levels) and

record.

Most widely used instruments for radiation/contamination survey during an
emergency are presented in Table 6.

The internal contamination monitoring systems required for field application for
rapid screening of the public during radiation emergency situations are as follows.

Field Application Non-spectrometry Systems

1. Hand-held radiation survey monitors—NaI(Tl) detector-based, GM-based and
plastic Scintillator detector-based systems.

Field Application Spectrometry Systems

Table 6 Widely used radiation monitors for personnel contamination survey during radiation
emergency

Monitor type Detection probe Output Applications

General survey Thin window GM
pancake

Counts per minute
(CPM)

Beta gamma
contamination

ZnS(Ag)
scintillator

CPM Alpha contamination

Plastic scintillator CPM Alpha beta
contamination

Energy
compensated GM

µGy h−1, CPM Dose rate and
contamination

Na(Tl) scintillator µGy h−1, CPM
(variable range)

Dose rate (gamma)

Ionization chamber µGy h−1 Dose rate

Hand and foot monitor Thin window GM
pancake, plastic
scintillator

CPM Beta gamma
contamination on hand
and feet

Handheld identifinder
Gamma spectrometry

Na(Tl) detector Radionuclide
identification, CPM

Qualitative and
quantitative estimation
of gamma emitters
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1. Portable thyroid monitor with collimator—for thyroidal radioiodine measure-
ments.

2. Portable whole body monitor—for HEPs measurement in the body.

Laboratory-Based System for Rapid Screening of Public

1. Quick Scan Whole Body Monitor (QS-WBM).

Laboratory-Based System for Detailed Investigation

1. HPGe/NaI(Tl) detector based Shadow Shield Bed Whole Body Monitor
(SSBWBM).

2. Scanning bed WBC inside totally shielded steel room.

8.2 Handheld Radiation Survey Meters (Non-spectrometry
Systems for Field Measurement)

Handheld radiation monitors can be used for measurement of internal contamination
in public. To carry out this work typically 25 mm dia × 25 mm thick NaI(Tl)-
based radiation monitor, proportional counter (10 nSv/h–100 mSv/h), GM counter-
based ambient dose equivalent rate meter (0.01 µSv/h–0.1 Sv/h), etc. can be used.
Calibration of the system can be carried out using respective phantoms depending on
the purpose of use. Figure 2 shows a handheld radiation survey monitor used during
emergency monitoring.

GMSurveyMeter is commonly used for detection of external radioactive contam-
ination on personnel and work surfaces. It is relatively inexpensive and sensitive to
most beta/gamma radiation. The detector contains a thin window with a surface area
that varies from a pancake model (typically 15 cm2) to a standard end window probe
(6 cm2). The pancake-type GM detector-based survey monitor is shown in Fig. 3.
The housing is provided with cap for Beta/Gamma selection and typically measures
the dose rate range ~ 0–200 mR/h and also measures contamination in cpm mode.

Another survey monitor widely used is a built-in ~ 25 mm × 25 mm NaI(Tl)
scintillator detector coupled with 25 mm dia PMT with a typical measurement range
from 0 to 5000 µR/h with adjustable range knob.

8.3 Thyroid Monitoring System

Thyroidmonitoring is very important to evaluate the influence of short-lived radionu-
clides such as 132I (T 1/2 = 2.295 h) and 133I (T 1/2 = 20.8 h) present in the
thyroid along with 131I, after a nuclear accident. Both non-spectrometry-based and
spectrometry-based systems are used for thyroid monitoring purpose.

Following a nuclear or radiological accident, the devices that are used in envi-
ronmental surveys, which can operate in dose rate mode, may be used to measure
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Fig. 2 Handheld radiation
survey monitor used in
radiation emergency
monitoring

Fig. 3 Pancake-type GM
contamination/survey
monitor
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thyroid contamination. They are calibrated in ambient dose equivalent rate H*(10).
Study suggested that the use of surface contamination monitors that are mainly GM
detector based is to be avoided [14]. Various studies suggest that while using non-
spectrometry systems for thyroid measurements, we have to take into account the
contribution not only of 131I alone but also for short-lived radioiodine isotopes (132Te/
132I, 133I, 134I and 135I) present in the thyroid. It is recommended to perform thyroid
monitoring 2 days after the supposed time of intake [16]. NaI(Tl) detector-based
spectrometry systems are used worldwide for environmental monitoring and are also
useful for thyroid monitoring after a nuclear accident [17]. Additionally, gamma ray
spectrometry systems using LaBr3, CeBr3, or SrI2(Eu) detectors, which are having
mid-level energy resolution and efficiency is also now available.

Thyroid Monitor or Thyroid-Uptake Probe would be a preferred method for
measuring specifically 131I in the thyroid of subjects who had been exposed to 131I
during an incident. A typical portable thyroid monitoring system that can be used
during emergency thyroid monitoring is given as Fig. 4. A 51 mm dia × 51 mm
thick or a 76 mm dia × 76 mm thick NaI(Tl) detector-based system with a shielded
collimator can be used for monitoring of thyroid for 131I isotope which is of a major
concern during radiation emergency [18]. The thyroidal content can be measured
on contact or adjustable detector collimation (1–15 cm as required) for different
measurement geometries. The detector shield top can also be used as chin rest to
minimize the positional errors in the measurement of thyroidal content. A known
amount of 133Ba (131I simulant) source distributed in IAEA standard thyroid phantom
can be used for the calibration purpose. It is easy to transport and install, simple to
operate, has lower counting time and compatibility for measurement of thyroidal
content in child to adult. Typical MDA of 100 Bq is achievable by the system for
131I in thyroid measurement.

8.4 Portable Whole-Body Monitor

The Portable Whole-Body Monitor (PWBM) can be used to measure the internal
contamination due to high energy gamma (E > 200 keV) emitters incorporated in
human body. A typical PWBM is given in Fig. 5. It is a 76 mm dia × 76 mm
thick NaI(Tl) detector with proper shielding to reduce the background during the
measurement of the subject [19]. The system is flexible for the sitting height of the
subject (child to adult).

The calibration of the system should be carried out with known activity of 133Ba,
137Cs, and 60Co radioactivity uniformly distributed in water filled BOMAB phantom
for sitting/chair geometry. The typical Minimum Detection Activity (MDA) for
PWBM for counting time of 10 min at 20 cm distance is 1500 Bq for 137Cs and
1000 Bq for 60Co. The system can measure doses less than 1 mSv and can play
an important role in monitoring/screening the public during and/or after emergency
situations.
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Fig. 4 Portable thyroid monitoring system along with a typical 131I spectrum and IAEA/ANSI
neck phantom

Fig. 5 Portable whole body
monitor for measurement of
internal contamination due to
high energy photon emitters

8.5 Laboratory-Based Whole-Body Counters

Whole-body counters are used to detect and quantify internally-deposited radionu-
clides that emit photons with energies in excess of ~ 200 keV. They are equipped
with scintillation detector (e.g., NaI(Tl)) gamma scintillation or semiconductor (e.g.,
germanium) based detectors in a low-background environment achieved through
proper shielding. Counting configurations require subjects to stand, sit in a constant
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geometry chair, or recline on a fixed or moving bed. A standing geometry can
be used for a shorter time period of counting than a sitting geometry. Hence, the
standing geometry monitors are good option for the large population monitoring.
Shadow shield whole body monitoring systems present in typical internal dosimetry
laboratories comprises shield with mild steel and lead lining, a moving bed and
Detector (102 mm diameter and 76.2 mm thick NaI(Tl) detector) and associated
electronics [20]. The system gives almost uniform response to activity distributed
in any part of human body. Profile scan of whole body is also possible for localiza-
tion of the contamination. A chair geometry of the whole body monitoring system
has tilted shielded chair and static geometry scintillation detector (102 mm diameter
and 76.2 mm thick NaI(Tl) detector) [21]. A typical counting time of 10–20 min is
used in these types of monitors. These systems are less applicable in a field-based
monitoring during emergency and more widely used as lab-based system.

8.6 Laboratory-Based Quick Scan Whole Body Monitor
(QS-WBM)

A Quick Scan Whole Body Monitor (QS-WBM) can be used for quick and efficient
whole-body monitoring of the radiation workers for internal contamination due to
gamma emitting radio nuclides like fission and activation products during emer-
gency [22]. The system has a sensitivity comparable with conventional WBM for
1min counting time. TheQS-WBM is calibrated usingBottleMannequinAbsorption
(BOMAB) type phantom. Figure 6 is the photographic representation of QSWBM.
This is a walk-in and walk-out type of system, useful during radiological and nuclear
emergency situations, for monitoring a large number of radiation workers as well
as members of public. The shield is constructed using 50 mm thick lead bricks of
different sizes in a laminar fashion and has interlocking arrangement. The QS-WBM
is incorporatedwith two rectangle shapeNaI(Tl) detectors each of dimension 406mm
(L) × 127 mm (W ) × 76 mm (D). The two detectors are configured vertically in a
linear array on a common vertical axis, one below other.

9 In-Vivo Monitoring System for Low-Level Photon
Emitters

In case alpha emitters specially designed shielding facility is required for monitoring
of low energy gamma or X-rays emitted by these nuclides. Lung monitors equipped
with gamma spectrometry systems need heavy shielding and long-term counting
which makes not a preferable choice for population monitoring. Detectors used for
the systems are phoswich detectors, thin NaI(Tl) detectors or HPGe array-based
spectrometry systems. The measurement is carried out in fully shielded steel rooms.
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Fig. 6 Standing type whole body monitor for rapid screening of individuals for in-vivo monitoring
of high energy gamma emitters and BOMAB phantom

The typical Phoswich detector is a sandwich of two detectors viz. 202.4 mm dia ×
3 mm thick NaI(Tl) as primary crystal and 51 mm thick CsI(Tl) as secondary crystal
with a Pulse Shape Discriminator. The HPGe-based monitoring system consists of
an array of three 70 mm dia HPGe detector and associated electronics placed inside
a totally shielded steel room. It provides better resolution compared to Phoswich
detector. The systems are used for the measurement of internally deposited low
energy photon emitting radionuclides such as 239Pu (17 keV), 241Am (60 keV), 238U
(63 and 93 keV), etc. in lungs/liver/skeleton/stomach/wound etc. of workers.

10 Measurement of Radioactivity in Environmental
and Biological Samples

Apart from individual monitoring systems, there is a requirement of rapid moni-
toring of environmental or food samples during an emergency scenario. Portable
monitoring systems which can be shifted to the site or selected near by monitoring
centers will be highly useful for this purpose. Vehicle Mountable Detection System
(VMDS) is a complete transportable system for quickly determining whether raw or
processed food has become contaminated with gamma emitting radionuclides during
any nuclear and/or radiological event [23]. It incorporates 76 mm × 76 mm NaI(Tl)



Internal Radioactive Contamination Monitoring During Off-Normal … 721

Fig. 7 Vehicle mountable detection system for in-situ measurement of environmental and food
samples with containers representing various sample geometries

detector, laptop and shield (51 mm lead rings, 2 mm tin and 1 mm copper lining)
mounted on a SS trolley with brakes. Radioactivity in milk, meat, fish, grain, fruit,
grass and vegetables, as well as air swipes, soil samples, and other materials can be
assessed in a few quick steps. VMDS should be calibrated for a wide range of sample
geometries. Depending on the sampling time and the isotope, the detection limit is
approximately 20–100 Bq L−1 and can easily identify concentrations of 131I, 134Cs,
and 137Cs. It has enhanced the capability for rapid screening of foodstuffs/biological/
environmental samples for gamma-emitting radionuclides released during any radi-
ological and nuclear emergency situations. Figure 7 presents a vehicle mountable
monitoring system and different geometries for which measurements can be carried
out.

11 Conclusion

In this chapter, an overview of the present strategies of emergency preparedness
and response during an off-normal situation of radiation emergency are reviewed.
Details of the methodologies followed during monitoring of large number of individ-
uals, guidelines for internal contamination monitoring during emergency situations,
important monitoring parameter considerations are discussed in the present chapter.
Also, the field procedure/considerations for screening of the people after nuclear or
radiological accident, large-scale individual thyroid and whole body monitoring, etc.
by means of spectrometric and non-spectrometric equipment are discussed. Applica-
tion of instruments such as deployable in-vivo monitoring systems Portable Whole
Body Monitor (PWBM), Portable Thyroid Monitors (PTM), Vehicle Mountable
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Detection Systems, etc. that are the important for internal contamination monitoring
during radiation emergency situations are also discussed.
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Decorporation of Radionuclides

Vijayakriti Mishra and Suma Nair

1 Introduction

Various processes in nuclear fuel cycle (such as mining, processing, fuel fabrication,
reactor operation and maintenance, decommissioning, reprocessing, waste manage-
ment) as well as activities in other industries might lead to accidental emissions of
radioactive substances, even with safety measures and radiation safeguards in place.
Major nuclear accidents, inappropriate practices for management and disposal of
radioactive waste, nuclear weapon tests, and incidents involving radionuclides at
nuclear facilities or other user establishments such as hospitals, research and indus-
trial facilities are considered as probable sources of external and internal contamina-
tion. Intentionalmalicious actions, such as terrorist acts inmedical facilities, research
centers, public spaces, or the natural surroundings, can also lead to the discharge of
radioactive substances.

Internal contamination occurs when radioactive substances enter the body via
inhalation, ingestion or absorption through the skin. The primary routes of internal
contamination are inhalation and absorption through wounds. While ingestion as
a pathway for contamination is rare in work-place, it could become significant for
the general population following the release of radioactive materials into the air or
water, or intentional contamination of food/water sources [1]. Irrespective of the
route of entry, once inside the body, these radioactive particles are taken up by the
bloodstream, and carried to specific organs (e.g. bone, kidney, liver, etc.) where they
accumulate before eventually being eliminated through urine and feces. The rate of
elimination varies depending on the type of radionuclides and their physical and
biological half-lives [2, 3].
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Till these radioactive pollutants persist within the body, they irradiate specific
organs, which can potentially lead to long-term stochastic health consequences. To
quantify internal exposure, the concept of “committed effective dose” is commonly
used. This term refers to the cumulative effective dose resulting from the integration
of the radioactive element over a span of 50 years for occupational workers (or
70 years for public).

Major goal after the internalization of radionuclides is to reduce the committed
effective dose by removal of internalized radionuclide. In case of high internal
contamination, the natural excretion rate cannot ensure fast removal of radionu-
clides from the body and hence needs to be accelerated. The biological removal
processes are enhanced by employing specific drugs or chemical agents and this is
known as decorporation. As per IAEA glossary [4], “decorporation is the action of
the biological processes by means of which incorporated radionuclides are removed
from the human body. It may be promoted by chemical or biological agents.”

In contrast to unaltered exposure through external radiation, doses stemming from
accumulated radioactive substances due to internal contamination can be reduced.
The goal of reducing dose after intake is achieved by decorporation. Although post-
exposure intervention usually falls within the realm of medicine, it’s important to
engage the internal dosimetry program to effectively address the situation [5].

The measurement and analysis of internal contamination’s extent and nature are
conducted using bioassay methods. These techniques involve either direct measure-
ments within the body (in vivo) or indirect measurements outside the body (in vitro).
This process encompasses identifying the specific radionuclide(s) present, activity
measurements, evaluation of intake and computation of dose using dosimetric/
biokinetic models. These methodologies are discussed in detail in previous chap-
ters. The present chapter deals with various decorporation strategies employed for
removal of internalized radionuclides, current practices and research developments
in this field.

2 Decorporation: Goals and Factors Affecting Treatment

The primary goal of decorporation is to minimize the internal dose, consequently
lowering the potential health risks. The immediate goals of decorporation treatment
can be summarized as [6]:

• Reducing the absorption of the radionuclide into the bloodstream and its
subsequent accumulation in specific organs or tissues;

• Accelerating the radionuclides removal rates from the body;
• Minimizing the absorbed dose by utilizing the most efficient technique.

The primary objective of the decorporation therapy is to decrease the likeli-
hood of radiation-induced cancer over the long term. These goals can be achieved
by decreasing absorption, halting the incorporation and internal accumulation of
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radionuclides within organs, and encouraging the elimination or removal of absorbed
particles. This approach is most effective when initiated promptly [7].

The first and foremost consideration while deciding on decorporation treatment
is route of entry, i.e. intake pathway. There are four potential pathways through
which radionuclides can be internalized. These encompasses inhalation of radioac-
tive particles or gases, consumption of radioactive dust, contaminated food, or water,
absorption through openwounds or unbroken skin, and injection of radioactivemate-
rials into the body. After a radionuclide enters the body, it undergoes a sequence of
physiological changes. How radioactivematerial is held in or discharged from organs
and tissues hinges on factors like its physical and chemical forms, the route of entry,
and physiological circumstances [2, 3].

Choosing a preferable decorporation strategy depends on several factors [6] such
as:

• Physical properties of the radioactive contaminant (decay mode, half-life, etc.);
• Biokinetics of the radionuclide (solubility classification);
• Radiosensitivity of target organ or tissue;
• Route of intake and its amount (activity);
• Effectiveness of the treatment and potential therapy-related adverse effects;
• Age and concurrent health conditions of the affected individual.

The efficacy of treatment using chelating agents can be influenced by several
factors. These include the route of entry, the amount and physico-chemical charac-
teristics of the incorporated radionuclide, its interactions with biological molecules
at the entry site, during blood absorption, and at the deposition site. Additionally,
the kinetics of radionuclide absorption into the blood, the treatment method, treat-
ment duration, and the ratio of radionuclide to chelating agent also affect therapy
effectiveness.

Clinically approved chelating agents are ideally best assessed after accidental
human exposure. However, this can be challenging for certain radionuclides, particu-
larly actinides, due to uncertainties about their physico-chemical form, intake pattern,
and intake assessment. Furthermore, the administrationmethod of the chelating agent
might not align with the most suitable route or protocol.

Many physicians prefer slow intravenous injection or infusion, as they believe
chelation is most effective when the radionuclide is in the bloodstream. On the
contrary, research on animals has demonstrated that chelating agents are most potent
for biologically soluble radionuclide forms when these substances are at the deposi-
tion site such as the lungs or a wound. In such cases, applying the chelate locally is
the optimal choice. However, if systemic absorption occurs over a prolonged period,
intravenous infusion either directly or as a result of oral administration—might be the
most effective strategy. For biologically insoluble materials inhaled into the lungs,
broncho-pulmonary lavage might be the only viable treatment method.
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3 Decision on Decorporation Treatment

After the intake of radioactive substances, the evaluation of internal dose and the
subsequent strategy for treatment will be contingent upon various factors. These
factors encompass the physical andbiological attributes of the radionuclide, including
its radioactive half-life, particle size, chemical form, solubility, and biokinetics.
Internal dose assessment program comprises of radionuclide or set of radionuclide
identification, assessment of quantities (excretion values, retention values, etc.) with
the aid of bioassay procedures, evaluation of intake and assigning internal dose for
workers/individuals. Samples such as blood, urine, feces, nasal swabs, filter paper,
etc. should be collected for analysis [1, 6]. The selection of a bioassay sample to
be collected will be influenced not solely by the primary excretion pathway, which
is identified through the physical and chemical characteristics of the intake and the
biokinetic model for the element(s) in question but also by considerations such as
the simplicity of collection, analysis, and interpretation.

After assessment of internal contamination, based on estimated internal dose,
decorporation therapy may be initiated by medical doctor in consultation with health
physicist. Treatment is not considered if the estimated internal doses are below
Medical Reference Level (MRL) value of 20mSv [8].When the internal dose is likely
to be between 20 and 200 mSv, medical doctor in consultation with health physi-
cist should decide the treatment for decorporation. If the calculated dose surpasses
200 mSv, extended or prolonged treatment should be employed, contingent upon the
severity of the radiation-induced injury or effects. Decorporation treatment should
be initiated for children and pregnant ladies at one-fifth of the adult value [1]. It’s
important to recognize that the implementation of interventional methods to accel-
erate the natural elimination rate of a substance or potentially impede the absorption
of a radionuclide in specific tissue can potentially undermine the applicability of
standard ICRP model methodologies for estimating intake and dose. Moreover, any
decorporation therapy itself is not completely risk free and can incur some side effects
in long run [1].

The implementation of decorporation therapy needs to be carefully weighed
against the potential toxicological hazards associated with the drugs employed. For
instance, while chelating agents are highly proficient at binding radioactive isotopes,
they can also bind stable isotopes. Decorporation procedures involving chelating
agents and similar substances typically involve a sequence of administrations spread
out over days, weeks, and occasionally months.

If these compounds are administered for long time, close monitoring of elec-
trolytes and essential trace elements is also needed [9]. On the other hand, if there’s
a potential risk for severe deterministic effects, it’s advised to initiate decorpo-
ration treatments as early as possible. Decorporation is predominantly employed
in situations where substantial doses are anticipated. Tailored decorporation thera-
pies for specific radionuclides are employed to avoid deterministic effects, reduce
stochastic risk and prevent deaths [10]. In the majority of instances, the objective
of treating internal contamination is to mitigate the potential for long-term effects
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rather than addressing an acute radiation-related injury [6]. Historical radiological
incidents suggest that the internalization of radionuclides generally doesn’t lead to
acute radiation sickness [11].

In case of emergency scenarios, the determination of whether to proceed with
decorporation treatment relies on Operational Intervention Levels (OILs). OILs are
predefined action levels employed promptly and directly without additional evalua-
tion to establish suitable protective measures, guided by measurements. In case of
internal exposure, OIL values for decorporation are based on the retention values
of radionuclides in in particular organs or tissues, along with excretion rates. These
values correspond to reference level of intake for the decision on decorporation to
avoid severe deterministic effect or future occurrence of stochastic effects [12].

Internal decontamination (decorporation) should be carried out by medical staff
to reduce the amounts of radionuclides in wounds and body of affected workers/
individuals by considering their individual factors into account. Several factors must
be taken into account, including potential trauma resulting from the incident, overall
health condition, age, pregnancy status, emotional well-being, intake route, time
elapsed since intake, and the biochemical and physical characteristics of the radionu-
clide causing internal contamination, along with its deposition site within the body.
Considering the incident itself, the number of individuals contaminated holds signif-
icance due to logistical constraints and the availability of resources, including medi-
cation. Physicians might rely on chest or whole-body counts, activity measurements
in bodily excretions, or nasal swabs for assessments.

4 When to Start Decorporation Treatment?

Another key issue is when to start the decorporation treatment. The question arises
whether treatment should be postponed to await internal dosimetry results or if
it should be initiated promptly. Treating early subsequent to internal contamina-
tion improves efficacy of employed decorporation therapy. However, concerns arise
regarding potentially subjectingworkers or individuals to the side effects of chelating
agents or drugs when the internalized activity is turned out to be irrelevant. Further-
more, the inventory of drugs used for decorporation may be very limited due to
their infrequent use and low demand which might lead to shortages afterwards if
administered indiscriminately shortly after an accident or incident [11]. Stochastic
health effects resulting from internal contamination are assessed through the absorbed
effective dose. Therefore, basing the decision for decorporation treatment on the
committed effective dose, following established radiological protection guidelines,
seems reasonable. This approach alignswith the recommendations of various authors
and agencies and is known as the “precautionary approach” in decorporation treat-
ment [13]. Indication of treatment depends on the committed effective dose, for <
20 mSv: no treatment is indicated, for 20–200 mSv: case by case decision is made
and for > 200 mSv: indication for treatment.
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However, the assessment of committed effective dose involves identifying the
radionuclide(s) internalized,measuring radioactivity in the body throughwhole-body
counting or excretion measurements in urine or feces (depending on the radionu-
clide(s)), and calculations based on appropriate biokinetic and dosimetric models.
These procedures are time consuming and, are feasible in case of incidents in nuclear
facilities for a small number of individuals exposed. Depending on the location and
number of individuals, obtaining results can take days or even weeks. For cases when
intake is substantial, this delay can result in substantial drop in efficacy of decorpo-
ration treatment. While there isn’t a standard protocol that specifies when treatment
is warranted, experience has shown that detailed dose assessments are often not
possible in a timely manner, making the decision to treat a subjective judgment [14].

5 Decorporation Methods

After the internal contamination of radionuclides, interventions are primarily aimed
at expediting the removal of the radionuclide(s). Chemical compounds, drugs are
employed for assisting elimination of the radionuclides but their basis of mechanism
varies. The decorporating agents can be clubbed in groups based on mechanism of
action. General decorporation methods [1, 6, 7, 14] are discussed in detail below.

5.1 Reduction of Uptake

There are overarching methods designed to prevent or decrease the absorption of
radionuclides from the gastrointestinal (GI) or respiratory tracts, as well as from
skin and wounds. These strategies encompass rinsing the nose, mouth, pharynx,
and wounds. To minimize gastrointestinal absorption, procedures like gastric lavage
and the use of mild emetics and purgatives can be employed to hasten the elimina-
tion of radioactive isotopes. Especially in the immediate aftermath of intake, these
straightforward actions should not be overlooked. Any reduction in the duration that
radioactivity remains in the GI tract will subsequently lower the absorbed dose.

Lung lavage, although it could be considered as a part of “general procedures,”
however due to its particularities is distinct in its nature and will be addressed sepa-
rately. E.g.: the administration of magnesium sulfate as a laxative can diminish
the time radioactive materials reside in the lower segment of the large intestine.
Additional approaches involve using activated charcoal, Prussian blue (for cesium)
(Fig. 1), antacids (for strontium), and barium sulfate to absorb radioactive substances.
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Fig. 1 Ion exchange mechanism of Prussian blue for cesium decorporation

5.2 Blocking

Blocking agents function by saturating the metabolic pathways of a particular tissue
or organwith a stable isotope, thereby diminishing the body’s absorption of a radionu-
clide. E.g.: stable potassium iodide (KI) is administered to hinder the uptake of
radioiodine in the thyroid. This method is particularly effective when taken shortly
before or promptly after internal contamination transpires.

5.3 Isotopic Dilution

Themethod of treating involves administering significant amounts of a stable isotope
of the radionuclide in question. This large quantity of stable element serves to dilute
the smaller quantity of the radioactive isotope, thereby expediting the elimination
process of the radionuclide. E.g.: enhanced fluid intake for tritium contamination
reduces the biological half-life of tritium (radioactive hydrogen) within the body.
This is achieved through the dilution effect and the accelerated turnover time of
water.

5.4 Displacement

This approach operates on the same principle as blocking and dilution therapies
but it involves the use of non-radioactive elements with distinct atomic numbers. In
this treatment, the non-radioactive element competes effectively for the uptake sites,
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displacing the radioisotope from the receptors. E.g.: calcium gluconate competes
with radio-strontium for bone deposition, while stable iodine is employed to displace
99mTc.

5.5 Mobilization

This pertains to treatment involving compounds referred to as mobilizing agents.
These agents stimulate the body’s natural turnover processes, thereby trigger the
release of radionuclides from body tissues and augmenting the rate of elimination.
E.g.: when administered orally, ammonium chloride leads to blood acidification and
elevates the elimination of internalized radiostrontium.Diuretics are used for sodium,
chlorides, potassium, and tritium, further enhancing elimination.

5.6 Chelation

Several organic or inorganic compounds have been identified for their ability to
facilitate the removal of metals from the body through chelation. Chelation involves
the binding of chelating agents with metal ions (Fig. 2) to create a relatively stable
non-ionized ring complex, known as chelates. This soluble complex can be easily
excreted by the kidneys. This topic is discussed in detail in Sect. 9.1. E.g.: Ca-DTPA
for transuranics.

Fig. 2 Schematics for decorporation of radionuclide by chelation
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5.7 Excision

Wound debridement and excisionmay be employed to eliminate fixed contamination.
Surgical exploration and the removal of contaminated tissue or foreign substances
might be necessary in cases where such actions are warranted.

The procedure demands a thorough evaluation by specialized experts and surgical
procedure should be performed with assistance of health physicist monitoring
through a wound probe. The excision is performed primarily to remove long-lived
alpha contaminants.

5.8 Lung Lavage

This is an invasive procedure that is seldom employed and is typically reserved for
cases involving a significant accumulation of insoluble inhaled particles within the
lungs. The deposition of radioactive particles in the lungs is the most prevalent form
of internal contamination by radionuclides. When insoluble particles are deposited
in the lungs, they dissolve slowly, and their uptake into the bloodstream, followed
by transport to other targeted organs, takes place over many months to years.

Lavage of the tracheobronchial tree is a treatment technique suited for individ-
uals who have inhaled substantial amounts of insoluble radionuclides. This process
involves inserting an endotracheal tube into the trachea and major bronchi while
the individual is under general anesthesia. The lungs are then washed with isotonic
saline. Before resorting to this treatment, a comprehensive medical and dosimetric
evaluation is crucial. Parameters such as clinical status, worker’s age, existing health
conditions, the radiotoxicity of the internalized radionuclides, the burden of contam-
ination, and dose assessments should all be taken into consideration. This procedure
should be considered only in cases of high exposure where a dose reduction could
potentially avert deterministic effects such as radiation Pneumonitis or Fibrosis.

A summary of common decorporation strategies for treatment of internalized
radionuclides is given in Table 1.

6 Decorporation Therapy Recommendations

Table 2 summarizes some important decorporating agents recommended by agencies
like NCRP, IAEA, etc. [1, 6, 14]. Element-specific procedures are given in the last
section of this chapter.
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Table 1 Decorporation strategies for internal contamination

Decorporation
method

Mechanism of action Examples

GI uptake
reduction

Reduction of radionuclide adsorption in GI
tract by physical absorption, by reduction in
transit time (laxative), by forming insoluble
compounds

Activated charcoal, sulfate
salts, Prussian blue, alginate,
aluminum phosphate,
magnesium sulfate

Blocking or
dilution

Saturation of the target organ with a stable
isotope or similar element to prevent the
uptake of the radionuclide

Stable potassium iodide
Stable strontium or calcium
salts

Mobilization Enhance turnover and natural elimination rate Diuretics
Ammonium chloride

Chelation Forming soluble complexes thereby
enhancing elimination from body

Ca-DTPA, Zn-DTPA

Table 2 Recommended decorporating agents for radionuclides of concern

Radionuclides Treatment

Iodine KI

Rare earths, yttrium, plutonium, transplutonics,
cobalt, thorium

DTPAa

Polonium, arsenic, mercury, gold BALb

Uranium Bicarbonate

Cesium, rubidium, thallium Prussian blue

Strontium, radium Aluminum hydroxide

Tritium Water

Calcium, barium BaSO4, sodium alginate

Copper, gold, lead, polonium, gallium D-penicillamine

Sodium, potassium Diuretics

Bismuth, mercury DMPSc

Carbon Consider hydration and stable carbon

Iron, neptunium DFOAd

Lead, mercury DMSAe

Phosphorus Hydration, oral sodium or potassium phosphate

Sulfur Sodium thiosulfate

Fluorine Aluminum hydroxide

Nickel DDTCf, BAL

a DTPA Diethylenetriaminepentaacidic acid
b BAL British Anti-Lewisite (2,3-dimercapto-l-propanol)
c DMPS Dimercaptopropansulphonate
d DFOA Deferoxamine
e DMSA Dimercaptosuccinic acid
f DDTC Diethyldithiocarbamate
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7 Adverse Effects of the Decorporating Agents

Very less side health risks are associated with decorporation therapy in humans.
The potential side effects of decorporation therapy should never be overlooked;
however, their necessity must be weighed to accurately assess the risk-to-benefit
ratio of the treatment. Adsorptive agents like activated charcoal can lead to abdom-
inal discomfort, frequent nausea, vomiting, and constipation. Laxatives may cause
stomach cramps, dehydration, and electrolyte imbalance, especially with excessive
dosing. Overall, assuming short-term treatment and no contraindications, the use of
adsorptive agents and laxatives is relatively safe [11].

Allergic reactions must be considered when employing any treatment method.
Allergic reactions associated with iodide, such as skin irritation, rash, and gastroin-
testinal distress, are commonly encountered in surgical patients. The use of potassium
iodide in Poland after the Chernobyl accident provided valuable safety informa-
tion, with only allergic reactions reported in adults [14]. Another potentially life-
threatening reaction to iodide treatment, particularly at the dosage used for radioio-
dine prophylaxis, is thyrotoxicosis, involving inappropriately high levels of circu-
lating thyroid hormones. Patients with a history of thyroid gland issues should be
assessed before potassium iodide administration to identify those at risk [11].

Prussian Blue, known to cause constipation, was observed in some patients in the
aftermath of the Goiânia radiation accident. High doses over an extended period may
cause slight obstipation. In addition, the patient will observe blue stool, whichmay be
a psychological consideration [11, 14]. No toxic symptoms were observed in adults
treated with various doses of Prussian Blue [13]. The theoretical concern of cyanide
ion release due to its chemical structure was extensively studied and dismissed.

BAL, a potent chelating agent, especially for arsenic and mercury poisoning, may
lead to various serious side effects. These include nausea, vomiting, lip and throat
burning, salivation, abdominal pain, anxiety, weakness, and neurological effects like
headache and tingling. Cardiovascular effects and other miscellaneous symptoms
may also occur.

Repeated Ca-DTPA doses can deplete essential trace metals like zinc and
manganese, interfering with crucial cellular processes over time. Small side effects
such as nausea, vomiting, diarrhea, chills, fever, andmuscle crampsmay occurwithin
the first 24 h of treatment. Serious complications have been rare in humans following
administrations ofCa-DTPAandZn-DTPAat recommended dosages. Severe toxicity
was mainly observed in animal studies with high doses compared to clinical human
doses. Ca-DTPA is more effective than Zn-DTPA for initial transuranic chelation,
while Zn-DTPA is preferred for protracted therapy due to its comparable efficacy
and lower toxicity [14].

In cases of internal contamination with amixture of radionuclides, potential redis-
tribution phenomena with adverse health effects should be considered when making
therapeutic decisions.
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8 Research Related to Decorporation Strategies

This section focuses on new decorporation strategies and chelating agents currently
being investigated or have been investigated in past for efficient removal of radionu-
clides from body. Extensive research has been conducted in the past and is ongoing,
particularly focused on designing ligands with appropriate structural and coordina-
tion properties for radionuclides, particularly with a primary emphasis on actinides.
The cornerstone of developing successful sequestering agents for radionuclides lies
in gaining a deeper comprehension of their behavior within living organisms.

Actinides can bind with many biological ligands present in biological fluids
like saliva, gastric juice, blood, etc. The majority of studies investigating actinide
biochemistry center around blood, as the overall characteristics of radionuclides are
influenced by how long they remain within this compartment. In blood, most of the
An ions tend to associate with plasma proteins like human serum albumin (HSA),
globulin and serum transferrin (sTf). Pu(IV), Th(IV), Cm(III), Np(IV), and Np(V)
have found to bind to transferrin [15–18]. Binding of Uranyl ion has been inves-
tigated with HAS [19, 20]. However, in all An cases, a fraction of An complexes
with ligands of low molecular weight ions (e.g. carbonate, phosphate and citrate)
is also present. Among plasma proteins, HSA (most abundant) and sTf (presence
of iron-binding sites) serve as major metal transport carriers. In case of actinides,
chelation mechanism is used for enhancing the radionuclide excretion.

8.1 Chelation Therapy

Chelation therapy is a medical procedure involving the introduction of chelating
agents into the body to eliminate heavy metals or other toxic substances. A chelating
agent, also known as a chelant, is a complex ion or compound composed of a ligand
attached (coordinated) to a metal atom or ion through two or more nonmetal atoms.
This arrangement forms a cyclic structure known as a chelation complex or chelate.
The term “chelate” originates from theGreekword “chela,”meaning the large clawof
a lobster. Ligands, which form these chelation complexes, can consist of inorganic
ions like Cl, F, or carbonate, or organic compounds containing two, four, or six
functional groups with atoms such as S, N, O, or P [14, 21].

Chelating agents can possess varying levels of complexity based on the number
of atoms capable of forming complexes with a metal atom simultaneously. They
can be bidentate (two atoms), tridentate (three atoms), tetradentate (four atoms),
and so forth. In thermodynamic terms, chelates tend to be more stable than regular
metal complexes where complexing agents feature only a single electron donor atom.
This enhanced stability is reflected in significantly higher equilibrium constants for
chelates compared to standard metal complexes.

Chelation plays a significant role in the field of medicine. Chelation therapy, a
notable application, has primarily been employed for treating heavymetal poisoning,
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Fig. 3 General chemical structures of a EDTA and b DTPA

including lead, mercury, or arsenic toxicity. One important medical application of
chelation is the removal of radionuclides from the human body, i.e. decorporation.

8.1.1 Polyaminopolycarboxylic Acids

Ethylene Diamine Tetra-Acetic Acid (EDTA)

First synthesized in 1935, EDTA (ethylenediaminetetraacetic acid) initially found
application as a calcium-sequestering agent in the textile industry. However, by the
mid-1940s, EDTA garnered significant attention and underwent intense investiga-
tion. It became recognized as a prominent analytical agent for assessing calcium
and various metal ions. EDTA is capable of creating stable complexes (Fig. 3)
with lanthanide and actinide elements, which could be excreted from the body. It
is the first chelating agent proposed as decorporating agent in 1949. However, M-
EDTA complexes such as Na4-EDTA and Ca2-EDTA were found renally toxic and
responsible for depletion of vital divalent trace metals (e.g. Zinc) [22].

Diethylene Triamine Penta-Acetic Acid (DTPA)

Over time, it became evident that the development of new ligands with higher affini-
ties than EDTA for multivalent cations and lower affinities for divalent metals was
essential. DTPA (diethylenetriaminepentaacetic acid) emerged as a superior agent
compared to EDTA for removing many toxic metals. The enhanced effectiveness of
DTPAoverEDTA, particularlywith polyvalent cations like lanthanides and actinides,
arises from DTPA’s octadentate nature in contrast to EDTA’s hexadentate structure.

H5-DTPAwas patented as a decorporating agent in 1955. AlthoughH5-DTPA and
Na5-DTPA displayed acute toxicity, this adverse effect could be mitigated by using
the Ca chelate. CaNa3-DTPA, while being as renally toxic as CaNa2-EDTA, demon-
strated efficacy as a decorporating agent due to its significantly higher log KML
stability constant values for chelates with lanthanide and actinide ions compared to
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EDTA. CaNa3-DTPA proved effective but required very low doses (clinically accept-
able levels). In some species, frequent injections of CaNa3-DTPA led to toxicity due
to the depletion of essential divalent metals.

Substituting Zn for Ca in ZnNa3-DTPA reduced the overall effectiveness for Pu
decorporation but lowered toxicity, allowing for daily treatment over a prolonged
period. In 2004, the U.S. Food and Drug Administration (FDA) approved two forms
of DTPA, CaNa3-DTPA and ZnNa3-DTPA, to accelerate the excretion of Pu, Am,
and Cm after internal contamination [23].

Shortcomings

Conventional DTPA therapy, despite its capacity to chelate soluble trivalent actinides
and Pu(IV) in bodily fluids, faces certain limitations. The stability constant of
Pu(IV)-DTPA is insufficient to effectively suppress the solubilization of plutonium
hydroxides at physiological pH. Consequently, while DTPA can eliminate soluble
actinide complexes in bodily fluids, its efficacy diminishes significantly for removing
lanthanides or actinides after the hydrolysis of metals and the subsequent formation
of colloids or polymers. DTPA lacks specificity for metals with high ionic charges,
and the less potent Ca or Zn chelatesmust be used to avoid depleting essential divalent
metal ions such as Ca, Zn, Co, Cu, and Mn [14, 24].

Hydrophilic CaNa3-DTPA and ZnNa3-DTPA are limited to distribution within
extracellular water and cannot penetrate cells, making them ineffective against intra-
cellular actinides. Once Pu is bound in tissues and bones, DTPA has minimal
impact on its mobilization and does not compete with actinides already incorpo-
rated into bone. These factors understandably restrict decorporation’s effectiveness
if the chelating agent is not administered immediately following radionuclide intake
[10]. The current FDA-approved drugs, CaNa3-DTPAorZnNa3-DTPA, are not orally
effective at recommended clinical doses and are typically administered through injec-
tion or inhalation. Oral bioavailability would be a highly desirable attribute for an
actinide sequestering agent, particularly if repeated doses orwidespread treatment are
necessary. Furthermore, DTPA is ineffective for certain other actinides like Th(IV),
Np(IV), or U(VI), which could pose challenges in cases ofmultiplemetal contamina-
tions or uncertainties about the contaminant [25]. This may be an issue if more than
one metal is present in an accident or if there are questions about the contaminant.

Efforts to explore alternative solutions have led to the synthesis and testing of
other Polyaminocarboxylic acids (PACAs) with longer central bridges and addi-
tional carboxylic acid groups. However, the affinities of these ligands for trivalent
lanthanides and Ca were not more favorable than those of DTPA. None of these
alternatives proved more effective than CaNa3-DTPA; in fact, some were even less
effective, leading to the discontinuation of these investigations. Certain PACAs with
various alkyl chain lengths were found to reduce orally administered Am deposits,
but the differences in bone Pu were negligible. Some compounds are still being
studied for potential applications [22].
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Fig. 4 General chemical structure of 3,4,3-LICAM

8.1.2 Siderophores

Chelating agents analogous to siderophores, the natural agents produced bymicroor-
ganisms to sequester iron are quite efficient for selective decorporation of actinides.
Siderophores are microbial iron-binding compounds widely recognized as effective
agents for controlling biological processes, detecting substances, remediation, and
chelation, primarily due to their exceptionally strong attraction to Fe(III). When
competing with Fe(III) for binding, siderophores can also capture protons and other
metal ions with two or three positive charges. These encompass not only Ln(III) ions
but also An ions in various oxidation states. The robust inclination of siderophores
to form bonds with these highly charged metal ions is attributed to the robust
oxygen-donating atoms present within their distinct structures.

The binding components that exist in siderophores, such as catecholates,
catecholamides, amino carboxylic acids, hydroxamates, or hydroxypyrimidonates
(HOPOs), exhibit a notably specific affinity for Fe3+ and similar radioactive
analogs. In the pursuit of designing synthetic compounds with properties akin to
siderophores, a biomimetic approach was adopted. This strategy involved crafting
octadentate ligands, resembling siderophores, that incorporate hydroxamate and cate-
cholate functionalities. These ligands were developed for the purpose of efficiently
sequestering Ln/An elements.

Catecholates (LICAMS)

Highly promising linear catechol ligands have been formulated for application in
therapeutic treatments aimed at removing toxicmetals from the body. Notable among
these ligands are 3,4,3-LICAM (Fig. 4) and its derivatives containing sulfonate and
carboxylate groups, namely 3,4,3-LICAM(S) and 3,4,3-LICAM(C). These ligands
have been specifically designed for their effectiveness in chelating Pu(IV) ions. A
comprehensive investigation revealed that among these compounds, 3,4,3-LICAMS
exhibited the highest efficacy as a chelating agent for incorporated plutonium [26].

When addressing the potential contamination of inhaled transuranic elements,
which represents a primary concern in workplace settings, it was found that DTPA
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(Diethylenetriaminepentaacetic acid) outperformed 3,4,3-LICAMS as a chelating
agent. It’s important to note that this observation contrasts with studies involving
injected transuranics. In the context of inhaled transuranics, which pose a significant
risk due to theirmode of exposure,DTPAdemonstrated a higher level of effectiveness
in comparison to 3,4,3-LICAMS. Both chelating agents, however, displayed equal
efficiency in terms of eliminating circulating radionuclides from the bloodstream
[14].

The ineffectiveness of LICAMS could be later explained by chemical investi-
gations. These investigations revealed that, at a pH of 7, only three out of the eight
phenolic oxygens available in LICAMS could undergo deprotonation for the purpose
of engaging in ion binding. This finding suggests that in order to achieve effective
in vivo chelation, the incorporation of functionalities possessing greater acidity than
catechol would be necessary [22].

Hydroxyl Pyrimidonates (HOPOs)

Bidentate hydroxypyridinone chelators have proven to be highly effective in forming
complexes and aiding in the excretion of trivalent iron from the body. When in
an ionized state, these isomers of HOPO (hydroxypyridinone) are isoelectronic
to catechol, the bidentate functional group found in hexadentate enterobactin—
a naturally occurring potent iron chelator [22, 26]. These HOPO isomers hold
structural and electronic resemblances to both hydroxamic acids and catechol.
Similar to hydroxamic acids, hydroxypyridinones are monoprotic acids that estab-
lish binding with metal ions through two oxygen atoms. The bonding within metal-
hydroxypyridinonate complexes displays substantial delocalization. These factors
collectively position HOPOs as effective chelators for hard metal ions, particularly
lanthanides and actinides. The cyclic HOPOs exhibit greater acidity compared to
aliphatic hydroxamic acids.

The1,2-HOPOgroupbecomes ionized at pH levels above5, indicating that ligands
containing this groupwould act rapidly at pH 7,while forming complexes that remain
stable across the physiological pH range of 5–8. Themonoprotic HOPOgroups expe-
rience ionization under physiological pH conditions. Within this range, they display
a specific high affinity for ferric and other metal ions with charge-to-radius ratios
similar to that of Pu(IV). Due to this unique combination of attributes, HOPOs
are particularly well-suited for the development of agents aimed at sequestering
actinides. Furthermore, the formation constants of Fe(III)-HOPO complexes are
significantly higher (by 4–9 orders ofmagnitude) than those formedwith biologically
essential divalent cations.

From an array of more than 60 evaluated ligands, two leading candidates have
emerged: 3,4,3-LI(1,2-HOPO), an octadentate ligand, and 5-LIO(Me-3,2-HOPO), a
tetradentate ligand (Figs. 5 and 6). These candidates have demonstrated considerable
potential in actinide sequestration efforts [22, 27].
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Fig. 5 General chemical structures of a 3,4,3-LI(1,2-HOPO) and b 3,3,3-LI(1,2-HOPO)

Fig. 6 Molecular structure of Pu bound to 1,2-HOPO and 3,2-HOPO, respectively

The significance of amino carboxylic acids, 1,2-HOPOs, and 3,2-HOPOs having
pKa values that fall below or near physiological pH lies in their exceptional effective-
ness under physiological circumstances. Many experimental and theoretical studies
on HOPO-based ligands have been carried out till now, these studies include studies
based upon synthesis of ligands based on HOPOs, their preclinical studies, in vivo
administration on rats to compare efficiency of hexadentate ligands over biden-
tate HOPO-based ligands for Pu decorporation [28–31]. In vivo evaluations were
conducted on hydroxypyridonate ligands that drew inspiration from siderophores.
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These ligands, available in tetradentate, hexadentate, and octadentate forms, were
meticulously assessed for their selectivity and effectiveness in chelating iron or
actinide elements. The evaluations encompassed various procedures for both loading
metals onto the ligands and assessing their performance. Radioactive tracers, such
as 59Fe,238Pu, and 241Am, were employed to facilitate these investigations. These
tracers served as markers to track and understand the behavior of the ligands in the
presence of these specific metal ions within living systems.

Many improved efficient HOPO-based ligands have been designed and tested.
A novel chelating agent called as the mixed chelate, octadentate ligand, 3,4,3-
LI (1,2-Me-3,2-HOPO), was specifically developed, synthesized, and subsequently
evaluated for its potential to chelate plutonium (Pu) in vivo. This unique ligand
was designed to include both 1,2-HOPO and Me-3,2-HOPO metal-binding units.
Notably, the Me-3,2-HOPO unit is known to exhibit a higher affinity for actinide
ions, including Pu, in comparison to the 1,2-HOPO unit under physiological pH
conditions. This ligand was then tested for its effectiveness in sequestering Pu in a
mouse model, aiming to assess its ability to efficiently bind andmitigate the presence
of this radioactive element within the body.

The administration of the mixed chelate, octadentate ligand, 3,4,3-LI (1,2-Me-
3,2-HOPO), yielded significant reductions in body plutonium (Pu) levels compared
to control groups when orally administered to mice after injecting Pu intravenously.
The effectiveness of HOPOs was evident even at low dosages, and these compounds
exhibited oral activity while maintaining low toxicity levels at effective injected
dosages. The pharmacological characteristics of HOPOs are highly favorable for
in vivo Pu chelation. They possess properties such as the ability to penetrate extracel-
lular water, maintaining a useful presencewithin the circulation, undergoing substan-
tial hepato-biliary excretion, demonstrating low yet useful gastrointestinal absorp-
tion, and temporary residence within the kidneys. This combination of attributes
underscores their potential as effective agents for sequestering Pu within living
organisms [28].

The chemical syntheses of both potential compounds have been refined for scal-
ability, ensuring that they can be produced in larger quantities as needed. Addi-
tionally, foundational preparation techniques and analytical methods suitable for
manufacturing substantial quantities have been developed. Importantly, no toxicity
was observed in vitro when these compounds were introduced to cells derived from
three distinct human tissue sources, even at high ligand concentrations of up to
1 mM. Furthermore, in animal studies, both candidate ligands were administered
orally to rats on a daily basis at high doses exceeding 100 µmol kg−1 day−1 for
a duration of 28 days, following the guidelines of good laboratory practice (GLP).
These studies demonstrated that both ligands were well-tolerated by the rats, indi-
cating their potential safety for use in vivo. Given these favorable findings, both
compounds are currently undergoing an accelerated development pathway towards
potential clinical application. The research and development efforts are focused on
advancing these compounds for therapeutic use, leveraging their promising charac-
teristics and the significant progress made in terms of synthesis, scalability, safety,
and efficacy assessments [30].
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The compound 3,4,3-LI(1,2-HOPO) has demonstrated remarkable efficacy char-
acterized by high potency and minimal toxicity when administered through both
parenteral and oral routes. These attributes align well with the desired qualities in
drug development. Extensive tests have established its effectiveness and safety across
multiple animal models, a necessary step to meet the criteria outlined in the FDA’s
AnimalEfficacyRule. This approachbecomesnecessary because conducting efficacy
trials directly on human subjects would be ethically unfeasible.

Given its promising performance as a potential treatment for internal radionu-
clide contamination, 3,4,3-LI(1,2-HOPO) was granted an investigational new drug
(IND) designation by the FDA in August 2014. Particularly noteworthy is its excep-
tional prophylactic efficacy,where the compounddemonstrated significant preventive
capabilities when administered as early as 48 h before exposure to plutonium. These
findings further reinforce the compound’s potential value as a viable candidate for
addressing internal radionuclide contamination concerns [32].

8.1.3 Biomaterials—Chitosan

Chitin is a long chain natural biopolymer of an amide derivative of glucose, N-
acetylglucosamine. It is one of the most abundant polysaccharides present in nature,
second only to cellulose. Chitin and its derivatives are non-toxic and renewable in
nature. Among these derivatives, chitosan stands out as a significant compound. It
has been subject to testing as a potential agent for decorporation, aiming to remove
harmful radioactive substances from the body. This includes elements like stron-
tium, radium, cobalt, americium, plutonium, uranium, and potentially other radionu-
clides. Furthermore, the chemical structure of chitosan can be easily modified to
enhance its suitability as a decorporating agent for various other metals, including
cesium. Researchers, including Nishimura and colleagues, have conducted studies
showcasing chitosan’s effectiveness. They found that oral administration of chitosan
significantly reduced the whole-body retention of strontium in rats [33]. Addition-
ally, chitosan was observed to have a positive impact on hematopoiesis, likely due
to its ability to scavenge free radicals [34]. This multifaceted potential, combined
with the non-toxic and renewable nature of chitin and its derivatives, makes them
appealing candidates for addressing concerns related to the presence of radioactive
materials within the body.

8.2 Development of Improved Formulations

8.2.1 Oral Administration

While Ca-DTPA and Zn-DTPA have received approval for the removal of internal-
ized transuranic radionuclides, their administration through intravenous injection or
nebulization poses limitations in radiological emergency scenarios. Consequently,
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there is a need for an improvedDTPA formulation that ismore suitable formass casu-
alty situations like radiological emergency scenarios. Ongoing efforts are focused
on enhancing the oral bioavailability of Ca/Zn DTPA and other actinide decorpo-
ration agents [25]. It is important to highlight that significant advancements in the
efficacy of DTPA for soluble forms of plutonium (Pu) and americium (Am) could
be achieved if the absorption through the intestinal wall could be notably increased.
DTPA is a synthetic polyamino carboxylic acid equipped with eight binding sites
for complexing metal ions. However, due to the presence of five carboxylic acid
groups and three nitrogen atoms, DTPA is highly ionic and hydrophilic. This charac-
teristic results in compounds with high solubility but low permeability. The current
administration profile of intravenously delivered DTPA does not align well with the
biokinetic profile of transuranic radionuclides. This discrepancy leads to a period
during which DTPA plasma concentrations fall below the required effective concen-
tration for chelating radionuclides within the systemic circulation. Consequently,
this mismatch could potentially limit the effectiveness of existing parenteral DTPA
treatments. The ongoing efforts to developmore suitable formulations aim to address
these challenges and improve the overall efficacy and availability ofDTPA treatments
for radiological emergencies.

Research involving lipophilic derivatives of the PACAs (Polyaminocarboxylic
acids) has shown promising results. In particular, oral administration of one such
chelator was found to be equally effective as injected Zn-DTPA in removing pluto-
nium (Pu) and americium (Am) from rats. Amphiphilic PACA chelators, which are
structurally akin to DTPA and based on triethylenetetramine-hexaacetic acid (TT),
have also been studied. These TT compounds can be administered orally and, if
necessary, can be modified to favor uptake into specific tissues for targeted excretion
through either the biliary (more lipophilic) or urinary (more hydrophobic) systems.
This adaptability suggests that the more lipophilic agents can be particularly efficient
in removing metals that have accumulated in the liver, potentially reducing renal
toxicity as well. Compared to DTPA, these compounds feature an additional binding
moiety, which appears to result in awider range of binding affinities for heavymetals.
These metals include thorium, samarium, plutonium, americium, uranium, stron-
tium, cobalt, and others. Notably, the decorporation effectiveness of TT was directly
linked to its lipophilicity. However, despite this positive aspect, orally administered
TT compounds did not perform as well as parenterally administered Zn-DTPA. In
addition to Pu and Am, preliminary data from rat studies suggest that TT also holds
potential for effectively removing uranium and cobalt. The ongoing exploration of
these lipophilic derivatives and amphiphilic chelators offers a promising avenue for
improving the removal of heavy metals from the body through oral administration
[35].

8.2.2 Transdermal Application

Zhang et al. [36] have proposed a different approach, i.e. use of a transdermal
formulation to deliver chelating agents into the systemic circulation, presenting
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an effective and mass-casualty-ready solution for radionuclide contamination. This
method focuses on achieving systemic delivery of a radionuclide decorporation agent,
allowing for a sustained release pharmacokinetic profile that matches the biokinetic
profile of internally accumulated actinides.

DTPA, due to its hydrophilic nature, is not inherently suitable for transdermal
delivery. However, Zhang et al. addressed this limitation by esterifying the five
carboxylic groups on DTPA, leading to the creation of lipophilic compounds that
possess favorable physicochemical properties for transdermal administration. Specif-
ically, they synthesized the penta-ethyl ester of DTPA, referred to as C2E5, and
successfully incorporated it into a nonaqueous gel formulation. Through their study,
they assessed the transdermal absorption and excretion of C2E5 nonaqueous gels
and evaluated the radionuclide decorporation efficacy of these gels at various dosage
levels. The effectiveness of the approach was substantiated by observing enhanced
total body decorporation and reduced liver and skeletal burden of americium (Am)
following a single topical applicationof theC2E5gel, administered24h after contam-
ination. The sustained enhancement in Am elimination for at least 3 days post-
application indicated that the C2E5 nonaqueous gels provided continuous delivery
of metabolites capable of chelating Am. Importantly, no signs of skin irritation or
skin abnormalities were observed throughout the study period, indicating the safety
and tolerability of the C2E5 nonaqueous gel formulation. This innovative trans-
dermal approach presents a potential avenue for effective radionuclide decorporation,
especially in scenarios requiring mass-casualty treatments.

9 Decorporation Therapy for Selected Radionuclides

When radionuclides are accidentally ingested or inhaled, blood circulation or tissue/
organ deposition of the radionuclides causes systemic or local radiation effects. In
such cases, decorporation therapy is used to reduce the health risks due to their
intake by accelerating the rates of elimination through urine. Decorporation therapy
includes reduction and/or inhibition of absorption from the gastrointestinal tract,
isotopic dilution, and the use of diuretics, adsorbents, and chelating agents. The
authorities, such as the National Council on Radiation Protection andMeasurements
and International Atomic EnergyAgency have reported recommended decorporation
agents for some important radionuclides [1].

9.1 Transuranics

9.1.1 Indication and Usage

Ca-DTPA is the recommended treatment for individuals who are known or suspected
to have internal contamination with plutonium and americium [37]. Ca-DTPA is
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a calcium complex of DTPA (Diethylenetriamine pentaacetate). This compound
has the ability to bind to radioactive plutonium, americium, and curium. A similar
compound called Zn-DTPA is also available, with zinc replacing calcium.

These DTPA-based compounds have found extensive use as chelating agents for
plutonium and other transuranic elements in both the United States and Europe.
DTPA is a synthetic poly-amino polycarboxylic acid that creates stable complexes
(metal chelates)with awide array ofmetal ions. Administering these chelating agents
to individuals internally contaminated with radioactive substances can enhance the
excretion of these elements through urine and feces. The use ofDTPAaids in reducing
the time it takes for radioactive plutonium, americium, and curium to be eliminated
from the body [1, 38].

9.1.2 Dosage and Administration

For the treatment of internal contamination, it is recommended to administer the
initial dose of Ca-DTPA within the first 24 h. During this time frame, Ca-DTPA has
been shown to be more effective than Zn-DTPA. If Ca-DTPA is not accessible, then
Zn-DTPA can be used as the initial therapeutic option.

If additional chelation therapy is deemed necessary on the following day, daily
treatment with Zn-DTPA should be initiated. In cases where Zn-DTPA is not avail-
able, the chelation therapy can be continued using Ca-DTPA, along with concurrent
mineral supplements containing zinc. It’s important to note that only one dose should
be administered per 24 h period [1, 39].

9.1.3 Dose

For adults and adolescents, a single initial dose of Ca-DTPA amounting to 1.0 g
should be administered intravenously. However, for children under the age of 12,
a single initial dose of Ca-DTPA is recommended at 14 mg per kilogram of body
weight, administered intravenously. It’s important to ensure that the dose for children
does not exceed 1.0 g of Ca-DTPA [1].

9.1.4 General Information

The optimal effectiveness of chelation treatment occurs when it is administered
within the initial 24 h after internal contamination. It is recommended to initiate
chelation treatment promptly upon suspicion or confirmation of internal contami-
nation. In situations where immediate treatment is not feasible, chelation therapy
should be administered as soon as it becomes accessible.

It’s important to note that the efficacy of chelation treatment remains signifi-
cant even if some time has passed since the internal contamination incident. The
chelating properties of Ca-DTPA are most potent when radioactive contaminants are



Decorporation of Radionuclides 747

still actively circulating or present in interstitial fluids. As time progresses following
internal contamination, the effectiveness of chelation diminishes, particularly as the
radioactive contaminants become sequestered within the liver and bones [1].

9.1.5 Methods of Administration

In cases where the route of internal contamination is uncertain or there is a likelihood
of multiple contamination routes, the intravenous administration of Ca-DTPA is
recommended. The Ca-DTPA solution, containing 1 g in 5 mL, can be administered
using two different methods [1, 39]:

Slow Intravenous Push: The Ca-DTPA solution can be administered through a
slow intravenous push, taking around 3–4 min to complete.
Intravenous Infusion: Alternatively, the Ca-DTPA solution can be diluted in 100–
250 mL of compatible fluids such as 5% dextrose in water (D5W), Ringer’s
Lactate, or Normal Saline, and then administered as an intravenous infusion [1].

For individuals who have experienced internal contamination solely through
inhalation within the past 24 h, an alternative route of administration is possible.
Ca-DTPA can be administered through nebulized inhalation. To prepare for nebu-
lization, Ca-DTPA should be diluted at a 1:1 ratio with sterile water or saline. After
nebulization, patients should be advised not to swallow any of the expectorant that
may be produced. It’s worth noting that some individuals may encounter respiratory
adverse effects following inhalation therapy.

However, it’s important to acknowledge that the use of nebulized Ca-DTPA in the
pediatric population has not yet been established for safety and effectiveness [1].

9.1.6 Treatment for Contaminated Wounds

The irrigation treatment of wounds using DTPA has shown effectiveness for certain
radionuclides like lanthanides and actinides [40]. In these cases, either Ca-DTPA
or Zn-DTPA can be employed. Early application of DTPA can enhance the efficacy
of the treatment process, thereby reducing the uptake of metals into tissues. This is
achieved by forming stable complexes that allow for urinary excretion.

For effective irrigation treatment, a solution containing 1 g of Ca- or Zn-DTPA
and 10 mL of 2% lidocaine, mixed in 100 mL of 5% glucose solution or sterile
isotonic saline, can be used. This solution is administered for irrigation [41].

In addition to irrigation, other routes of administration can be employed concur-
rently. Intravenous (IV) administration and inhalation therapy with DTPA are also
potential approaches. However, it’s important to exercise caution to prevent over-
dosing with DTPA, as the activity of radionuclides absorbed bywound tissues cannot
be accurately measured.
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9.1.7 Use in Pregnancy and Nursing Mothers

Ca-DTPA is categorized as a Pregnancy Category C drug, while Zn-DTPA falls
under Pregnancy Category B [42].When it comes to chelation treatment for pregnant
women, it’s advised to initiate andmaintain treatment using Zn-DTPA. It’s important
to note that while animal reproduction studies may not always accurately predict
human responses, if the use of the drug is deemed necessary during pregnancy, it
should be used. The decision to administer Zn-DTPA should consider the balance
between the potential risk of toxicity arising from untreated internal radioactive
depositions and the risk associatedwithZn-DTPA treatment itself. RegardingCaNa3-
DTPA, its distribution in extracellular water may extend to breast milk. To determine
if Zn-DTPA is excreted in breast milk, appropriate studies should be conducted. The
safety and potential impact of these drugs on pregnancy and breastfeeding should be
carefully considered in consultation with healthcare professionals.

Due to the fact that numerous radionuclides are known to be excreted to varying
extents in breast milk, it is strongly recommended that women with confirmed or
suspected internal depositions of radionuclides avoid breastfeeding. This guideline
applies regardless of whether they are undergoing chelation therapy or not. The
potential for radionuclide transmission to the infant through breast milk poses a risk
that should be avoided to ensure the infant’s safety and well-being.

9.1.8 Renally Impaired Patients

Dosage adjustments are not generally recommended for patients with renal impair-
ment when using DTPA-based chelation treatment. However, it’s important to note
that renal impairment can potentially slow down the removal rate of radionuclides
from the body through chelation therapy.

In cases where patients with significant contamination are also experiencing renal
impairment, the rate of elimination may be enhanced during dialysis. To effectively
remove radionuclides from the body in such situations, high-efficiency and high-flux
dialysis methods are suggested for patients with renal impairment.

It’s crucial to take necessary precautions to ensure safety when undergoing dial-
ysis for these purposes. Since the dialysis fluid can become radioactive due to the
chelated radionuclides, appropriatemeasures should be taken to safeguard healthcare
personnel, other patients, and the general public from potential radiation exposure
[1].

9.1.9 Duration of Treatment

The duration of chelation treatment is determined by two key factors: the quantity
of radionuclide that has been internally deposited in the body and the individual’s
response to the chelation treatment. Both of these factors play a significant role in
guiding how long the treatment should be continued.
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The amount of radionuclide present in the body influences the extent of contami-
nation and the time required to effectively remove it through chelation. Additionally,
individual responses to the treatment can vary based on factors such as metabolism,
overall health, and the specific radionuclide involved [1].

9.1.10 Monitoring

Before initiating treatment with Ca-DTPA, it is crucial to establish a baseline for the
individual’s health status and internal radioactive contamination [39]. This involves
recording baseline measurements of various parameters, including:

Complete blood count (CBC)
Serum creatinine
BUN (blood urea nitrogen)
Electrolytes
Urinalysis
Blood and urine radio-assays.

These baseline measurements serve as reference points for comparison during
and after the treatment.

Throughout the treatment process, careful monitoring of serum zinc levels and
complete blood counts is necessary due to the potential impact of Ca-DTPA on
zinc levels. When appropriate, the administration of vitamin or mineral supplements
containing zinc can be considered.

To better understand the treatment’s effectiveness and the elimination of radioac-
tive substances, it’s advisable to establish an elimination curve. This involves
obtaining a quantitative baseline estimation of the total internalized transura-
nium element(s). Methods for assessing elimination include whole-body counting,
bioassay (such as bio-dosimetry), and analysis of fecal/urine samples whenever
feasible. By adhering to these monitoring practices and baseline measurements,
the treatment can be tailored to the individual’s needs and any potential adverse
effects can be promptly addressed. This process ensures the safety and efficacy of
the treatment and should be overseen by healthcare professionals.

9.1.11 During Treatment

To effectively manage and monitor the treatment with Ca-DTPA, the following steps
are recommended [1]:

Radioactivity Measurements: Regularly measure the radioactivity levels in
blood, urine, and fecal samples on a weekly basis. This monitoring helps assess
the rate at which radioactive contaminants are being eliminated from the body.
Laboratory Tests: Conduct comprehensive laboratory tests, including.
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Complete Blood Count (CBC) with Differential: This provides insights into
blood cell counts and helps detect any potential abnormalities.
BUN (Blood Urea Nitrogen) and Serum Creatinine: These tests assess kidney
function and can help identify any kidney-related issues.
Electrolytes: Monitor levels of electrolytes (such as sodium, potassium, chloride)
to ensure electrolyte balance is maintained.
Urinalysis: Regular urinalysis helps detect any changes in urine composition and
can provide valuable information about kidney function.

Depending on the results of these tests and the number of Ca-DTPA doses
administered, consider appropriate mineral supplementation.

Adverse Event Recording: Keep a record of any adverse events experienced by
the individual undergoing Ca-DTPA treatment. This information is crucial for
assessing the overall impact of the treatment and ensuring patient safety.

Monitoring these aspects ensures that the treatment is both effective and safe.
Regular evaluation helps adjust the treatment plan if needed and ensures timely
intervention in case of any complications. This monitoring process should be carried
out under the supervision of healthcare professionals.

9.1.12 Action Plan for Inhalation Incidents

In the case of inhalation incidents (Fig. 7),Ca-DTPAcanbe administered at a personal
decontamination center through the use of aerosol generators or nebulizers [39]. For
adults, the initial dose involves inhaling 1.0 g of Ca-DTPA (diluted in 5 mL) with an
equal amount of sterile water or saline solution. This inhalation process should last
for 15–20 min.

Subsequent to this, depending on the levels of radioactive activity, the following
methods of administration are recommended:

Slow Intravenous Infusion: A dose of 1 g of Ca-DTPA, diluted with isotonic 0.9%
NaCl or 5% Glucose solution, should be administered over a half-hour period.
Slow IV Push: Alternatively, undiluted Ca-DTPA solution (5 mL:1 g) can be
administered through slow intravenous push over a duration of 3–4 min.

It’s important to note that intravenous administration should not be extended for
more than 2 h. These administration methods are designed to effectively deliver Ca-
DTPA in response to inhalation exposure, and should be carried out under medical
supervision.

In the first 24 h following internal contamination, Ca-DTPA is more effective
than Zn-DTPA. If prolonged use of DTPA is being considered, the recommended
approach involves administering one dose of Ca-DTPA initially and then switching
to Zn-DTPA for subsequent doses.
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Fig. 7 Flowchart of action plan for Pu/Am (Type M) inhalation incident [39]

In cases where Ca-DTPA is not available, Zn-DTPA can be used as the initial
therapy. On the following day, if additional chelation therapy is needed, daily treat-
ment can commence with Zn-DTPA. If Zn-DTPA is unavailable, Ca-DTPA can be
continued along with Zn supplements.

It’s important to adhere to the principle of not administering more than one dose
within a 24 h period. The decision to continue treatment with Ca-DTPA or Zn-DTPA
should be guided by the results of urine and fecal analysis. The daily dose of DTPA
should not exceed 1 g for any extended treatment period.

The administration schedule for Ca-DTPA is in accordance with guidelines
provided by the International Atomic Energy Agency (IAEA) [43] (Table 3), and
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Table 3 IAEA guidelines for the administration of Ca-DTPA

Time following the
incident

Dose Pathway Frequency

As soon as possible 1 g IV injection or
inhalation

First week 0.5 g IV injection or
inhalation

One per day or three per week

First month or first
two months

0.25 g or
0.5 g

IV injection or
inhalation

Two per week

Following month No treatment

Subsequently 0.25 g or
0.5 g

IV injection or
inhalation

One or two per week for the first month,
alternating with pauses of 2 or 3 weeks until
no further enhancement is observed in
urinary excretion of plutonium (refer to D-3)

you may refer to those guidelines for more detailed information on the treatment
regimen.

9.1.13 Children Less Than 12 Years of Age

The initial treatment with Ca-DTPA involves administering a single dose of 14 mg
per kilogram of body weight intravenously. However, this initial dose should not
exceed 1.0 g in total [1, 38].

For the ongoing maintenance phase, the recommended dosage is also 14 mg per
kilogram of body weight, administered intravenously once daily. The maintenance
dose should not exceed 1.0 g per day.

These dosages are in accordancewith established guidelines and should be closely
followed under the supervision of medical professionals.

9.2 Chelation Therapy for Other Important Radionuclides

If there is a suspicion of internal contamination with radionuclides other than pluto-
nium, americium, or curium, or if the specific radio-contaminants are unknown,
additional therapies may be necessary. For instance, treatments like Prussian blue
and potassium iodide might be considered in such cases. The choice of additional
therapies would depend on the nature of the contamination, the involved radionu-
clides, and themedical evaluation of the situation. It’s important to tailor the treatment
approach to the specific contaminants and their potential health effects.
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9.2.1 Prussian Blue Insoluble Treatment for Cs

Cesium-137 stands out as a commonly occurring fission product resulting from the
nuclear fission of 235U and other fissionable isotopes within the nuclear industry. It’s
also frequently found in sealed sources utilized in radiation oncology. Additional
isotopes like 134Cs are observed in various industrial or laboratory settings. The
radioactive 131Cs is employed as an implantable seed to treat prostate cancer. To
eliminate radioactive cesium from the body, themost effectivemethod involves orally
administering ferric ferrocyanide, commonly known as Prussian blue. Prussian blue,
with its chemical formula Fe4 [Fe(CN)6]3, is taken as a medication by mouth and
promotes the removal of cesium and thallium isotopes from the body through ion
exchange. This treatment is particularly effective against cesium that’s been ingested,
as opposed to inhaled. Prussian blue has a lengthy and successful history in addressing
internal deposits of radiocesium and has been endorsed for years by national and
international radiation protection organizations. According to FDA guidelines, a
recommended treatment regimen involves taking Prussian blue at a dose of 3 g three
times a day for a minimum of 30 days to address internal contamination [38].

Modes of Treatment

The recommended dosage for adults and adolescents is three grams orally, to be
taken three times a day. For children aged between 2 and 12 years, the recommended
dosage is one gram orally, also three times a day. For children below 2 years of
age, there is no specific dosage recommended by the FDA due to limited clinical
experience [5]. However, a scaled dose could be considered based on the individual
situation and consultation with a healthcare professional.

To assess the effectiveness of the treatment, bioassay monitoring of urine and
fecal samples can be employed. This monitoring helps in tracking the excretion of
the radioactive substances from the body and gauging the response to the treatment.
As always, it’s important to follow medical guidelines, consider individual circum-
stances and involve medical professionals when making decisions about treatment
dosages and monitoring procedures [38].

Precautions

Patients should be made aware that their stool may turn blue following the admin-
istration of Prussian blue. In cases where liver function is impaired, the effective-
ness of Prussian blue may be reduced due to decreased cesium excretion in bile.
Consequently, close monitoring of serum electrolytes is necessary during insoluble
Prussian blue treatment. Special caution should be exercised for patients who have
pre-existing cardiac arrhythmias or electrolyte imbalances.

It’s worth noting that the administration of Prussian blue can potentially lead
to constipation. To address this, it’s advisable to consider co-administering a stool
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softener or a mild laxative during the course of treatment. As always, patients should
follow medical guidance closely, and healthcare professionals should be consulted
for any concerns or specific needs related to treatment [38].

Efficacy

Prussian blue operates by inhibiting the process of enterohepatic recirculation within
the gastrointestinal tract. This action results in a reduction of the cesium dose by a
factor of two to three. It’s important to note that Prussian blue’s effectiveness is likely
to be higher in incidents involving ingestion of radioactive cesium as compared to
incidents involving inhalation. This distinction underscores the varying degrees of
effectiveness based on the route of exposure [38].

Clinical Experience

The main clinical experience in utilizing Prussian blue as a chelating agent stems
from the Goiânia incident in Brazil in 1987 [44–46]. This incident provided valuable
insights into the application of Prussian blue in cases involving radiation exposure.
It’s noteworthy that the clinical experience with Prussian blue has primarily been in
incidents where ingestion of radioactive materials occurred. This underlines that the
main body of evidence comes from situations where individuals ingested radioactive
substances.

Prussian blue insoluble capsules comprise insoluble ferric hexacyanoferrate (II),
with an empirical formula of Fe4 [Fe(CN)6]3.

9.2.2 Summary of Treatment Recommendations for Cobalt (59Co, 60Co)

The recommended drug for the de-corporation of Cobalt (59Co, 60Co) is DTPA
(Diethylenetriaminepentaacetic acid), albeit it’s considered an off-label use [1]. The
recommended dosage for DTPA is 1g administered intravenously. However, if DTPA
is not available, there are alternative drugs to consider:

DMSA (Dimercaptosuccinic acid)
EDTA (Ethylenediaminetetraacetic acid)
NAC (N-Acetylcysteine).

The dosages for these alternative drugs would be similar to those described for
DTPA.

In situations of mass casualty, a single intravenous dose of DTPA is recom-
mended. To determine the appropriate course of treatment, the excretion kinetics
of the drug can be assessed by analyzing the results of whole-body counting. This
assessment helps guide decisions regarding further treatment. It’s crucial to follow
medical guidelines and recommendations closely in such situations.
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Clinical Experience

While there is no published clinical experience available for the use ofDTPA in adults
following inhalation or ingestion of cobalt, there is a limited case of pediatric cobalt
poisoning described in the literature. In that particular case, EDTAwas administered
at a dose of 50 mg per kg per day for a period of 5 days. This treatment facilitated
the enhanced renal elimination of cobalt, leading to the resolution of the patient’s
metabolic acidosis and cardiac dysfunction.

Animal studies have provided insights into the effectiveness of both DTPA and
EDTA in reducing tissue concentrations of cobalt after intraperitoneal or parenteral
injection. Furthermore, N-acetyl cysteine has shown the ability to increase cobalt
excretion in animals and could be considered as an alternative approach [47].

Although clinical data might be limited, these findings from animal studies and
the single pediatric case offer valuable information regarding potential treatments for
cobalt poisoning. Nonetheless, any treatment decisions should be based on careful
consideration of individual patient circumstances and consultation with medical
professionals.

9.2.3 Medical Treatment for Iodine Radionuclides

Summary of FDA Treatment Recommendations for Iodine (125I, 131I)

Potassium iodide (KI) is an FDA-approved thyroid-blocking agent that can be
obtained without a prescription. Its use is geared towards preventing the uptake of
radioactive iodine by the thyroid. For adults, the traditional thyroid-blocking regimen
involves orally administering 130 mg of KI as early as possible following exposure.
Subsequently, one tablet is taken daily for a period of 7–14 days. KI is most effective
when administered before or shortly after exposure to radioactive iodine. KI blocks
or reduces the accumulation of radioactive iodine in the thyroid [47].

Both tablet and liquid formsofKI have receivedFDAapproval. The administration
of KI should commence immediately after an incident and can be effective up to 4 h
post-exposure. Even if exposure is ongoing, stable iodine, such as KI, can still be
about 50% effective even 5–6 h after contamination with radioiodine [1, 47].

Certain individuals, such as those intolerant to protective doses of KI, neonates,
pregnant and lactating women (with safety concerns for repeated administration
of KI), should be given priority for alternative protective measures like sheltering,
evacuation, and food supply control.

For individuals over 40 years of age, the use of KI is typically reserved for cases
where a substantial internal radiation dose to the thyroid of more than 5 Gy (500 rad)
is projected, to prevent hypothyroidism [48]. As long as there’s ongoing exposure
to radioiodine, KI should be taken daily. If an extended stay in contaminated areas
is necessary (lasting over 1 day), the dosing schedule should be determined by a
physician’s discretion.
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Alternative Therapy Modes

An alternative convenientmethod for delivering stable iodide is by adding aroundfive
to six drops of a saturated solution of potassium iodide (SSKI) with a concentration
of 1 g/mL to juices. This provides an easy way to take stable iodide [1].

Anti-thyroid agents like propylthiouracil or methimazole, which are typically
used to treat hyperthyroidism, can be employed as well. These medications work
by inhibiting the synthesis of thyroid hormones. In the context of radioactive iodine
contamination, these drugs should be taken early, before radioiodine becomes organ-
ified in the thyroid. It’s important to note that these drugs can have potential toxicity,
so the balance between benefits and risks should be carefully considered before their
use.

Potassium iodate (KIO3) is another compound used to block thyroid uptake of
radioactive iodine. However, it’s worth mentioning that KIO3 is not FDA approved
for this purpose in the United States. Nonetheless, it’s utilized in certain countries as
a thyroid-blocking agent [1].

9.2.4 Medical Treatment for Strontium Radionuclides

Modes of Treatment

The recommended agent for decorporation isAluminumhydroxide [1], which should
be taken promptly after an incident to prevent the intestinal absorption of radio-
strontium. This can be achieved through oral administration. The standard dose is as
follows:

Adults: 10 mL (equivalent to 1200 mg)
Pediatric: 50 mg per kg of body weight, not exceeding the adult dose.

To achieve a reduction in intestinal absorption, the dose range is set at 60–100mL.
These regimens, when administered after exposure, effectively inhibit the intestinal
absorption of radio-strontium. The action of this drug also involves competitive
inhibition of absorption.

In situations involving mass casualties, a single administration is recommended
for a given regimen. However, it’s important to note that hypersensitivity reactions
to the drug might lead to constipation. Additionally, prolonged use of aluminum
hydroxide could potentially result in hypophosphatemia.

Given that strontium tends to accumulate in bones, monitoring of blood counts
should be conducted to detect pancytopenia, a condition characterized by low levels
of all blood cell types. This caution is especially relevant due to strontium’s affinity
for bone tissue.
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Alternate Regimens

Alginate, an over-the-counter ion-exchange resin, is effective in the gastrointestinal
tract and can bind to strontium and other radionuclides [1]. Alginate is found as an
inactive ingredient in products like Gaviscon. The recommended dosage of alginate
is around 200 mg per tablet or per tablespoon, and it’s important not to exceed the
dose indicated on the label.

A suggested dosing regimen for alginate involves:

Initial dose: 5 g taken twice daily for 1 day
Followed by: 1 g taken four times daily (qid).

Additionally, it’s advised to take Calcium phosphate at a dosage of 10 g orally
once.

This approach is aimed at utilizing the binding properties of alginate to help
remove strontium and other radionuclides from the body through the gastrointestinal
system. Always follow the recommended doses and guidelines as provided on the
product label or by a healthcare professional.

9.2.5 Medical Treatment for Decorporation of Tritium (3H)

Tritium represents the sole radioactive variation of hydrogen, undergoing decay
to form 3He by emitting Beta rays with a maximum energy output of 18.6 keV.
Tritiated water (HTO) can be readily introduced into the body through inhalation,
ingestion, or absorption via the skin. Once inside the body, the absorption of 3H is
swift and complete, immediately blending with bodily water. Therefore, the primary
concern in managing internal tritium contamination lies in its impact on total body
water. Addressing tritium intake from a medical standpoint predominantly involves
enhancing the turnover of body water.

In situations involving single instances of contamination, the approach to treat-
ment centers around increasing oral fluid consumption. This approach serves a dual
purpose: it dilutes the presence of tritium and boosts its excretion through natural
physiological mechanisms [1].

Modes of Treatment

Raising the intake of oral fluids to a range of 3–4Lper day results in a halving to a third
of the biological half-life of tritium, consequently leading to a proportional reduction
in the total body dose. In situations of severe internal deposition, the recommended
liquid intake can be further elevated to a range of 6–10 L per day, unless there are
clinical reasons to avoid this approach. This increased fluid consumption regimen is
advised to be followed for a period of 5 days [1].

By maintaining an elevated fluid intake up to the limits of personal tolerance, the
biological half-life of tritium can be decreased significantly, ranging from half to an
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eighth of its normal value. This adjustment directly correlates with a corresponding
reduction in the overall radiation dose.

Contraindications

It’s important to exercise caution when applying these fluid intake recommendations,
especially for patients whomight be at risk of fluid overload, such as individuals with
congestive heart failure.

9.2.6 Medical Treatment for Uranium Isotopes 234U, 235U, 238U,
and Depleted Uranium (DU)

Modes of Treatment

The recommended choice of medication to counteract uranium contamination is
Isotonic sodium bicarbonate [1]. For adults, the suggested dosage is 250 mL (equiv-
alent to 1–2 mEq per kg of body weight) administered through a slow intravenous
infusion. Alternatively, two bicarbonate tablets can be taken orally every 4 h until
the urine pH reaches a range of eight to nine. It’s important to closely monitor urine
pH on an hourly basis for a duration of 3 days. In cases where there is suspicion of a
high level of uranium intake, the following dosing strategies should be considered:

Renal dialysis may be appropriate.
Etidronate (Didronel) can be taken orally at a dosage of 400 mg daily.
Diamox (Acetazolamide) can be taken orally at a dosage of 500 mg twice daily.

These interventions should be continued for a span of 3 days.

Precautions

In cases of uranium contamination, the preferred treatment method involves admin-
istering oral doses or infusions of sodium bicarbonate. The goal of these treatments
is to maintain an alkaline urine pH, which should be closely monitored through
frequent pH measurements. By achieving an alkaline urine environment, the forma-
tion of non-toxic uranium carbonate complexes is significantly enhanced, increasing
their concentration by several orders of magnitude. This, in turn, facilitates efficient
excretion of uranium from the body [1].

10 Conclusion

This chapter explores the concept of decorporation, which involves removing inter-
nally absorbed radionuclides from the body to reduce long-term health risks. The
primary goal is to decrease the committed effective dose by expediting radionuclide
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elimination. The chapter covers decorporation goals, factors influencing treatment,
and the decision-making process for initiating treatment. It discusses the timing of
decorporation therapy and various methods, including reducing uptake, blocking,
chelation, and more. The recommended decorporating agents for different radionu-
clides are summarized, and potential adverse effects of treatment are briefly outlined.
The chapter delves into research on decorporation strategies, focusing on chelating
agents, formulations, and applications. The use of decorporation therapy for specific
radionuclides is also addressed, emphasizing individualized treatment under medical
supervision. Overall, this chapter serves as a comprehensive guide for understanding
and implementing decorporation strategies in cases of internal contamination,
providing valuable insights into treatment goals, methods, and considerations.
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Glossary

Absorbed Fraction Ratio of the energy absorbed by the target region from the ith
radiation to the energy emitted from the source region by the ith radiation.

Activity Concentration Activity of a radionuclide per unit volume of a sample and
is expressed in units of Bq m−3.

Activity of Radioactive Source The expectation value of number of nuclear trans-
formations occurring per unit time and is expressed in unit of Bq. 1 Bq = 1
disintegration/s.

Activity Median Aerodynamic Diameter (AMAD) The aerodynamic diameter of
aerosol particles above which 50% of activity is associated. Usedwhen deposition
is primarily governed by inertial impaction and sedimentation.

Activity Median Thoracic Diameter (AMTD) The aerodynamic diameter of
aerosol particles above which 50% activity is associated. Used when deposition
is primarily governed by diffusion.

Alveolar Tiny air sacs in the lungs where gas exchange between oxygen and carbon
dioxide takes place.

AlphaSpectrometry Atechnique used for detecting and quantifying alpha-emitting
radionuclides during the decaying process.

Anodic Stripping Voltammetry (ASV) An electroanalytical technique is used to
quantify the concentration of tracemetals in a solution. Thismethod is particularly
effective for measuring metals that form reversible redox reactions and can be
deposited onto an electrode surface. ASV is employed for estimation of uranium
in biological/environmental samples.

Accident Dose Refers to the amount of radiation exposure an individual receives
due to an unexpected event or accident involving radioactivematerials or radiation
sources.

Active Dosimeter A dosimeter (electronic pocket dosimeter, ionization chamber,
proportional counter, etc.) that produces signal in real time when exposed to
ionizing radiation, which can be measured in real time using an associated
electronics system.
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Antiparticle A subatomic particle has the same mass as a given particle but oppo-
site electric or magnetic properties. Every kind of subatomic particle has a corre-
sponding antiparticle, e.g. the positron has the same mass as the electron but an
equal and opposite charge.

Annual Limit of Intake (ALI) Maximum amount of a particular radionuclide that
an individual can ingest or inhale within a 1-year period without exceeding a
specific dose limit.

Area Monitoring Assessment/measurement of radiation levels at various locations
around the work place of radiation facilities.

Bayesian Statistics Bayesian statistics is a branch of statistics that deals with the
updating of probabilities based on new evidence. It relies on Bayes’ theorem to
calculate the probability of hypotheses given observed data.

Bioassay Sample A biological sample is excreted or otherwise removed from the
body in order to assess the presence of radionuclides.

Biodosimetry Measurement of radiation dose basedonbiological changes or signals
in response to the damage created by ionizing radiation.

Biokinetic Models Mathematical representations that describe the movement,
distribution, and transformation of substances within living organisms over time.
Used to understand the fate of substances in biological systems.

Biological Half-life Biological half-life refers to the time required for half of the
radionuclide content within a compartment of a biological system to undergo
elimination.

BoneResorption Theprocess bywhichbone tissue is brokendown, and itsminerals,
such as calcium, are released into the bloodstream. Crucial for maintaining
calcium balance in the body and for the repair and renewal of bone tissue.

Brachytherapy Cancer treatment modality that involves the strategic placement
of sealed radioactive sources directly within or adjacent to the targeted tumor,
facilitated either through direct insertion or catheters.

Bronchi The large and main air passages in the respiratory system branch off from
the trachea and extend into the lungs. Crucial for conducting air to and from the
lungs and simulating respiratory tract deposition in biokinetic models.

Bronchiole A small, thin-walled air passage in the respiratory system branching off
from the bronchi. Involved in regulating airflow within the lungs.

Bubble Detector Bubble detector consists of a clear plastic tube filled with a super-
heated polymer gel which produces bubbles on interacting with fast neutrons. It
is used to determine personal dose equivalent.

Calibration of Personal Dosimeters The process to establish the relationships
between values indicated by a measuring instrument/measuring system, and the
corresponding known values of a measurand under specified conditions.

Čeronkov Radiation Emission of electromagnetic radiation (bluish in color) when
a charged particle traverses in a dielectric medium with a speed greater than the
speed of light in vacuum.

ChestWall Thickness The exponential average of tissue thickness from the surface
of lungs to the points in the intercostal space in between the ribs.
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Chromatography A process in which components of a mixture are separated by
differential distribution between a mobile phase and a stationary phase.

Creatinine A substance produced in muscle tissue by the metabolism of creatinine
phosphate, which is taken in the diet primarily in meats, is filtered by the kidneys
and eliminated in urine. The reference value of urinary excretion of creatinine for
adult male is 1.7 g d−1, and for adult female is 1.0 g d−1.

Collision Stopping Power Energy is transferred to orbital electrons of an absorber
per unit length when a charged particle traverses in the absorber.

Committed Effective Dose Radiation dose absorbed by the whole body over a
specific period of time (50 years, called committed time) after the intake of a
radionuclide.

Committed Equivalent Dose The committed equivalent dose is radiation absorbed
by a specific target organ over the course of an individual’s lifetime, resulting
from the radioactive decay of a radionuclide in all source organs.

Compton Effect An interaction of X-ray or gamma photon with a free electron in
which the photon is scattered at a reduced energy and the electron is ejected from
the atom.

Computed Tomography A volumetric X-ray imaging technique that provides
computer-calculated cross-sectional images of the body.

Contamination Presence of radioactive material on the human body or other
surrounding materials in excess of quantities as specified by the competent
authority.

Continuous Slowing Down Approximation In this approximation, a charged
particle is considered to be losing its kinetic energy gradually and continuously
while traversing in a medium.

Conversion Coefficients The coefficients which relate operational and protection
quantities to physical quantities.

Criticality The “stage” or “state” of a fissile material system where a self-sustained
nuclear chain reaction is just maintained.

Criticality Accident Accidental production of a self-sustaining or divergent chain
reaction of fissionable material.

Criticality Accident Dosimetry A procedure for the measurement of dose due
to criticality accident using a combination of neutron activation foils and other
passive detectors.

Cyclotron An apparatus in which charged atomic and subatomic particles are accel-
erated by an alternating electric field while following an outward spiral or circular
path in a magnetic field.

Cytogenetics Studies based on chromosomes or part of it, which can be microscop-
ically analyzed.

Decorporation The therapeutic processes by which radioactive materials are mobi-
lized from tissues/organs and removed from the body by enhanced material
excretion.

Defense in Depth Provision of multiple levels of protection for ensuring the safety
of workers, the public, or the environment.
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Derived Air Concentration (DAC) The level of radionuclide concentration in the
air that, if inhaled by a reference person over a working year (approximately
2000 h) at that concentration, would result in an intake equivalent to the Annual
Limit of Intake (ALI).

Deterministic effect Definitive health effects caused by excessive cell killing at
high doses of radiation (> 0.7–1 Gy).

Direct Monitoring Method A gamma ray spectrometry method in which external
detectors are placed close to the body or organ in which internal radioactive
contamination has to be measured.

Dose Limit The value of the effective dose or the equivalent dose to individuals
from planned exposure situations shall not be exceeded.

Dose and Dose Rate Effectiveness Factor (DDREF) A correction factor for
stochastic risk at low dose (< 200 mGy) or low dose rate (100 mGy/h).

Dosimeter A device used to measure the dose of any radiation worker wearing it.
Dosimetry Dosimetry is the science and practice which deals with measurement,

calculation, and assessment of the absorbed dose.
Early versus late effects of radiation Effects appearing within hrs to months post

radiation exposure versus effects appearing years to decades after exposure.
Efficiency Calibration Response of the detection system for known amount of

activity distributed in phantom and similar measurement geometry as that of
worker.

Elastic Scattering A scattering process in which two or more particles collide and
the total kinetic energy and momentum of the system are always conserved.

Electro Chemical Etching It is a process in which a material (such as insulating
material) is etched chemically at high temperature in an etchant solution in the
presence of high electric field (few kV/mm).

Electrodeposition The deposition of a substance on an electrode by passing electric
current through an electrolyte. It is used as a source preparation method for alpha
spectrometry.

Electron Spin Resonance A spectroscopic technique used to study materials with
unpaired electrons.

Equilibrium Dose Constant Average energy emitted per nuclear transformation in
the source region.

Equilibrium Equivalent Concentration The Equilibrium Equivalent Concentra-
tion of radon is the radon concentration that is in secular equilibrium with its
decay products, providing an equivalent PAEC for the progeny nuclides actually
present in the atmosphere.

External beam therapy A cancer treatment technique by means of delivering the
collimated beams of ionizing radiation to the delineated tumo volume.

Fluoroscopy A real-time medical X-ray imaging procedure that provides the video
of the movements inside a part of the body.

Gamma Camera A nuclear medicine imaging device that detects radiation emitted
from the patient body and enables the acquisition of dynamic as well as static
images of the area of interest.
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Genetic abnormality Deviation from normal genome leads to certain disorders or
appearance.

Genetic Effect Effects transferrable through generation due to one or both parental
radiation exposure.

Glow Curve A plot of thermoluminescence intensity versus temperature or time.
Hematological Parameters Blood-related factors such as blood cell counts.
High LETRadiation Ionizing radiations such as protons, neutrons, alpha particles,

and other heavy ions having LET values ≥ 10 keV/µm.
Human Phantom Human surrogates with source distribution similar to the one

expected in humans with tissue substitutes similar to human tissue in Z, density
and scattering, and attenuation characteristics.

Immuno-fluorescence Obtaining fluorescence signal using immunological
methods through antibodies specific to certain cellular expressions.

Individual Monitoring Periodic measurement of individual doses due to occupa-
tional exposure to ionizing radiation in order to monitor and control the associated
radiation hazard.

Industrial Radiography A nondestructive technique to identify any possible
defects in products and assemblies that are used in industries by utilizing ionizing
radiation sources such as X-rays, gamma rays, and radionuclides.

Inelastic Scattering A scattering process in which the momentum is conserved, but
the kinetic energy of the system is not conserved.

In-situ Hybridization Bonding of chromosome-specific or region-specific sites by
probes using the sequence of the chromosome.

Intake The process of bringing a substance into the body. In biokinetic models, it
refers to the entry of a substance into an organism through inhalation, ingestion,
or skin absorption.

Internal Contamination Radioactive contamination of organs or tissues of human
subject or any organism due to intakes of radionuclides mainly by inhalation,
ingestion, or injection.

Internal Dose Evaluation The process of assessing the amount of radioactive
or hazardous substances absorbed, distributed, and retained within the body
following exposure.

Interphase Stage of cell cycles where cell is preparing for and synthesizing genetic
material. This includes G0, G1, S, and G2 phases.

In-utero Effect Biological effects in embryo/fetus/person after exposure during
embryonic or fetal stage.

Investigation level The level of measured radiation quantity, above which the cause
or the implications of the result are examined.

In-vitro Monitoring Measurements to determine the presence of, or to measure
the amount of, radioactive material in the excreta or in other biological materials
removed from the body.

Ion-exchange Chromatography Ion-exchange chromatography is a form of chro-
matography that separates ions or charged molecules based on their affinity to the
ion exchanger.
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Ionizing Radiation Electromagnetic radiation that has sufficient energy to ionize
the medium directly or indirectly.

Latent Period Dormant non-symptomatic period between exposure and disease
manifestation.

LED Fluorimetry Refers to the use of light-emitting diodes (LEDs) as the light
source in fluorimetric analysis. Fluorimetry itself is a technique that involves
measuring the fluorescence emitted by a substance when it absorbs light. LED
fluorimetry technique is used for estimation of trace levels of uranium present in
biological/environmental samples.

Likelihood Likelihood in probability statistics is the measure expressing howwell a
given statistical model explains observed data, indicating the relative plausibility
of different parameter values.

Linear Accelerator A type of particle accelerator that imparts a series of relatively
small increases in energy to subatomic particles as they pass through a sequence
of alternating electric fields set up in a linear structure.

Linear Energy Transfer An average linear rate of energy loss of charged particle
radiation in a medium, i.e., the radiation energy lost per unit length of path
traversed through a material.

Liquid Scintillation Counting A radio-analytical technique is used to quantify the
radioactivity of alpha/beta isotopes and involves the conversion of energy of a
radioactive decay event into photons of light.

Lognormal Distribution A probability distribution of a random variable whose
logarithm is normally distributed. It is characterized by two parameters the mean
(μ) and standard deviation (σ ) of the natural logarithm of the variable.

Low LET Radiation Ionizing radiations such as photons, electrons and muons
having LET values ≤ 10 keV/µm.

Lymph Nodes Small, bean-shaped structures that are part of the lymphatic system,
filtering lymphatic fluid and playing a crucial role in immune response. Relevant
in biokinetic models for the distribution and clearance of substances.

Mammography An X-ray imaging procedure to examine the internal structure of
the breast.

MassSpectrometry Mass spectrometry is an analytical tool formeasuring themass-
to-charge ratio (m/z) of one or more molecules present in a sample.

Medical Cyclotron A particle accelerator which is used to produce radioisotopes
for diagnostic and therapeutic applications in nuclear medicine.

Micro-precipitation A type of co-precipitation that uses a soluble component
combined with a non-isotopic carrier to form a precipitate. Microprecipitation
is another source preparation method for alpha spectrometry.

Minimum Detectable Activity (MDA) The minimum activity from the source,
which can be measurable by 95% probability where false negative and false
positive rate is ensured to be no longer than 5%.

Monitoring Period The time period between dosimeter exchanges in routine
monitoring.

Multi-parametric Based on multiple parameters or signals or methods.
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Neutron Activation Analysis A nuclear analytical technique used for the quantita-
tive and qualitative determination of elements in a wide variety of materials.

Neutron Dosimetry A procedure that encompasses the detection and evaluation of
neutron dose by a suitable neutron detector.

Nuclear Emulsion Plate A photographic plate coated with a thicker photographic
emulsion of gelatine containing a higher concentration of very fine silver halide
grains to detect charged particles.

Nuclear Fission Heavy nucleus after absorbing an additional neutron splits into
two parts with a release of about 200 MeV per fission and emission of about 2.5
neutrons/fission.

Nuclear Fuel Cycle All operations associated with production of nuclear energy,
includingmining, milling, processing and enrichment of uranium or processing of
thorium, manufacture of nuclear fuel, operation of nuclear reactors, reprocessing
of irradiated nuclear fuel, decommissioning, and any activity for radioactivewaste
management and research or development activity related to any of the foregoing.

Nuclear Fuel Reprocessing Plant A nuclear chemical plant together with all the
associated structures, systems, components and equipment necessary for safe
separation of Uranium and Plutonium from fission products.

Nuclear or Radiation Emergency They are emergencies in which there is or
perceived to be, a hazard due to: (i) The energy resulting from a nuclear chain
reaction or from the decay of the products of a chain reaction; or (ii) Radiation
exposure.

Nuclear Medicine Nuclear Medicine is a branch of clinical medicine, where
unsealed radioisotopes are used for various diagnostic and therapeutic applica-
tions.

Nucleonic Gauges An equipment that consists of radiation source and detector to
measure various process control and quality control parameters in industries.

Occupational exposure Radiation exposure acquired by workers in the course of
their work, with the exception of: (1) excluded exposures and exposures from
exempt activities involving radiation or exempt sources; (2) anymedical exposure;
and (3) the normal local natural background radiation.

Operation All activities following commissioning and before decommissioning
were performed to achieve, in a safe manner, the purpose for which a nuclear/
radiation facility was constructed, including maintenance.

Operational Interventional Level (OIL) It is an operational criterion. It is a set
level of a measurable quantity that corresponds to a generic criterion. OILs are
typically expressed in terms of dose rates or of activity of radioactive material
released, time integrated air concentrations, ground or surface concentrations, or
activity concentrations of radionuclides in environmental, food or water samples.

Operational Quantities Practically realizable quantities are defined for estimation
of radiation protection quantities.

Optically Stimulated Luminescence A process in which a pre-irradiated (exposed
to ionizing radiation) material when subjected to an appropriate optical stimula-
tion, emits a light signal proportional to the absorbed dose.
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OrganicallyBoundTritium The buried non-exchangeable tritiumbound to organic
matter, resulting from tritium being incorporated in various organic compounds
during the synthesis process of living matter.

Pair Production Production of an electron–positron pair in the field of nucleus of
the absorbing atomwhen the incident X-ray or gamma photon of energy is greater
than 1.022 MeV.

Passive Dosimeter A dosimeter (TLD, films, solid state nuclear track detector, etc.)
does not produce signal in real time when exposed to ionizing radiation. Post irra-
diation, the radiation-induced response is collected by processing the dosimeter
separately using a dedicated system.

Path length The actual path is traversed by a charged particle in a medium due
to extensive multiple scattering with atomic nuclei and atomic electrons of the
medium.

Personnel Dosimetry Monitoring of radiation dose of radiation workers during
routine occupational exposure.

Phantom A model for substitute of human body or body part which is used for
calibration of personal dosimeters.

Phoswich Detector A sandwich of two phosphors (Scintillators).
Photoelectric Effect An interaction of X-ray or gamma photon with an orbital

electron in which the photon is absorbed and an electron is ejected from the atom.
Physical Quantities The quantities used in radiation metrology whose units are

directly obtained through primary standards at national standards laboratories.
Posterior Distribution The distribution of possible values for a parameter after

observing data. It is a key result in Bayesian analysis and encapsulates uncertainty
about the parameter.

Posterior Probability The updated probability of a hypothesis after incorporating
observed data. It is calculated using Bayes’ theorem and is proportional to the
product of the prior and likelihood.

Potential Exposure Exposure that is not expected to be delivered with certainty but
that may result from an accident at a source or owing to an event or sequence of
events of a probabilistic nature, including equipment failures and operating errors.

Potential Alpha Energy (PAE) The potential alpha energy (in MeV) of an atom in
the decay chain of 222Rn/220Rn is the total alpha energy emitted during the decay
of this atom through the decay chain to 210Pb in the case of radon or 208Pb in the
case of thoron.

Potential Alpha Energy Concentration in Air (PAEC) This concentration refers
to the total potential alpha energy of any mixture of short-lived radon or thoron
decay products per unit volume of air. The historical unit for this quantity is the
Working Level (WL), while the SI unit is J m−3.

Precipitation/Co-precipitation Precipitation and co-precipitation are processes
used in chemistry to separate or isolate substances from a solution based on their
solubility characteristics.

Prior Probability The initial probability is assigned to a hypothesis before consid-
ering new evidence. It represents the belief or knowledge about the hypothesis
before data is observed.
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Protection Quantities The risk-related quantities used for expressing the radiation
dose limits.

QualityAssurance (QA) Asystematic process is implemented to ensure that a set of
procedures, protocols, and standards are followed consistently to achieve desired
outcomes. In the context of internal dose evaluation, QA involves establishing and
maintaining high standards in data collection, analysis, and reporting to ensure
the reliability and accuracy of results.

Quality Factor The factor characterizing the biological effectiveness of a radiation,
based on the ionization density along the tracks of charged particles in tissue.

Quenching An interference in the energy transfer process reduces the number of
photons reaching the photomultiplier tubes.

Radiation Accident An unplanned event resulting in (or having the potential to
result in) personnel injury or damage to equipment which may or may not cause
the release of unacceptable quantities of radioactive material or toxic/hazardous
chemicals.

Radiation Detriment A concept used to quantify the harmful health effects of
radiation exposure in different parts of the body.

Radiation Processing A technology that uses ionizing radiations such as gamma
rays, X-rays and electron beam for irradiation of food and allied products (cross-
linking of wires, cables and rubbers, coloration of diamonds and precious stones
etc.) and sterilization of medical products.

Radiation Protection The protection of occupational workers, general public and
environment from the effects of exposure to ionizing radiation, and the means for
achieving this.

Radiative Stopping Power Energy lost by a light-charged particle through radiative
collisions with the nuclei of an absorber per unit length that it traversed in the
absorber.

Radiopharmaceuticals Radiopharmaceuticals are the target-specific molecule
(pharmaceutical), labeled with a radioactive element and are of adequate purity
and safety for administration in human being.

Radiophotoluminescence Emission of light from the certain substances after
irradiation to ionizing radiations.

Radiotracer Technique A technique that utilizes radioisotopes for detecting
blockage and leak detection in pipelines, flow rate measurement, measuring fluid
dynamics parameters, and troubleshooting investigations.

Radon Emanation Factor The fraction of radon produced in the grains of a porous
matrix that is released to the pore space of the matrix and available for further
transport. Also known as the radon emanation coefficient or radon emanating
power.

Radon Mass Exhalation Rate The rate of radon exhalation per unit mass of the
sample expressed in units of Bq kg−1 s−1. It is typically used to assess the radon
exhalation potential of powdered samples such as soil and cement.

Radon Flux The rate of radon emission per unit area of the surface of a porous
matrix like soil or walls expressed in units of Bq m−2 s−1. This quantity serves
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as a measure of the source term for radon in the environment and is valuable for
predicting radon concentrations through dispersion and dilution models.

Radon Surface Exhalation Rate Refers to the rate of radon exhalation per unit
surface area of the sample expressed in units of Bq m−2 s−1. It is generally used
to assess the radon exhalation potential of samples with regular geometries, like
bricks, tiles, and concrete blocks.

Range Straight distance that a charged particle traverses in a medium before its
energy becomes negligible or zero.

Recording Level A level of effective or equivalent dose above which a result from
a monitoring program is included in a dose record.

Reference Level It is the action level, intervention level, investigation level or
recording level established for any of the quantities determined in the practice
of radiation protection.

Relative Biological Effectiveness Ratio of doses of a reference radiation versus test
radiation to produce certain biological effect.

Residual Dose The dose expected to be incurred in the future after protective actions
have been terminated or a decision has been taken not to implement protective
actions during an emergency exposure situation or existing exposure situation.

Retention/Excretion Functions Mathematical expressions in biokinetic models
describe how a substance is retained or eliminated within the body over time.
Depict accumulation and removal processes for activity.

Retrospective Dosimetry Estimation of absorbed dose received by the person in
past when conventional dosimeters are not available and dose measurements are
not planned.

Single Photon Emission Computed Tomography (SPECT) A nuclear medicine
imaging device which acquires 2D images at different views around the patient
and provides an estimate of the 3D radioactivity distribution through image
reconstructions from multiple projections.

Scintillators Materials which convert the energy of the incident radiation in to light.
Solid State Nuclear Track Detector A detector (photographic emulsion, crystal,

glass or plastic) produces damage in the form of a track when exposed to nuclear
radiation and is examined microscopically after etching.

Solvent Extraction Amethod to separate compounds or metal complexes, based on
their relative solubilities in two different immiscible liquids, usually water (polar)
and an organic solvent (non-polar).

Source Organ Refers to the specific region or organ within the body that contains
or accumulates radionuclide.

Specific Absorbed Fraction Fraction of radiation emitted in the source region that
is absorbed per unit mass of the target region.

Specific Effective Energy Specific Effective Energy (SEE) is a measure of the
energy transferred to a target organ when a source organ undergoes a single
radioactive disintegration event.

Specific Radioactivity Refers to the amount of radioactivity per unit mass of the
radioactive material and is expressed in units of Bq kg−1.



Glossary 773

Stochastic Effect Radiation health effects caused by mutations, probabilistic in
occurrence without a threshold.

Stopping Power Energy lost by a charged particle in a medium per unit length
through radiative and electronic collisions.

S-Value Mean absorbed dose to the target organ per unit time integrated activity in
the source region.

Synchrotron radiation The electromagnetic radiation emitted when charged parti-
cles travel in curved paths.

Systemic Activity Refers to the distribution and behavior of a substance throughout
the entire body, typically after absorption into the bloodstream. Crucial in
understanding the overall fate of a substance in the body.

Target Organ Pertains to a distinct tissue or region within the body where a dose
of radiation is received.

Thermoluminescence Emission of light from the materials upon heating which are
previously exposed to ionizing radiation. TLDs utilize this property to quantify
radiation exposure.

Time Integrated Activity Time Integrated Activity is the product of amount of
radioactivity and the duration of time for which the radioactivity is present in the
source region.

Tissue Free Water Tritium Exchangeable fraction of tritium that represents the
free-water cellular tritium. The part of tritium in living organisms that remains as
HTO.

TLD Badge A wearable dosimeter that contains TLDs and is worn by individuals
working with ionizing radiation. It is used for monitoring radiation exposure in
occupational settings.

TLD Badge Reader An equipment that applies pre-programmed heating cycle to
the thermoluminescence dosimeter, detects the dosimeter’s instantaneous light
and displays the total integrated light in counts.

Triage The sorting of and allocation of treatment to individuals exposed to ionizing
radiation to maximize the number of survivors.

Tritium Filled Sources Sealed glass tubes filled with tritium gas for night-
illumination of various military gadgets, and commercial/industrial buildings as
warning signs.

Uptake Quantity of a radionuclide taken up by the systemic circulation (e.g., by
injection into the blood, by absorption from compartments in the respiratory or
GI tracts, or by absorption through the skin or through wounds in the skin).

UraniumMilling Uraniummilling is a series ofmechanical and chemical processes
that process extracted uranium ore and produce dry powder-form material
consisting of natural uranium called “yellowcake” (chemically U3O8).

UraniumMining Uranium mining is the process of extraction of uranium ore from
the earth.

Water Radiolysis Lysis of water into radicals, ions, and other reactive oxygen
species induced by ionizing radiation.

X-ray radiography Amedical X-ray imaging technique provides two-dimensional
image of the internal structures of the human body.
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